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Abstract 

Bone tissue has an excellent healing response, recovering functional and structural properties 

when damaged. Notwithstanding, severe damage to the bone implies the need for surgery to 

recover. Different orthopaedic devices are used to replace long-term hard bone tissue and 

are designed to last as long as possible. However, despite the significant advances in the 

design of implants, there is still a failure rate that cannot be underestimated. The implant 

failure, mainly due to aseptic loosening or infection, leads to revision surgery, which is 

expensive and implies more pain and time for the patient's recovery. This thesis studies 

surface modifications strategies by incorporating bioactive glass coatings to produce implants 

with materials capable of replacing bone and stimulating its regeneration to promote more 

efficient osseointegration.  

Atmospheric plasma spray is a coating process in which materials are deposited as fine 

particles by applying thermal and kinetic energy to form a coating on a prepared substrate. 

The poor bond strength of bioactive glass coatings to the metallic substrates, partly because 

of the thermal expansion coefficients mismatch, is one of the main challenges faced through 

different strategies. To evaluate the bond strength of the developed coatings, ASTM C633 

has been followed. By modifying the morphology of the bioactive glass powders and creating 

agglomerated particles, the cohesion between coating and substrate can be increased. Also, 

using hydroxyapatite in combination with bioactive glass, as a mixture of both powders or as 

an anchor layer, can improve the affinity of the coating with the substrate. Furthermore, 

applying a pre-heating to the substrate immediately prior to the deposition enhances the 

coating adhesion of bioactive glasses. An improvement in adhesion can be achieved if a 

thermal post-treatment is performed on the coatings. The different strategies evaluated have 

increased the bond strength of bioactive glass coatings with respect to the standard powder 

deposition. Some of the strategies evaluated have provided coatings with high bonding values 

that comply with the regulations for implantation. 

In order to understand the role of the elements forming the structure of the glass and their 

proportion, bioactive glass coatings with different compositions have been deposited by 

atmospheric plasma spray onto titanium alloy substrates. The different elements forming the 

glass affects the mechanical and biological properties of the coatings. These elements 

produce a change in the coating's microstructure, affecting the coating's porosity and thus its 

cohesion. Also, some of the elements contained in the glass structure are able to stimulate 

bone cell response. Moreover, the coating's reaction in physiological solution is also affected 

by the content of network-forming oxides and the crystalline phases present on the coating. 

The analysis of the ability of the coatings to form a hydroxyl carbonate apatite and the 

evaluation of their dissolution behaviour has clarified how the composition of the glass can 
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influence the osseointegration process. In vitro tests with osteoblasts have shown that the 

non-commercial 62W composition has a better cellular response and stronger bond to the 

substrate than the commercial glass formulations. Thus, this formulation can be optimal for 

replacing the current hydroxyapatite-coated implants. 

Cold gas spray can generate coatings with relatively low heat, making it possible to maintain 

the feedstock powder's material chemistry and phase composition in the resulting coatings. 

However, the brittleness of the glasses and the low temperatures involved during the process 

make it a challenge to produce glass coatings by this technique. Mixing the bioactive glasses 

with PEEK powder have allowed the deposition of a composite coating by low-pressure cold 

gas spraying, where brittle particles are embedded in a polymeric matrix. The amount of glass 

in the mixture affects the coating's properties and influences the deposition efficiency of the 

coatings. Another approach considered is to design formulations with adequate viscosity for 

the operating temperatures of the cold gas technique, which makes it possible to deposit the 

coating. However, the high degree of dissolution compromises the bioactive behaviour of 

these glass coatings. 
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0. Thesis structure 

This thesis has been structured in several chapters as follows. 

Chapter 1 presents a current and complete state of the art and is divided into three parts: the 

first one consist of an overview of biomaterials, with a particular emphasis on the bioactive 

materials used for hard tissue replacement; the second one introduces the surface 

modification techniques where the thermal spray techniques used in this thesis, Atmospheric 

Plasma Spray and Cold Gas Spray, are detailed; the las part consist of a review paper that 

covers bibliographic reports that have investigated bioactive glass deposition using different 

thermal spray techniques and the future challenges in this area. 

Chapter 2 describes the motivation and goal of the thesis, including the description of specific 

objectives. It also tries to explain the relationship between objectives and articles contained 

in this thesis. 

Chapter 3 introduces the methodology used to perform the experimental activity of the 

research, starting with the feedstock materials and following with the techniques and 

equipment used to characterise and evaluate the materials and coatings created. Finally, the 

procedures followed to produce the appropriate coatings are detailed. 

The results are divided into several parts included in Chapter 4, with some results reported 

in article form. The first section details the different approaches studied to improve the 

adhesion of bioactive glass coatings; these results are presented in two papers. The following 

section shows a study with glasses of different compositions, the effect on the biological 

response is evaluated according to the elements present in the glass. The third section covers 

the development of composite bioglass/PEEK coatings by the Cold Gas Spray technique; 

these results are displayed in two papers, one focused on the coating production and 

mechanical properties and the other discussing the biological response. Finally, the last 

section corresponds to the development of new bioactive glass formulations with adjusted 

properties to be used by cold gas spray. 

All the results are outlined and thoroughly discussed in Chapter 5. 

Finally, the conclusions drawn from this thesis are summarized in Chapter 6. 
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1. Chapter: Introduction 

 Overview on biomaterials 

Biomaterials have been gaining an increasingly important role in medicine, particularly in the 

regenerative field. Furthermore, it will become more and more frequent that we need the help 

of a biomaterial throughout our lives since life expectancy is increasing, and the deterioration 

of our bodies is inevitable. For this reason, the field of biomedicine has been continuously 

growing for decades, and today it is an area of great interest for researchers. However, 

materials to replace or treat damaged parts of the body date back to ancient times, even 

though the materials we use today are different from the first ones used. 

The first evidence of using materials to repair damaged parts of the body is found in dentures. 

Approximately in 2500 B.C., the ancient Egyptians stabilized the periodontally affected teeth 

using a gold wire. It is known that years later, around the year 500 a. C., teeth from animals 

were used to replace the missing human teeth, and those were held with gold bands. Around 

the year 300 A.D., the carved ivory was used to replace the teeth, and again the gold wire 

was the element that facilitated the fastening of the pieces. Years later (600 A.D.), seashells 

were used as dental implants. From the 16th century to about the 19th century, teeth from 

humans who passed away were collected for use in teeth replacement. In 1829, Henry Levert 

carried out the first studies in vivo to determine the biological compatibility of some materials 

for use in dental implants; these were silver, gold, lead, and platinum (Ref 1). 

Although the first advances were made in dental applications, the time for orthopaedic 

applications arrived in the eighteenth century. During the Middle Ages and the Modern Age, 

the development of implants was scarce. 

The first wire fixation for orthopaedics could have been done around 1770, but there is some 

controversy. In 1827, Dr. Kearny Rodgers (New York) performed a bone suture using a silver 

wire to retain bone fragments of a humerus suffering pseudarthrosis. Sixteen days after the 

surgery, the cannula fell out of the wound with the entire wire. Despite this, bones remained 

in the correct position, and the fragments joined 69 days after the operation (Ref 2). 

The following case, detailed in the first book published on internal fixation by Bérenger 

Féraud, describes a case of 1851 in which a worker suffered a closed and comminuted 

fracture of the lower leg after falling down a staircase. After several unsuccessful attempts to 

recover his fracture, it was decided to amputate his leg, but at the patient's request, this 

amputation was avoided. Instead, Bérenger exposed the bone ends and hold them together 

with three lead wire ligatures. After three weeks, the fracture was united, and the lead wires 

were removed. The patient left the hospital after 105 days. 
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The fixation of bones by screws could start around 1850. The French surgeons, Cucel and 

Rigaud, used wood screws and a leather strap to fixate satisfactorily a sternum and an 

olecranon fracture, respectively (Ref 3). 

After knowing the work of the chemist Louis Pasteur on fermentation caused by germs, the 

surgeon Joseph Lister, suspected that microbes, invisible to the human eye, might be 

responsible for the infections in wounds. This theory motivated the surgeon to find a chemical 

that would allow him to kill germs. Thus, in 1865 Lister was able to heal a fracture without 

infection. This achievement led him to develop aseptic surgery protocols (Ref 4). 

Another progress for orthopaedics happened in 1886, with the beginning of osteosynthesis, 

the subcutaneous fixation of bone fragments with plates and screws. The German surgeon 

Carl Hansmann performed the first internal plate fixation using a removable steel nickel-

coated plate and screws in 1886 (Ref 5). However, after four to eight weeks, the plates and 

screws were removed, and frequently it was necessary to reinsert the plates to achieve 

healing of the fracture (Ref 6). 

In 1895 when Lane introduced a steel plate for use in internal fixation. However, it caused 

problems with corrosion and needed a modification in composition and design to reduce the 

stress concentrations (Ref 7). 

In the 20th century, one factor that promoted the development of implants and new 

biomaterials was the sharp increase in demand due to the need to rehabilitate the millions of 

wounded from the First and Second World Wars. This need arose when some of the critical 

advances in medicine and surgery happened, such as the development of anaesthesia and 

the sterile surgical techniques mentioned previously. The discovery of X-rays was another 

significant progress and rapidly was used in medicine. View into the human skeletal system 

was possible with these novel rays that facilitated diagnoses and the evaluation of the 

treatments used. It also allowed locating the remains of shrapnel in the wounded people. In 

this way, a particular scenario with favourable conditions to achieve a notable advance in the 

development of bone repair techniques and systems with new materials was created. 

At that time, the prevailing opinion was that the materials suitable for implantation in the body 

were considered inert since they had minimal interaction with the biological system. However, 

over time, all the implants deteriorated rapidly in the human body; metals suffered corrosion, 

and the human body rejected other materials. In addition, the materials used did not meet the 

mechanical properties necessary to perform the function for which they were designed 

correctly. Because of these drawbacks, it was necessary to search for new metal alloys. In 

the 20th century, stainless steel was introduced to replace metallic components, the surgeon 

William O'Neill Sherman developed the first, a vanadium steel alloy in 1912, which was 

discarded in the following years due to corrosion (Ref 7). Cobalt-based alloys for 
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orthopaedic surgery appeared in 1936, thanks to Chadles S. Venable and co-workers, which 

analysed many metals' corrosion resistance (aluminium, copper, iron, lead, nickel, gold...) 

(Ref 8). Other attractive metals for orthopaedics appeared in the following years. The first 

trials with tantalum date back to 1936, and the first attempts with titanium were in 1947, with 

a variety of orthopaedic devices such as plates and screws (Ref 9). 

The development of hip prostheses took many years, given the complexity of the joint. The 

first sketches of a hip replacement were shown in the German Congress of Surgery in the 

1890s. Nevertheless, it was not until 1938 that the first total hip arthroplasty appeared, 

preceded by a partial hip arthroplasty in 1931. However, these first trials did not obtain 

favourable results. Then, in 1959, surgeon John Charnley began a study of total hip 

replacements with a low coefficient of friction, being the first to introduce Teflon polymer as 

a component of hip replacement and polymethylmethacrylate (PMMA) as bone cement 

(Ref 10). These innovations represent a significant improvement in the duration of hip 

implants. 

The good results of these materials and new alloys developed led to the first generation of 

biomaterials. This generation began in the 1950s and was characterised by inert materials 

that did not cause harm to the patient, did not corrode in an aqueous environment, and at the 

same time could perform the function of the replaced tissue. Among the biomaterials 

considered from the first generation, it is possible to find metals (stainless steel, cobalt-

chrome-based alloys, titanium, and its alloys), ceramics (alumina and zirconia), and polymers 

(silicone rubber, acrylic resins). 

A new generation of materials was explored in the 1970s; the second generation of 

biomaterials intended to cause a controlled reaction with the tissues to induce a desired 

therapeutic effect. The biomaterials belonging to this era were designed to be resorbable or 

bioactive. This generation included the development of degradable biomaterials, active 

proteins, and other macromolecules in a localized site. For example, biodegradable polymeric 

sutures can be designed with suitable mechanical strength and specific degradation time. 

These kinds of polymers are polyglycolic acid (PGA), polylactic acid (PLA), or copolymer 

poly(lactic-co-glycolic acid) PLGA. Another example of the second generation of biomaterials 

are heparin coatings for blood-contacting devices (syringe needles and polymer tubing for 

artificial hearts) addressed to improve blood compatibility. Drug-eluting endovascular stents 

were used to prevent vascular restenosis after the balloon angioplasty. Since the slow release 

of drugs causes a delay in the growth of the coronary endothelium. This new generation also 

represented substantial progress for orthopaedic and dental applications by incorporating 

various bioactive glasses and ceramics compositions in this area. 
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In the 1990s, the third generation of biomaterials emerged to support and stimulate the 

regeneration of functional tissue. These biomaterials combine the properties of the previous 

generation (bioactive and resorbable), developing materials that help the body heal itself. The 

third generation of biomaterials covers two approaches, tissue engineering and in situ tissue 

regeneration. Porous foams designed to activate genes that stimulate the regeneration of 

living tissues were developed in this era. These temporary 3D porous structures combine 

materials with bioactive and bioresorbable capabilities that provide repair or replacement that 

will last as long as the patient. Biomaterials in the form of powders, solutions, or doped 

particles can stimulate local tissue repair. In addition, the ionic dissolution products of some 

bioactive materials can promote cell proliferation, differentiation, and extracellular matrix 

(ECM) production and organization. Mg alloys are also classified as third-generation 

biomaterials. These materials provide temporary mechanical support while degraded 

progressively as host tissues replace them. These alloys have been used more widely in 

cardiovascular stents than in orthopaedic implants (Ref 11). 

In the 2010s, advances in nanotechnology and cell biology have allowed the development of 

tissue engineering and regenerative medicine toward the fourth generation of 

biomaterials. Scientific progress is giving rise to these new biomaterials, which try to mimic 

the extracellular matrix of tissues, their molecular architecture, and the biochemical 

environment to give proper cells stimulus. 

Classification of biomaterials 

The first definition of biomaterials dates from 1986, a conference supported by the European 

Society of Biomaterials was held to reach a consensus and establish definitions in the area 

of biomaterials. Biomaterials were defined as: “a nonviable material used in a medical device, 

intended to interact with biological systems.” (Ref 12) 

The progress of science and technology meant that the concept of biomaterial became 

obsolete. It has evolved several times with scientific advances; D. F. Williams proposed in 

2009 the following definition: “A biomaterial is a substance that has been engineered to take 

a form which, alone or as part of a complex system, is used to direct, by control of interactions 

with components of living systems, the course of any therapeutic or diagnostic procedure, in 

human or veterinary medicine.” (Ref 13) 

Finally, in 2018 a conference was held in Chengdu to eliminate unnecessary terms, update 

others, and include new definitions regarding biomaterials. D. F. Williams presented a 

simplified version of its last biomaterials definition, which the assistants approved: “A material 

designed to take a form which can direct, through interactions with living systems, the course 

of any therapeutic or diagnostic procedure.” (Ref 14) Biomaterials can be classified according 

to tissue response or their origin, as shown in Figure 1.1. 
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Figure 1.1 Classification of biomaterials according to their tissue response and origin 

Bioinert materials are encapsulated by fibrous tissues when inserted into the body. The 

implanted biomaterials are isolated from the surrounding bone because the body considers it 

a foreign object. On the contrary, the bioactive materials promote bonding with the tissue. 

Moreover, biodegradable materials can decompose gradually over time, releasing their 

mass into the surrounding tissue. Generally, metallic biomaterials are inert; when polymers 

are implanted in the body, they can show a bioinert or biodegradable behaviour. We find all 

kinds of responses among ceramics since they can be bioinert, biodegradable, or bioactive. 

 Biomaterials for hard tissue replacement 

The body's ability to maintain and regulate its internal conditions is known as homeostasis, 

and this aspect precisely limits which materials can be implanted in the human body. 

Biocompatibility is defined as the ability of a material to perform with an appropriate host 

response in a specific application. It means that the host's response to its implantation and 

presence cannot have adverse effects on either the implant or the host organism. In addition, 

the degradation products of the material must be taken into account, and these cannot cause 

harmful effects either in the area of implantation or for other organs or tissues. However, the 

interaction between the material and the biological environment is not the only factor to 

consider. The demands of mechanical resistance (young modulus, tensile strength, 

compression, bending, behaviour to fatigue and friction) and adequate corrosion determine 

which materials can be implantable and their ability to be processed, machined, and even to 

be sterilisable. 

Consequently, the amount of materials to choose from to produce an implant is reduced. 

However, on the other hand, to choose the ideal candidate, there are more requirements: the 

Biomaterial 
classification

According to tissue 
response

Bioinert 

Bioactive

Biodegradable

According to origin

Natural (collagen, 
silk, chitosan...) 

Synthetic

Ceramic (alumina, zirconia, 
hydroxyapatite, ...) 

Polymer (PLA, HDPE, 
PEEK...)

Metal (Co-Cr and Ti alloys, 
stainless steel, ...)

Composite
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exact position of the implantation, the function that it will carry out, the time that it must remain 

implanted (temporary or permanent) or even the patient's medical history. 

Bone tissue performs vital functions for the human body. It is responsible for providing the 

mechanical support to the body that allows locomotion, and in addition, the bone is the main 

protective barrier of the vital organs. Nevertheless, this tissue is susceptible to injury and 

deterioration, compromising its function. The leading biomaterials used to restore damaged 

bone are detailed in Table 1.1. 

Table 1.1 Main biomaterials and its applications in bone defect repair and replacement 

Materials Applications  References 

M
e
ta

ls
 

Cobalt-based 

alloys 

Dental implants: 

- Partial denture frameworks and orthodontic wires 

Orthopaedic implants: 

- Joint replacement (components on knee, ankle, 

shoulder, wrist and hip arthroplasty) 

- Fracture fixation devices (screws and plates) 

Spine surgery: 

- Spinal rods 

(Ref 15–17) 

Stainless steel 

Orthopaedic implants: 

- Joint replacement (components on hip arthroplasty) 

- Fracture fixation devices (Kirschner wires and 

Schanz screws) 

(Ref 18,19) 

Titanium and its 

alloys 

Dental implants:  

- Implants, crowns, bridges and other components 

Orthopaedic implants: 

- Joint replacement (components on knee, elbow, 

shoulder, ankle and hip arthroplasty) 

- Fracture fixation devices (screws and plates) 

(Ref 17,20,21) 

C
e
ra

m
ic

s
 

Aluminium oxide 

and alloys 

Dental implants:  

- Implants, crowns, bridges and abutments 

Orthopaedic implants: 

- Joint replacement (components on hip arthroplasty)  

(Ref 22) 

Zirconium oxide 

and alloys 

Dental implants:  

- Implants, crowns and bridges 

Orthopaedic implants: 

- Joint replacement (components on knee and hip 

arthroplasty) 

(Ref 23) 
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P
o

ly
m

e
rs

 
Polyethylene 

(UHMWPE) 

Orthopaedic implants: 

- Joint replacement (components on knee, wrist, 

elbow, shoulder, ankle and hip arthroplasty) 

(Ref 16,24) 

PEEK and its 

composites 

Dental implants:  

- Implants and abutments 

Orthopaedic implants: 

- Joint replacement (components on knee 

arthroplasty)  

- Fracture fixation devices (screws and plates) 

Spine surgery: 

- Spinal rods and interbody fusion cages 

Other applications: 

- Rib cage replacement, cranial reconstructions  

(Ref 25) 

1.2.1. Osseointegration 

For permanent orthopaedic or dental implants, osseointegration is key to achieving implant 

success. Osseointegration is defined as the direct structural and functional connection 

between the living bone and the surface of a load-bearing implant. When the osteoblasts 

adhere to the implant substrate, they can produce a strong bond with the surrounding host 

bone. Osseointegration is a complex process that depends on osteoinduction and 

osteoconduction of the implant material. If the osseointegration is insufficient, the formation 

of fibrous tissues around the implant can occur, causing loosening and failure of the 

prostheses.  

