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Abstract 

 The use of biomaterials as bone substitutes has shown promise in the 

regeneration of damaged bone tissue. Among the most used biomaterials are calcium 

phosphates ceramics, such as hydroxyapatite (HAp) and β-tricalcium phosphate (β-TCP). 

These materials mimic the chemical composition of the inorganic bone matrix and 

promote the formation of new bone tissue. Biphasic calcium phosphates are bone 

substitutes that are a mixture of HAp and β-TCP with varying ratios, which have lately 

gained great interest. The objective of this work was to develop HAp and biphasic granules 

through the FLUIDINOVA’s production process. These materials were characterized to 

assess their structural, physicochemical, and mechanical properties.  

 In this work, the color of HAp granules changed from white to pink as the 

sintering temperature increased. ICP analysis revealed higher concentrations of iron than 

expected, which can form pink-colored oxide compounds at high temperatures. XPS 

analysis confirmed the presence of iron oxides, specifically ferrous oxide (FeO) and ferric 

oxide (Fe2O3), as potential causes for the color change. 

 Through SEM analysis it was possible to observe the bonding of the particles 

within the granules with increasing temperature, leading to a reduction in their porosity 

and subsequent densification. The XRD analysis showed that until 1300 °C the granules 

had high crystallinity since their characteristic peaks are very narrow. At 1300 °C the HAp 

undergoes a phase transformation to TTCP (tetracalcium phosphate), obtaining granules 

with 92.15% HAp and 7.85% of TTCP. From a mechanical standpoint, compression tests 

and Vickers hardness tests were performed. With increasing sintering temperature there 

was a significant increase in both compressive strength and hardness values, leading to 

the conclusion that increasing the sintering temperature significantly enhances the 

mechanical properties. However, the highly porous structure of the materials leads to 

lower compressive strength and Vickers hardness compared to dense HAp, however 

suitable for trabecular bone replacement (10-80 MPa). 

 Subsequently, granules consisting of 75% HAp and 25% β-TCP were produced. 

XRD analysis revealed a phase transformation of β-TCP to α-TCP, a highly resorbable 

phase, at 1300 °C. Mechanically, despite the lower compressive strength compared to HAp 

granules due to higher porosity, the biphasic granules remained adequate as a substitute 

for trabecular bone. The porosity promoted rapid bone ingrowth, facilitating integration 

with new bone tissue and enhancing the overall bone regeneration process.  

 In future work, further investigation is needed to explore the observed color 

change in more depth. Specifically, conducting sintering in an oxygen-free argon 

atmosphere could be explored to avoid the formation of Fe oxides and consequent color 

change of the granules. 

Keywords: Hydroxyapatite, β-tricalcium phosphate, α-tricalcium phosphate, Biphasic 

calcium phosphates, Bone Substitutes, Compressive Strength, Vickers Hardness. 
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Resumo 

 A utilização de biomateriais como substitutos ósseos tem-se mostrado 

promissora na regeneração de tecido ósseo danificado. Entre os biomateriais mais 

utilizados estão as cerâmicas de fosfatos de cálcio, como a hidroxiapatite (HAp) e o β-

fosfato tricálcico (β-TCP). Estes materiais imitam a composição química da matriz óssea 

inorgânica e promovem a formação de novo tecido ósseo. Os fosfatos de cálcio bifásicos 

são substitutos ósseos que são uma mistura de HAp e β-TCP com proporções variáveis, que 

ultimamente têm ganho grande interesse. O objetivo deste trabalho foi desenvolver 

grânulos de HAp e bifásicos através do processo de produção da FLUIDINOVA. Estes 

materiais foram caracterizados para avaliar suas propriedades estruturais, físico-químicas 

e mecânicas.  

 Neste trabalho, a cor dos grânulos de HAp mudou de branco para rosa com o 

aumento da temperatura de sinterização. A análise ICP revelou concentrações de Fe 

elevadas, que podem formar compostos de óxido cor-de-rosa a altas temperaturas. A 

análise XPS confirmou a presença de óxidos de ferro, especificamente óxido ferroso (FeO) 

e óxido férrico (Fe2O3), como causas potenciais da mudança de cor. 

 Através da análise SEM foi possível observar a união das partículas no interior 

dos grânulos com o aumento da temperatura, levando a uma redução da sua porosidade e 

consequente densificação. A análise XRD mostrou que até 1300 °C os grânulos tinham alta 

cristalinidade, uma vez que os seus picos característicos eram muito estreitos. A 1300 °C 

a HAp sofreu uma transformação de fase para TTCP (fosfato tetracálcico), obtendo-se 

grânulos com 92,15% de HAp e 7,85% de TTCP. Do ponto de vista mecânico, foram 

efetuados ensaios de compressão e ensaios de dureza Vickers. Com o aumento da 

temperatura de sinterização registou-se um aumento significativo destes valores, o que 

permite concluir que o aumento da temperatura de sinterização melhora 

significativamente as propriedades mecânicas. No entanto, a estrutura altamente porosa 

dos materiais conduz a uma menor resistência à compressão e dureza Vickers em 

comparação com a HAp densa, mas adequada para a substituição do osso trabecular (10-

80 MPa). 

 De seguida, foram produzidos grânulos constituídos por 75% de HAp e 25% de β-

TCP. A análise XRD revelou uma transformação de fase do β-TCP em α-TCP, uma fase 

altamente reabsorvível, a 1300 °C. Mecanicamente, apesar da menor resistência à 

compressão em comparação com os grânulos de HAp devido à maior porosidade, os 

grânulos bifásicos são possíveis de utilizar como substitutos do osso trabecular. A 

porosidade promove um rápido crescimento ósseo, facilitando a integração com o novo 

tecido ósseo e melhorando o processo global de regeneração óssea. 

 Em trabalhos futuros, é necessária uma investigação mais aprofundada para 

explorar a mudança de cor observada. Especificamente, poderia ser explorada a condução 

da sinterização numa atmosfera de árgon sem oxigénio para evitar a formação de óxidos 

de Fe e a consequente alteração da cor dos grânulos. 
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1. Introduction 

1.1. Contextualization 

 The aging population highlights the urgent need for improved therapies to 

address bone diseases and injuries. In recent years, the use of bioactive and biodegradable 

materials with temporary structural functions to aid in bone tissue regeneration has shown 

great promise. Calcium phosphates, a synthetic biomaterial used as bone substitutes, has 

been developed and offers distinct advantages, which make them highly appealing 

compared to other types of bone substitutes. Their choice varies based on the nature and 

severity of the injury, including autologous, allogenic, xenogenic, or synthetic options. 

Although autologous bone substitutes are commonly used, there is a growing demand for 

synthetic bone substitutes. Calcium phosphates can mimic the chemical composition of 

the inorganic bone matrix. Their biocompatibility and bioactivity stimulate bone cell 

growth at the implantation sites, leading to reduced post-surgery recovery times [1, 2]. 

 Initial efforts in the synthesis and design of calcium phosphate (CaP) bone graft 

substitutes primarily focused on sintered forms of hydroxyapatite (HAp), tricalcium 

phosphate (β-TCP), or their combinations. The objective was to create a material 

resorbable enough to undergo complete conversion into bone during the process of bone 

regeneration. HAp was chosen for its resemblance to bone mineral in terms of 

crystallographic structure and composition, as well as its high compressive strength and 

relatively simple production process. However, unlike bone mineral that can undergo 

remodeling through the activity of osteoclasts, sintered HAp requires a extend period for 

its absorption and assimilation into the bone site. On the other hand, β-TCP, although less 

stable, demonstrates greater bioactivity. This characteristic allows for the material to be 

gradually broken down and absorbed by the body as new bone forms during the 

regeneration process [3–5]. 

 To overcome these limitations, and as the main theme of this dissertation, the 

production of biphasic granules comprising both HAp and β-TCP has emerged as a highly 

relevant and promising area of research in the field of bone regeneration. This 

combination harnesses the synergistic properties of each phase, capitalizing on their 

respective advantages to enhance the efficiency of bone regeneration. By varying the 

ratio of the phases that make up the granules, it is possible to create a more biodegradable 

material or a material with superior mechanical properties, which makes them appealing 

for bone regeneration applications [3–5]. 

 Besides this brief theoretical introduction to the subject, it is important to 

highlight that this dissertation was developed in partnership with FLUIDINOVA, S.A., a 

company specialized in the manufacture of synthetic calcium phosphate materials for 

medical devices, oral and food industries. 
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1.2. Objectives 

 The objective of this work is to develop monophasic hydroxyapatite granules, 

study and evaluate their physicochemical and mechanical properties with different 

sintering temperatures. Then, biphasic granules for application in the field of bone 

regeneration were produced, employing FLUIDINOVA's proprietary production 

methodology. These granules consist of two distinct phases: hydroxyapatite and β-

tricalcium phosphate.  

 Following that, the emphasis will be on evaluating the influence of the sintering 

temperature on the ultimate properties of the biphasic granules, specifically their 

structural and mechanical properties, with the goal of determining how the addition of 

the β-TCP phase influenced the overall properties of the granules and whether they 

exhibited advantages in terms of their potential applications for bone regeneration. 

 The final goal of this work is to contribute to the development of an innovative 

and new product for the company. The introduction of this product will not only expand 

the company's medical device portfolio, but will also open new market opportunity, as 

FLUIDINOVA currently just markets pure hydroxyapatite spherical granules. 
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2. Literature Review 

2.1. Bone: structure, development and bone biology 

 Bone forms the skeleton which serves as an internal structural support system 

for vertebrates. It has crucial functions in the body such as facilitating movements, 

harboring bone marrow and support and protection of soft tissues such as the brain. 

Despite that, bone has metabolic functions including secretion of hormones that regulate 

both mineral and energy metabolism. It is a mineralized connective tissue, natural and 

porous that participates in the body’s calcium/phosphate balance. To maintain the 

amounts required to support physiological activities, these minerals that have been 

integrated into bone tissue can be released back into the bloodstream [6–8]. 

 Bone has other essential functions such as fat storage and blood cell production. 

The interior of most bones has a rich vascular supply, with areas containing red bone 

marrow where the production of blood cells takes place. It is composed of osteoblasts, 

bone lining cells, osteocytes, and osteoclasts, which make it a highly dynamic organ. 

There are two important processes that occur throughout the life of the bone, which need 

to occur simultaneously to be effective: growth and remodeling.  Firstly, it is continuously 

formed, increased in size and shape, and remodeled, where the bone is continuous 

renewal of the skeleton by remodeling [6–8]. 

 Besides that, bones can be classified according to their shape as: long (femur 

and tibia), short (carpals and tarsals), flat (sternum, ribs and cranial bones), irregular 

(facial bones and vertebrae) and sesamoid bones (patellae). According to their shape, 

they have different functions such as movement, support and stability for long and short 

bones; as points of attachment for muscles and protects internal organs for flat bones; to 

protect internal organs, movement and support by irregular bones and finally to protect 

tendons from high forces and allow muscle action by sesamoid bones [6–8]. 

2.1.1. Composition: Bone Matrix  

 Bone can be divided into cortical and trabecular, where 80% of the bone mass 

is in the cortical part (figure 1). They differ from each other in their function and 

morphology and depending on the type of bone that is selected, the ratio between these 

two structures may vary. This architecture offers a higher mechanical resistance and 

allows bone to deform significantly before failing. The cortical bone is a compact, dense 

hard and calcified part that surrounds the marrow cavity with hematopoietic elements, 

fat and spicules of bone. It also contains Haversian and Volkmann’s canal systems for 

vascular supply, with a lamellar structure [9]. 