The bone healing process is initiated then the bone matrix is exposed to extracellular fluid, 

proteins, and growth factors. This activation, followed by the osseointegration process, occurs 

in any lesion of the pre-existing bone matrix, including minor bone defects, fractures, and 

even when an artificial implant is needed to replace or repair a bone-damaged area. Once 

activated the bone healing, the osseointegration process starts, which can be subdivided into 

three stages (Ref 26–28): 

o Woven bone formation: when osteoblasts reach the implant surface, a rapid bone 

matrix formation takes place to restore continuity and first stability of the implant. 

This woven bone consists of irregular-shaped and non-oriented packed collagen 

fibers, and the mechanical properties of this matrix are lower than the desired. 

o Lamellar bone deposition: most of the woven bone is replaced by the lamellar bone, 

with an orientation that allows obtaining better mechanical properties. 
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o Bone remodelling: the bone structure is adapted to load and offers biological 

stability through bone regeneration and remodelling. 

Implant design plays an essential role in achieving good osseointegration. The 

osseointegration process needs several months, usually from three to six months after the 

implant placement (Ref 29). The duration of the process depends on systemic and local 

factors, such as the implant material, the surface topography of the implant, the loading 

conditions of the implant, or the remodelling bone capacity of the patient. During the 

osseointegration process, the stability of the implant-bone fixation depends on initial 

mechanical stability that decreases over time and biological stability that increases over time. 

The variation in the implant stability can be observed in Figure 1.2. 

 

Figure 1.2 Stability of the implant over time. Figure adapted from (Ref 30) 

1.2.2. Causes of implant failure 

Most implants used to replace long-term hard bone tissue are designed to last as long as 

possible while being functional for the patient. However, there is a failure rate that cannot be 

underestimated. The two leading causes of implant failure are aseptic loosening and infection. 

Aseptic loosening can be the result of unsuitable initial fixation. For this reason, it is crucial 

that the surgery team achieves good stability of the implant, not only to obtain this initial 

stability but also to prevent aseptic loosening of the implant in the long term, which can occur 

due to several factors that are detailed below: 

o Gaps at the implant-tissue interface which difficult the stabilization of the prosthesis 

and cause micromotion; this instability tends to evolve to the necessity of revision 

surgery (Ref 31). 

o The generation of wear particles from the implant induces a severe inflammatory 

response and can lead to bone resorption (Ref 32). 
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o Some materials do not favour bony in-growth on implants, making it difficult to 

achieve a proper fixation due to the poor osseointegration of the prosthesis (Ref 33). 

o Lack of osteoinduction causes poor bone deposition on implant surfaces, and the 

stabilization of the prosthesis can be challenging in patients with poor bone quality or 

slow healing rates (Ref 33). 

Infection of orthopaedic implants is the other leading cause of implant failure and the 

necessity of revision surgery. If bacteria attachment to the implant surface occurs, these begin 

to proliferate and can form a biofilm, which protects the bacterial colony from antibiotics and 

infection defense mechanisms. Therefore, it is crucial to prevent biofilm formation to avoid 

microbial infections. Therefore, different strategies are studied, some focused on the rapid 

inhibition of the infection and others that act in the long term (Ref 34). In 1989, the surgeon 

Gristina described the concept “race for the surface” as a competition between microbial 

adhesion and tissue integration to colonize the implant surface. If cells cover the surface first, 

it is easier to avoid bacterial colonization of the implant. On the other hand, if bacteria occupy 

first the implant surface, it will be covered by a biofilm (Ref 35,36). 

Some of the causes that lead to infection are: 

o Initial microbial adhesion and subsequent infection may occur at the implantation 

site, leading to implant failure. 

o Some organisms can cause chronic infections in late stages. 

o Infection leading to osteolysis occurs in the long term. The wear particles from the 

implant stimulate the inflammatory cells to promote bone resorption. 

Implant design must consider both the need for strong osseointegration and infection 

prevention to achieve a successful implant. 

 Bioactive materials 

The bioactive materials (bioactive glasses, glass-ceramics, and calcium orthophosphates) 

consist of a group of inorganic non-metallic solids capable of causing a specific biological 

response on its surface that promotes a direct, adherent, and strong bond between the 

surrounding tissue and the material itself. These biomaterials exhibit a bioactive behaviour 

and can bond to the bone tissue and support the adhesion and proliferation of the osteoblasts. 

There is increasing clinical use of these biomaterials because they offer the possibility of 

enhancing the lifetime of prostheses. However, their clinical applications are limited to fillers, 

scaffolds, and coatings due to their poor mechanical properties. 
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1.3.1. Bioactive glasses 

Glasses are mainly formed by network-forming oxides (SiO2, B2O3, P2O5 y GeO2), which 

allow the formation of the characteristic disordered structure of amorphous solids. To achieve 

a vitreous structure, it is also necessary to avoid crystallization during the cooling of the 

molten oxides. The glassy silica network is the most common and is composed of 

tetrahedrons that share the oxygens located at their vertices. The oxygen shared by two 

tetrahedrons forms a bridge between them called bridging oxygen (BO). In a glassy silica 

network, almost all oxygens are BO and the structure presents high connectivity. 

Network-modifying oxides are introduced into the glassy structure of glass during melting. 

These oxides break down the structure and convert some of the BO to not bridging oxygens 

(NBO). The disorder produced in the network by these oxides gives rise to different properties. 

Modifying oxides can be alkaline (Na2O, K2O) or alkaline earth (CaO, MgO). While bonds 

between cations of the network-formers and oxygens are covalent, the modifying oxides are 

linked by ionic bonds.  

When an alkaline oxide such as Na2O (2Na+ + O2−) is added to the silica network, the 

reaction described in Figure 1.3 occurs. The addition of Na2O breaks the chain of linked 

tetrahedrons so that each alkali ion creates a new NBO. Sodium ions (Na+) bond ionically 

with NBO oxygens, filling the gaps between the tetrahedrons of the glassy matrix and 

neutralizing the network. As a result, alkaline oxides cause a decrease in the glass transition 

temperature and the viscosity of the glass, an increase in density and CTE, and a reduction 

in resistance to chemical attack. 

Figure 1.3 Incorporation of sodium oxide (alkaline) into the silica network 

By incorporating alkaline earth oxides such as CaO (Ca2+ + O2−), the network is disrupted 

by the lengthening of the chains. The addition of CaO causes each Ca2+ ion to create two 

new NBOs, and it ionically bonds to them, as can be seen in Figure 1.4. The calcium ions 

function as a bridge between the tetrahedrons and neutralize the network. Alkaline earth 

oxides stabilize the vitreous network, provide durability, prevent crystallization and improve 

the resistance to chemical attacks. 
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Figure 1.4 Incorporation of calcium oxide (alkaline earth) into the silica network 

When alkali and alkaline earth oxides are incorporated, the properties of the resulting glassy 

matrix depend on the concentration of each oxide. 

The ceramic engineer Larry Hench was concerned about the large number of soldiers who 

were handicapped after they participated in the Vietnam War. So Hench started to think about 

how to “make materials to repair people” (Ref 37), This way, he focused on his research on 

a material that the body could tolerate and discovered a family of glasses that replaced bone 

and helped its regeneration. In 1969, professor Hench patented Bioglass®, the first bioactive 

glass, with the composition of 45SiO2, 6P2O5, 24.5Na2O, 24.5CaO (in wt.%) and commonly 

known as 45S5 (Ref 29). 

Figure 1.5 Bioactivity for Na2O-CaO-SiO2 diagram with constant 6% in weight of P2O5. Figure from (Ref 38) 

Hench studied the quaternary system SiO2-CaO-Na2O-P2O5, fixing the concentration of the 

phosphorous oxide (Figure 1.5). Depending on the content of each oxide, he found glasses 

with different biological stability, from soluble to non-degradable compositions. The maximum 

SiO2 content that provides bioactivity is 60% in weight; above this content, glasses are 

bioinert. When SiO2 content varies from 55 to 60% in weight, moderated reactivity is achieved, 

and these compositions can bond to hard tissue. Ranging from 45% to 52% in weight, the 

bioactivity of the compositions is faster, and these glasses can bond to soft and hard tissues. 
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Regarding the content of network modifiers, below 15% in weight of CaO content, the 

reactivity of the compositions is too high and is non-stable. When Na2O content is below 5% 

in weight, the structure obtained is glass-ceramic. 

The structure that each glass acquires according to its composition determines its bioactivity. 

Bioactive glasses are amorphous solids, exhibiting an open structure and lacking great 

structural order. High silica and phosphate content produces a highly interconnected 

structure, very stable upon exposure to body fluids. The addition of network modifiers disrupts 

the structure causing bridging oxygen turns into non-bridging oxygen atoms, thus generating 

a more open structure where fluids are allowed to pass. 

In the developed glasses by Hench, silica is the main network former, and it is shown as SiO4 

tetrahedron, connected to the same units through Si-O-Si bonds. The phosphate is displayed 

as orthophosphate (PO4
3-) and is surrounded by the modifier cations to balance its charge  

(Ref 39). 

The theoretical value of network connectivity (Nc) of the glass can be calculated to predict 

bioactivity and other properties of bioactive glasses. Furthermore, different authors have 

developed models to calculate Nc of the glasses considering the number of bridging oxygen 

atoms per network former based on their molar composition (Ref 40). 

The equation (1) is commonly used to calculate the Nc with reliable results for the quaternary 

system studied by Hench. However, when more components are involved, other models 

should be used (Ref 41). 

𝑁𝑐 =
4[𝑆𝑖𝑂2]−2[𝑀2

𝐼𝑂+ 𝑀𝐼𝐼𝑂]+6[𝑃2𝑂5]

[𝑆𝑖𝑂2]
    (1) 

Where M2
IO and M2

IIO are the mono- and divalent modifier oxides, the equation clearly shows 

that the addition of network modifiers is an effective strategy to alter the structure of the glass 

and increase its bioactivity. Low Nc is related to low glass transition and melting temperature, 

great reactivity, and solubility (Ref 42). Glasses with Nc between 2.0 and 2.6 are expected to 

be bioactive, with a higher rate between 2.11 and 2.56 (Ref 43). Particularly, Bioglass® 

composition has a Nc value of 2.11. Even if the proportion of modifiers oxides (sodium and 

calcium) does not alter the Nc, other properties of the glass can be affected. For example, if 

sodium oxide is replaced by calcium oxide, the resulting compositions have higher glass 

transition and melting temperature, which also causes an increase in density and hardness 

(Ref 44). The reason is the difference in ionic radii of the two ions. Regarding cellular 

behaviour, bioactive glasses have been demonstrated to promote attachment, proliferation, 

differentiation, and mineralization of bone cells compared to non-reactive surfaces (Ref 

45,46). 
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Hench proposed how bioactive glass degraded in body fluid solutions and bonded with bone. 

This process results from a rapid sequence of chemical and tissue reactions on the glass 

surface when being in contact with the biological medium, represented in Figure 1.6. The 

proposed mechanism is related to bioactive glasses of the SiO2-CaO-Na2O-P2O5 family. 

There may be slight variations for other compositions depending on the elements forming the 

network. 

 

Figure 1.6 Reactions on the surface of a bioactive glass when is in contact with the biological medium 

The first step involves the ion exchange of sodium and calcium ions of the glass for hydrogen 

ions (H3O+) present in the fluids, increasing the pH solution. The increase in pH generates 

the breaking of the Si-O-Si bonds, generating silanol groups (SiOH) at the glass surface. The 

continued formation of silanols causes condensation and re-polymerization of the silanols, 

leading to a silica-rich layer on the glass surface. After that, Ca2+ and PO4
3- groups from the 

glass migrate through the silica layer forming an amorphous CaO-P2O5-rich layer on its top. 

This layer grows with the Ca2+ and PO4
3- ions from the surrounding solution. Incorporating 

OH− and CO3
2− ions from the solution contributes to the crystallization of the CaO-P2O5-rich 

layer, forming the hydroxyl carbonate apatite layer (HCA). Bone cells that generate the bone 

matrix colonize the HCA layer and start the deposition of hydroxyapatite crystals that become 

the mineralized bone (Ref 42). 

1.3.2. Calcium orthophosphates 

Calcium orthophosphates are salts of the orthophosphoric acid (H3PO4) that can form 

compounds containing H2PO4
-, HPO3

2-, or PO4
3- (Ref 47). It was 1769 when the chemist and 

metallurgist Johan Gottlieb Gahn discovered the existence of calcium phosphate in bones. 
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The first clinical use of a calcium phosphate compound was in successfully repairing a bone 

defect in 1920 (Ref 48). To the date, up to eleven non-ion-substituted calcium 

orthophosphates in the ternary system Ca(OH)2-H3PO4-H2O were found, with a calcium to 

phosphate molar ratio Ca/P between 0.5 and 2.0. However, not all of them have a biological 

interest. 

Table 1.2 Calcium orthophosphates compounds  

Name Formula Ca/P molar ratio 

Monocalcium phosphate monohydrate (MCPM) Ca(H2PO4)2·H2O 0.5 

Monocalcium phosphate anhydrous (MCPA) Ca(H2PO4)2 0.5 

Dicalcium phosphate dehydrate (DCPD) CaHPO4·2H2O 1.0 

Dicalcium phosphate anhydrous (DCPA) CaHPO4 1.0 

Octacalcium phosphate (OCP) Ca8(HPO4)2(PO4)4·5H2O 1.33 

α-Tricalcium phosphate (α-TCP) α-Ca3(PO4)2 1.5 

β-Tricalcium phosphate (β-TCP) β-Ca3(PO4)2 1.5 

Amorphous calcium phosphate (ACP) 
CaxHy(PO4)z·nH2O (n=3-

4.5; 15-20% H2O) 
1.2-2.2 

Calcium-deficient hydroxyapatite (CDHA) 
Ca10−x(HPO4)x (PO4)6−x 

(OH)2−x (0 < x < 1) 
1.5–1.67 

Hydroxyapatite (HA) Ca10(PO4)6(OH)2 1.67 

Tetracalcium phosphate (TTCP or TetCP) Ca4(PO4)2O 2.0 

 

Calcium orthophosphate biomaterials are not recognized as foreign in the body due to their 

chemical similarity to the mineral component of human bones and teeth. Depending on their 

composition, different ranges of solubility or crystallinity are found. Most calcium 

orthophosphates are scarcely soluble in water. The lower the Ca/P ratio, the more soluble the 

calcium phosphate phase; the compounds with a Ca/P ratio of less than 1 imply a high 

solubility when implanted into the body and are not suitable for biomedical application (Ref 

49–51). 

Hydroxyapatite (HA) is the calcium orthophosphate more studied and more present in the 

medical field. Its chemical formula is Ca10(PO4)6(OH)2 and has a stoichiometric molar ratio 

Ca/P of 1.67. Two structures can occur when synthetizing stoichiometric HA, monoclinic and 

hexagonal phases. In the biological environment, HA has the hexagonal phase that is more 

stable. It is the most stable calcium orthophosphate with low solubility in physiological fluids. 

Its surface can act as a nucleating site for the deposition of bone minerals from the solutions.  
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This biomaterial allows the bone to grow and remodel over its surface. Furthermore, it does 

not cause an inflammatory reaction when applied to the body; however, this biomaterial is not 

osteoinductive (Ref 52,53). 

 

Figure 1.7 Reactions on the surface of HA when is in contact with the biological medium 

The development of a bioactive bond between the implant and the surrounding bone is 

different for bioactive calcium orthophosphates than the proposed by Hench for bioactive 

glasses. Kokubo suggested (Ref 54) that for HA, the mechanism is initiated by the negative 

charge of the surface and not by the dissolution of ions from the material (Figure 1.7). The 

HA surface has an initial negative potential because of the OH− and PO4
3− ions (Ref 55). 

When it comes in contact with the solution, the Ca2+ from the solution accumulates at the 

interface, making the surface charge positive. By the inversion of the charge, the surface 

interacts with PO4
3− ions from the solution, and an amorphous calcium phosphate layer is 

formed. Subsequently, this layer turns into a crystalline hydroxyl carbonate apatite layer by 

the ionic exchange. 

The apatite formation process in HA can be corroborated by the electrostatic interaction of its 

functional groups with the ions in the fluid. However, in other ceramics, such as β-TCP or in 

some glass ceramics, such as A-W, the mechanism of apatite formation can be more complex 

since specific solubility alters the surface charge of the biomaterial. In these cases, an 

intermediate situation could occur to the mechanism described by Hench for bioactive glasses 

or by Kokubo for HA. 
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1.3.3. Glass-ceramics 

Glass-ceramics appeared in the search for an improvement in the mechanical properties of 

bioactive glasses (Ref 56). These biomaterials are obtained by applying an appropriate 

thermal treatment to glass materials and result in the nucleation and growth of specific 

crystalline phases within the glassy matrix (Ref 47,57). Hence, this family of bioactive 

materials is partly crystalline and partly glassy. This new arrangement in the structure 

provides materials with high resistance to scratching and abrasion, low coefficient of thermal 

expansion, and tensile strength increased compared to either a glass or a ceramic of similar 

composition, as shown in Table 1.3 (Ref 58,59). The main drawback of glass-ceramics is its 

brittleness a feature that shares with glass and ceramic materials. 

Table 1.3 Crystalline phases and fracture toughness of different bioactive materials 

Material Phases 

Fracture 

Toughness 

(MPa·m1/2) 

Young’s 

Modulus 

(GPa) 

References 

45S5 bioactive 
glass 

100% glass 0.7-1.1 35 (Ref 60) 

A/W glass-ceramic 
38% apatite + 34% 

wollastonite + 28% glass 
2.0 117 (Ref 61) 

Synthetic HA 100% hydroxyapatite 0.7-1.2 ~100 (Ref 62) 

Cortical bone 
Mainly apatite and 

collagen 
2-12 7–30 (Ref 60) 

The developed glass-ceramics have a similar composition to Hench’s glasses but with less 

content of alkali oxides (Ref 61). In 1973, Brömer and Pfeil discovered the first glass-ceramic 

material, named Ceravital®, which has an apatite (CaO-P2O5) phase in a Na2O-K2O-MgO-

CaO-SiO2-P2O5 glass matrix. Later, Kokubo and co-workers developed in the late 1980s the 

A/W glass-ceramic, commercially denominated Cerabone® A/W. This composition with 

remarkable clinical results contained two crystalline phases: oxyfluorapatite (Ca10 

(PO4)6(O,F2) and wollastonite (β-CaSiO3) in a residual glass matrix.  In the following years, 

other four glass-ceramics developed reached clinical use. 

 Surface modification  

The durability and the success of an implant are marked by its design, which includes a proper 

geometry and a good choice of the biomaterials that form it, and the surface characteristics 

significantly affect the biological response. It must be noted that cellular response and bone 

formation are affected by a series of surface properties and not only by one in particular. For 
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this reason, when a surface is altered, its characteristics should be evaluated in the whole 

context.  

It is possible to find different approaches depending on which aspects are intended to be 

modified in an implant. Some of these are increasing bioactivity, promoting cell growth after 

implantation, supporting antibacterial effect, reducing the wear rate (particularly in join 

applications) by increasing hardness, and preventing ion release into the body.  

Therefore, surface modification plays an essential role in developing implants with a better 

response in the biological system. Different strategies allow the superficial modification of the 

implants: 

o Alter the surface layer in the existing biomaterial by chemical or physical methods. 

For example, biomolecules with specific functional groups can be incorporated into 

the surface material to trigger specific behaviours. Also, the roughness of the implant 

can be modified by acid or alkaline etching. 

o Incorporate a thin layer of material, which usually has a different composition, on the 

existing surface. This overcoating can be produced by different methods such as 

solvent coating, electrophoretic deposition, or thermal spray.  

o Topographical modification of surfaces creates three-dimensional features in the 

existing biomaterial to favour initial stabilization or increase the contact area. Different 

patterns and textures can be designed, from the creation of pores to gratings, 

microgrooves, or columns. Moreover, this feature can be designed on a micro or 

nanoscale. 

Regarding functionality, surfaces can be mono-functional or multi-functional. In recent years, 

research has focused on the attempt to develop surfaces that can hold multiple tasks. 

 Thermal spray technology  

1.5.1. Overview on thermal spraying  

Thermal spraying includes a group of coating processes in which materials are deposited as 

fine particles in a molten or semi-molten state or even in an entirely solid-state to form a 

coating on a prepared substrate. 

The process of achieving the deposition of the coating on the substrate combines kinetic 

energy (acceleration of the particles) with thermal energy (heating of the particles). Each 

spraying technique works with a specific temperature and particle velocity range, as shown 

in Figure 1.8. The characteristics of the process determine this range. Depending on the 

feedstock material and the desired properties of the final coating, it is convenient to choose 

among the different spraying techniques the most suitable. 
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The heat source used for heating the feedstock material can be a combustion flame, an 

electric arc, or an ionized gas, depending on the spraying technique used. The feedstock 

material is introduced as powder, wire, rod, cord, or suspension and accelerated by an 

auxiliary gas fed into the spray gun, generating a continuous stream of hot and accelerated 

particles sprayed towards the substrate. The coating formation consists of two phases: when 

the particles impact the substrate, a union is created with it, and the following particles allow 

the growth of the coating due to the accumulation of particles. 

Figure 1.8 Gas temperature and particle velocity in different thermal spray techniques 

1.5.2. Build-up and coating properties  

The microstructure of thermal spray coatings is characterised by defects occurring due to the 

build-up coating process. Cracking can appear perpendicular to the substrate, within the 

splats microstructure (generally perpendicular to the substrate), or by generating a separation 

at the interface with the substrate or within the coating (parallel to the substrate). Cracks 

usually occur during residual stress relaxation. Due to the surface activation process, 

impurities are another defect for thermal spray coatings, particularly with contamination in the 

interface. It is also common to find non-flattened or partially flattened particles due to un-

melted particles. The incomplete splat stacking can originate pores along inter-splat 

boundaries, often globular pores (Ref 63). 

Almost all materials can be sprayed using thermal spray techniques. However, it is more 

appropriate to use one technique or another depending on the chosen material due to the 

process conditions. The microstructure and the properties of the coatings are the 

consequence of several factors involved in the coating formation. The factors that influence 

the properties of the sprayed coatings are listed above: 

o Feedstock properties:  

- The material composition is essential for the quality of the obtained coatings. 

The feedstock material must be in optimal conditions (no humidity and no 
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oxidation) to obtain an accurate result. It is also important to remember that some 

materials can decompose, crystallize or oxidize during the spraying process. 

- The characteristics of the feedstock material have a clear impact on the quality 

of the coating. For example, the material's thermal conductivity affects the 

effectiveness of heat transfer between the energy beam and the material. In the 

case of powder material, it should also be considered that the morphology of the 

particles, density, and the size of the particles affect the particle trajectory and 

particle heating and velocity. 

o Pre-treatment of substrate: pre-heating the substrate prior to spraying can reduce 

residual thermal stress and support adhesion of the layer. Also, adequate surface 

roughness can favour the adhesion of the particles to the substrate (Ref 64,65). 

o Thermal spray process:  

- Some materials can be sprayed by different thermal spraying techniques. 

Inevitably, the characteristics of each technique result in coatings with different 

properties. 

- The process parameters are decisive in the quality of the coatings, but some 

have a more significant impact. Some of these parameters are external such as 

the spraying distance and angle, speed of the thermal spray device across the 

surface, and the environment (inert gas chambers or atmosphere). Other 

parameters are internal, from the equipment: nozzle geometry, feed rate of the 

feedstock material, and the energy source (gas composition, temperature, gas 

flow, and power). 

o Post-treatments: thermal or chemical treatments are applied to eliminate pores to 

improve cohesion strength and enhance bonding strength, modify the microstructure, 

crystallize amorphous coatings or form final compounds, among other possibilities 

(Ref 66,67). 

Depending on the final application, different properties are desired. Therefore, when 

designing an implant or medical device, it is important to evaluate the requirements for the 

specific application, and some of the properties can be specified by international regulations. 

The properties of the materials can be divided into mechanical, physical, chemical, and 

biological, and most of these categories are interconnected with each other. It is usually 

challenging to find a perfect candidate that meets all the requirements. For this reason, the 

material with the most adjusted mechanical properties is usually chosen as the substrate to 

avoid stress shielding. Bone remodelling is related to the loads the bone is subjected to; 

therefore, a rigidity and strain similar to the bone must be achieved when placing an implant 
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(Ref 68,69). The surface of the candidate material can be modified to provide an 

enhancement to a specific application. For example, hip or knee implants are subject to many 

friction stresses, so it is necessary to seek a low coefficient of friction between the materials 

in contact. The coatings for this part of the prosthesis can be oriented towards obtaining this 

improvement. These devices have another area that must be bonded with the bone tissue to 

acquire proper stability. So for this part of the components, a coating with a bioactive material 

or inducing a high specific surface area to increase the contact with the bone tissue are 

alternatives to promote the osseointegration. Otherwise, when plates are temporarily 

implanted to repair fractures, the weak integration of the screws with the bone tissues could 

facilitate their removal after the healing of the bone fracture. In this case, it would be 

favourable to use materials with less bioactive capacity. 

1.5.3. Basics on atmospheric plasma spray 

Plasma spraying is a deposition technique in which powder is injected within a plasma jet at 

very high temperatures (between 6000 and 15000 ºC) (Ref 70), the first industrial plasma 

spray torches (dc arcs) date from the 1960s (Ref 71). Figure 1.9 represents a scheme of dc 

plasma spraying equipment. The accelerated particles are partially or totally melted and 

driven to impact onto the substrate, where the coating is formed by the accumulation of 

flattened and solidified particles. Plasma spraying is a process where thermal energy is 

strongly involved, allowing the deposition of a wide range of materials, even the ceramic ones, 

and the substrate remains cold during the deposition.  

Figure 1.9 Schematic drawing of the plasma spraying process 

Plasma spraying is a flexible and reliable technique, with the possibility of controlling many 

parameters that influence the coating properties.  
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The process can be divided into three different stages:  

o Generation of thermal and kinetic energy includes parameters involved in the plasma 

formation and its interaction with its environment. For example, when spraying in 

an air environment, the atmosphere can react with the molten particles in certain 

situations, causing metal oxidation or carbide decomposition. 

o Interaction of energy with sprayed material, related to the powder and its injection 

properties. 

o Interaction of sprayed material with the substrate is associated with splat formation 

and coating development.  

Achieving proper coatings requires special care and knowledge of the process. 

Working gases heat up and expand to the atmosphere forming a plasma jet. Intense 

temperature and plasma velocity gradients exist in the plasma jet. The maximum temperature 

is achieved in the core zone, close to the nozzle exit and the centre line. This region is 

followed by a transitional region in which the temperature decreases rapidly. Finally, the 

powder suspended in a carrier gas is injected into the plasma jet. 

Generation of thermal and kinetic energy 

Different gases can be used to generate the plasma. The plasma composition also 

influences the jet velocity and enthalpy. Monoatomic gases such as argon and helium need 

only to be ionized to enter the plasma state, so they require less energy to initiate the plasma. 

The energy of these gases has a linear relationship with the gas temperature. In contrast, 

bimolecular gases (hydrogen and nitrogen) need to dissociate before entering the plasma 

state. The relationship between the energy of diatomic gases and the gas temperatures 

suffers deviations from linearity due to the dissociation previous to ionization (Ref 72). 

Generally, the plasma gas is composed of argon or mixtures of argon + hydrogen, argon + 

helium and argon + nitrogen; less common is a mixture of nitrogen + hydrogen and argon + 

hydrogen + helium. The typical flow rate of the working gases is about 30-50 slm; in some 

equipment, it can be up to 80 slm (Ref 72). To improve the heat transfer to the particles, 

hydrogen, helium, or nitrogen are usually added as auxiliary gas to the primary gas, causing 

an increased plasma enthalpy (Ref 73). 

The volume percentage of each gas in the mixture depends on the gas composition. For 

example, Janisson et al. (Ref 74) studied the effect of the ternary mixture argon-helium-

hydrogen in the plasma jet properties, where argon and helium vary between 30 to 55 vol. %, 

while the contribution of hydrogen is minor, below 25%.   
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Powder injection characteristics 

The success of a suitable coating is largely related to good control of the particle's trajectory 

and their heat transfer in the plasma. A slight deviation from the optimal conditions leads to 

poor results due to insufficient heating of the particles since large radial and axial temperature 

gradients exist on the plasma jet. 

Injection of the particles into the plasma jet is an essential factor in controlling the trajectory 

of the particles and ensuring it is in the correct region of the plasma (the hot region, close to 

the centre line). The powder injection device can be located internal, inside the nozzle of 

the plasma torch, or external, at a short distance outside of the plasma torch exit. With the 

same spray conditions, internal injection allows the particles to pass through the plasma jet 

faster, introducing a perturbation in the plasma jet flow. In contrast, with external injection, the 

particles enter directly into the plasma jet during its expansion, when the impulse is lower (Ref 

75). Moreover, the injection is usually performed perpendicular to the axis of the jet (90º), but 

sometimes the injection angle is done at a certain angle. When the injection of the powder 

is done with an unfavourable inclination to the flow direction, the particles reach higher 

temperatures due to their long residence time in the core zone of the jet. However, this 

inclination can cause sticking problems in the nozzle due to the lower injection velocity of the 

particles and the injection in a hotter zone of the jet compared with orthogonal injection. 

Otherwise, when the powder injection is done with a favourable inclination to the flow, the 

particles enter the plasma jet in a less hot zone than orthogonal injection and the time of 

residence of the powder in the jet is reduced.  

The most common gas used as the carrier gas for APS is argon due to its relatively high 

density, and the gas flow rate is usually in the range 2.5 to 8 slm (standard litre per minute). 

The carrier gas flow rate should be adjusted for each powder. It must be adequate for the 

particles to reach the hotter region of the plasma jet with a suitable velocity and travel close 

to its centre line, allowing the particles to acquire the necessary temperature conditions. If the 

carrier gas flow rate is insufficient, the particles do not reach the hotter zone of the plasma 

jet. While, if it is too high, the particles cross the plasma jet rapidly, remaining few time in the 

core zone and acquiring a trajectory far from the jet axis. 

The trajectory of the particles through the plasma jet also depends on their size and mass. 

Small particles may not penetrate the plasma jet at the same carrier gas flow rate, and larger 

particles may cross the plasma jet. For this reason, a narrow particle size distribution can 

provide better results. When spraying powders with small particle sizes, a higher carrier gas 

flow rate should be used to acquire an axial trajectory. However, particles below 5-10 µm are 

not suitable for plasma spraying because the needed carrier gas flow rate disturbs the plasma 

jet (Ref 71). Then, the typical particle size used in plasma spraying goes from 10 to 70 µm. 
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Coating formation 

The coating formation depends mainly on the characteristics of the substrate surface. For 

this reason, before spraying, surface preparation can be done by providing a surface free of 

contamination, modifying the roughness or morphology of the surface, or applying 

temperature to preheat the substrate.  

Other aspects that can vary the properties of the coatings are related to kinematic 

parameters, such as the spray distance (usually between 60 and 150 mm for APS (Ref 73)), 

degree of overlapping (distance between passes), and traverse gun speed. Moreover, the 

impact angle of the particles has to be close to an orthogonal impact to the substrate. 

The molten or semi-molten particles flatten, solidify and form splats. The solidification is 

commonly achieved before the following particle impacts the same area, and the coating 

results from their layering. The properties of the coatings are also linked to the quality of 

contact between de adhered splats. The splat layering depends on the temperature of the 

particles at the moment of impact and on their ability to accommodate onto the substrate or 

other solidified particles. For example, disc-shaped splats provide good contact and 

enhanced adhesion/cohesion (Figure 1.10(b)), while splats with extensively fingered have 

poor contact, with many bubbles, as represented in Figure 1.10(c); these types of splats 

correspond to fully molten particles. However, when the partially molten particles impact the 

substrate, they cannot spread properly (see Figure 1.10(a)); the unmelted core is still present 

in the centre of the splat, and the molten shell of the particles can spread out (Ref 76). 

The powder feed rate, the use of cooling systems, the spray distance, and preheating of the 

substrate are the parameters that can help achieve splats with the proper flattening degree 

for good adhesion. Interesting coatings can be obtained by APS if a compromise between 

the different parameters is achieved to ensure that the particles melt at impact. 

Figure 1.10 Scheme of different types of splat formation by APS 
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1.5.4. Basics on cold gas spray  

Cold gas spray is a material deposition process included in thermal spray techniques. It was 

developed in the 1980s and involved the impact of particles on a substrate at very high speeds 

(300 to 1200 m/s) to form coatings or self-standing components (Ref 77). The suitable size 

of powder particles for this technique is relatively small, between 1 and 50 µm (Ref 78). 

Moreover, the spray distance is less than in other spraying techniques; it does not exceed 50 

mm (Ref 79). Unlike other thermal spray processes, the particle deposition process in CGS 

is in solid-state, so the feedstock material does not reach melting to form the coating. The 

heat during the process is relatively low for both the spray material and the substrate, making 

it possible to maintain the feedstock material's material chemistry and phase composition in 

the obtained coatings, minimizing the oxidation and decomposition of the materials sprayed 

(Ref 80). 

The kinetic energy governs the union between the particles and the formation of the coating; 

therefore, a high level of plastic deformation of the particles and adiabatic shear instability is 

required. A converging-diverging nozzle is usually used to produce supersonic gas flow in 

which particles achieve supersonic velocity. This supersonic velocity is created in the nozzle 

throat (in the diverging part of the nozzle). Convergent-barrel and convergent–divergent-

barrel nozzles can also be used to accelerate particles. The different types of nozzles 

employed in CGS to get supersonic velocities are represented in Figure 1.11. The nozzle 

design is one of the key factors in achieving optimum spray conditions (Ref 81–83). 

Figure 1.11 Scheme of types of nozzles for cold spray: convergent-barrel nozzle, convergent-divergent nozzle, 

convergent-divergent-barrel nozzle. Figure adapted from (Ref 81) 

CGS allows the production of dense and pure coatings from metal and metal alloy powders. 

The formation mechanism of these coatings favours the low porosity level since the pressure 

during spraying causes packaging of the particles, forming a strong bond between them. Thus 

the coatings are less porous in the first layers and increase their porosity in the upper part 

(Ref 79). The quality of the coatings depends on the process parameters such as gas 
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temperature, nozzle design, and powder characteristics. The deposition of polymers and 

ceramics using this technique is not easy, but the research in this area has increased in recent 

years. 

High-pressure cold spraying (HPCS) and low-pressure cold spraying (LPCS) 

CGS is divided into two different processes depending on the pressure used: high-pressure 

cold spraying (HPCS) and low-pressure cold spraying (LPCS). A scheme of the different 

types of equipment can be seen in Figure 1.12. 

In the HPCS process, pressurized gas (N2, He, or a mixture of them) is heated and conducted 

to the nozzle; the powder is fed with a carrier gas and then mixed with the main gas before 

entering the nozzle in the axial direction. The acceleration of the particles is achieved 

through the converging-diverging nozzle. The accelerated particles reach high speed and 

impact the surface, forming the coating layer by layer. The HPCS process enables pressures 

between 10 bar and up to 70 bar. The gas is preheated in a separate heating unit, and also, 

in the spraying gun, the gas preheating temperature can vary from room temperature to 

1100ºC. Particle velocities as high as 1200 m/s can be achieved by this technique (Ref 84). 

Figure 1.12 Schematic drawing of: a) LPCS and b) HPCS 

In the LPCS process, compressed air is usually used as process gas to spray the powders; 

nitrogen or helium can also be used, and gas heating is done only in the spraying gun. The 

powder is fed to the heated gas perpendicularly to the diverging part of the nozzle (radial 

injection). The pressure in this process varies between 5 and 10 bar, depending on the 

equipment. Furthermore, the gas preheating temperature can be adjusted from room 
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temperature to 650ºC. Regarding the powder feed rate, in LPCS, lower ratios are used 

because of the higher particle concentration in the gas flow, usually between 5 to 50 g/min 

versus 75 to 220 g/min in HPCGS (Ref 85). The particle velocities reached in LPCGS are 

lower than in HPCGS, usually below 600 m/s. Even though the particle velocities are much 

lower, it is a technique belonging to CGS technology because the powders do not reach 

melting temperatures during the coating formation process (Ref 80). 