 Cortical bone can be made of woven (primary) or lamellar (secondary) bone. 

The embryonic skeleton is made of woven bone, which is then resorbed and replaced by 

mature bone as the skeleton grows. After the age of approximately five years, woven bone 

doesn’t make up the human skeleton, except for small parts of tendons and ligament 
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attachments, the suture margins of the cranial bones, and the ossicles of the ear. They 

differ to lamellar bone because of their formation, composition, organization, and 

mechanical properties [9]. 

 For another hand, the trabecular bone is a highly porous and structurally 

anisotropic, with lower density and elasticity. Despite this porosity, it is composed of thin 

spicules and trabeculae of bone, separated by marrow spaces and blood vessels which 

increase the blood cell production. Compared to the cortical bone, the trabecular one is 

more metabolic active [7, 10, 11].  

 The bone matrix is a composite material, made of organic and inorganic 

components, where the inorganic part makes up approximately 65% of the weight of the 

bone, the organic component accounts for about 25% and the remaining 10% is water. The 

organic part has similar characteristics to the matrix of dense fibrous tissues, such as 

tendons and ligaments. It is largely composed of type I collagen and has non-collagenous 

glycoproteins and bone-specific proteoglycans. Type I collagen is the most common type 

of collagen found in most connective tissues, which differs from other collagens in its 

biochemical structure. It is a fibrillar type collagen with a structure composed of a 

repeating tripeptide sequence that formed a triple-helical molecule, that offers an 

adhesion-promoting scaffolding surface for inorganic salt crystals [6, 8, 9]. 

 The non-collagenous proteins, such as osteonectin and osteocalcin, blood 

proteins, and growth factors, form the other part of the organic matrix, which influence 

the mineralization of the bone and the bone cells’s behavior. The inorganic matrix gives 

bone most of its stiffness and strength and its main component is calcium HAp 

Ca10(PO4)6(OH)2. These salt crystals result from the nucleation and recrystallization of 

calcium phosphate ions present in the matrix and are dispersed throughout the bone, 

arranged parallel to collagen fibers. While collagen fibers provide a framework for 

calcification and provide the bone flexibility so that it can bend without becoming brittle, 

HAp crystals give bones their hardness and strength [6, 8, 9]. 

Cortical bone 

Trabecular bone 

Figure 1- Representative model of trabecular and cortical bone [8]. 
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2.2. Bone Remodeling 

 Bone remodeling is an overly complex process where old bone is replaced by 

new bone to keep its stability and integrity, to adapt to mechanical load and strain. On 

the other hand, a balance of bone resorption and formation is particularly important to 

avoid bone diseases like osteoporosis. For instance, excessive bone loss (osteoporosis) is 

caused by osteoclast activity without an equal quantity of bone being created by 

osteoblasts, whereas the opposite may lead to osteopetrosis, an increase in bone mass [6, 

12]. 

 Bone remodeling contains three consecutive phases (figure 2): resorption, 

reversal, and formation, with different duration times (from about two weeks to four 

months). Firstly, osteoclasts begin to resorb bone, which is followed by the transition from 

resorption to production of new bone (also known as the reversal period), where 

mononuclear cells appear on the bone surface. Finally, these cells interfere with 

osteoblasts, providing signals to the formation of new bone and its differentiation and 

migration. Also, osteocytes and bone lining cells interfere in this process, and together 

form a basic multicellular unit (BMU). After that, there is a prolonged period of rest before 

a new remodeling cycle starts [6, 12]. 

2.3. Types of Cells  

Bone cells make up less than 2% of the bone mass but have crucial functions. They 

differ from each other by morphology, function and characteristic locations and are 

responsible from the formation of bone to its resorption. Osteoblasts, osteoclasts, 

osteocytes, and osteogenic cells are the most important cells that are present in bone’s 

cellular activity (figure 3) [13].  

Figure 2- Schematic representation of the bone remodeling process [45]. 
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2.3.1. Undifferentiated mesenchymal cells 

 Undifferentiated mesenchymal cells have the capacity to proliferate and 

differentiate in other cells, such as osteoblasts, chondroblasts, bone marrow stromal cells, 

fibroblasts, muscle cells or adipocytes depending on their natural stimulation. They have 

an irregular form, one nucleus and a few organelles until their migration, proliferation, 

and differentiation, and can be found at bone canals and marrow, for example [7, 9]. 

2.3.2. Osteoblasts 

 Osteoblasts make up 4-6% of the total resident bone cells and have the known 

function of forming bone. They derive from mesenchymal stem cells with the ability to 

multiply differentiate into several connective tissue cell types based on the different 

stimulus present in their immediate environment, as mentioned before. With the correct 

stimuli to differentiate into osteogenic lineage, firstly they form osteoprogenitor cells, 

that still have the capacity of proliferating. The inner layer of the periosteum, the 

endosteum lining marrow cavities, osteonal (Haversian) canals, perforating (Volkmann's) 

canals, and perivascular tissue next to bone are all places where osteoprogenitor cells can 

be found [6, 7, 14]. 

 The characteristics and developmental phases of mature osteoblast cells affect 

their shape, phenotype, and biosynthetic activity. Active osteoblasts are rounded, 

mononuclear, cuboidal cells that are resting on the matrix that they have created in 

aggregates, such as during bone development or fracture repair. Firstly, osteoblasts have 

the responsibility of proteoglycans and type I collagen’s production and deposition, that 

mostly make up the osteoid, the organic part of bone matrix. Then, occur osteoid 

mineralization, through the release of matrix vesicles and the deposition of calcium and 

Figure 3- Representation of the types of cells that are present in a bone [8]. 
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phosphate [6, 7, 14]. 

2.3.3. Osteocytes 

 Osteocytes compromise 90-95% of all bone cells, with the highest abundance 

and the longest longevity, with a lifespan of up to 25 years. They derive from osteoblasts 

which have become trapped within the bone matrix produced by themselves. The 

osteocytes have a dendritic shape and are found in lacunae surrounded by mineralized 

bone matrix, usually in cortical and trabecular bone tissue. The contact between 

osteocytes within the bone matrix and cells outside is made possible through long 

intercellular processes like cytoplasmic processes that form a complex and vast cell 

network. Additionally, it is known that osteocytes are cells that respond to mechanical 

loading and oversee activating cellular processes (such as bone production and/or 

remodeling) by transferring load. For example, when the skeleton is under mechanical 

stress, osteocytes sense pressure changes in bone, that result in chemical instructions 

being transmitted to the surface cells to respond by either forming or resorbing bone [6, 

7, 14]. 

2.3.4. Osteoclasts 

 Osteoclasts are multinucleate cells (3-25 nuclei per cell) responsible for bone 

resorption or breakdown and are derived from two types of white blood cells: monocytes 

and macrophages. It is important to have colony stimulating factors for the proliferation 

and differentiation of osteoclast progenitor cells, but only with other cytokines occur their 

activation and bone resorption. Their main functional capacity is based on pump acid into 

specific resorption pits to dissolve bone mineral and to create the ideal conditions for the 

enzymatic breakdown of demineralized extracellular bone matrix. Thus, they are 

primarily found in places where resorption is occurring or has already occurred, such as 

pits or cavities [7, 14]. 

2.4. Bone regeneration 

 Bone regeneration, which may be observed in response to typical fracture 

healing, is involved in continual remodeling throughout adult and during skeletal growth, 

is a complex physiological process of bone creation [15]. 

 The bone development or ossification only begins by the sixth or seventh week 

of embryonic life in utero and persists through adolescence. Before that the embryo’s 

skeleton is based on fibrous membranes and cartilage. Two mechanisms (which are 

distinct from each other on the pathway to produce new bone) are responsible for the 

actual development of the bone. But regardless of the mechanism that created it, mature 

bone is the same [16]. 

 Firstly, intramembranous ossification is a fast process that results in a compact 

and spongy bone, where mesenchymal cells in the embryonic skeleton can directly start 
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to multiply and differentiate into specialized cells at this point. Some of them develop 

into osteogenic cells, which later become osteoblasts. Then, the osteoblasts developed 

will thereafter congregate in the ossification center, that around the capillaries to form 

the trabecular matrix of the bone. This process is the principal former of craniofacial 

skeleton [8, 17]. 

 Secondly, the endochondral ossification is a much longer process where the 

mesenchymal cells can differentiate into cartilage cells (chondroblasts) that serves as a 

template to be totally replaced by new bone. Cartilage is a flexible, semi solid matrix 

made of water hyaluronic acid, chondroitin sulfate and collagen fibers. Contrary to most 

connective tissues, cartilage lacks blood arteries that would transport nutrients and 

metabolic waste away, which is achieved by diffusion from vessels in the perichondrium, 

a membrane that surrounds the cartilage. This process occurs in two distinct locations: 

diaphyseal and epiphyseal, respectively, the primary and secondary sites of ossification. 

Osteoblasts brought by blood vessels in the perichondrium arrive and deposit bone in a 

ring around the diaphysis (bone collar), that prevent nutrients from reaching to the center 

of hyaline cartilage. So, death and disintegration of chondrocytes will occur in the center 

of the structure. Without cartilage, blood vessels enter the resulting spaces, increasing 

the cavities and bringing osteogenic cells with them—many of which will develop into 

osteoblasts—that in turn cause the spaces to widen and form the medullary cavity. Bone 

is now deposited, and the primary ossification center is established. The secondary site 

of ossification only takes place after birth, where the same sequence of events occurs in 

the epiphyseal regions. Endochondral ossification is the process by which most of the 

skeleton is formed, like skull and long bones [8, 17]. 

2.5. Bone graft substitutes 

 Bone can regenerate under certain conditions like it is mentioned before. 

However, this ability is confined to minor bone defects. Large-scale bone healing is not 

biologically possible, such as defects caused by open injury or through the removal of 

tumors. In these cases, is necessary to have a surgical intervention, where are used 

materials serving as a bridge to maintain and, ideally, accelerate bone formation, a 

mechanism known as bone grafting. After blood transfusions, bone is the tissue transplant 

performed most frequently around the world, because of the advantages in terms of cost, 

speed, versatility, increased safety profiles, and ease of use and handling. A bone 

substitute must have some important properties namely biocompatibility and do not 

provoke any adverse inflammatory response; should be resorbable, osteoinductive and 

osteoconductive; quickly set and easily molded into the bone defect; thermally 

nonconductive and sterilizable [18, 19]. 

 Bone grafting is a process based on sequence steps: firstly, a buildup of 

inflammatory cells and the chemotaxis of host mesenchymal cells to the graft site 

provoked by the placement of the bone graft. Then, under the influence of numerous 

osteoinductive stimuli, the primitive host cells develop into osteoblasts. Additionally, 



DEVELOPMENT OF BIPHASIC GRANULES USING THE NANOXIM PROCESS FOR BONE REGENERATION 

9 

 

necrotic graft degradation and bone graft revascularization take place simultaneously. 

Finally, osteoblasts attach to the three-dimensional framework of the graft and produce 

bone, followed by bone remodeling in response to mechanical stress [13, 18, 19]. 

  On a medical point of view, bone substitutes can be divided into natural 

(autografts, xenografts and allografts) and synthetic, according to their origin [20]. 

2.5.1. Autografts  

 Autografts are the “gold standard” of bone grafts for promoting bone growth. 