Coating formation 

The formation of a CGS coating is very different from conventional thermally sprayed 

coatings. It is produced in a solid-state without melting the material. The coating formation 

consists of two stages: in the initial one, the bonding of the first layer of particles occurs at 

the interface of the substrate; in the second stage, the following particles adhere to the 

previous particles, forming the structure of the coating by the layers generated. The voids are 

reduced as the particles are sprayed, and the coating structure is densified and work 

hardened.  

Assadi et al. (Ref 86) studied the bonding mechanism in CGS with some metallic powders 

(crystalline materials). They attributed it to the adiabatic shear instability, which occurs when 

particles impact the substrate or deposited material interface at high velocity. The deposition 

of particles is accomplished when the impact velocity of the particles on the substrate exceeds 

the critical velocity, which is a value related to feedstock material characteristics (Ref 87). 

In Figure 1.13, a schematic correlation between particle velocity and deposition efficiency for 

a specific temperature is represented.  

Figure 1.13 Correlation among particle velocity and deposition efficiency for a constant temperature. Figure 

adapted from (Ref 79) 

Schmidt et al. (Ref 78) proposed the following equation for defining the critical velocity:  

𝑣𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =  √𝐴𝜎
𝜌⁄ +  𝐵𝐶𝑝(𝑇𝑚 − 𝑇)   (2)  
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Where A and B are fitting constants, σ is the temperature-dependent flow stress, ρ is the 

density, Cp is the heat capacity of the sprayed powder, Tm is the melting temperature of the 

particles, and T is the mean temperature of particles upon impact. 

If the particle velocity is lower than the critical velocity, the particles rebound and do not 

adhere. From the critical velocity to the erosion velocity exists a range of velocities (window 

of deposition) where the deposition of the particles can be accomplished and build up the 

coating. When the accelerated particles impact the substrate above the erosion velocity, 

particle rebound occurs, which can cause erosion. 

The pressure and temperature of the gas are determining parameters to achieve the 

deposition of the particles. The velocity of the particles can be increased by using higher 

pressure values. It is possible to diminish the critical velocity that determines material 

deposition by increasing the gas temperature. The particles become more ductile and can be 

deformed more easily during impact by providing more temperature. The coating formation 

mechanism depends considerably on the pair of materials involved (powder/substrate). 

During spraying, the kinetic energy of the particles is transformed into strain energy and heat, 

causing the plastic deformation of particles and substrate or mostly one of them. When the 

substrate is much softer than the particles, the deformation can occur mainly on the substrate 

remaining the particles embedded; on the contrary, if the substrate is much harder than the 

particles, these tend to flatten (Ref 80). 

Compared to conventional thermal spray techniques, cold spraying is a simpler process that 

makes it suitable for modelling. Furthermore, with a throughout understanding of the process, 

improvements can be made in obtaining quality coatings and in better design of commercial 

equipment (Ref 78). 

The deformation mechanisms of particles impacting a metallic surface deposited by CGS are 

well-studied for crystalline materials. However, other kinds of materials need the 

consideration of other properties that can influence the deformation mechanism. Henao et al. 

(Ref 88) presented a model that described the deformation mechanism of metallic 

glass materials (MG) by CGs. In this, it was demonstrated that the window of deposition of 

MGs is dependent on their Reynolds number (Re), which is defined by the ratio between the 

inertial and viscous forces of MGs particles at impact. Deposition and bonding of MGs 

particles occur only at high Re values when the particles are in a viscous flow, achieved at 

the proper temperature and inertial forces. Higher Re values, achieved by increasing the 

kinetic and thermal energy of the particles, lead to greater deformation of the MG particles, 

enhanced deposition, and higher bonding strength. This deformation mechanism contrasts 

with that of crystalline materials, for which viscosity is not as affected by temperature. 
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1.5.5. Bioactive glass coatings obtained by thermal spray: Current status and 

future challenges (Review Paper) 

The first publication of this thesis is a Review Paper, which describes the most relevant 

findings on the topic of bioactive glasses coatings obtained by thermal spray to clarify the 

current status of this strategy for improving biomedical implants. 

This review comprehensively covers reports in the literature that have investigated the 

deposition of bioactive glasses using different thermal spray techniques. 

The main problem of bioactive glass coatings obtained to date is detailed (insufficient coating 

adhesion), so they cannot commercially replace hydroxyapatite coatings. The different 

strategies studied to improve this aspect are presented and the main factors that affect the 

quality of these coatings. Finally, the different lines in which research can be continued to 

develop improved coatings are summarized.  
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https://doi.org/10.1016/j.bsecv.2021.04.001 
 

Abstract 

Several inorganic materials such as bioactive glasses, glass–ceramics and calcium 

phosphates have been shown to be bioactive and resorbable which make them suitable for 

coating bone implants. This study focuses only on bioactive glasses. These biomaterials are 

highly biocompatible and can form a strong chemical bond with the tissues. This review 

comprehensively covers bibliographic reports that have investigated bioactive glass 

deposition using different thermal spray techniques. 

The main drawback for the glass coating deposition is the low adherence with the substrate. 

Some strategies can favour a good bond such as using bond coats, blends, pre-heating the 

substrate or modifying the glass composition. 

The characteristics of the feedstock powders are determinant for the properties of the 

coatings obtained. Porosity and thickness of the coatings can be modulated by using different 

thermal spray techniques and varying parameters of the process. 

The degradation rate of some bioactive glasses can achieve kinetics similar to the new bone 

formation. Taking advantage of its dissolution capacity, glasses can be doped with functional 

elements. 

While several biological studies have been performed with bioactive glass materials, there 

has been relatively little research on the biological response of coated glasses by thermal 

spray techniques. Research studies have demonstrated the opportunities of this promising 

material to enhance the bioactivity of the implants. 

Keywords: Bioactive glass; Thermal spray; Coatings; Implants; Bioactive coating 
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1. Introduction 

In recent decades there is an increase of life expectancy which is associated to age-related 

diseases. Traumatic injuries and pathological diseases such as osteoporosis or osteoarthritis 

affect bone function causing pain to the patient and also damage and fractures to the bones.  

Bone represents the second most common tissue implanted in the body after blood (Ref 1). 

It has an excellent healing response when damaged, recovering both functional and structural 

properties. Notwithstanding severe damage to the bone implies the need of surgery to 

recover.  

Most biomaterials and medical devices perform satisfactorily, improving the quality of life for 

the recipient. However, all manufactured devices have a failure rate affecting several patients 

annually (Ref 2,3). The demand for primary and revision surgery related to bone diseases are 

increasing last decades and represent a high cost to the health system (Ref 4–6).  

So bone repair remains an important challenge in the field of orthopaedic and craniofacial 

surgery.   

When designing an implant is important to consider special requirements: geometry, 

mechanical properties, the tissue-implant interaction, the anatomical site of the implant, etc. 

Besides human tissue is very sensitive to foreign substances, and the body can promote a 

rejection response.  

Biomaterials that provide the structural support are required for replace skeletal hard 

connective tissues. In 1890 the surgeon Themistocles Gluck implanted the first total joint 

replacement, a hinged ivory prosthesis for knee (Ref 7). W. A. Lane introduced a metal plate 

for bone fracture fixation for the first time in 1895, however it was of current steel and 

corrosion occurred. It was not until 1926 that a stainless steel was discovered and used in 

the internal fixation of fractures which remain uncorroded for years (Ref 8,9). In recent times, 

titanium alloy, cobalt-chromium alloy, stainless steel, zirconia and aluminium oxides are the 

main biomaterials used for orthopaedic implants (Ref 3,10,11).  

Implant failure analysis studies of the devices have been performed in order to modify the 

designs. These have evolved much over the last century, getting reasonable long-term 

viability for the current devices in the market. Surgeons and researchers still work hand by 

hand to improve them.  

The most common failure mechanism is due to loosening. A poor osteointegration is 

responsible of the undesired mobility that causes loosening. To obtain a good fixation is 

required biological and mechanical stability by the formation of a structural and functional 

interface between the device and the surrounding bone. Also the presence of pathogens can 

cause biological reactions after the implantation of the device (Ref 12). 
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Aseptic loosening occurs at long term and is due to the mechanical failure of the device, this 

mechanism represents the 75% of the failures. While septic loosening is due to pathogens 

such viruses and bacteria, this mechanism represents the 7% of the failures and occurs at 

early stage (Ref 13). Other common causes of failure are the release of wear and corrosion 

particles into the body and fracturing of the device due to fatigue or creep (for polymeric 

components at early stage). The survivability of the implant also depends on the patient, for 

example wearing is more frequent in younger and more active patients.  

To diminish these problems that can lead to failure surface devices can be modified.  

The goal of the present article is to provide a literature review of the most relevant findings 

on the topic of bioactive glasses coatings obtained by thermal spray in order to clarify the 

current status of this strategy for improve biomedical implants. In this review, the effect of 

features related to the spray processes will be commented, such as the range of the particles 

sprayed and the raw material as powder or as suspension. Different approaches for achieve 

a good bond between substrate and coating will be introduced. The main features of the 

coatings will be discussed, with particular focus on coating thickness, porosity and bioactivity 

in simulated body fluid. Moreover, post treatments to modify the coating properties will be 

remarked. Finally, studies related to the biological behaviour of the coatings in vitro and in 

vivo will be presented.  

2. Functionalization via surface modifications 

Surface modifications are used for improving biological response of the implants. With this 

strategy, the structural support provided by the substrate is maintained. Among the different 

possibilities the methods can be broadly divided into three categories: (1) chemically or 

physically altering the atoms, compounds or molecules in the existing surface (chemical 

modification, etching, mechanical roughening), (2) overcoating the existing surface depositing 

materials with a different composition (coating, grafting, thin film deposition) and (3) creating 

surface textures or patterns. (Figure 1) 

Figure 1. Some of the surface modification techniques commonly used 
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The similarity in composition, structure and morphology of the calcium orthophosphates to 

bone tissue make them good candidates for improve implants. Particularly, hydroxyapatite 

(HA) has been used for coating biomaterials due to the similarity with the inorganic mineral 

phase of the bone. 

First studies of sprayed HA coatings started in the 1980s. In Netherlands, Geesink and co-

workers reported some research studies with promising results (Ref 14–16), while Furlong 

and Osborn in the United States started also that research at the same period (Ref 17,18). 

The first clinical trials with HA coated implants started in Europe in 1987 and some months 

later, in 1988, in the United States with a coated femoral component (Omnifit-HA, Osteonics 

Corporation, Allendale) (Ref 19–25). 

HA coatings enhance the bone formation on orthopaedic implants (Ref 26–28). First 

generation of HA coatings were thick and some adverse events were reported (Ref 29–31), 

current coatings are thinner and more uniform.  

Hydroxyapatite coatings can be prepared by different techniques such as thermal spray, sol-

gel, dip coating, electrophoretic deposition, dip coating, pulsed laser deposition, etc. (Ref 32) 

Nowadays only plasma spray is commercially accepted by the Food and Drug Administration 

(FDA) for producing HA coatings. The coatings should accomplish specific requirements, 

such as the tensile adhesion strength that shall have a value not less than 15 MPa, the Ca/P 

atomic ratio between 1.67 and 1.76, a crystallinity ratio major or equal to 45% or the content 

of harmful metals below 50 mg/kg, with a lower value for some specific elements (arsenic, 

cadmium, mercury, lead) (Ref 33). 

HA offers a good bonding to the bone, however other bioactive materials can provide 

osteoinductive properties and a strongly osteointegration with the implant surface. 

In the late 1960s bioactive glasses were developed by L. Hench, a particular range of glass 

compositions that react in physiological environment (Ref 34). These glasses bond to the 

bone by the formation of a hydroxyl carbonate apatite (HCA) layer and also promote bone 

cell growth along its surface. Moreover, the dissolution products of bioactive glasses can 

stimulate cellular differentiation (Ref 35).  

In the last decades researchers have studied several compositions inspired in the first one 

developed, the 45S5, a highly reactive glass in the SiO2-Na2O-CaO-P2O5 system. Some of 

the most common constituents used for developing formulations are Al2O3, B2O3, MgO, K2O 

or CaF2, which have been added with particular purposes in any case (Ref 36–41). The 

bioactivity of a glass largely depends on its composition and surface reactivity, modifications 

should be analysed carefully since small variations can affect notably its properties. 
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The connectivity of the silicate network affects directly the dissolution rate of the glass. More 

disrupted networks make glasses more susceptible to degradation and then more bioactive. 

If the connectivity network is too high glasses are not bioactive, as the reactivity is promoted 

by the non-bridging oxygens of the open silicate network. Then connectivity can be 

diminished adding network modifiers such as sodium and calcium.  

Bioactive glasses have gained a place in the market, mainly as bone grafts for orthopaedic 

and dental uses to regenerate and heal bone defects from trauma or tumour removal (Ref 

42–45). But they also can be found as an attractive active component in toothpaste for 

reducing sensitivity in teeth (Ref 46–48).  

Currently, there are many researchers investigating their use as scaffolds because of their 

osseous regenerative capacity, but further studies are still required before the translation to 

clinical trials (Ref 49).  

Both bioactive glasses and HA are fragile materials, therefore their use as a bulk is not 

suitable. One more interesting application for bioactive glasses is the coating deposition in a 

similar approach to HA coatings, in this way can be used for load bearing applications.  

Figure 2. Principal techniques to develop bioactive glass coatings 
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Different strategies can be used for obtain the bioactive glass coatings, like sol-gel, laser 

cladding, enamelling, electrophoretic deposition and thermal spraying (Figure 2). The main 

disadvantage of all these methods is the poor adhesion strength of the coating to the metallic 

substrate, in part because of the mismatch of the thermal expansion coefficients. Being one 

of the main challenges, achieving coatings that comply with the regulations to be inserted into 

the body. In addition, each of these techniques is capable of producing coatings in a different 

thickness range (Figure 3). In particular, thermal spraying provides a wide and interesting 

range for this application. 

 

 

 

 

 

 

 

 

 

Figure 3. Typical thickness of coatings obtained by different methods. 

3. Functionalization by thermal spray 

Thermal spraying are coating processes where particles are melted (or partially melted) and 

deposited onto the substrate in the form of flattened drops that pile on each other to produce 

a layered coating (Ref 50–53).  

The conventional techniques atmospheric plasma spraying (APS) and flame spraying (FS) 

have been used for produce coatings with bioactive glass materials (Ref 54–57). (Figure 4) 

In the APS process a high temperature ionised plasma gas acts as heat source. The raw 

material, usually in powder form, is carried in an inert gas into the plasma jet where is heated 

and accelerated towards the substrate. The high temperature achieved during the process 

allow spraying materials with high melting points. Moreover, the high cooling rate of the 

particles can preserve the amorphous nature of the feedstock. The features of the APS 

process make it suitable for manufacture coatings with bioactive glasses.  

FS is a process in which the heat from the combustion of a fuel gas (acetylene or propane) 

with oxygen is used to melt the feedstock material, the material is heated and propelled onto 
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a substrate. The flame temperature and velocity is lower than for APS. Few research of 

bioactive glass coatings involving this process can be found in the literature (Ref 56,57).  

Suspension spraying is a particular group of thermal spray processes that differs from 

conventional ones by the use of liquid suspensions instead of dry powders as feedstock 

material while using the spray torches of the conventional techniques (Ref 58). 

Suspension Plasma Spraying (SPS) was developed before the High Velocity Suspension 

Flame Spraying (HVSFS), for this reason there is more research done with SPS process (Ref 

59). While HVSFS has been investigated by only a few research groups. By contrast more 

research with bioactive glass materials has been performed by HVSFS as can be appreciated 

in this review. In a comparative study of the development of bioactive glass coatings by both 

techniques, which will be discussed later, SPS was found to produce less suitable coatings 

for orthopaedic applications than with HVSFS (Ref 60). In addition, nanostructured coatings 

can be produced with Solution Precursor Plasma Spraying (SPPS), which could achieve 

better biological properties due to higher reactivity. In that case, precursor solutions are used 

instead of traditional feedstock (powders and suspensions) (Ref 61). 

 

Figure 4. Timeline of the development of bioactive glass coatings by thermal spray 

3.1. Influence of raw material 

The main particularity of working with suspensions is that allow spraying very fine particles 

which tend to clog in the conventional powder feeders due to their low flowability.  

In 2015 Bolelli et al. (Ref 60) published an interesting study comparing bioactive glass 

coatings sprayed by both suspension spraying above-mentioned techniques. The glass 

composition sprayed onto a TiO2 bond coat applied by APS was in the system SiO2-Na2O-

CaO-K2O-P2O5. The SPS process produced highly porous and rough coatings where the 
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particles are incompletely flattened and partly attached among them. These coatings had a 

thickness ≤50 μm and were highly reactive in SBF due to its high specific surface area and 

porosity.  

However, the HVSFS process produced denser bioactive glass coatings, containing few 

rounded pores and transverse microcracks. The thickness of the coatings achieved were 

between 20 and 50 μm. The HVSFS coatings reacted slower in SBF due to a much lower 

specific surface area than SPS ones. The microstructure and properties of the coatings 

developed by HVSFS in this study were more suitable for use in metallic implants.  

Narrow particle size distribution favour the coating homogeneity. Furthermore, due to the low 

thermal conductivity of the glasses for the smaller particles is easier to reach the complete 

melting during the process. Then spraying fine particles results in more regular coatings.   

In 2016 Cañas et al. (Ref 62) presented a work related to the effect of the particle size of the 

powder feedstock on the final coatings, for this purpose 45S5 glass was plasma sprayed onto 

stainless steel AISI 304L. For the fractions higher than 200 μm no coating was obtained 

because the melting of the particles was not achieved. For the intermediate fractions 200–63 

μm coatings were obtained but not all the particles were fully melted. As a consequence of 

the insufficient melting, the coarser the particle size the more irregular the coating. Finally the 

finest fraction <63 μm needed a fluidiser (hydrophobic fumed silica) to be sprayed, more 

regular coatings were obtained with this fraction. 

3.2. Adhesion strength  

The main problem of thermal spraying bioactive glass materials is the poor adhesion to metal 

substrates. The effect of a large coefficient of thermal expansion (CTE) mismatch of the 

dissimilar materials create stress concentration in the glass near the metal. Furthermore, the 

rapid cooling of the particles characteristic of the thermal spray processes causes severe 

temperature gradients, which results into residual stresses across the coating-substrate 

interface.  

A suitable coating must meet tensile strength values to be used in metallic implants. 

Depending on the coating material, this minimum required value may vary between 15-22 

MPa according to the applicable regulations (ASTM F1147-05, ASTM F1185–03). 

Many authors sandblast substrates before spraying for rise its roughness, which improves 

the mechanical adhesion; but this is not enough and other actions should be carried out. 

Several strategies have been studied in order to increase the abovementioned bonding 

strength of the coating with the substrate.  