Autologous or autogenous bone grafting consists of using patient’s own bone as a graft. 

So, non-essential bones like the iliac crest, fibula, chin, ribs, mandible, and even portions 

of the skull can be used to harvest bone. These bones have the essential properties for 

bone regeneration, mainly osteoconductive and osteoinductive, and carry no danger of 

infection or immunological compromise. However, the autografts have some 

disadvantages related to a lengthier surgical time; the need of a surgical donor site, which 

could result in post-operative discomfort and problems, and some supply limitations 

related to how much bone tissue can be harvested, since it is not possible to harvest a 

high-volume fraction of bone [13, 18]. 

2.5.2. Allografts 

 Allografts are an alternative to autografts, where the main difference is 

whether the replacement bone comes from living (for example, patients that had a total 

hip replacement surgery) or nonliving/cadaver donors. Therefore, allografts can be kept 

in a bone tissue bank and used to treat a greater number of patients because the supply 

is virtually limitless. However, there have been some reported storage-related issues. On 

the other hand, allografts can be manipulated to achieve a specific shape or texture, such 

as creating a cortical ring for spinal fusion. In the US, demineralized bone is a commonly 

used substitute for bone grafts and is typically utilized as a moldable paste [13, 18, 21]. 

 They have the main properties to replace bone, osteoconductive and weakly 

osteoinductive, but they also come with some risks, such as the possibility that a disease 

will be transmitted from donor to recipient and may trigger immunogenic reactions. For 

this reason, this type of bone graft substitute is usually defusing of proteins normally found 

in healthy bone and submitted to a sterilization process, with gamma irradiation, for one 

hand to prevent the loss of some mechanical properties but it causes the loss of some 

their biologic properties. So, preparing allografts that are thoroughly clean, sterile, and 

virus-free while maintaining the tissue's original biochemical and biomechanical qualities 

is difficult [13, 15, 16, 18]. 

2.5.3. Xenografts 

 Unlike the two types of grafts mentioned above, xenografts are a type of 

transplant where bones from one species (the donor) are implanted or grafted into a 



DEVELOPMENT OF BIPHASIC GRANULES USING THE NANOXIM PROCESS FOR BONE REGENERATION 

10 

 

different species (the recipient), in this case they come from non-human bone, such as 

bovine or porcine bone, and have properties that make them biocompatible with human 

recipients and conducive to bone growth. Bovine-derived xenografts are processed to 

remove the organic component and retain the natural bone mineral structure, so they are 

usually freeze-dried or demineralized and deproteinized. However, they can carry a 

theoretical risk of disease transmission, rejection and have failed in the past due to 

residual proteins left behind after processing. Although the analysis of available data 

suggests that the risk associated with using these bone grafts is low, there are still 

significant concerns. The fragile and brittle nature of xenogenic bones means that a more 

delicate surgical approach is necessary, as they tend to break during the fixation process. 

This may also impact the healing process [18, 22]. 

2.5.4. Synthetics 

2.5.4.1.  Bioceramics 

 Bioceramics are a class of ceramic materials used for reconstruction and 

regeneration of hard tissues (musculoskeletal systems), that have been receiving a lot of 

attention and growing usage in clinical applications such as for synthetic implants and 

prostheses. However, bioceramics have low mechanical resistance compared to metals, 

some difficulties of manipulation during surgical operations and very low ductility. 

Utilizing metallic implantations with bioceramic coatings, that combines the better 

properties of these two classes of materials, is one way to get around these challenges 

[20, 23, 24]. 

 Bioceramics can be classified in three different types: bioinert (alumina and 

zirconia), bioactive (e.g., bioactive glass) and bioresorbable ceramics (e.g. porous β- and 

α-tricalcium phosphates (TCP)) based on the response caused in the human organism when 

in contact with the host bone [20, 23, 24]. 

 Bioinert ceramics cause minimal or no tissue response and are not resorbable. 

Because of that they can't interfere with the process of bone regeneration, so they are 

not usually used as scaffolds. They are mainly used as acetabular cups and femoral heads 

for hip replacement and for dental implants. Zirconium oxide (zirconia) and aluminum 

oxide (alumina) are examples of bioinert ceramics [20, 24, 25]. 

 Bioactive ceramics, a class between bioinert and bioresorbable ceramics, 

stimulate the attachment of neighboring tissue with, for example, stimulation of new 

bone growth, which is the primary requirement in the selection of bioceramics to make 

scaffolds. In this class, there are materials such as bio-glass and HAp [20, 24, 25]. 

 Bioresorbable or degradable ceramics are incorporated into the surrounding 

tissue or may even be completely dissolved over time. At the same time, the normal bone 

host tissue gradually takes their place which takes a challenging combination and 

optimization of the rate of tissue regeneration and resorption, as well as the subsequent 
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loss of mechanical qualities. Despite that, it brings the advantage of not having to remove 

the material later, in a second surgery. Here we can include, for example, porous 

tricalcium phosphate, Ca3(PO4)2, in its α and β phases [24, 25]. 

2.5.4.1.1. Hydroxyapatite (HAp) 

 HAp, Ca10(PO4)6(OH)2, is a naturally occurring mineral form of calcium apatite 

that makes up the main structural component of bones, around 70% of bones, and teeth 

in vertebrates. In natural HAp, the Ca/P ratio is approximately 1.67, which means there 

are 1.67 calcium ions for every phosphate ion in the crystal structure. Also, HAp is 

classified as a non-stoichiometric apatite because it may contain CO3, Mg, Na, F, or Cl in 

its molecular structure. The existence of these molecules or elements lowers the Ca/P 

ratio of the HAp, leading to a reduction in the component's stability. Furthermore, the 

Ca/P ratio can also vary in synthetic HAp, depending on the method of synthesis and 

processing conditions. For biomedical applications, it is often desirable to have a Ca/P 

ratio that is like that of natural HAp to ensure good biocompatibility and integration with 

living tissue [18, 23, 25]. 

 Since the human bone’s mineral composition is mainly nanocrystals of HAp and 

due to the striking resemblance from synthetic HAp to the inorganic mineral component 

of bone, it is widely used in a variety of biomedical applications such as in the repair of 

bone defects as bone grafts. Synthetic HAp is an illustration of a bioactive ceramic, a 

manufactured version of the naturally occurring mineral form of calcium apatite. Despite 

that, based on crystallographic and chemical research, HAp is recognized to be identical 

to naturally occurring HAp, but is produced through chemical synthesis in a laboratory 

setting. HAp can be engineered to have specific characteristics, such as varying porosity, 

surface area, and particle size, making it a versatile biomaterial for a wide range of 

applications [18, 26–28]. 

 Despite its remarkable biological characteristics, HAp has limited mechanical 

properties, particularly low fracture toughness. Another significant issue with HAp is the 

extended period required for its absorption and assimilation into the bone site. During this 

prolonged period where neither remodeling or new bone formation occurs, HAp's strength 

may deteriorate, resulting in implant fragility. As a result, biphasic composites were 

created to mitigate the associated risks and drawbacks, resulting in a material with better 

mechanical resistance and a higher degree of resorption, being a benefit in many 

applications. Typically, HAp is blended with tricalcium phosphate (TCP) to produce a 

biphasic ceramic [28–30]. 

2.5.4.1.2. Tricalcium Phosphate (TCP) 

 Tricalcium Phosphate is a bioceramic material that is commonly used in 

biomedical applications, particularly in orthopedic and dental procedures. It is a calcium 

phosphate compound with the chemical formula Ca3(PO4)2, and it is biocompatible, 

bioresorbable, osteoinductive and osteoconductive, meaning that it supports the 
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formation of new bone tissue. TCP has a ratio Ca/P of 1.5, containing about 39% calcium 

and 20% phosphorus, and can be classified into two phases, namely α-phase and β-phase, 

depending on stability temperatures. The crystal structure of α-TCP is monoclinic, while 

β-TCP has a rhombohedral crystal structure. β-TCP has higher solubility and faster 

degradation rates, leading to increased biocompatibility.  

 Furthermore, β-TCP supports the growth of osteoprecursor cells such as 

osteoblasts and bone marrow stromal cells, and for this reason is usually chosen for bone 

regeneration applications, and an excellent choice for improving the biocompatibility of 

bone grafts. This is largely due to its structure, which enables optimal biomineralization 

and cell adhesion as supported by sources. However, the high resorption rate of β-TCP 

compared to HAp can be a cause for concern. This is one of the reasons why HAp is 

preferred in many biomedical applications, since when the resorption rate is higher than 

the rate of bone tissue formation, it can lead to implant instability and the growth of 

fibrous tissue that can occupy the spaces meant for bone growth [29, 30, 33, 34]. 

2.5.4.1.3. HAp and β-TCP biphasic bioceramics 

 As previously mentioned, research has been conducted over time to address the 

limitations of HAp and β-TCP in biomedical applications, with the goal of improving their 

performance. Therefore, scientists have explored the use of a combination of these two 

bioceramics to create a biphasic ceramic, which has been investigated and utilized in the 

field of biomedicine. 

 Biphasic calcium phosphate (BCP) is a composite material composed of two 

different calcium phosphate phases, typically HAp, more stable and β-TCP, more soluble, 

that are combined in varying proportions. The unique combination of HAp and β-TCP in 

BCP provides it with advantageous properties compared to monophasic calcium phosphate 

ceramics, such as improved biocompatibility, osteoconductivity, and bioresorbability. The 

different phases also allow for a controlled release of calcium and phosphate ions, which 

can enhance bone growth and regeneration. During granules’ processing, sintering is a 

crucial step that consolidates the shaped forms, where several processes occur, such as 

the removal of humidity, carbonates, and other volatile chemicals from synthesis. This 

leads to shrinkage and densification of the powders, as well as an increase in grain size 

[3, 4, 33]. 

 The success of bone graft substitute materials in the commercial market 

depends greatly on their handling characteristics. Most bone graft substitutes are typically 

used as granules that have a diameter of 0.1 to 5 mm or as porous blocks (pre-forms), due 

to the significance of having pores in a size range that facilitates quick bone growth into 

the material. Nonetheless, these bone graft substitutes that are highly porous cannot be 

utilized for orthopedic applications that undergo mechanical stress since the mechanical 

strength is negatively impacted by porosity. Contrarily, granules can fill any type of 

defect, but their handling is poor. Specifically, it is challenging to fill narrow defects with 

granules, and if any of the granule’s spill outside the border of the defect, they must be 
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removed, which can be a tedious task. Using granules that are appropriately sized to 

match the defect size can make the application process neater [5, 21]. 

 So, there are also formulations that harden after being implanted or injected 

in situ, such as calcium phosphate (CaP) cements. The ability to inject a CaP hydraulic 

cement (an injectable paste) expands their use, particularly for minimally invasive 

techniques for bone fracture treatment. However, this method is expensive, and the 

process of mixing CaP cement still involves a significant number of manual tasks before 

injection can occur. Moreover, once the CaP cement is mixed, there is only a restricted 

amount of time available for it to be injected [5, 21]. 

In addition to granules, porous blocks, and hardening paste, non-hardening 

pastes are also proposed, which are typically a mixture of granules and a highly viscous 

hydrogel "glue" [21]. Figure 4 depicts four different examples of bone graft 

substitutes.substitutes. 