The first solution presented is the use of a bond coat, as was reported by Goller in 2004 (Ref 

63). 45S5 bioactive glass was plasma sprayed onto titanium with and without Amdry 6250 
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(60% Al2O3 40% TiO2) bond coat. The results show a uniform coating layer with 20 µm of 

bond coat and 80µm of top coat with a tensile strength of 27.18 MPa. While the coating 

without bond coat has a thickness of 110 µm and a tensile strength of 8.56 MPa. ASTM C633 

was followed to obtain the strength values. In this study the application of the bond coat 

increase the bonding strength about three times, and the adhesive bonding observed at the 

bioactive glass metal interface turned into cohesive bonding.  

A preceding study use a titanium bond coat to enhance adhesion reported by Lee et al. in 

1996 (Ref 64). A bioactive glass in the system SiO2-Na2O-CaO-P2O5 was plasma sprayed 

onto Ti6Al4V substrates with a titanium bond coat. The thickness of the titanium bond coat 

and bioactive glass top coat are 130 µm and 50 µm respectively. The titanium bond coat was 

used to ensure adherence between the substrate and the bioactive glass coating. 

Another study using a bond coat for improve adhesion strength was published by Bellucci et 

al. in 2012 (Ref 65). Bioactive glass composition based on the K2O-CaO-P2O5-SiO2 system, 

named “Bio-K”, was deposited by HVSFS onto titanium. The effect of deposit a TiO2 bond 

coat by APS was investigated. In this study 5 different bioactive glass compositions in the 

system mentioned previously were used, the TiO2 bond coat improve the adhesion for three 

of this compositions. Particularly in the Bio-K 5 reaches the higher tensile strength value of 

17M Pa with bond coat, while presents 8 MPa without bond coat. The bond strength was 

measured following the ISO 4624 method. Besides the microstructure of the coatings and 

their bioactivity are not affected by the presence of the bond coat.  

Blends are also used in order to improve the bonding strength as presented by Chern et al. 

in 1994 (Ref 54). A bioactive glass in the system SiO2-Na2O-CaO-P2O5 mixed with HA was 

deposited by APS onto Ti6Al4V. The aim of this study was enhance the bioactivity and the 

bonding strength of the common HA coating. The adhesion strength was measured following 

the ASTM C633 method, the values for HA, bioactive glass/HA (1:1 in powder weight) and 

bioactive glass coatings were 33.0 MPa, 39.1 MPa and 52.0 MPa respectively.  

Ding et al. in 2000 published another study working with bioactive glass and HA blends (Ref 

66). A series of HA mixed with a bioactive glass in the system SiO2-Na2O-CaO-P2O5 (10:3:5:2 

in weight) was plasma sprayed on Ti6Al4V substrates. Blends with 2.5, 5, 10 and 25% wt. of 

bioactive glass were prepared by both sinter-granulation and direct mixing methods. The 

majority of coatings had a thickness in the range of 90-140 µm and the tensile strength values 

vary in the range 50-60 MPa. Getting the coating with higher amount of bioactive glass 55MPa 

of bond strength. The values were measured following the ASTM C633. High bond strengths 

were obtained from all coatings. The different methods used for mixing the powders does not 

show significant differences in bond strength of the coatings.  
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Another study working with bioactive glass blends was reported by Nelson et al. in 2014 (Ref 

57). Blends of bioactive glass 45S5 with pure titanium or with Ti6Al4V were flame sprayed 

onto titanium. These blends are done with the 15% wt. of bioactive glass in both cases. 

Besides the blends are prepared with different particle size distribution for glass and metallic 

powders. ASTM C633 was followed for measure tensile strength. Blends with Ti6Al4V show 

an increase of strength as the size particles of bioactive glass is higher, while the blends with 

pure titanium present less variation of tensile strength with increasing the powder size of 

bioactive glass. The higher value of tension obtained for the blend with pure titanium is 13 

MPa, and for Ti6Al4V 20 MPa. Concluding that the use of the mix of Ti6Al4V and 45S5 is a 

better choice.  

In 2013 Cattini et al. designed various bioactive glass/hydroxyapatite (HA) functional coatings 

by SPS (Ref 67). The different designs included: composite coating with randomly distributed 

constituent phases, duplex coating with glass top layer onto HA layer and graded coating with 

a gradual changing, starting from pure HA at the interface with the substrate up to pure glass 

on the surface. The functionalized coatings were mechanical characterized using the scratch 

test. The critical load for the composite coating is 27.1 N, the lower 21.2 N for the duplex 

design, caused likely for the abrupt interface between the glass and the HA. While the graded 

design resist the maximum load of the test without reaching the substrate, concluding that the 

stresses could be progressively reduced with this design. With the graded coating, that 

provides better mechanical results, the authors continued the research to improve the 

functional coating (Ref 68).  

An alternative presented by Altomare et al. in 2011 is pre heating the substrate to improve 

the adhesion (Ref 69). 45S5 bioactive glass was deposited by HVSFS on titanium substrates. 

This study was performed to understand the deposition mechanisms during the process. In 

fact, pre heating to 100ºC the substrate was crucial to deposit a homogeneous coating. If the 

substrate was not preheated or was allowed to cool before spraying the deposition was highly 

impaired. The most important role of pre heating is the mitigation of the rapid cooling of glass 

droplets in the first layer which hinders their adhesion. 

Bolelli and co-workers reported in 2012 two studies (Ref 65,70) were bioactive glasses were 

deposited by HVSFS using a pre-heating step to enhance adhesion, in that occasion arriving 

to higher temperatures. The pre-heating of the substrate generally improves splat–substrate 

wetting and results in better adhesion. In these studies Bio-K was sprayed onto titanium 

substrates after pre-heating with two torch cycles with no suspension injection, coating 

deposition started when the substrate temperature was about 230-260ºC.   
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3.3. Influence of the thickness 

According to the ASTM F1854-15 there is no specification for the thickness of thermal sprayed 

medical implant coatings. However is a critical feature for achieving long term stability and 

avoid the implant mobility. The coating thickness is a compromise between mechanical 

properties and its dissolution, thus is a parameter to analyse carefully when manufacturing a 

coating. Excessive thickness can favour delamination and fragmentation of the coating, by 

contrast very thin coatings can be degraded before achieving a good bonding with bone 

tissue. Most of the commercial HA coatings for orthopaedic implants have a thickness 

between 50–75 μm (Ref 71). So for bioactive glass coatings the value should be on near 

values.  

The thickness can be modulated by controlling parameters of the process such as stand-off 

distance, number of passages or the melting of the particles. But also characteristics of the 

powder as powder size, glass composition or density. As can be seen in Table 1 the thickness 

for coatings produced with dry powder as feedstock material, by APS, vary from 40 to 150 

μm while the coatings obtained by suspension spraying are in the range of 10 to 83 μm. This 

difference is due to the fine particle size used with the suspension spraying techniques.  

3.4. Influence of porosity 

Has long been known that material properties, such as chemical surface, porosity and surface 

finishing have a great influence in the biological response of the cells with the coating. High 

porosity is able to mimic biological structures, it plays an important role in tissue ingrowth 

through the pore size (Ref 72) and, more critical, the interconnected porosity (Ref 73). Some 

authors have reported that a minimum pore size about 100-150 µm was needed for the 

continued health of bony ingrowth (Ref 73,74), but smaller porosity can contribute also to 

cellular attachment (Ref 75). In vivo results on porous titanium implants showed that increase 

of porosity and pore size positively influence their osteoconductive properties (Ref 76). But 

porosity not only supports tissue adhesion, growth and vascularization, it also reduces the 

elastic modulus mismatch of the coating and substrate reducing the stress shielding 

associated. Therefore it is a very interesting parameter to take into account in the manufacture 

of these coatings.  

In the aforementioned study by Chern et al. in 1994 a detailed description of the coating 

porosity is indicated (Ref 54). Blends of HA with bioactive glass in the system SiO2-Na2O-

CaO-P2O5 were deposited by APS onto Ti6Al4V. The presence of bioactive glass increases 

the surface roughness of the coatings. When adding bioactive glass on HA coatings large 

open pores are formed because the glass particles went through a low viscosity stage, not 

being totally melted and flattened when impacting with the substrate and other particles. 

Chern et al. suggested that the porosity achieved could provide bone ingrowth. 
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Table 1. Summary of most relevant results of bioactive glass coatings without blends obtained by means of 

thermal spray 

Raw 
material 

Glass 
composition 

Spraying 
process 

Coatings phases Thickness Ref. 

P
o
w

d
e
r 

SiO2-Na2O-CaO-
P2O5 system 

APS Amorphous 70µm (Ref 54) 

Biovetro (SiO2-
Na2O-K2O-CaO-
MgO-P2O5-Al2O3 
system) 

APS Amorphous 80µm (Ref 78) 

45S5 APS Amorphous 
130µm (titanium 

bond coat) 
50µm (top coat) 

(Ref 64) 

Biovetro APS Not reported 80µm (Ref 35) 

SiO2-Al2O3-CaO-
Na2O system 

APS Amorphous 80µm (Ref 40) 

45S5 APS Not reported 

20µm (Al2O3-
TiO2 bond coat) 
80µm (top coat) 
110µm (without 

bond coat) 

(Ref 63) 

45S5 and Bio-K 
(K2O-CaO-P2O5-
SiO2 system) 

APS 
Na4Ca4(Si6O18) and  

CaSi2O5  phase (45S5) 
Amorphous (Bio-K) 

150µm (Ref 81) 

SrBioactiveGlass 
(K2O-CaO-ZnO-
MgO-Na2O- P2O5-
SiO2 system) 

APS Amorphous 50-100µm (Ref 37) 

45S5 APS 
Some amorphous 
coatings and some 

with  Ca2-SiO4 phase 
40-100µm (Ref 77) 

45S5 APS 
Some amorphous 
coatings and some 
with Na6Ca3Si6O18 

150µm (Ref 55) 

S
u
s
p
e

n
s
io

n
 

45S5 HVSFS Amorphous 41-83µm (Ref 69) 

Bio-K HVSFS 

ZrO2 (contamination) 
and other crystalline 

peaks with much lower 
intensity barely 
distinguishable 

10-15µm (Ref 65) 

45S5 HVSFS Amorphous 10-25µm (Ref 80) 

SiO2-Na2O-K2O-
CaO-P2O5 system 

HVSFS 
and SPS 

Mainly amorphous, 
some coatings present 

Ca3(Si3O9) phase 
20-50µm (Ref 60) 

SiO2-Na2O-CaO-
P2O5 system 

SPS Ca2SiO4 phase 20µm (top coat) (Ref 105) 

45S5 SPPS Amorphous 35µm (Ref 106) 
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A remarkable study about porosity was presented by Rojas et al. in 2020 where parameters 

of the APS process affecting the coating porosity are analysed (Ref 77). 45S5 bioactive glass 

is plasma sprayed onto stainless steel AISI 304L. The cross sectional structure of the coating 

reveals a significant amount of inter and intralamellar circular porosities produced by 

volatilization of chemical components, in this case P2O5 and Na2O, from the feedstock 

powder. This phenomenon occurs at high temperatures as reported by Gabbi et al. (Ref 78) 

and Pawlowski (Ref 53). The wide particle size distribution of the feedstock causes a non-

homogeneous heating of the in-flight particles during the manufacture of this coating. As a 

result a weak interlamellar interaction and a low spreading generate irregular porosity.  

In the same study, the stand-off distance was analysed and could be observed that circular 

porosity increases with decreasing spray distance. Furthermore, it was observed that the 

porosity of coatings decreases when using air jets forward the samples to cool the coating 

during the process. This can be explained because the particles are cooled before their 

impact resulting in less volatilization. Finally, the amount of porosity can also be controlled by 

the plasma enthalpy being lower at high enthalpy. Control of the porosity can be achieved by 

adjusting the plasma enthalpy, the spraying distance and the air jet used to cool the substrate, 

in this study the variation of porosity was between 4 and 16%. 

López et al. in 2014 reported a study of bioactive coatings obtained from feedstocks prepared 

by different routes (Ref 79). 45S5 was plasma sprayed onto stainless steel AISI 304L. The 

45S5 frit was milled using two different routes: dry milling followed by sieving and wet milling 

followed by spray drying to obtain a powder comprising porous agglomerates. The coatings 

produced with spray dried powder reveal a quite heterogeneous microstructure with high 

porosity and a marked variation of pore sizes. The coated samples prepared with dry route 

feedstock present less porosity than the previous ones, however large and round pores are 

also observed in this coating. Furthermore, in both cases the particles with a size range higher 

than 63µm are few deformed due to the low thermal conductivity of the glass resulting in high 

roughness and heterogeneity. The characteristics of the feedstock strongly impact on the final 

coating microstructure. The spray-dried agglomerates present a high porosity. During the 

spraying process the low conductivity of the glass particles prevent the core from melting and 

maintain its high porosity. Thus particles arrive to the substrate with low melting degree and 

deformation, giving as a result a high porous coating. 

Nelson et al. studied the deposition of a bioactive glass-titanium alloy composite in 2011 (Ref 

56). Flame spray was used to manufacture porous composite coatings of 45S5 and Ti6Al4V 

with the aim of improve the bioactivity of the coatings. The amount of bioactive glass to the 

blend represent the 15% wt. and 38% wt., but in the latter the glass distribution through the 

coating was not homogeneous. So the blend with lower content of glass was selected. The 
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porosity of the coatings was increased with the presence of bioactive glass achieving 33% 

while the coatings without glass reach 26% of porosity.  

In 2014 Nelson et al. published another work with titanium and bioactive glass composites 

(Ref 57). Blends of 15%wt. 45S5 glass with pure titanium or with Ti6Al4V were flame sprayed 

onto titanium. Porosity was characterized following the ASTM E2109. Blends with pure 

titanium get higher porosity (8-29%) than the ones with Ti6Al4V (5-18%). In pure titanium and 

bioactive glass composites, pores are localized around the glass particles suggesting that 

some interactions could occur between the materials. Some possible interactions could be 

poor stacking, viscous flow of molten glass, localized regions evolving gas or splashing of 

molten particles. In addition higher porosity was achieved when increasing the glass powder 

size. The larger particles result in lower particle temperatures and hence insufficient 

deformation of the particles when impact with the substrate or other particles. 

Bolelli et al. in 2012 presented the comparison of a bioactive glass Bio-K and a tricalcium 

phosphate (TCP) bioactive ceramic deposited by HVSFS onto pre-heated titanium substrates 

(Ref 70). Cross-sections confirm more porous microstructure in Bio-K than TCP coatings. 

Bio-K particles are less flattened and often containing spherical central cavities which can be 

responsible for most of the fine porosity appreciated.  

In 2019 Bano et al. presented a work where analyse the microstructure of glass coatings 

obtained by HVSFS (Ref 80). 45S5 glass was deposited onto stainless steel AISI 304L at 

three different flame powers (low, medium and high). Well adhered coatings with a thickness 

of 25µm were obtained at medium and high flame powers. Coating with higher porosity, 16%, 

correspond to the medium flame power. The coating produced with high flame power was 

10% porous and present a higher roughness surface. With high flame there is more heat 

transfer to the particles and these are more melted resulting in a denser microstructure. 

3.5. Influence of post-treatments  

A post deposition heat treatment can be used to modify the microstructure of the coatings as 

reported by Cannillo et al. in 2010 (Ref 81). Two different bioactive glass powders Bio-K and 

45S5 were plasma sprayed onto titanium substrates.  

Bio-K was derived from the 45S5, just replacing all the sodium oxide with potassium oxide to 

reduce its tendency to crystallize at high temperature. In this study the sprayed coatings were 

treated at 700ºC for 1h, above the glass transition temperature of both glasses. This treatment 

maintain the Bio-K coating amorphous, while in the 45S5 coating two crystalline phases were 

detected, sodium-calcium silicates and calcium silicates. These phases were also identified 

in the 45S5 as-sprayed coatings, which were generated through the spraying process. After 

the heat treatment the peaks of the 45S5 coating were more intense meaning an increase in 

its crystallinity. As a result, the thermal treatment may be helpful to reduce the defectiveness 
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of the glass coatings. Exceeding the glass transition temperature it can soften and adapt 

between particles and to the substrate. Consequently, the mechanical properties are 

enhanced. 

Another post treatment but in this case with a multifunctional approach was reported in 2009 

by Verné et al. (Ref 82). Bioactive glass coatings were doped with silver to provide them 

antibacterial properties. A glass in the system SiO2-Al2O3-CaO-Na2O was plasma sprayed 

onto titanium alloy and stainless steel substrates. Amorphous coatings with a thickness of 

80µm were obtained.  

Coated samples were treated by a patented ion-exchange treatment to introduce silver ions 

in the surface in two different solution concentrations 0.5M and 0.05M. Leaching tests 

revealed that in both conditions, silver is rapidly released during the first day of immersion in 

SBF, this feature is interesting due to the incidence of infections just after surgical procedures. 

The in vitro test in SBF confirmed the low bioactivity of the coatings before and after the silver-

doping, with no variation due to the silver. The low degree of bioactivity was expected due to 

the glass reactivity.  

Antibacterial tests showed a marked bacteriostatic behaviour of Ag-coated samples, 

proportional to the silver content. The doped coatings inhibited the proliferation of most of the 

adherent bacteria on the coatings surfaces but not kill them. According to the good results of 

the antibacterial tests only the samples with less silver concentration were tested for 

biocompatibility. Cell culture tests for 6 and 24h confirmed the safety of the coatings for 

fibroblast cells. 

3.6. In vitro evaluation for apatite-forming ability 

When bioactive glasses are in contact with simulated body fluids a HCA layer, that allows the 

chemical bond to bone, is developed on its surface. The formation of the HCA starts at the 

surface of the glass and moves inward.  

The development of the HCA layer starts with the formation of a silicon-rich layer almost 

instantaneously, this is covered in few minutes with a layer of amorphous calcium phosphate, 

which subsequently crystallizes with an apatite-like structure. L. Hench described in detail the 

interactions and reactions that take place in the formation of the HCA layer (Ref 83–86).  

The bioactivity of a glass coating can be affected by many factors such as crystallinity, 

composition, porosity or specific surface area. So it is important to evaluate the apatite-

forming ability of new formulations and processed coatings, due to alterations produced 

during the development.  

Despite the fact that bioactive glasses exhibit an amorphous structure the deposition process 

or post-treatments can generate crystalline phases. These can affect mechanical properties 
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and also bioactivity, which tends to decrease with the level of crystallization, however some 

crystalline phases are not affecting its bioactivity, as can be checked in Table 1, most of the 

coatings obtained by thermal spray preserve its amorphous structure.  

The variations on glass composition to adjust some properties can also affect the glass 

reactivity, which is specially linked to the network connectivity. Furthermore, high porosity and 

high specific surface area can accelerate the HCA layer formation process.  

It is important to keep in mind that not always having a high degradation rate is beneficial, 

since if the coating degrades very quickly and a good bond with the bone has not been 

formed, it can negatively affect the mechanical stability of the implant. Therefore, the degree 

of reactivity must be adjusted to the specific application. 