2.6. Bone grafts and substitutes: Market analysis 

 The aging population is a key driver of growth in the bone grafts and substitutes 

market, as the prevalence of orthopedic and spinal disorders, such as osteoporosis’ 

consequences, osteoarthritis, and spinal degeneration, increases with age. The growth of 

the market is driven by several factors such as the increasing incidence of musculoskeletal 

disorders, rising demand for minimally invasive procedures, technological advancements 

in the development of bone grafts and substitutes and increasing investments in research 

and development activities [34, 35]. 

 According to a market research report by Grand View Research, the global bone 

grafts and substitutes market was valued at USD 3.06 billion in 2022 and is expected to 

Figure 4- Four main types of bone graft substitutes: a) granule; b) block; c) cement; d) putty [18, 46]. 
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reach USD 4.94 billion by 2030, growing at a rate (CAGR) of 6.2% during the forecast period 

2022-2030. The Centers for Disease Control and Prevention (CDC) report forecasts a 

significant increase in the global incidence rate of hip fractures, with an estimated 240% 

increase in women and 310% increase in men. Osteoporosis is also a concern, as it is 

estimated to impact approximately 200 million women across the globe. Additionally, the 

market for bone grafts and substitutes is expected to experience growth due to the 

growing demand for dental bone grafts in the coming years [36].  

 Geographically (figure 5), North America is the largest market for bone grafts 

and substitutes due to the presence of many key market players, increasing geriatric 

population, and a well-established healthcare infrastructure and global companies. 

However, the Asia-Pacific region is expected to witness the highest growth rate during the 

forecast period due to increasing investments in healthcare infrastructure, rising 

healthcare expenditure, and the increasing prevalence of orthopedic disorders [34, 35].  

 In the United State of America, the spinal fusion segment dominated the 

market, accounting for over 60% of the revenue share, like its represented in the figure 6 

below. The market is divided into various applications such as joint reconstruction, foot 

and ankle, spinal fusion, craniomaxillofacial, dental, and long bone. The growth of the 

spinal fusion segment is due to the increasing use of bone graft materials for 

spondylosyndesis and the rising incidence of orthopedic ailments among the elderly 

population [36]. 

 The dental segment is expected to experience a significant boost in growth in 

the forecast period due to the increasing use of bone grafts for dental procedures such as 

bone regeneration and dental implant surgeries. The success rate of dental implant 

surgeries is increasing, which has resulted in a growing demand for bone grafts and 

substitutes. The joint reconstruction segment is also expected to witness steady growth 

in the future due to the rising number of knee and hip replacement surgeries. 

Furthermore, the long bone segment is predicted to have significant growth in the coming 

Figure 5- Growth rate by region- Bone graft and substitutes market [34]. 
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years due to the increasing number of injuries and traumas to extremities caused by road 

accidents and sports injuries [36]. 

 The major players in the bone grafts and substitutes market include Zimmer 

Biomet Holdings, Inc., Medtronic plc, Stryker Corporation, Wright Medical Group N.V., 

NuVasive, Inc., Globus Medical, Inc., Johnson & Johnson (DePuy Synthes), Baxter 

International Inc., AlloSource, and Integra LifeSciences Corporation. These companies are 

focusing on product innovation, strategic partnerships, and mergers and acquisitions to 

expand their market share and strengthen their position in the market [36]. 

  

Figure 6- United States bone graft and substitutes market, growth rate by material type (2020-2030) [35]. 
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3.  Methodology 

3.1. Materials 

 The first goal of this work was to produce monophasic granules of HAp, with 

different sizes (nanoXIM•G1000 and nanoXIM•G2000) using the production process 

developed by FLUIDINOVA. Once the monophasic HAp granules were produced, their 

physicochemical and mechanical properties were analyzed. This included studying their 

composition, structure, surface properties, and mechanical strength. The objective was 

to gain a comprehensive understanding of the characteristics and behavior of these 

material. Building upon the monophasic HAp granules, the study aimed to produce 

biphasic granules consisting of both HAp and β-TCP, where different proportions of these 

two phases can be explored to evaluate their impact on the properties of the granules. 

The physical, chemical, and mechanical properties of the biphasic granules were also 

analyzed, with the objective to assess how the addition of the β-TCP phase influenced the 

overall properties of the granules, and whether they exhibited advantages in terms of 

their potential applications for bone regeneration.  

 The main specifications and properties of these granules are represented in 

table 1 and 2, respectively [37]. 

Table 1- Main specifications of FLUIDINOVA's HAp granules. Adapted from [37]. 

Table 2- Main properties of FLUIDINOVA's HAp granules. Adapted from [37]. 

General Properties Product  

Physical appearance 

nanoXIM•G1000 White spherical granules 

nanoXIM•G2000 White spherical granules 

Product specifications Product Specifications 

Size range 

nanoXIM•G1000 0.5 -1.0 mm 

nanoXIM•G2000 1.0 – 2.0 mm 
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3.1.1. FLUIDINOVA’s Hydroxyapatitite 

 The HAp (Ca10(PO4)6(OH)2) used to produce the granules was a powder consisting 

of micrometric aggregates of synthetic HAp nanoparticles, called nanoXIM•HAp202 from 

FLUIDINOVA S.A. This commercially available powder has a phase purity of 100%, a bulk 

density of 0.50 ± 0.10 g/cm3, and a particle size (d50) of 5.0 ± 1.0 μm. The properties of 

this powder are listed in the table 3 below [38]. 

Table 3- Properties of FLUIDINOVA's nanoXIM•HAp202 HAp. Adapted from [38]. 

 

 

3.1.2. FLUIDINOVA’s β-TCP 

 Table 4- Properties of FLUIDINOVA's nanoXIM•TCP600 Β-TCP. Adapted from [39]. 

 

 

 

 

 

 

 

 The β-Tricalcium phosphate (β-TCP) used for this research was a pre-calcined 

β-Tricalcium phosphate (nanoXIM•TCP600), Ca3(PO4)2, provided by FLUIDINOVA S.A. It 

exhibits a minimum phase purity of 95%, a maximum particle size (d50) of 15 μm, that is 

half of the granules have diameters less than or equal to 15 μm. The properties of this 

powder are listed in the table 4 below [39].  

HAp nanoXIM•HAp202 

Purity (%) 100 

Heavy metals (ppm) ≤ 20 

Particle size d50 (µm) 5.0 ± 1.0 

Bulk density (g/cm3) 0.50 ± 0.10 

Β-TCP nanoXIM•TCP600 

Purity (%) ≥ 95 

Heavy metals (ppm) ≤ 30 

Particle size d50 (µm) ≤ 15 

Bulk density (g/cm3) ≥0.4 
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3.1.3. Sample’s Preparation 

 Firstly, before the production of biphasic granules, the focus was on producing 

monophasic granules of HAp. The objective was to gain a better understanding of the 

production techniques, examine their morphology, and study and determine the 

physicochemical and mechanical properties of this bioceramic with different sintering 

temperatures. Table 5 shows the produced batches. 

Table 5- Designation of each batch of HAp granules produced and the sintering temperatures used. 

 

 

 

 To produce the biphasic granules, it was considered a previous work performed 

at FLUIDINOVA [40]. Therefore, the samples containing a ratio of 75% HAp and 25% β-TCP 

were selected for further investigation due to their insufficient mechanical resistance at 

1000 °C. In general, in this previous work, all the formulations used obtained adequate 

mechanical strengths, except this one. Consequently, this specific formulation required 

improvement, so various sintering temperatures were tested, to analyze and study their 

physicochemical and mechanical properties, as illustrated in the table 6 provided below. 

Table 6- Designation of each batch of biphasic granules produced and its composition. 

Batch Bp1000 Bp1100 Bp1200 Bp1300 

HAp/β-TCP Ratio (%) 75/25 75/25 75/25 75/25 

Sintering T (°C) 1000 1100 1200 1300 

Batch HAp1000 HAp1100 HAp1200 HAp1300 

Sintering Temperature (°C) 1000 1100 1200 1300 
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3.2. Experimental Procedure 

 The provided flow chart illustrates the production process for nanoXIM granules, 

accompanied by an explanation for each individual stage.  

3.2.1. Slurry Preparation 

  To produce the spherical granules, first it was prepared a slurry consisting of 

alginate that was dissolved into pure water, under agitation with a mechanical stirrer 

(figure 8). After complete dissolution of alginate, when the slurry acquires a slightly 

viscous consistency and yellowish color, it was possible to add the HAp and β-TCP powders 

into it. For the monophasic granules, only the nanoXIM•HAp202 product was gradually 

added to the solution until a completely homogeneous slurry was obtained. For the 

biphasic granules, in a previous work performed at FLUIDINOVA, a calibration line was 

elaborated to know which amount of each bioceramic powder must be added to achieve 

a desired final ratio of HAp and β-TCP, in this case a ratio of 75/25. The amount of 

reagents and the calibration line is FLUIDINOVA's intellectual property and therefore 

cannot be presented in this work. 

Figure 7- Flow chart of the production process for nanoXIM granules [40]. 
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3.2.2. Slurry extrusion  

 The lab-scale encapsulator system, shown in figure 9, oversees producing 

spheroidal droplets by extruding the slurry. This shape is achieved by pushing it through a 

needle located at the end of the encapsulator. Firstly, the assembled system was fully 

washed with water. The slurry was then transferred to a Schott flask, ensuring that the 

tubes were properly connected to the encapsulator. To start the process, the flask was 

subject to a normalized pressure of 0.1 bar, applied at the encapsulator tip, close to the 

needle, to regulate the diameter of the spheres. Without this pressure, the droplet size 

is only affected by the diameter of the needle and gravity force. By employing this 

method, it becomes feasible to create droplets with a wider range of diameters. 

Consequently, increasing the pressure results in the production of droplets with smaller 

diameters. For both granules (nanoXIM•G1000 and nanoXIM•G2000), the procedure was 

the same, however the encapsulator is different, as it can be observed in figure 9.  

Figure 8- Slurry preparation using a mechanical stirrer. 

Figure 9- Spheres’ production method. A) nanoXIM•G1000 granules' encapsulator; B) 

nanoXIM•G2000 granules' encapsulator. 

A B 
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3.2.3. Crosslinking 

After the slurry reaches the encapsulator, it was extruded into multiple droplets, 

which fall into the calcium chloride solution ([CaCl2] = 0.1 M), instantly forming the 

spheres. This phenomenon occurs due to the quick formation of calcium-based 

connections between poly-guluronic acid sequences along the polymer chain, which 

results in spherical particles that comprise an alginate hydrogel structure with embedded 

ceramic particles. Verifying the extent of crosslinking was crucial, so the spheres were 

allowed to settle for 30 minutes (figure 10), ensuring their stability during subsequent 

stages of production.  

3.2.4. Washing  

 After the crosslinking process, the calcium chloride solution was discarded, 

carefully decanted or using a sieve, and the spheres are washed multiple times with 

deionized water. This process is important due to the higher concentration of salts in this 

solution, which may be dangerous for the patient upon clinical application. The spheres 

were considered washed when the conductivity is below a normalized value, 700 μS/cm, 

measured by an electrical conductivity meter (EC meter), to ensure that the remaining 

salts in the solution do not cause any disruption during the production of the spheres or 

affect their final properties.  

3.2.5. Drying  

 Then the last wash water was poured, the spheres were immersed in an ethyl 

alcohol layer to prevent them from agglomerating during the drying step. Afterward, the 

spheres were placed into an oven to eliminate the water before the subsequent sintering 

stage. For this, the spheres were subjected to a drying process at 105ºC overnight. 