For bioactivity assessment many types of simulated body fluids can be used, which consist 

of similar ion concentrations to physiological plasma. SBF solution defined by Kokubo (Ref 

87) has become the main used in current experiments as can be seen in Table 2. In many 

studies the solution is refreshed after certain time points (2-3 days), especially when longer 

time points are tested. Some studies have evaluated among other factors the role of the 

solution chosen, the frequency of the renewal of the solution, suggesting that the results can 

be affected depending on the testing solutions and conditions selected (Ref 41,88).  

The aim of the test is to determine the mineralisation process by observing the apatite 

nucleation upon a surface over a period time. Moreover is important consider performing a 

mechanical evaluation of the samples after the SBF immersion to detect alterations in coating 

properties.  

3.7. Biological behaviour of the bioactive glass coatings 

Biomaterials designed to be implanted inside the body should integrate with host tissue and 

not become encapsulated by a dense layer of fibrous connective tissue (Ref 89). The success 

of the implant integration involves the formation of a bone-like interface that integrates the 

implant surface with the surrounding bone.  

Implant materials are designed to promote osteoconduction and osteoinduction, essential 

features for osseointegration (Ref 90). The first is related to the capacity of the surface to 

allow bone growth, the latter refers to the process by which cells are guided to become 

differentiated osteogenic cells. 

The basic reactions of osteoblasts on material surfaces involves the following phenomena: 

protein adsorption at the material surface, followed by the cellular attachment which occurs 

rapidly, then adhered cells migrate, proliferate and differentiate (Ref 91).  

Some surface properties of the implanted materials can affect biological responses on the 

cell-material interface, such as composition, ion release, topography or chemistry (Ref 92).  
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Table 2. Summary of most relevant results of apatite-forming ability of the bioactive glass coatings obtained by 

means of thermal spray.  

Sprayed material Spraying 
process 

Solution conditions Apatite formation Ref. 

45S5 APS 
SBF solution.  
Soaking times: 1, 2, 4, 
8, 16, and 32 days. 

After 1 day, the 
concentration of Ca2+ was 
enough to precipitate HCA 
on the surfaces of the 
coatings.  
The thickness of the Ca-P 
rich layer was about 10µm 
after 16 days.  

(Ref 64) 

Blend: HA +  SiO2-
Na2O-CaO-P2O5 
system 
(10:3:5:2 in 
weight) 

APS 

SBF solution, agitated 
daily.  
Immersion time: 30 
days.  

Apatite thickness between 
20±30µm after 30 days.  

(Ref 66)  

45S5 HVSFS 
SBF solution.  
Soaking times: 1, 3, 7, 
14 and 28 days. 

Only 1 day soaking is 
needed to develop a 
continuous hydroxyapatite 
layer onto the surface of the 
samples. 

(Ref 69) 

Blend:  Ti6Al4V +   
45S5 (15%wt.)  

FS 

SBF solution, changed 
every 3 days. 
Soaking times: 1, 7 and 
14 days. 

No apatite layer was formed 
on the Ti6Al4V alloy control 
after 14 days.  
The bioactive glass-alloy 
shows evidence of 
crystalline HA formation 
after 14 days. The primary 
XRD peaks were observed 
at low intensities after 7 
days of exposure to SBF.   

(Ref 56) 

45S5 APS 
SBF solution.  
Soaking times: 1, 2, 3, 5 
and 7 days. 

An apatite layer was 
developed after 7 days of 
SBF exposure, but some 
areas are formed by silica 
gel which has not evolved 
yet to apatite. 

(Ref 79) 

45S5 SPPS 
SBF solution.  
Soaking times: 1 and 7 
days. 

The coating exhibits the 
formation of a HCA layer 
after 1 week immersed.  

(Ref 
106) 

45S5 HVSFS 
SBF solution.  
Soaking times: 1, 2, 3 
and 7 days. 

After 7 days, no apatite 
precipitation on 25 kW 
coatings. Apatite layer of 
24μm on 50 kW coatings 
and apatite layer of 17μm 
on 75 kW coatings. More 
degradation occurs on the 
coating produced at 50kW 
likely for the higher porosity. 

(Ref 80) 
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For this reason cell culture tests and in vivo models are essential for validate the obtained 

coatings, ensuring the capability of the material to interact properly.  

Gabbi et al. (Ref 78) published in 1995 an in vivo and in vitro study performed to evaluate the 

biological results of Biovetro (Na2O-K2O-CaO-MgO-Al2O3-SiO2-P2O5 system) coatings 

obtained by APS on Ti6AI4V plates. For in vitro assays cells were seeded at a density of 1x105 

cells cm-2 and incubated for different intervals. A decrease in cell proliferation is observed for 

the samples coated with Biovetro but not for control samples, which is associated to the ionic 

release of the glass. For in vivo testing a group of rabbits was selected, for each animal a 

sample coated with Biovetro was introduced in one tibia and an uncoated sample in the other. 

The reabsorption of the Biovetro layer is confirmed at 180 days, which is replaced by newly 

formed bone thus preventing fibrous tissue from filling the gap between the implant and the 

bone tissue. This study confirms the biodegradability and osteoconductivity of the Biovetro 

glass.  

To perform cell culture studies with bioactive glasses a preconditioning step for the materials 

is required to avoid cytotoxicity caused by the rapid pH increase. Different strategies have 

been proposed to avoid this problem, consisting of immersing samples in physiological 

solutions (Ref 93).  

The second cellular study with thermal sprayed bioactive glasses is reported in 1998 by Oliva 

et al. (Ref 35). For this study two bioactive glasses from the Biovetro family, in the Na2O-K2O-

CaO-MgO-Al2O3-SiO2-P2O5 system, were used. As control were chosen a third composition 

without P2O5 resulting in a non-bioactive glass and the titanium alloy substrate. The glasses 

were sprayed by APS onto Ti6Al4V specimens.  

Primary cultures of human osteoblasts were used in this research. The samples were 

preconditioned before the cellular assay, to stabilize the pH and avoid the cytotoxicity. This 

procedure consist of soaking the samples for 24h in phosphate-buffered saline (PBS) and 

process was repeated other three times refreshing the PBS to reach the stabilization of the 

pH. To evaluate the biological response on the different materials cells were seeded with a 

density of 2x104 cells cm-2. A similar adhesion for the different samples was assessed after 

24h of incubation, except for one of the bioactive glass coatings that recorded lower adhesion. 

After 4 days the MTT test revealed higher amount of osteoblasts on the control surfaces 

rather than the bioactive ones. However for long periods of incubation, 8, 16 and 24 days, the 

results changed and the bioactive coated samples presented a higher proliferation than the 

control samples. Scanning electron microscopy was carried out for samples at 24 days of 

incubation, and the micrographs revealed that on bioactive glass coated samples the cells 

were fully spread forming a very close layer of osteoblasts. In contrast the micrographs related 
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to bio-inert glass surfaces revealed not completely spread of the cells and these were less 

close among them.  

In 2011 Altomare et al. reported an in vitro study on 45S5 coatings sprayed by HVSFS onto 

titanium substrates (Ref 69). A human osteosarcoma cell line was used for the tests. Coated 

and acid-etched titanium samples (commonly used in bone-contact dental applications) were 

seeded with a cell density of 1x104 cells cm-2. After 7 days of incubation cells were able to 

proliferate in a similar way on both studied surfaces, confirming the ability of the coated 

samples to support adhesion and proliferation of the human osteoblast-like cells. Moreover, 

the morphological observation by scanning electron microscopy confirm no adverse changes 

in cell morphology. The in vitro tests corroborate that 45S5 coatings maintain the 

biocompatibility characteristic of bulk glass. Consequently, the results suggest that bioactive 

glass coatings are an alternative to thermally-sprayed hydroxyapatite.  

Related to the in vivo studies, two works more have been published. In 1998 Lopez-Sastre et 

al. reported a comparative study between HA and Biovetro coatings onto titanium implants 

(Ref 94). APS technique was used to coat the implants with a thickness of 80µm.  

The cylinders were implanted in the distal femoral epiphysis of six sheep, on the right side 

the bioactive glass implants, on the opposite the HA coated. The results were assessed at 6 

different times. The implants coated with Biovetro present larger pore size and four times 

more porosity than HA ones. These bioactive glass coatings were less integrated into the 

bone, as was observed on histological examination of the interface. The authors attribute 

these results to the amount of aluminium oxide in the composition. It was demonstrated an 

accumulation of aluminium at the interface by aluminon staining. Above 3% its capacity to 

bond the bone is lost. These results are according to the literature, where is reported than the 

presence of alumina in the composition can inhibit the bone bonding. Up to 1.5%-2% of 

alumina can be included in a glass formulation without significantly diminish the glass 

bioactive capacity (Ref 86,95,96). 

More than a decade later, in 2014 Newman et al. reported another in vivo study with bioactive 

glass coatings (Ref 37). The glass, in the system SiO2-Na2O-K2O-CaO-MgO-ZnO-P2O5-SrO, 

was applied to Ti6Al4V implants by APS.  

Glass and HA coated implants were inserted into the distal femur and proximal tibia of twenty-

seven New Zealand White rabbits for the periods of 6, 12, or 24 weeks. The bioactive glass 

composition used in this research was designed to achieve a CTE similar to HA. Also with an 

amorphous structure and an appropriate network connectivity for bond to bone. Furthermore, 

the use of strontium has been used as treatment for osteoporosis (Ref 97,98). Degradation 

test reveals the rapid release of the Sr2+. At 6 weeks an increase of the early bone formation 
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around bioactive glass coated implants was observed comparing with HA and the fixation of 

implants by 24 weeks is superior with bioactive glass coated specimens. 

4. Summary and future outlook 

There are key factors to be accomplished to obtain a successful coating.  

Firstly, the good adhesion at the interface between the glass and substrate, which is likely 

the main drawback for the glass coatings deposited by thermal spray techniques. Different 

approaches can improved that bonding, as using a bond-coat between glass and substrate, 

the use of blends (mainly with HA), pre-heating the substrate or modifying the glass 

composition in order to achieve a closer CTE of the glass and the metallic substrate. 

Secondly, to achieve a homogeneous coating a narrow particle size distribution is 

recommended. The low thermal conductivity of the glasses can result in irregular 

microstructures due to non-homogeneous heating of the particles. Moreover, the 

characteristics of the feedstock strongly impact on the final coating microstructure. 

Thirdly, by using different thermal spray techniques and varying the parameters of the 

process we can control porosity and thickness of the coatings. The plasma enthalpy and the 

spraying distance seem to have an important paper in modulating the porosity, while thinner 

coatings can be achieved using suspension spraying processes because of the possibility of 

work with finer particles.  

Keep the apatite forming ability of the coatings is a key point for the final coatings. Specific 

attention must be paid when varying glass compositions or when introduce crystalline phases 

during the deposition or the post-deposition processes. However not all the crystalline phases 

affect negatively the degree of bioactivity, and by other side can enhance the mechanical 

properties (Ref 55). In fact, the bioactive glass-ceramics are partially crystallized glasses with 

a similar degree of bioactivity than bioactive glasses and improved mechanical properties, 

some of them have a clear presence in clinical use (Ref 85,99).  

Another key factor is the assessment of the coating stability and its biological response. Few 

studies involving cell culture or in vivo tests have been performed with bioactive glass 

coatings obtained by thermal spraying and some of them are not concluding. Further research 

is necessary to corroborate the response of the materials for long-term applications.  

Besides the improvement of bonding to the bone, other functionalities can be achieved for 

the coatings. Taking advantage of its ability to dissolve, it could be possible to add functional 

elements and get a release of this elements over time to provide an improvement. For 

example, enhance angiogenesis capacity (Ref 100,101), osteostimulation or antibacterial 

activity (Ref 102–104).  
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It is clear that bioactive glasses have a promising role in the future of medicine. In recent 

years most of the research with these materials is going towards scaffolds, however the future 

as coating is encouraging and should not be neglected. Further research need to be 

developed to determine the applicability of the coated implants. 
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2. Chapter: Scope of the work  

The present thesis was developed in the context of surface modifications for materials used 

in hard tissue replacement implants. Thermal spraying techniques can be used to produce 

coatings with materials capable of replacing bone and stimulating its regeneration to promote 

more efficient osseointegration. The Thermal Spray Center has broad experience in thermal 

spraying to manufacture bioactive coatings. This trajectory is reflected in the development of 

different doctoral theses and the publications of the studies carried out (Ref 89,90,99–

104,91–98). The bibliographic study presented in the review paper “Bioactive glass 

coatings obtained by thermal spray: Current status and future challenges” provided a starting 

point to determine the lines of study of this doctoral thesis.  

This thesis focuses on improving the limitations of the use of bioactive glass coatings through 

different strategies: i) by modifying its physicochemical properties (by changing the 

composition or morphology of the feedstock material; post-treatments, use of composites) 

and ii) by using different thermal spray techniques (atmospheric plasma spray and cold gas 

spray). The developed coatings were analysed in terms of microstructure, bioactivity, and 

mechanical and biological response. 

This general goal is divided into the following specific objectives: 

Objective 1: Develop different strategies to increase the tensile strength of bioactive 

glass coatings obtained by atmospheric plasma spraying. Included in articles: “Adhesion 

improvement and in vitro characterisation of 45S5 bioactive glass coatings obtained by 

atmospheric plasma spraying” and “Improving the bond strength of bioactive glass coatings 

obtained by atmospheric plasma spraying”. 

- Develop and characterise bioactive glass coatings with feedstock material with 

different morphology to enhance the bonding with the substrate and asses the effect 

of the morphology regarding the degradation behaviour. 

- Design bioactive glass coatings in combination with hydroxyapatite to diminish 

the thermal expansion mismatch of the bonded materials and characterisation of the 

modified surfaces. 

- Use temperature before or after the spraying process to relieve tensions and 

improve cohesion at the interface with the substrate. 

Objective 2: Study the adhesion and proliferation of osteoblasts on rough and smooth 

bioactive glass surfaces with different compositions by atmospheric plasma spraying 

and assessment of the effect of the composition on the physicochemical and mechanical 

properties of the coatings. 
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Objective 3: Strategies to produce bioactive glass coatings by cold gas spraying. 

- Develop and characterise composite bioactive glass/PEEK onto polymer surfaces 

and evaluate the relationship of the mechanical and biological properties of the 

coatings with the glass content incorporated into the composite layer. This sub-

objective is included in the papers: “Development of Bioglass/PEEK Composite 

Coating by Cold Gas Spray for Orthopedic Implants” and “45S5/PEEK coatings by 

Cold Gas Spray with in vitro bioactivity, degradation and cellular proliferation”. 

- Design novel glass formulations to control its viscosity behaviour at relatively low 

temperatures and allow its deposition by cold gas spraying. Evaluation of bioactivity 

and degradation of the designed compositions under physiological conditions. 
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3. Chapter: Methodology  

 Raw materials and substrates  

The coatings obtained by both APS and CGS have been obtained using powder as raw 

material. All coatings have been deposited on metallic and polymeric biomaterials substrates. 

Powders 

In this thesis, three different bioactive glass powders have been used for APS due to different 

causes during the evolution of the work. Initially, the 45S5 bioactive glass was chosen as the 

main object of study since it is the most studied composition and has a greater presence and 

acceptance in clinical use.  

The 45S5 bioactive glass powder used in this thesis was bought from Denfotex Research 

(United Kingdom). The powder was produced by the traditional melt-quenching route. The 

theoretical compositions of the glasses employed are listed in Table 3.1. 

The second bioactive glass composition used was S53P4. This composition was developed 

in the first stage of collaboration with the Institute of Ceramics and Glass (ICV) and served 

as an introduction to the methodology used to manufacture bioactive glasses. This 

composition was manufactured from a mixture of reagents: SiO2, (NH4)2HPO4, Na2CO3 and 

CaCO3, following the procedure detailed in section 4.3. The S53P4 was chosen for being a 

composition accepted for commercial use and is commonly employed in some applications 

such as craniofacial reconstruction or for treating osteomyelitis.  

The third bioactive glass used to produce APS coatings is a novel formulation named 62W in 

the SiO2-CaO-P2O5-MgO system. The 62W composition was designed and prepared by the 

ICV from a mixture of the following reagent grade: SiO2, Ca3(PO4)2, MgO and CaCO3, 

following the indications of Rodrigo et al. (Ref 105). This composition incorporates 

magnesium oxide, which has stimulatory effects on the growth of new bone tissue, making it 

an interesting candidate for orthopaedic applications. 

Table 3.1 Theoretical composition in molar percentage of the bioactive glasses used for APS 

 SiO2 CaO Na2O P2O5 MgO 

45S5 46.1 26.9 24.4 2.6 - 

S53P4 53.9 21.8 22.7 1.7 - 

62W 41.0 50.0 - 4.6 4.2 

In addition to the bioactive glass compositions mentioned, other formulations were developed 

in collaboration with the ICV. With the idea of achieving a suitable composition for the CGS 

technique, a significant change in the structure of the developed glasses was sought, knowing 
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that this could compromise their bioactive capacity. Specifically, it was pursued that the glass 

had more capacity to deform at affordable temperatures for cold spraying. For this, different 

strategies were developed to reduce the glass transition temperature of the composition and 

a less viscous behaviour at low temperatures. The designed formulations are listed in Table 

3.2.  

Table 3.2 Theoretical composition in molar percentage of the glasses developed for CGS 

Code SiO2 CaO Na2O P2O5 CaF2 

CaF_17 31.37 21.31 24.36 5.21 17.76 

CaF_25 28.4 19.29 22.06 4.71 25.54 

CaF_25_Na 28.4 11.75 29.6 4.71 25.54 

CaP_44 - 55.7 - 44.3 - 

CaP_61 - 38.7 - 61.3 - 

CaP_80 - 20 - 80 - 

NaP_40 - - 60 40 - 

NaP_50 - - 50 50 - 

NaP_60 - - 40 60 - 

NaPCa_17 - 44.3 38.2 17.5 - 

NaPCa_33 - 33.9 32.3 33.9 - 

NaPCa_39 - 16.5 44.5 39 - 

NaPCa_43 - 26.1 30.4 43.5 - 

NaPCa_49 - 18 32.5 49.5 - 

NaPCa_60 - 10 30 60 - 

NaPCa_70 - 10 20 70 - 

NaPCaF_40 - - 46.7 40.9 12.4 

NaPCaF_52 - - 34.3 52.2 13.5 

NaPCaF_60 - - 30 60 10 

NaPCaF_70 - - 20 70 10 

Another powder used was hydroxyapatite from Captal®30 (Plasma Biotal Limited, United 

Kingdom) with crystallinity above 95%. It is a medical-grade HA that follows the ISO 13779-

6 (this part of ISO 13779 specifies requests for hydroxyapatite powders used as a raw 

material for the manufacturing surgical implants or coating of surgical implants). 

Finally, PEEK has been chosen to facilitate the glass deposition on substrates of this same 

material. This powder has been used for producing composite coatings by CGS. The 

commercial PEEK powder used was from Victrex (United Kingdom). 

Flowability of the powders 

It was necessary to improve the flowability of the manufactured powders to make them 

capable of flowing during spraying. The angle of repose is the physical measure used to 
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analyse the flow behaviour of powder material. This parameter corresponds to the angle 

formed between the slope of a powder bed poured onto a flat and the horizontal surface. This 

method is used at an industrial level and also allows classifying the flow behaviour of powders. 

According to Carr (1965 & 1970) and Raymus (1985), it is considered that angles of repose 

below 30º indicate good flowability. Between 30º-45º there is some cohesiveness, between 

45º-55º there is true cohesiveness, and above 55º the powder has very limited flowability (Ref 

106). 

There are different methods used to determine the angle of repose. In this thesis, the method 

used is illustrated in Figure 3.1. A representative sample of the powder (20 g) was poured 

into the funnel (10 mm internal diameter), which was held at a fixed height (150 mm) above 

the flat base. The angle of repose was measured from the slope formed by the powder 

accumulated at the flat base. In order to have reliable results, the measurements were made 

in triplicate for each powder. Moreover, to eliminate possible water absorption, the powders 

were dried for four h in a universal oven (UFE 400, Memmert, Schwabach, Germany) at 120 

ºC before the test. 

Figure 3.1 Schematic drawing of the method used for measuring the angle of repose of powders 

The flowability of the powders was improved with the addition of aerosil, which is used as a 

fluidizing agent, an ultrafine hydrophilic silica powder with a very high specific surface area. 

As an example, Figure 3.2 represents the angle of repose measurements for different 

fractions of the S53P4 powder with and without a fluidizing agent. The addition of aerosil 

generates a significant reduction in the angle of repose, but more improvement in fluidity is 

no longer obtained from a certain amount of aerosil. 
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Figure 3.2 Sieved range between 80-63 µm: A) with 0.7 wt. % aerosil, B) without aerosil; sieved range between 

63-40 µm: C) with 1.4 wt. % aerosil, D) with 0.7 wt. % aerosil and E) without aerosil 

Commercial 45S5 glass also contains this anti-clogging agent. It was added by the company 

as an extra in the standard formulation, mixing directly 0.7 wt. % of aerosil with the milled 

powder. 

Sieving of the powders 

It is required to adjust the particle size of the powders to achieve a better homogeneity in the 

sprayed coatings. Therefore, a sieving process was carried out in the cases in which the 

particle size distribution of the powders was not adequate for the thermal spray technology to 

use. The sieving of the powders was carried out with a vibratory sieve shaker (AS200, Retsch, 

Germany), using the meshes of 80 µm, 63 µm and 40 µm. The powders were collected and 

classified as follows: range between 80 µm and 63 µm, range between 63 µm and 40 µm and 

range below 40 µm. 

Substrates 

The substrates used in the thesis have always been biocompatible materials available 

commercially for hard tissue replacement. 

Titanium grade 5 (Ti6Al4V) has been used as substrate; this is the biomaterial most widely 

used in orthopedic implants. This alloy has been used in the studies included in sections 4.1, 

4.2, and 4.4. Depending on the type of analysis or test to be carried out, samples with different 

geometry were used: 25 mm diameter disks cut from a bar (Ibermetal, Spain), samples 

measuring 50 mm × 100 mm × 5 mm (Ensinger, Spain) and disks of 2 mm thick and 9 mm 

diameter from a sheet (Ibermetal, Spain). 

In section 4.3, PEEK has been used as substrate. Again, different geometries have been 

used to adapt to the requirements of each test. Coatings were deposited onto flat PEEK 

A B 

C D E 
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substrates measuring 50 mm × 100 mm × 5 mm or with an area of 8 mm × 8 mm and 5 mm 

thick, obtained from PEEK sheets (Ensinger, Spain). Also, disks with a 25 mm diameter were 

cut from a PEEK bar (Vestakeep, Spain). 

The details of the powders and substrates used in each test are reflected in the results 

chapter. 

 Methods of powder and coatings characterization  

Powder characterization 

The characteristics of the feedstock powders play a critical role in the properties of the 

coatings obtained, so it is important to characterise them to understand the results better. In 

this section, the details followed for each procedure and technique are not shown, more 

information can be found in the methodology included in corresponding section of Chapter 4. 

The shape and morphology of the materials can be determined using scanning electron 

microscope (SEM). The equipment has a filament that generates a beam of electrons that 

scans the surface sample. The electrons generated from the interaction with the surface are 

collected with different detectors to provide topographic information of the sample (secondary 

electrons) or information about the surface composition (X-rays and backscattered electrons). 

In this study, an SEM (JSM-5310, JEOL, Tokyo, Japan) equipment with energy-dispersive X-

ray spectrometry (EDS) and an SEM equipped with a backscattered electron detector 

(Phenom ProX, Phenom-World BV, Eindhoven, the Netherlands). 

Most of the materials used in this work, polymers and ceramics, are non-conductive. For this 

reason, before observation, all the samples were coated with a gold layer to make them 

conductive using an SEM coating unit (E-5000, Polaron, Watford, England). 

The different particle size distributions have been determined using a laser diffraction 

particle size analyser (LS 13 320, Beckman Coulter, California, USA). The powders were 

analysed with the tornado dry powder module capable of measuring particle sizes ranging 

from 0.40 μm to 2000 μm. 

The tapped density (ρt) of the different powders used was also determined. The powder was 

tapped regularly in a graduated cylinder to settle the powder inside the cylinder. When the 

powder volume remained fixed at 5 mL, the tapped density was determined by weighing the 

sample. 

X-ray diffraction (XRD) is a non-destructive technique that provides detailed information about 

the crystallographic structure of materials. The phases of the powders were evaluated 

using a diffractometer (X’Pert PRO MPD, PANalytical, Cambridge, UK). The patterns 

obtained from the analysis were processed with the PANalytical X’Pert HighScore Plus 
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software. Identifying the crystalline phases is possible by matching the acquired patterns with 

standard diffraction patterns contained in the software library. 

Differential scanning calorimetry (DSC) is a technique that allows the identification of various 

physical properties by the correlation of heat flow associated with thermal transitions of the 

materials. In order to determine the thermal behaviour of some of the studied powders, DSC 

curves were obtained from the DSC equipment (DSC1, Mettler Toledo, Schwerzenbach, 

Switzerland). 

The compositions developed for cold spraying, detailed in Table 1, were characterized by 

additional techniques that allow analyse their behaviour against temperature and their 

solubility. 

Hot-stage microscopy (HSM) was performed using a microscope (EM201, Leica, 

Microsystems GmbH, Wetzlar, Germany). It allowed following the evolution of solid samples 

(cold-pressed powder) as a function of temperature through a camera coupled to a tubular 

oven that acquires the images. With the recorded results, the variation of the sample area 

and the variation of the shape factor as a function of temperature were determined through 

an image analysis program (Hesse Instruments). These data can be correlated with 

characteristic temperatures of the material and allow an indirect measurement of glass 

viscosity as a function of temperature. The measures were acquired from room temperature 

to 1200oC at a heating rate of 10oC/min. 

Dissolution tests were conducted in deionized water. The amount of 150 mg of each powder, 

with particles between 100 µm and 710 µm, was hung in a mesh bag immersed in 4 mL of 

water. After 24h, the samples were taken out and rinsed with alcohol. Then, they were dried 

for 48h and weighed. Based on the weight difference before and after the test, 

the dissolution percentage at 24h was calculated.  

Coating characterization 

The characterization of the coatings has been done both at the surface level and at the cross-

section. In this section, the details followed for perform each test and procedure are not 

shown, more information can be found in the methodology included in the corresponding 

section of the Chapter 4. 

For the cross-section’s characterization, samples were cut, then embedded in cold mounting 

resin and grinded with silicon carbide abrasive papers up to P4000 (grit size 5 µm). Finally, 

the samples were polished with 1 µm diamond solution. The thickness of the coatings was 

measured from the cross-sectional images using an optical microscope (DMI 5000 M, Leica, 

Wetzlar, Germany). The microstructure and the degree of porosity of the coatings are two 

fundamental characteristics of the mechanical and biological properties of the coatings. The 
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analysis of the microstructure of the coatings could be performed through an SEM. Before 

the observation, the samples were gold-coated to make them conductive.  

The surface roughness is another factor related to the coatings dissolution and the 

interaction of the cells with the biomaterials. Therefore, characteristic roughness values (Ra 

and Rz) were recorded using a surface roughness measurement device (Surftest 301, 

Mitutoyo, Kawasaki, Japan).  

XRD and DSC have been used to characterize the coatings. The crystalline phases related 

to the formation of the hydroxy-carbonate apatite layer and the patterns of the different 

coatings were analysed. In section 4.3, the DSC curves of the coatings were used to examine 

the thermal transitions that the materials underwent during the spraying process. 

The bonding strength of a coating is a combination of adhesive strength (at the interface 

with the substrate) and cohesive strength (within the coating). The adhesive strength depends 

on the anchorage of the first layer of the coating, the residual stresses, and the roughness of 

the substrate material. In contrast, cohesive strength is influenced mainly by the 

microstructure of the coating.  

The bonding strength of the coatings was measured according to the ASTM C633-13 

standard using a universal testing machine (ME-402/10, Servosis, Madrid, Spain). 

Orthopaedic implants are exposed to constant friction. For this reason, following the 

specifications of the ASTMG99-95, the wear and friction behaviour of coatings was 

characterized using a ball-on-disk test. After the test, the wear tracks were analysed 

employing a confocal microscope (PLu 2300, Sensofar, Barcelona, Spain) to calculate the 

volume of lost material due to wear and examined by SEM to analyze the effects of the wear 

mechanisms involved in the process. The hardness of the coatings was measured on 

polished cross-sections using a micro Vickers hardness tester (MXT-01, Matsuzawa Seiki, 

Tokio, Japan). 

According to the biological properties of the coatings, different tests have been performed to 

assess their behaviour.  

One key aspect of bioactive materials is the evaluation of in vitro degradation. It allows 

identifying the released elements from the coating and the degradation time, which should be 

suitable for supporting the regeneration process. Therefore, a degradation study was 

performed to evaluate the glass dissolution of the different coatings following the 

specifications of the ISO 10993 part 14: “Identification and quantification of degradation 

products of ceramic materials”.  

The first parameter determined by the test is the weight loss percentage resulting from 

degradation. It was calculated with a high precision scale (CPA225D, Sartorius, Goettingen, 
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Germany). Next, the concentrations of elements released during the immersion were 

measured through inductively coupled plasma optical emission spectrometry (ICP-OES) 

(Optima 8300, PerkinElmer, Waltham, USA). This technique is commonly used to detect the 

chemical elements in a solution by the excitation of atoms or ions using argon plasma. Then, 

the intensity of the emissions from various wavelengths of light is measured, and the 

concentration of specific elements is calculated based on calibration. Finally, the pH of the 

solution was recorded using a universal pH meter (Hach, Spain).  

Bioactive materials can bond to living bone through a layer of apatite. It has been shown that 

this apatite layer grows in simulated body fluids with ion concentrations nearly equal to those 

of human blood plasma. The apatite layer formed is very similar to that found in mineral bone. 

An in vitro test was performed following the ISO 23317 to evaluate the bone-bonding 

ability of the coatings. In the developed studies, the immersion time of the coatings varies 

from 1 day to 21 days.  

An SEM observation of the samples analysed the process of the HCA layer formation. 

Furthermore, to assess the crystallization of the formed layer, a crystallographic structure 

analysis was performed by XRD. 

In vitro methods for cell culture enable the study of the interaction of cells with a specific 

surface material in a controlled environment. The behaviour of bone cells onto some of the 

coatings developed has been studied. Human osteoblasts lines, obtained from knee 

trabecular bone after prosthesis replacement. The passage number of cell culture is the 

number of times it has been sub-cultured. For reliable results, cells cannot be sub-cultured 

many times, as high passages can cause alterations in gene expression and produce unusual 

results. For the in vitro tests, cultures in passage numbers between 3 and 6 were used. The 

ability of the samples to permit adhesion, growth, and proliferation of osteoblasts was 

evaluated by MTS assay (CellTiter 96® AQueous One Solution Cell Proliferation, Promega, 

USA). This colorimetric test quantifies viable cells by measuring the absorbance at 490 nm 

with a well plate reader (Infinite 200, Tecan, Männedorf, Switzerland). Moreover, cell 

attachment and morphology were analysed by SEM on samples previously dehydrated using 

a critical point dryer (CPD) (K850, Emitech, Lewes, UK) and carbon-coated using a high-

vacuum carbon evaporator (K950X, Emitech, Lewes, UK). 

 Coating production 

Equipment 

The low-pressure cold gas spray (LP-CGS) equipment Dymet 423 (Dycomet Europe, Akkrum, 

The Netherlands) equipped with a CK-20 nozzle was used to spray PEEK and bioactive glass 

powders. In this technique, air is used as the propellant gas with a gas pressure of 0.6 MPa. 
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The gas temperature during the process was not very high; particularly, this equipment 

allowed us to work from room temperature to 500οC. 

For high-pressure cold gas spray (HP-CGS), two different types of equipments were used to 

spray bioactive glass powders. The first, Kinetiks 4000 (Impact Innovations Gmbh, Haun, 

Germany) fitted with a water-cooled WC nozzle. It operates with a maximum pressure of 40 

bar and a temperature of 800ºC, respectively. The propellant gas can be nitrogen, helium or 

mixed. The WC based convergent-divergent nozzle (D24) used with this equipment has 41 

mm of pre-chamber distance and a total length of 171 mm. 

The second HP-CGS equipment, PCS-100 (Plasma Giken, Saitama, Japan) was used to 

spray bioactive glass powders. It can also be operated with nitrogen, helium or mixed, as 

propellant gas. It is limited to a maximum operating gas pressure of 50 bars and a maximum 

gas temperature of 1000ºC. Two nozzles were used, both WC-based convergent-divergent 

nozzles, one with a pre-chamber distance of 80 mm and a total length of 280 mm and another 

with a pre-chamber distance of 85 mm and a total length of 385 mm. 

The plasma spray equipment used to deposit the bioactive powders was a Plasma-Technik 

A3000S (Sulzer Metco AG, Wohlen, Switzerland) equipped with a plasma torch (F4, Sulzer 

Metco AG, Wohlen, Switzerland). Argon was used as primary gas and hydrogen as 

secondary for the plasma plume formation. The powder carrier gas was also argon. 

Optimization process 

In general, thermal spray processes have numerous parameters that have a relationship 

among them and affect the final properties of the coatings. It is essential to determine the 

most suitable combination of the process parameters to obtain a coating with the desired 

quality. The procedure used to optimize the coatings is outlined below and shown in Figure 

3.3. 

Regardless of the spraying technique used (CGS or APS) it was necessary to adjust 

parameters related to powder injection (powder feed rate, carrier gas flow and injection 

angle). The material and the characteristics of the powder (particle size, morphology, fluidity, 

and specific temperatures) are determinants to set the proper parameters. The suitability of 

these parameters can be appreciated by the trajectory of the powder in the spray stream and 

also by the homogeneity in thickness of the coatings obtained. 
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Figure 3.3 Optimization process for thermal spray coatings 

In addition to the process parameters related to the injection of the powder, there are the 

parameters related to the specific spraying equipment and those that involve the substrate 

and the robot. Since there are many parameters involved in the formation of coatings by 

thermal spray techniques, it is important to establish some parameters as fixed and others 

as variables for the coating optimization process. Therefore, the classification of the 

parameters was done as follows: 

- The parameters with less influence on the quality of the coatings, such as working 

gas, spray pattern and relative speed of the gun, the distance between passes, 

number of layers, and injection angle, were kept constant initially. 

- The parameters with more influence on the quality of the coatings, such as stand-off 

distance between substrate and spraying gun and energy level (gas temperature and 

pressure in CGS and argon-hydrogen ratios in APS), were determined as variables. 

Initial parameters were selected from the knowledge of the technique, considering the limits 

of the equipment, and with the information collected from literature to obtain preliminary 
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results. Then, to develop the coatings, wide ranges for each of the variable parameters (three 

different values per parameter) were established, while the rest were kept constant. 

After spraying, the coatings were characterized to validate their quality. For this purpose, 

the indicators of the quality of the coating should be established. Usually, these are related 

to mechanical features (bond strength, hardness, and wear resistance), microstructural 

characteristics (degree of porosity, composition), or deposition efficiency. However, 

depending on the application, others can be more remarkable.  

After analysing the sprayed coatings, the variable parameters were readjusted. The range 

of each of these parameters is narrowed around the values that have provided better results. 

Once the values with more significant influence provided the best results, the parameters 

initially established as fixed could be adjusted to optimize the coatings for acquiring the 

desired properties (high deposition efficiency, some mechanical property, specific 

microstructure). Furthermore, other external parameters, such as the surface roughness of 

the substrate, the pre-heating of the substrate or even post-treatments, can significantly affect 

the quality of the coating. These should also be considered, mainly when the desired 

properties are not easily achieved.  

The desired thickness of the coating is a particular characteristic that can be adjusted easily 

by modifying the powder feed rate, the relative speed of the gun, or the number of layers. If 

an irregular thickness is observed in the sprayed area, it could be due to an overlapping 

problem. When this happens, a cyclical pattern of different thicknesses is usually observed, 

so it is necessary to adjust the distance between passes to obtain a satisfactory degree of 

overlapping. 

When the coatings provide the desired results according to the quality indicators, the goal is 

achieved, and coatings optimization is finished. 

It should be noticed that when any parameter with a significant effect on the properties of the 

coating is changed (the design of the nozzle, the working gases, or the feedstock powder), 

the values with more significant influence should be readjusted. 

In this research study, the substrates have always been grit blasted and cleaned before 

depositing the coating. The mean roughness (Ra) was the value used as a reference for 

guaranteeing proper grit blasting. This parameter corresponds to the arithmetic measure of 

the absolute values of the roughness profile. Two different types of equipment were used for 

grit blasting (Formula 1400, Guyson International, Skipton, England) and (MAB-4, MAB 

industrial, Barcelona, Spain). Corundum G24 (grit size 800 µm) at a pressure of 0.5 MPa was 

used to provide the proper surface roughness to the substrates (Ra values between 4 µm 

and 7 µm). 
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Pre-heating the substrate immediately prior to deposition can reduce the residual stress 

and enhance the coating adhesion. In this study (section 4.1), this pre-treatment was 

accomplished by passing the torch over the surface of the substrate for one complete cycle 

with the same spraying conditions. 