3.2.6. Sintering  

 After drying, the spheres were removed from the drying oven and placed into a 

sintering oven, in alumina crucibles, to be submitted to a sintering process. This process 

was split into three phases. In the first phase, the spheres were heated gradually at a rate 

Figure 10- Spheres' formation into the calcium chloride solution. 
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of 5 °C per minute until the temperature at which the sintering will be performed is 

reached, to prevent thermal shock and disintegration of the spheres, ensuring complete 

removal of residual humidity left from the drying process and also the beginning of 

alginate degradation. The second stage involved sintering the spheres for 2 hours at a 

temperature of 1000 °C, 1100 °C, 1200 °C and 1300 °C, where the alginate that makes 

up the spheres is entirely eliminated, resulting in fully bioceramic spheres. In the final 

stage, the granules were slowly cooled inside the furnace. 

3.2.7. Sieving  

 The spheres were taken out of the furnace, completely cooled down and 

transferred to a sieving column. This column separates the spheres based on size: the 

nanoXIM•G1000 spheres must stay between the 0.5 mm and 1 mm sieve size, and between 

1.0 and 2.0 mm for the nanoXIM•G2000, that are collected in containers for further 

analysis. Any spheres that fall outside of these size ranges were also collected and kept 

separately for X-ray diffraction (XRD) analysis since this type of analysis is not dependent 

on the particle size. 

3.3. Granules Characterization 

3.3.1. Scanning Electronic Microscopy  

 The monophasic granules produced in this work underwent analysis using 

scanning electron microscopy (SEM). This test was done to analyze not only the shape, 

geometry and size of the granules, but also the size of the existing pores. The analysis 

was performed at the Centro de Materiais da Universidade do Porto (CEMUP) using a high-

resolution Scanning Electron Microscope called Quanta 400FEG ESEM/EDAX Genesis X4M. 

In order to prepare the samples for the analysis, they were placed on an aluminum support 

and secured with carbon tape and pre-assembled on araldite. Subsequently, a thin 

gold/palladium film was applied to the samples using cathodic pulverization to provide 

conductivity. 

3.3.2. X-Ray Diffraction 

 The purpose of the X-Ray diffraction analysis was to determine the crystalline 

phases present on the granules and their crystallinity and the XRD patterns were refined 

using the Rietveld method. This analysis was carried out at FLUIDINOVA, S.A., where all 

samples, both monophasic and biphasic, underwent the analysis with the same conditions. 

A Rigaku Miniflex 450 was used with a D/teX Ultra2 detector, Cu-Kα radiation (λ = 1.54059 

Å) and an energy of 30 kV and 15 mA. The acquisition was performed between 8° < 2θ < 

80°, with a step size of 0.01° and a speed of 1°/min. The SmartLab Studio II software was 

used for phase identification and quantification. 
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3.3.3.  Linear and Volume Shrinkage  

 During sintering the granules densify, which leads to a decrease in their levels 

of porosity, macroporosity and microporosity, along with linear and volumetric 

contraction. Additionally, the heat treatment used, promotes the completely burn of the 

alginate presents in the granules. 

 By using Equations 1 and 2, it was possible to calculate the extent of linear and 

volume shrinkage after sintering, respectively. For this, the diameter of 40 granules was 

measured with the aid of the magnifying glass and ImageJ software. The volume was then 

calculated (V = 4/3 π r³) with these values, where it was assumed that the granules were 

perfect spheres.  

3.3.4.  Bulk density 

 The bulk density method was the process chosen to calculate the density of the 

granules, obtained by the ratio of the mass of a certain quantity of granules to its volume. 

For this, it was used a graduated cylinder, which was filled with granules, without 

compacting, to a volume of 15 mL and the mass was measured. After that, the tapped 

density technique was employed, which involves mechanically tapping a graduated 

powder sample to achieve an increased bulk density. Once the initial mass of the granules 

was observed, the measuring cylinder underwent mechanical tapping, with the equipment 

at figure 11, and volume readings were taken until significant volume change was 

observed. It was carried out 500, 1250 and 2500 taps on the same sample and the 

corresponding volumes V500, V1250 and V2500 were recorded to the nearest graduated unit. 

If the difference between V500 and V1250 is 2 mL or less, then V1250 was considered the 

tapped volume. However, even if after 1250 taps no volume change occurs, it was 

necessary to perform 2500 taps, and V2500 was considered the tapped volume. The process 

was repeated to make three tests for each sintering temperature used [41].  

 Finally, the specific weight was calculated in grams per milliliter using the 

formula 𝒎 𝑽𝒇⁄ , where Vf is the final tapped volume. Then the relative density was 

calculated, (measure of the density of a substance in comparison to the density of water.). 

In addition, the apparent densification and the overall porosity were calculated from the 
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equations 3 and 4, respectively.  

 

3.3.5. Inductively Coupled Plasma – Atomic Emission 
Spectrometry (ICP- AES)  

  During the performed work, a change in the color of the granules with sintering 

temperature was seen, which will be explained in more detail further in this document. 

However, to analyze this change, an analytical technique called Inductively Coupled 

Plasma – Atomic Emission Spectrometry (ICP- AES) was employed in 9 different samples in 

the form of powder: one of each raw material (calcium, phosphorus and potassium 

sources), another of the HAp powder used, and 5 samples of granules produced at 

different sintering temperatures. This method enables the simultaneous quantitative and 

qualitative analysis of multiple elements in the batches. The underlying principle involves 

using plasma, created by strongly ionized and electrically neutral argon gas, as the 

atomization source. To conduct the analysis, a Horiba Jobin-Yvon Ultima radial 

observation instrument was utilized. This instrument was equipped with a 40.68 MHz RF 

generator and a 1.00 mm Czemy-Turener monochromator. The data acquisition and 

equipment control were facilitated by JY v5.4 software.  

3.3.6. X-Ray Photoelectron Spectroscopy (XPS)  

 The change in color observed in the samples with increasing sintering 

temperature raised various concerns, one of which being the influence of the furnace 

Figure 11- Equipment used for the mechanical tapping to calculate the bulk density. 
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atmosphere. As a result, XPS analysis was required to determine the oxidation state of 

the elements contained in the samples and their potential impact on the generation of 

pinkish color. The XPS method enables elemental chemical analysis from the top layer of 

a sample's surface, which has a thickness of less than 10 nanometers. To ensure accurate 

results, the surface must be completely clean and free from any contaminants. To conduct 

this analysis, the samples need to be compatible with an ultra-high vacuum environment 

(<10-6 Pa).  

 In this case, four thin pellets were carefully prepared by compressing different 

powders: one from the HAp1000 sample, another from HAp1200, and two from HAp1300. 

For this, the equipment used was Kratos Axis Ultra HAS equipped with a monochromatized 

aluminium X-ray source running at 15 kV. The analyses were conducted using the hybrid 

lens mode with the slot aperture, with the analyzed area measuring about 300 µm x 700 

µm. The pass energy was configured to 160 eV for the survey spectrum and 40 eV for more 

detailed scans. The Vision software was employed for data acquisition and equipment 

control, while CasaXPS software was utilized to simplify data analysis. 

3.4. Mechanical Characterization 

3.4.1. Compression Tests 

 The compression tests were carried out with the aid of the equipment Compact 

Tabel-Top Universal / Tensile Tester from Shimadzu (figure 12). It used a 500 N load cell 

and a speed of 2 min/mm. For this, 10 individual granules (nanoXIM•G2000) for each batch 

(HAp1000, HAp1100, HAp1200, HAp1300) were subjected to testing, and their diameter 

was measured using a caliper. 

  

Figure 12- Equipment, Compact Tabel-Top Universal / Tensile Tester from Shimadzu, used in this work. 
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 The tensile strength, 𝝈 (MPa) was calculated by using equation 5, mentioned 

above, where F represents the failure load (N) and R (mm) the granule’s radius [42].  

3.4.2. Vickers Hardness Tests 

 These tests can be used to evaluate the mechanical properties of the materials, 

such as their resistance to deformation and fracture. For these, the equipment required 

was FALCON 400 micro/macro-Vickers hardness tester (INNOVATEST), where a load of 1 

kgf was applied to the surface of the HAp samples (HAp1000, HAp1100, HAp1200, 

HAp1300) by a diamond indenter for 15 seconds. To perform the tests properly, since it 

would be difficult to do it on a single granule, the sintered samples were embedded into 

epoxy molds and polished, until the resin is completely removed from the surface, and 

the granules are visible. Then, it was made 10 indentations for each sample, and they 

were analyzed to determine their hardness. It was determined by measuring the length of 

the diagonal ident shape, formed after the indentation on the surface of the sample, 

which was given by the test software. 

 Despite that, to validate the results obtained from the software, the samples 

were subjected to SEM analysis, allowing for visual identification of the indentations.  

3.5. Statistical analysis  

 To assess whether there were any significant statistical differences among the 

obtained results, a thorough statistical analysis was conducted using Student's t-test. The 

results were considered statistically different when the p-value was less than 0.05. The 

presentation format for all the results includes the mean value accompanied by its 

corresponding standard deviation. 

  

Eq.5 
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4. Results and Discussion 

4.1. Granules Characterization 

4.1.1. Monophasic Granules 

4.1.1.1.  Granules color 

 During the production of the HAp granules, a difference in color was evident 

with the different sintering temperature used. As can be seen in the image below (figure 

13), with an increase in temperature, the granules change from white color to a pinker 

shade. Several treatment conditions were tested, namely the number of granules in the 

crucible and the use or not of a lid on it, since it was possible to observe that the furnace 

atmosphere would also be an important parameter to control, as there was a belief that 

the color might be attributed to the oxidation of certain elements during the sintering 

process.  Given the ultimate purpose of their application, it is crucial to determine the 

cause of this color alteration to prevent possible negative consequences for 

commercialization. Therefore, considering all these adjustments, it proved to be a 

difficult task to ascertain the origin of the problem. As a result, further tests and analyses 

were carried out to find the underlying cause. 

  

Figure 13- Color change of HAp granules from white to pink color when increasing the sintering 

temperature. 
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4.1.1.2. Scanning Electronic Microscopy 

 HAp possesses an exceptional appeal due to its outstanding biocompatibility and 

bioactivity, making it a vital constituent for biomedical applications. The optimization 

and utilization of these properties are greatly dependent on critical material 

characteristics such as particle size, dimensional anisotropy, morphology, real 

microstructure, and others [43]. The constraint of bone graft replacements with specified 

shapes is overcome by using granular bone substitutes, which can be applied in bone 

defects of diverse sizes and shapes.  

 A spherical morphology makes surgical implantation simpler and enables the 

adoption of less intrusive methods with more controlled flowability. Additionally, 

spherical enhances packing into the defect and produces a consistent intergranular 

macroporosity that encourages effective osteoconduction. On the other hand, irregular 

particles produce a more heterogenous packing inside the defect, which may hinder 

vascularization and the development of new bone while also triggering an inflammatory 

response [44].  
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B 

Figure 14-A) Macroscopic view of the HAp granules; B) Spherical shape of the granules; Images obtained through 

SEM relative to C) Before sintering and D) HAp1300 (after sintering), that provide a perspective of the granules, 

clearly displaying their spherical shape and size. 

A B 

C 

80 x     80 x 

D 



DEVELOPMENT OF BIPHASIC GRANULES USING THE NANOXIM PROCESS FOR BONE REGENERATION 

29 

 

  So, before analyzing the biphasic properties, it is essential to comprehend 

the influence of different processing conditions on the particle size and morphology of the 

granules. The effects of different heat treatments on the morphology of spherical granules 

were observed using SEM, as depicted in figure 14. Figure 14A provide a macroscopic view 

of the granules, figure 14B their spherical shape, and figure 14C and 14D highlighting their 

size. Surface details of HAp spherical granules are illustrated in figure 15.  

 Firstly, upon examining figure 14C and 14D, it is evident that the sintering 

temperature may lead to a reduction in granule size. To substantiate this observation, 

measurements of their diameters were conducted using the image analysis software, 

Image J. The obtained values confirmed this hypothesis, where 2.60 mm represented the 

non-sintered HAp granule diameter (figure 14C) and 2.06 mm (figure 14D) represented the 

HAp1300 measured value, which means that has a reduction on the diameter of 20.77%. 

Figure 15- SEM images reveal the surface characteristics of non-sintered HAp spherical granules and sintered at 

temperatures of 1200 and 1300 °C. 
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As expected, the elevated temperature causes the particles within the granules to bond, 

leading to a reduction in the number of pores. 

 As can be seen in figure 15, it became evident that increasing the sintering 

temperature led to the coalescence of HAp crystals, like it was mentioned before. 

Consequently, the contact between crystal aggregates was significantly improved due to 

increased atomic diffusion, which promotes their bonding and the increased of 

compressive strength. It is also possible to observe the zones where the particles meet 

each other, and from where their nuclei start to come closer together. 

Using SEM, four measurements of pores were performed on the samples without 

any heat treatment and HAp1300 (figure 16), obtaining an average of pore size equal to 

2.54 µm and 2.27 µm, respectively. This indicates the reduction in microporosity with the 

increase in sintering temperature, due to particles coalescence. However, spherical 

granules sintered at lower temperatures display nanoporosity on their surface, that arises 

from the raw materials powders.  

  In figure 17, it is possible to observe representative SEM images that were 

obtained for the batches HAp1000 and HAp1300. In general, a significant disparity in 

particle size within the granules can be observed in both samples. In figure 17A, a larger 

number of particles with different sizes can be seen, giving the appearance of a looser 

arrangement. However, as the temperature increases, these particles gradually start to 

bond, or coalesce (figure 17B), which proves the increase of the particle size, and their 

densification. 

 

 

5000 × 5000 × 

A B 

Figure 16- SEM images with the measurements of pores sizes on the samples A) non sintered and B) HAp1300. 
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4.1.1.3. X-Ray Diffraction 

 To determine the crystallographic phases and assess the level of crystallinity in 

the produced granules, an X-ray diffraction analysis was conducted on the monophasic 

batches. In figure 18, XRD spectra for HAp spherical granules sintered at 1000 °C (batch 

HAp1000) may be observed. The diffractogram in the figure above is also representative 

of HAp1100 and HAp1200 batches. 

 According to literature, there are three main identification peaks at 2θ = 31.8° 

(211); 32.2° (112); and 32.9° (300) used for pure HAp identification, the first being the 

one with the highest intensity [45]. By analyzing the diffractograms exhibited in Figure 

18, it was possible to conclude that HAp1000, HAp1100 and HAp1200 have high crystallinity 

since their characteristic peaks are very narrow, with an average phase purity of 98.99%. 

However, XRD also detected the presence of calcium oxide (CaO) in very small 

percentages (1% approximately), which is expected given that this phase is likely to be 

Figure 18- Diffractogram obtained through X-Ray diffraction analysis of HAp1000. 
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Figure 17- SEM images of A) HAp1000 and B) HAp1300. 
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present in the granules' composition due to the powder production process.  

 In another hand, figure 19 represents the HAp1300 diffractogram. After its 

analysis, it is possible to conclude that HAp1300 has a high level of crystallinity because 

of the notable narrow distinctive peaks. However, there is an appearance of a previously 

undetected phase, tetracalcium phosphate, Ca4O9P2 (TTCP). This was expected since HAp 

(not pure phase) undergoes a phase transformation at typical sintering temperatures 

above 1100 °C. In general, HAp goes through phase instability at high sintering 

temperatures, where HAp can lead to its partial thermal decomposition into Ca4O9P2, TCP 

and/or TTCP [42, 43]. In the graph in figure 20, it is possible to observe the amount of 

each phase existing in HAp1300: 92.15% of HAp and 7.85% of TTCP. 

This calcium orthophosphate (TTCP) is the most basic one, however its solubility in 

water is higher than that of HAp. It cannot be formed by precipitation from aqueous 

32,9° 

31,8° 

32,2° 

Figure 19- Diffractogram obtained through X-Ray diffraction analysis of HAp1300. 

92,15

7,85

HAp TTCP- Ca4 O9 P2

Figure 20- Weight fraction of existing phases in HAp1300. 
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solutions but requires a solid-state reaction at temperatures above 1300 ºC for synthesis. 

TTCP exhibits limited stability in aqueous environments, as it undergoes gradual hydrolysis 

to form HAp and calcium hydroxide. Due to this hydrolysis process, TTCP is not typically 

present in biological calcifications [47]. For these reasons, sintering should not be carried 

out at such high temperatures, so that the HAp does not decompose. The production of 

biphasic granules composed of HAp and β-TCP are a better alternative to avoid the 

formation of this phase and are studied later in this work.  

4.1.1.4.  Linear and Volume Shrinkage 

 It is important to understand the method of production, and how its different 

stages and parameters influence the granules' particle size and morphology. For this, and 

to prove the densification of the granules and in turn the decrease in their porosity level 

with increasing sintering temperature, the volume of the HAp samples was calculating by 

measuring their diameter. Then their linear and volume shrinkage after sintering were 

calculated.  

  Figure 21 represents the behavior of the mean value of the calculated granules’ 

volumes as a function of sintering temperature. As expected, with increasing temperature 

there is a significant decrease in the size of the granule. This is justified due to the 

presence of alginate in their structure, since the granules were subjected to a high enough 

temperature that promotes the burning of the alginate, which results in a decrease of 

their size. Furthermore, as could be seen in the SEM images, the particles tend to coalesce 

with increasing temperature and consequently decrease the number of existing pores, 

which will decrease the granule size.  

  Furthermore, in figure 22, a graph illustrates the relationship between the 

average of percentage of the existing pores on each sample, with their corresponding 

sintering temperature, and the average volume evolution of them. As anticipated, with 

lower sintering temperature, the global porosity increases and consequently, the volume 

of the granules increases too. This outcome can be attributed to the bonding of particles 

within the granules caused by the sintering temperature, resulting in a reduction in the 

1200 °C 

non-sintered 

Figure 21- Granules' volume evolution with sintering 

temperature of each batch. 

Figure 22-Granules' average volume evolution with 

average porosity of each batch. 
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number of pores and consequent decrease in volume. 

 As it was mentioned before, the linear and volume shrinkage was calculated by 

using Equation 1 and 2, from 3.3.3. By calculating the average of the values for each 

batch, the linear shrinkage obtained was approximately 40,12±0,01 % and the volume 

shrinkage obtained was 78,51±0,01 %. 

4.1.1.5. Bulk Density 

 As previously discussed, the density of bioceramics is influenced by the sintering 

process. By adjusting parameters during sintering, it is possible to achieve bioceramics 

with varying levels of density, including the physical features of both pores and grains 

(such as their shape, size, and distribution), the energy and movement of grain boundaries 

and pores on the interface and surface, and the primary mechanisms involved in sintering. 

Therefore, utilizing smaller powder particles to produce the green body results in higher 

bioceramic density [48].  

 Table 7 presents the relative density values obtained for each batch, along with 

their corresponding densification and global porosity, calculated by equations 3 and 4 

from 3.3.4. 

Table 7- Relative density values obtained for each batch, along with their corresponding global porosity. 

 Overall, and consistent to what was showed in the SEM images, the bulk density 

of the HAp samples tends to increase as the sintering temperature rises, leading to their 

densification when compared to the non-calcined samples. On the other hand, if the 

samples become denser, it is expected that the percentage of pores in the samples will 

decrease, as observed in the values presented. However, a larger number of tests would 

be necessary to obtain a larger sample size and thus draw statistically significant 

conclusions. 

 According to the literature, HAp presents a theoretical density value of 3.16 

Batch HAp1000 HAp1100 HAp1200 HAp1300 

Relative density  0.92 ± 0.005 1.03 ± 0.008 1.14 ± 0.014 1.31 ± 0.008 

Apparent densification (%) 16.58 ± 0.16 20.67 ± 0.18 24.78 ± 0.37 30.99 ± 0.30 

Global porosity (%) 70.79 ± 0.12 67.25 ± 0.21 63.48 ± 0.35 58.89 ± 0.20 
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[49]. Nevertheless, the measured density of all the batches was approximately one-third 

of the anticipated values for complete densification, as indicated in Table 6. Therefore, 

it can be inferred that the sintering method employed for these granules did not achieve 

complete densification, resulting in the formation of structures with pores. This can be 

attributed to the release of alginate from the material's structure, which led to pore 

formation and also to the random packing of the powder particles within the granule. 

However, having a bioceramic with pores in a size range can be advantageous in terms of 

bone regeneration, since they facilitate quick bone growth into the material.  

4.1.1.6.  Inductively Coupled Plasma – Atomic Emission 
Spectrometry (ICP- AES) 

 The elementary composition of the samples was investigated with ICP-AES, and 

it was possible to analyze 33 different elements (appendix I). In order to compare the 

results obtained, FLUIDINOVA, S.A shared an analysis certificate of the raw materials used 

to produce the HAp powder. However, when the comparison was made, it was possible to 

conclude that some of the elements present in the ICP analysis were not analyzed by the 

raw materials manufacturers and therefore were not present in the certificate of analysis.  

 Table 8- Elements concentration (ppm) after ICP analysis. 

 Elements concentration (ppm) 

Elements HAp1100 HAp1200 HAp1250 HAp1300 

B 27.00 26.00 27.00 29.00 

Fe 6.24 6.79 7.56 6.43 

Mg 12.70 12.80 12.50 13.80 

Na 212.00 140.00 135.00 189.00 

Si 42.30 41.90 42.00 45.30 

Sr 58.00 59.00 59.00 61.00 
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 In addition, it is known that the method used for the technical analysis is not 

ICP, so it is possible that the detection limit of elements is different. Thus, elements that 

are present in the raw materials as impurities or contaminants at very low concentrations 

may not be detected by the method used in the datasheet, as they are at concentrations 

below the datasheet detection limit. On the other hand, the data sheet may focus mainly 

on the main components or those considered most relevant for the specific use of the raw 

materials and not mention impurities in very low concentrations.  

 Moreover, traces of boron, barium, copper, iron, manganese, sodium, silicon 

and strontium were detected (table 8). Some of these elements were identified, but it 

was concluded that the color alteration could not be linked to their presence. This 

included copper (Cu), which was found in minimal amounts and therefore excluded as a 

potential cause. Barium (Ba), on the other hand, was present in significant concentrations 

but aligned with the information provided in the data sheets, thus ruling it out as a 

possible factor. Among the remaining elements, iron (Fe) and boron (B) were present in 

higher concentrations than expected. Further investigation revealed that these elements, 

when subjected to high temperatures, can form compounds that exhibit a slightly pinkish 

color, matching the observed color change. Therefore, it was necessary to perform further 

type of analysis to understand the influence of these elements on the color - the XPS 

analysis. 

4.1.1.7. X-Ray Photoelectron Spectroscopy (XPS)  

 As previously mentioned, the alteration in color of the samples due to sintering 

temperature could potentially be attributed to the atmosphere within the furnace. So, to 

analyze the granules’ elemental composition and their oxidation states, XPS analysis was 

performed. Through ICP analysis, it was possible to detect the presence of elements such 

as Boron (B) and Iron (Fe), which were in higher concentrations than expected, being 

these elements the focus of this analysis. 

 First, a general spectrum was acquired, from which the principal elements were 

identified (figure 23). By observing it, in addition to the expected elements, the presence 

of B or Fe was not detected as indicated by the peaks. Furthermore, it can be observed 

that the peak displaying the highest intensity corresponds to oxygen (O 1s), implying that 

this element is present in the largest quantity within our samples. This can be attributed 

to the oxygen-rich environment during the sample preparation and analysis. Despite the 

absence of Fe detection in the overall spectrum, considering the premise that this element 

was the primary cause of the samples' color change, the analysis time was extended to 

attain more detailed information. Subsequently, iron was successfully detected, albeit in 

minor quantities.  
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 According to the literature, iron can exist in a variety of oxidation states (from 

+2 to +6), although the most common types found in nature are ferrous or ferric iron, Fe 

(II) or Fe (III), respectively. Although Fe (II) is more abundant under anoxic settings, iron 

is easily oxidized from Fe (II) to Fe (III) in an oxygen-containing environment. It results in 

the creation of iron oxides: ferrous oxide, FeO; ferric oxide, Fe2O3; and Fe3O4, which 

contains iron in both +2 and +3 oxidation states. The color of these oxides varies depending 

on their stage, with ferrous oxide being a black powder and ferric oxide being a reddish 

powder that occurs naturally as the mineral hematite [50]. In addition, Fe exhibits 

distinctive peaks in XPS spectrum that correspond to their different oxidation states. The 

FeO (Fe (II)) peak is generally detected at roughly 709 eV and 711 eV for Fe2O3 (Fe (III)) 

[51].  

  Figure 24 represents the zone of interest, so it shows XPS spectrum of Fe for 

the samples HAp1200 and HAp1300. Upon observing it, it is noticeable that as the sintering 

 

 

Figure 23- XPS global spectrum of HAp1200, being representative of all samples. 

Figure 24- Fe's XPS spectrum for A) Bp1200 and B) Bp1300. 

Fe (III) Fe (III) Fe (II) Fe (II) 

A B 
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temperature increases, there is an increase in the intensity of the peak corresponding to 

Fe (III) at around 711 eV. Conversely, the intensity of the Fe (II) peak at 709 eV decreases. 

As was mentioned earlier, the increase of the sintering temperature promotes the 

granules’ transformation from white to grey/pink color.  

 Thus, HAp1200 sample exhibits a more grayish coloration, coinciding with a 

higher intensity of the peak corresponding to Fe (II), which is known for its black color. 

This suggests the formation of this oxide in the sample. In contrast, the sample sintered 

at 1300 °C shows a higher intensity of the peak at 711 eV, corresponding to Fe2O3, 

providing the appearance of a pink or red color.  

 In order to confirm that the color change is caused by iron oxidation. the 

samples were subjected, once only, to sintering in an oxygen-free argon atmosphere. In 

this controlled environment, the samples retained their initial white color even after the 

sintering process. Consequently, it can be inferred that maybe iron is the primary factor 

responsible for the color transformation observed as the sintering temperatures increase, 

as oxidation of the iron species occurs. 

4.1.2. Biphasic Granules 

4.1.2.1. Bulk Density 

 As was previously mentioned, a substitute for using HAp-granules had to be 

developed, leading to the creation of biphasic granules that contain both HAp and β-TCP. 

This is because subjecting them to high temperatures is crucial for achieving the desired 

density and strength, however, high temperatures further impair the degradation of HAp, 

making it more crystalline and therefore slower to degrade. Although it can also lead to 

the formation of a new phase known as TTCP, with a higher degradation rate. So, 

considering the functional properties of these biomaterials, it is vital to assess the 

granules’ changes after being combined with β-TCP, namely their density and porosity 

distribution. The relative density values for each batch, along with their global porosity, 

as calculated using equation 4 from 3.3.4., are provided in table 9.  

 By analyzing table 9, the density of these biphasic samples tends to increase as 

the sintering temperature rises, leading to the decrease in percentage of pores in the 

samples, as observed in the values presented. However, a larger number of tests would 

be necessary to obtain a larger sample size and thus draw statistically significant 

conclusions. 
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Table 9- Relative density values obtained for each batch, along with their corresponding global porosity. 

 

 

 

 

 

 According to literature HAp has a density of 3.16 and, below 1120 °C, β-TCP 

remains stable with a density of 3.07 [52]. Assuming these theoretical values, the density 

for granules with the formulation stipulated (75%HAp/25%β-TCP) should be 3.14. 

 Even though the bulk density obtained from all batches was approximately one-

third of the expected values for complete densification, as indicated in table 9, it can be 

concluded that the sintering process used for these granules did not lead to a full 

densification, resulting in the formation of porous structures. Like in the HAp samples, 

this can be attributed to the burning of alginate, which leads to the formation of pores. 

In addition, generally, achieving densification of β-TCP is challenging due to its low phase 

transformation temperature in α-TCP, which impedes high-temperature sintering. In fact, 

this phase transformation slows down the densification of β-TCP and, on the other hand, 

induces microcracks in the sample due to material expansion caused by the density 

difference between the phases and the surrounding material [52]. 

 In addition, these lower values were expected due to differences in the 

properties of the constituent materials, such as their sintering temperatures and diffusion 

rates, which make challenging to achieve significant levels of general densification. 

However, it is advantageous for bone substitutes to have pores within a specific size range 

that promotes rapid bone ingrowth into the material and enhances the overall process of 

bone regeneration. 

4.1.2.2. X-Ray Diffraction 

 As was mentioned before, to achieve the correct percentage of each bioceramic 

powder required to attain the desired final ratio (75/25) of HAp and β-TCP phases in the 

materials' structure following the heat treatment, a calibration curve provided by 

FLUIDINOVA was used. Thus, the granules were analyzed using X-Ray diffraction to confirm 

that they consisted of the intended phases and possessed the desired ratio. 

 Figure 25 represents the diffractograms of all biphasic batches. By examining 

them, it is possible to comprehend the evolution of the intensity of the characteristic 

peaks of each phase as a function of the sintering temperature. To begin, for all batches, 

the peaks with the highest intensities correlate to the phase that is more abundant (75% 

Batch Bp1000 Bp1100 Bp1200 Bp1300 

Relative density  

0.70 ± 

0.002 

0.83 ± 

0,005 

0.99 ± 

0.006 

1.09 ± 

0,006 

Global porosity (%) 

77.89 ± 

0.07 

73.89 ± 

0.15 

68.58 ± 

0.18 

65.54 ± 

0.19 
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HAp). From a crystallinity standpoint, it was possible to conclude that Bp1000, Bp1100, 

Bp1200 and Bp1300 have high crystallinity since their diffractograms show narrow 

characteristics peaks, namely the 2θ= 31.8° for HAp and 30.95°for β-TCP (maximum 

intensity values for HAp and β-TCP) [53]. 

 To conduct a more detailed comparison of the peak intensity evolution with 

sintering temperature, the diffractogram of the Bp1000 sample was superimposed with 

that of Bp1300 (figure 26). The diffractogram corresponding to the sample sintered at 

1000 °C is represented by the red graph, while the one sintered at 1300°C is depicted in 

blue. Consequently, the phases present in each sample can be identified. As anticipated, 

the peaks corresponding to HAp are identified in both samples with higher intensity. 

However, as the temperature increases, the β-TCP phase peaks are gradually replaced by 

α-TCP phase peaks, which indicates that the formation of this second new phase occurs.  

 To supplement the diffractograms presented earlier, table 10 present the real 

phase ratio of the batches. This table was designed with a permissible error margin of 5%, 

adhering to the guidelines set by ISO 13779-6. This tolerance allows for slight variations 

in the phase ratio while still maintaining an acceptable level of conformity. 

Figure 26- Diffractogram obtained through X-Ray diffraction analysis of Bp1000 and Bp1300. 

● HAp 

◊ β-TCP 

□- α-TCP 

Figure 25- Diffractogram obtained through X-Ray diffraction analysis of all biphasic batches. 
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Table 10- Batches' phase quantification obtained through XRD. 

Batch Bp1000 Bp1100 Bp1200 Bp1300 

HAp (%) 78.83 78.39 78.56 76.43 

β-TCP (%) 21.17 21.61 6.09 0 

α-TCP (%) 0 0 15.35 23.57 

 By examining the phase ratio data provided in Table 10, it was determined that 

the desired composition of HAp and β-TCP in each batch was successfully achieved using 

the calibration curve. However, and as evidenced by the change in the peaks of each 

spectrum, it can be observed that with increasing sintering temperature, the β-TCP tends 

to undergo a transformation into α-TCP (Bp1200), until it is completely replaced by this 

new phase at 1300 °C.  

 Although β-TCP and α-TCP have the same chemical formula, they differ in 

crystal structure and solubility and β-TCP is more stable than α-TCP phase. Therefore, α-

TCP is more reactive in aqueous systems, has a higher specific energy, and can be 

hydrolyzed to form a mixture of various calcium phosphates. Pure α-TCP has not received 

much interest in the biomedical field, mainly due to its rapid resorption rate. However, 

has been commercialized as a biphasic composite with HAp to produce bioresorbable 

porous ceramic scaffolds to be used as artificial bone grafts [54]. 

 Therefore, since these two-phase granules had never been treated to such high 

temperature treatments in previous experiments, the development of α-TCP phase was 

an interesting novelty for both the study and the company in question. It is still necessary 

to assess the impact of this phase on the mechanical properties of the granules, which 

will be covered in the next chapters. 

4.2. Mechanical Characterization  

4.2.1. Monophasic Granules 

4.2.1.1.  Compressive tests  

 Given that the purpose of the granules is to be implanted in the human body, 

they will inevitably encounter different compressive forces exerted by the surrounding 

tissues.  

 Studies have demonstrated that the compressive strength of cortical bone is 

approximately between 100-200 MPa. On the other hand, the properties of trabecular or 

cancellous bone, since presents a porous structure, has lower compressive resistance, with 

values being reported between 10 and 80 MPa. The mechanical properties of cortical bone 

and trabecular bone can undergo significant alterations due to the person’s age and 

diseases, where porosity is considered the primary physical property that contributes to 
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these changes. The porosity percentage of the material is crucial for bioceramics since it 

restricts the range of applications that a material can be used. Materials with high values 

of porosity cannot be used in sites where they are subject to high load values [55]. 

 These two types of bone tissue have distinct levels of porosity: Cortical bone 

has a porosity of 5% to 15%, whereas the porosity of trabecular bone ranges from 40% to 

95%. However, osteoporosis and diabetes can have profound consequences for individuals' 

quality of life, such as the deterioration of bone that causes an increase in porosity, and 

in turn the decrease in mechanical properties [56]. 

 Therefore, it becomes crucial to investigate the HAp granules’ mechanical 

response and behavior. The values obtained for the compression strength of each batch 

are illustrated in table 11.  

 According to SEM observations, the rise in sintering temperature led to the 

bonding of HAp crystals, resulting in reduced microporosity. Figure 27 shows that 

increasing the sintering temperature resulted in significantly higher compressive strength. 

Notably, at a sintering temperature of 1300 °C, pure HAp spherical granules exhibited 

superior mechanical strength compared to other temperatures. The statistical analysis 

done with four replicate per condition (n= 4) reveal that the compressive strengths are all 

significantly different (p< 0.05) and therefore we can state that HAp1300 has the highest 

strength with a significant difference compared to the others. 

Table 11- Compressive strength's average values for each batch. 

 

 

 

 

 

 

 

  However, the high porosity values observed in the granules can be attributed 

to insufficient sintering temperature, which did not effectively decrease the porosity 

between particles. This inadequacy resulted in weaker bonding between the particles of 

each granule, thereby compromising the compressive strength of the bioceramic material. 

Despite this, the strength measurements acquired fall within the typical range exhibited 

by trabecular bone (10-80 MPa), so we can infer that these granules have the potential to 

be used as substitutes for trabecular bone. 

Batch Compressive Strength (MPa) 

HAp1000 2.03 ± 0.07 

HAp1100 3.50 ± 0.05 

HAp1200 7.50 ± 0.17 

HAp1300 15.30 ± 0.72 
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4.2.1.2. Vickers hardness tests 

 As it was mentioned before, several factors, including sintering temperature, 

porosity, sample stoichiometry, and trace elements present in the structure, have been 

demonstrated to affect the mechanical properties of HAp. Vickers hardness tests provide 

means to examine the connection between a material's structure and its mechanical 

properties at a microscopic level. Conducting hardness tests offers valuable insights into 

the mechanics of bone, contributing to a better understanding of its behavior [57]. 

Average hardness values of the sintered samples are given in Table 12.  

 The highest Vickers hardness value was observed in HAp1300, which means that 

with increasing sintering temperature there was an increase in the hardness values of the 

samples, and consequently in their mechanical strength. The statistical analysis done with 

four replicates (n=4) reveal that the hardness values are all significantly different (p 

<0.05) and therefore we can state that HAp1300 has the highest mechanical strength with 

a significant difference compared to the others. 

 The graph depicted in Figure 28 demonstrates the impact of porosity, with their 

corresponding sintering temperature, on the hardness of the samples. It shows a reduction 

in hardness due to the increase in porosity, which is an expected result. 

 According to the literature, the tabulated microhardness value for non-porous 

HAp varies between 450 and 530 HV [55]. Despite the anticipated trend of increasing 

hardness with higher sintering temperatures, the obtained hardness values are consistent 

with the behavior of highly porous HAp, which typically exhibits reduced hardness 

compared to non-porous HAp. The presence of porosity directly impacts the mechanical 

strength of the material, resulting in decreased hardness.  

Figure 27- Compressive strength results obtained for each batch. 
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Table 12- Average hardness values of each sample. 

 

 

 

 Furthermore, Vickers hardness values for highly porous HAp can vary 

considerably, depending on the extent of porosity and the specific structural 

characteristics of the sample. Considering that the studied HAp samples are inherently 

porous materials with inferior mechanical properties compared to dense materials, it is 

unsurprising that the observed hardness values and subsequent mechanical resistance 

values deviate significantly from the expected values. Nevertheless, as the compression 

tests conducted indicate, these values meet the requirements for applications involving 

trabecular bone replacement, where high porosity is crucial, allowing interaction with 

cells and growth factors, as well as bone tissue formation and remodeling. 

  To supplement and verify the Vickers hardness test, images of the 

indentations in both HAp1100 and HAp1300 samples (as shown in figure 29) were taken by 

using SEM. From these images and by measuring the visible diagonals it would be possible 

to calculate the hardness value of the samples and compare it with those obtained by the 

software. 

Batch Vickers Hardness (average)  

HAp1000 35 ± 4.43 HV 1 

HAp1100 40 ± 3.27 HV 1 

HAp1200 50 ± 3.81 HV 1 

HAp1300 68 ± 13.61 HV 1 

Figure 28- Vickers hardness of the samples as a function of their porosity. 

1000°C 
1100°C 

1200°C 

1300°C 
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4.2.2. Biphasic Granules 

4.2.2.1. Compressive tests  

 By analyzing table 13, compressive strengths ranged from 0.43 ± 0.18 MPa to 

9.10 ± 3.12 MPa.   

Table 13- Compressive strength's average values for each batch. 

 

 

 

 

 

 

 

 

 Increased sintering temperature resulted in significantly increased compressive 

strength, as shown in figure 30. Notably, the biphasic spherical granules displayed 

greater mechanical strength at a sintering temperature of 1300 °C when compared to 

other temperatures. The statistical examination of the four samples' results (n=4) 

reveals that the compressive strengths are all considerably different (p < 0.05), and so 

Batch Compressive Strength (MPa) 

Bp1000 0.43 ± 0.18 

Bp1100 1.32 ± 0.33 

Bp1200 3.43 ± 0.91 

Bp1300 9.10 ± 3.12 

Figure 29- Indentations of Vickers hardness tests on: A) HAp1000 and B) HAp1300. 

500 × 

A B 

500 × 
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we can conclude that Bp1300 has the highest strength with a significant difference  

 Although, the compressive strength of these scaffolds was significantly lower 

than that of cortical bone (100-200 MPa), but it closely matched that of cancellous 

bone (10-80 MPa). The lower values are directly associated to the high porosity levels, 

related to the sintering temperature not high enough to sinter the HAp completely, 

which consequently decrease its compressive strength. Thus, it is possible to conclude 

that HAp/β-TCP scaffolds are not suited for load-bearing applications, but they do 

display sufficient mechanical stability for bone regeneration/tissue engineering 

applications [55].  

 In summary, while these biphasic granules have lower compressive strength 

values compared to HAp ones, they still meet the requirements for final applications, 

mainly for trabecular bone substitution. Furthermore, they offer benefits such as 

improved solubility and the ability to achieve more stable phases, which are 

advantageous for this specific type of functions. 

  

Figure 30- Compressive strength obtained values for each batch. 
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5. Conclusions and Future work 

 During this work, it was possible to successfully produce monophasic (HAp) and 

biphasic granules with a ratio of 75%HAp/25%β-TCP, with different sintering temperatures 

(1000 °C, 1100 °C, 1200 °C and 1300 °C). 

 When the sintering temperature increased, the color of the HAp granules 

changed from white to pink. The ICP analysis revealed the presence of some elements at 

higher amounts than expected, namely iron. When heated to high temperatures, this 

element can create oxide compounds with a pink coloration. Consequently, an XPS study 

was done to identify this element's oxidation state, where were detected ferrous oxide 

(FeO) and ferric oxide (Fe2O3) and identified as potential causes for the color change.  

 The SEM analysis provided insights into the bonding between particles within 

the granules, which became more pronounced as the temperature increased. This 

phenomenon led to a decrease in porosity and an overall densification of the granules. 

Furthermore, XRD analysis indicated that at a sintering temperature of 1300 °C, HAp 

underwent a phase transformation to tetracalcium phosphate (TTCP), with 92.15% of HAp 

and 7.85% of TTCP, which can bring advantages from a degradation point of view. The 

mechanical properties were evaluated through compression tests and Vickers hardness 

tests. The values obtained varied with increasing sintering temperature (from 1000 °C to 

1300 °C), ranging from 2.03 ± 0.07 MPa to 15.30 ± 0.72 MPa for compression strength and 

from 35 ± 4.43 HV1 to 68 ± 13.61 HV1 for Vickers hardness. These values fall within the 

expected range for highly porous materials suitable for trabecular bone replacement (10-

80 MPa). 

 Subsequently, granules were produced with the formulation: 75%HAp/25% β-

TCP. Using XRD analysis it was possible to conclude that the ratios obtained were within 

the limits established and previously obtained by FLUIDINOVA. In addition, it was showed 

a phase transformation of β-TCP into α-TCP, a phase with a high resorption rate, at 

1300°C. In terms of mechanical properties, the compressive strength of biphasic granules 

was found to be lower than that of monophasic granules. This difference can be attributed 

to the higher porosity observed in the biphasic granules compared to the others.  

 Based on the findings, it can be inferred that the biphasic granules exhibited 

satisfactory mechanical performance as substitutes for trabecular bone (10-80 MPa). The 

higher porosity promotes rapid bone ingrowth into the material, which facilitates the 

integration of new bone tissue and enhances the overall process of bone regeneration. In 

addition, these granules have higher solubility and faster resorption. 

 In future work, there is a need for more comprehensive investigation into the 

observed color change. Specifically, the possibility of conducting the sintering process in 

an oxygen-free argon atmosphere should be explored. This approach may help prevent 

the occurrence of color alteration and provide a deeper understanding of the underlying 

mechanisms involved. 
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Appendix I 

Table 14- ICP analysis' results of the raw materials, the HAp powder and the granules produced. 

 
 

   
     

 
Semi-quantitative analysis 

 Element concentration (ppm) 

 Raw materials 
Powder 

Hap 
Granules 

Element KH2PO4 CaCl2 KOH 
IM24SD0

1 
1100-12 1100-12-t 1200-4-t 1250-4-t 1300-12-t 

Ag ND ND ND ND ND ND ND ND ND 

Al ND ND ND ND ND ND ND ND ND 

As ND ND ND ND ND ND ND ND ND 

B 10 12 ND 26 27 27 26 27 29 

Ba ND 280 ND 100 106 101 101 103 108 

Bi ND ND ND ND ND ND ND ND ND 

Ca  17 32 % 69 30 % 30 % 32 % 32 % 27 % 24 % 

Cd ND ND ND ND ND ND ND ND ND 

Co ND ND ND ND ND ND ND ND ND 

Cr ND ND ND ND ND ND ND ND ND 

Cu 0,39 0,71 0,42 0,99 0,99 0,93 1,02 1,24 1,09 

Fe 6,30 3,55 3,52 5,78 6,60 6,24 6,79 7,56 6,43 

Hg ND ND ND ND ND ND ND ND ND 

K 14 % 5214 26 % 719 7 51 14 71 12 

Li ND ND ND ND ND ND ND ND ND 

Mg ND 10,1 -0,3 11,0 13,3 12,7 12,8 12,5 13,8 

Mn ND ND ND ND ND ND ND ND ND 

Mo ND ND ND ND ND ND ND ND ND 

Na 30 2547 2037 174 104 212 140 135 189 

Ni ND ND ND ND ND ND ND ND ND 

P  13 % 54 62 17 % 17 % 18 % 18 % 16 % 14 % 

Pb ND ND ND ND ND ND ND ND ND 

Sb ND ND ND ND ND ND ND ND ND 

Se ND ND ND ND ND ND ND ND ND 

Si 2,4 1,4 1,5 36,8 43,7 42,3 41,9 42,0 45,3 
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Sn ND ND ND ND ND ND ND ND ND 

Sr ND 86 ND 57 61 58 59 59 61 

Ti ND ND ND ND ND ND ND ND ND 

Tl ND ND ND ND ND ND ND ND ND 

V ND ND ND ND ND ND ND ND ND 

W ND ND ND ND ND ND ND ND ND 

Zn ND ND ND ND ND ND ND ND ND 

Zr ND ND ND ND ND ND ND ND ND 

ND: non- 
detected 

 
  

 
     

 