Post-treatments were performed to improve mechanical properties. Thermal treatments 

were applied to coatings in section 4.1. For this purpose, a high-temperature chamber furnace 

(CRN 4-18, Hobersal, Barcelona, Spain) was used. 
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4. Chapter: Results  

4.1. Strategies for improving adhesion strength on bioactive glass coatings 

As detailed in the literature review, the main problem why bioactive glass coatings are not a 

commercial substitute for hydroxyapatite coatings is the insufficient adhesion achieved by 

manufacturing these coatings. The different methods by which bioactive glass coatings can 

be manufactured do not meet the regulations for this type of medical device. This chapter 

addresses different strategies to improve the adhesion strength values of coatings obtained 

by atmospheric plasma spraying by: 

- Using thermal post-treatments: this strategy is reported in the paper “Adhesion 

improvement and in vitro characterisation of 45S5 bioactive glass coatings obtained 

by atmospheric plasma spraying”, where the induced phases on the glass coating by 

the thermal treatment are shown. Moreover, the effect of the treatment on the 

bioactive capacity of the coatings was evaluated.  

- Powder modifications: this strategy is approached from two different paths. One is 

based on incorporating a different powder into the bioactive glass coating, 

hydroxyapatite, to generate an increase in cohesion with the substrate. On the other 

hand, the morphology of the feedstock glass powders is modified to increase the 

specific surface area of the particles. Both are included in the paper “Improving the 

bond strength of bioactive glass coatings obtained by atmospheric plasma spraying” 

(still pendent of acceptance). 
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Surface and Coatings Technology (January 2021), In Press 

https://doi.org/10.1016/j.surfcoat.2020.126560 

Abstract 

Plasma sprayed bioactive glass coatings were studied using crushed 45S5 bioactive glass 

powder. It is widely accepted that plasma sprayed coating microstructure is highly affected 

by the characteristics of the powder and the parameters set on the spraying process. Once 

the coating deposition was optimized, two strategies were carried out to analyse their effect 

on the coating adhesion: cooling with carbon dioxide while spraying and a post heat treatment 

to the as-sprayed coatings. 

Scanning electron microscopy and X-ray diffraction were used for analyse the obtained 

coatings. Additionally, coating adhesion to the substrate and degradation of the coatings in 

Tris buffer solution were evaluated for the different samples studied. 

Coatings have been tested in vitro to evaluate their response by immersion in simulated body 

fluid, Hank's Balanced Salt Solution. 

The results show an increase in the adhesion strength for the heat treated samples due to 

the stress relaxation achieved above glass transition temperature. Moreover, in the bioactivity 

test an apatite layer at the coatings surface was produced for all the strategies studied. 

 

Keywords: Bioactive glass; Thermal spray; Bioactivity; Atmospheric plasma spray; 

Coatings; Biomaterials 
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1. Introduction 

The global market for orthopaedic devices which include joint reconstructions, spinal devices, 

orthobiologics (substitutes and bone grafts) and trauma fixation among others reach every 

year higher values. Several factors are increasing the demand for orthopaedic implants. 

Mainly the ageing of the population that cause bone related diseases as osteoporosis and 

osteoarthritis. But also other diseases connected to lack of physical activity or poor diet intake 

and obesity have a growing trend in the last years that increment the requests of implants. 

Moreover, the increasing incidence of road traffic accidents and sports injuries have been an 

important factor for the market. The global orthopaedic device market is expected to rise in 

the following years.  

Orthopaedic devices are very successful but there is a rate of implant failure that ends in 

revision surgery to correct. It is important to consider that revision surgery takes much longer, 

and is less successful than the primary procedure. Also the cost is higher than the primary 

intervention. For the patient it means more pain and the recovery takes weeks or months. In 

addition to the risk of a new surgery [1].  

The main failures for orthopaedic devices are related to infections, being trauma devices more 

affected than joint replacements [2]. Other complications are associated to the implant-tissue 

interface due to a non-sufficient osteointegration or the stress shielding caused by the 

mismatch between the mechanical properties of bone tissue and the implanted materials.  

Current biomaterials are reaching their limits and there is a need for study new opportunities 

that can satisfy biomechanical and biological requirements to improve the long-term success 

and to reduce the risk for revisions of artificial implants. One option is functionalizing current 

materials with bioactive glass coatings.  

In the late 1960s Larry Hench developed the first composition of bioactive glass, named 45S5. 

It was composed of the following oxides wt.%: sodium oxide (24.5%), calcium oxide (24.5%), 

silicon dioxide (45.0%) and phosphorus pentoxide (6.0%). Takes its name because the glass 

has 45wt.% of SiO2 and a calcium to phosphorus molar ratio of 5:1 [3,4].  

Bioactive glass materials are different from conventional glasses. Their structure is quite more 

disrupted than the conventional ones. Bioactive glasses are characterized by their bioactivity 

and their unique bone bonding properties related to their surface reactivity when immersed in 

aqueous medium [1,4,5]. Depending on the composition, the glass can bond also to the soft 

tissue. The mechanism for bone bonding is in consequence of the formation of 

hydroxycarbonate apatite (HCA) layer on the surface of the glass, resulting from the initial 

glass dissolution. The biological apatite is partially replaced by the bone after long-term 

implantation. It is due because the ion release products from bioactive glasses stimulate 
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expressions of several genes of osteoblastic cells and promotes its proliferation [6–8]. 

Moreover, bioactive glasses show osteoconductive and osteoinductive capabilities [5].  

The properties of each glass (e.g. the dissolution and the HCA layer formation rate) are a 

result of atomic structure. So by varying the content and the kind of the oxides in the glass, a 

full range of stability can be produced, from soluble to nonresorbable [1]. The 45S5 

composition, in particular, is highly reactive. 

When bioactive glasses come in contact with water, an ion exchange occurs at the 

glass/water interface. This ion exchange between modifier ions and protons from the solution 

results in a fast pH increase, mainly occurring in the first hours [9].  

The release of ions from bioactive glasses is continuous over time [10], which suggest there 

is a release of ions from the bulk because the open silicate network allows the water 

molecules enter easy.  

The excellent bioactive properties of bioactive glasses make them suitable for use to replace 

or repair damaged tissue. However, due to their poor mechanical properties, these glasses 

cannot be used as a bulk for load-bearing applications as other biomaterials such as titanium 

and cobalt-chrome alloys. [6,11]. Otherwise, they are able to be used as bone grafts, scaffolds 

and coating materials.  

The first clinical bioactive glass product, the “Bioglass® Ossicular Reconstruction Prosthesis”, 

was a device used to treat conductive hearing loss by replacing the bones of the middle ear. 

It was a structure intended to conduct sound from the tympanic membrane to the cochlea. 

For this product was used the 45S5 composition [3,12].  

Nowadays, most of the bioactive glass products available in the market are bone grafts [13–

15]. But there are some other applications like an absorbable composite interference screw 

of bioactive glass and PLLA-PDLLA or a component for toothpaste [16,17].  

The current biomaterials used for load bearing applications meet the necessary mechanical 

requirements. However, they have an inert behaviour when implanted. For this reason is 

necessary to apply a superficial modification to improve their interaction with the body. There 

are several methods (physical, chemical or combined strategies) used to improve the 

bioactivity of the surfaces keeping at the same time the bulk properties unaltered. One of the 

strategies used to convert bioinert materials into bioactive ones is depositing a biomaterial 

that stimulates the implant and host bond integration by thermal spray techniques.  

Plasma-sprayed HA coatings have been used as surface coatings on metallic implants since 

the 1980s [18]. Moreover, it is possible to find in the literature several studies of ceramics or 

glass coatings produced by different thermal spray techniques such as a coating of a HA and 

TiO2 mix (80-20% by weight) on Ti6Al4V by High-Speed Thermal Spray (HVOF) [19], 
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biomimetic nanocrystalline apatites deposited by low pressure cold sprayed (LP-CS) on 

Ti6Al4V [20], apatite and wollastonite coatings by APS on Ti6Al4V [21], 45S5 bioactive glass 

by APS on AISI 304 metallic substrate [22], etc. 

Several researchers have proposed bioactive glasses as an alternative to HA coatings 

because of their ability to create a stable interface that bond to bone strongly. Moreover, their 

dissolution products promote cells to differentiate to bone cells [7].  

It is possible to find studies developing bioactive glasses coatings by different thermal spray 

processes [23–29]. Some of these studies use just the glass powder, others use suspensions, 

others solution precursors and there are also works were mix the glasses with other 

compositions. In most of the studies glass coatings are very defective and are weakly bonded 

to the substrate [30].  

One of the major challenges of using bioactive glass as coatings is improving the adhesion 

of the coating [11]. In this article, different strategies were studied to develop plasma sprayed 

45S5 bioactive glass coatings with better adhesion. First step was varying the spraying 

parameters to achieve the best adhesion directly from the technique. Then two different 

approaches were studied: a cooling process with carbon dioxide while spraying the powder 

and a heat treating of the samples after spraying. Achieving good adhesion of the coating to 

the substrate is essential for bioactive glasses to be considered candidates to replace current 

hydroxyapatite coatings. 

2. Experimental methods  

2.1 Powder and substrate 

The 45S5 bioactive glass powder was obtained from Denfotex research (United Kingdom). 

The powder was produced by the traditional melt-quenching route. To the milled powder 0.7 

wt.% of aerosil was added, as an extra in the standard formulation, mixing directly with the 

powder. This fumed silica (aerosil) serves as a universal anticaking agent in powders, to make 

powders capable of flowing during spray process.   

Titanium grade V disks of 2mm thick and 9mm diameter (Tamec, Spain) were used as 

substrates for physical and biological characterization. Specimens with 25mm diameter were 

used for measure the adhesion strength of the coatings.   

2.2 Coating deposition  

Bioactive glass coatings were deposited by Atmospheric Plasma Spraying (APS) onto 

titanium grade V substrates, previously grit blasted with corundum and then cleaned with 

ethanol before spraying.  
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The plasma spray equipment used was an APS A3000S system equipped with F4 Plasma 

torch. Argon was used as primary gas and hydrogen as secondary for the plasma plume 

formation. Powder carrier gas was also argon. The spraying parameters are listed in Table 1.  

Spraying particles of brittle materials causes high stresses after solidification due to the rapid 

cooling. These stresses are relaxed through generating cracks, for this reason the coatings 

of glasses tend to present cracks and pores. Spraying parameters were studied to achieve a 

good melting of the particles to get homogeneous coatings. Stand-off distance was modified 

from 80 to 130mm, getting more controlled porosity for longer distances. Also the argon and 

hydrogen plasma gas flow rate has been changed from 30-35slpm and 12-6slpm, 

respectively. The carrier gas low rate was adjusted from 4 to 6l/min, being the lower the more 

appropriate. The injection angles used in these trials were whether 90o or 75o backwards.  

Table 1. Plasma spraying parameters 

Trying to diminish the high stresses produced during solidification of the particles carbon 

dioxide was used in a cooling system fixed to the torch. Two nozzles on both sides of the 

spray torch emit a jet of carbon dioxide straight into the substrate during spraying. The idea 

is that particles arrive less heated to the substrate and diminish the amount of stresses that 

can affect the bond by the difference of temperature between the particles and the substrate. 

Carbon dioxide instead of air was chosen for cooling to ensure enough refrigeration and thus 

obtain glassy coatings. Afterwards we saw that cooling was not needed for obtain amorphous 

coatings.  

In order to increase the bond adhesion a post heat treating was done to induce crystallinity 

and reduce the defects of the coating. The temperatures were selected in order to favour 

crystallization. At 610oC a process of crystallization takes place for the 45S5 composition, 

and another one around 800oC, these temperatures vary depending on the size particle or 

thickness of the coating and the heating conditions [31]. Besides, the chosen temperatures 

Spraying parameters Bioactive glass coatings 

Argon plasma gas flow rate (slpm)* 35 

Hydrogen plasma gas flow rate (slpm)* 12 

Spray distance (mm) 125 

Argon powder carrier gas (slpm)* 4 

Injection angle (o) 90 

Current (A) 600 

Voltage (V) 66 

Spray cycles 5 

*Standard litre per minute  
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were designated in a range were titanium alloy crystal structures remain unchanged [32]. The 

heating rate should be slow to avoid large temperature gradients and stresses which could 

result in cracking of the material. The as-sprayed coatings were heat treated at 725°C and 

800°C for 5h and with a heating rate of 5°C/min in an air-circulated furnace, followed by slow 

cooling to room temperature.  

2.3 Powder characterisation 

The powder was sieved to get a narrow range before spraying. Laser diffraction particle size 

analyser Beckman Coulter LS 13320 was used to study the granulometry of the powder.  

The shape and surface morphology of the glass powder was determined using a scanning 

electron microscope (SEM), JEOL JSM-5310 equipment. The samples were coated by a gold 

layer before microscopy study.  

2.4 Coating characterisation 

The crystal structure of the samples was determined by X-ray diffraction (XRD) using a 

PANalytical X’Pert PRO MPD Alpha1 powder diffractometer to define the structural changes 

caused by the processes. 

The coatings and the formation of HCA layer on the surface of the samples after soaking in 

simulated body fluid were evaluated using SEM, JEOL JSM-5310 equipment.  

The surface roughness of the final coatings was registered using a MITUTOYO SURFTEST 

301. The Ra value corresponding to the arithmetical mean deviation of the assessed profile 

was recorded. 

The adhesion strength of the coatings was measured according to ASTM C633-13 standard 

at atmospheric temperature. Coatings were glued using HTK ULTRA BOND 100® glue (HTK) 

to uncoated grit blasted samples. The tensile adhesion test was done using a Servosis ME-

402/10 with self-aligning devices at 0.02mm/s of displacement rate and control of the position.  

2.5 Bioactivity and degradation assessment 

The in vitro ability to form apatite on the samples was studied following the ISO 23317:2014 

using the simulated body fluid Hank's Balanced Salt Solution (HBSS) (Sigma-Aldrich, 

Germany). The composition of the HBSS is similar to the found in human blood plasma and 

some in vitro studies have been performed with this composition [33–35]. Coated samples 

were immersed in HBSS and exposed for 0, 1, 3, 6 and 14 days at 37oC in a thermostatic 

bath with agitation. The solution was changed every 3 days to avoid ionic saturation of the 

medium. After the soaking time, the samples were rinsed three times with ultrapure water and 

dried for 24h at room temperature.  
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Before and after immersion the samples were characterized using SEM coupled with EDS to 

analyse the chemical and physical changes related to the bone-like apatite formation.  

A degradation study was performed by immersing the samples for 120h in a buffered solution 

consisting of Tris-HCl with pH adjusted to 7.4±0.1 at 37±1oC following the ISO 10993 

standard, part 14: “Identification and quantification of degradation products of ceramic 

materials”. The samples were placed in sterile polypropylene containers during the test. After 

degradation time, samples were rinsed thrice with ultrapure water and dried overnight at 

120oC until constant weight was recorded.  

The weight loss percentage was calculated according to the equation: percentage of weight 

loss [%] = 100·(m0-mf)/m0, where m0 is the initial sample mass and mf is the final sample mass 

after the sample drying. The weight results of the samples consider the whole of the mass 

including the substrate and the coating. 

To study the dissolution process of the glass coatings, pH changes were recorded at different 

time periods using a universal pH meter (Hach, Spain).   

3. Results and discussion  

3.1. Powder characterisation 

The size distribution used for spray was micron-sized with D10 = 52µm, D50 = 70µm and D90 = 

110µm. The XRD pattern of the powder particles was the characteristic with amorphous 

structure. 

The particles had irregular morphology as expected due to the route of fabrication. In addition, 

the cross section of the powders reveal full-dense particles (Fig. 1).  

 

Figure 1. SEM micrographs of the free surface (A) and cross section (B) of the 45S5 powder 
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3.2. Coatings characterisation 

Microstructure of the fabricated coatings can be observed in the cross-section micrographs 

showed in Fig 2. Due to the low thermal conductivity of the glass the particles are not 

completely molten during the spraying process even with the high temperatures of the plasma 

gas. Most of the particles are incompletely flattened when impacting the substrate providing 

this roughness to the substrate, which would be increased if the particle size of the powder is 

superior. 

The cross sectional structure of the coatings reveals a significant amount of rounded cavities, 

this porosity is produced by volatilization of chemical components from the feedstock powder 

as reported previously for this glass composition [27].  

The different coatings studied present a similar thickness, around 150µm. Also the value of 

the surface roughness is almost equal for the diverse coatings, about 13µm.  

Particularly, the heat treated sample presents crystal structure and a major cohesion between 

the particles. However, the porosity and the thickness of the coating have not varied 

significantly. 

 

Figure 2. Cross section of the coatings: 45S5 as-sprayed (A), 45S5 with cooling (B) and with heat treatment to 

725ºC 

XRD results confirm that the as-sprayed coatings are amorphous due to the fast cooling of 

the melted particles. As expected the coatings performed with carbon dioxide cooling present 

also an amorphous pattern, attributed also to the fast cooling of the particles. 

There are crystalline phases in the patterns corresponding to the coatings heated at 725oC 

and 800oC (Fig. 3(A)). Both patterns have peaks corresponding to sodium calcium silicate 

(Na6Ca3Si6O18, Ref. code: 01-079-1089) observed also by other authors working with 45S5 

glass [30,31]. Particularly, the peaks corresponding to the sodium calcium silicate are more 

intense for the samples treated at 800oC rather than 725oC.  
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Figure 3. X-ray spectra of A) powder and coatings as-sprayed, with heat treatment to 725oC and 800oC and B) 

after being soaked in HBSS for 14 days 

Furthermore, the spectrum of the coating treated at 800oC reveals a secondary phase, 

corresponding to a sodium calcium phosphate silicate, identified as silicorhenanite 

(Na2Ca4(PO4)2SiO4, Ref. code: 00-032-1053). Its crystallization starts at 800oC as reported 

by other authors [31,36]. It can be concluded that higher temperature results in more 

crystallinity for the coatings.  

The adhesion test results presented in Fig 4 indicate that cooling during the spraying process 

does not increase the bond strength of the coating. Then this strategy does not result in an 

improvement of the adhesion.  Higher values of adhesion strength have been measured for 

coatings heat treated. Samples heat treated at 800oC get a lower adhesion than the treated 

at 725oC, achieving for the latter a value of 17.2±2.2MPa. With the heat treatment the coating 

stresses are reduced and crystallization is caused. As the glass is heated above the glass 

transition temperature a viscous state is achieved that produces better interparticle cohesion 

and a stress relaxation, which results in a stronger adhesion. 

 

Figure 4. Tensile strength results of the different coatings 
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3.3. In vitro bioactivity study  

In vitro tests were performed for 45S5 coatings, 45S5 with CO2 cooling and 45S5 heat treated 

at 725oC due to the better adhesion results.  

The representative morphologies of the coatings before and after the exposure to HBSS 

during different periods are shown in Fig. 5. When bioactive glasses are in contact with 

simulated body fluids a HCA layer is developed, it starts with the formation of small spheres 

that grow and aggregate with the soaking time, generating a dense layer. After 1 day of 

exposure a few apatite particles can be observed over all the surfaces. After 6 days the 

surface of all the coatings is fully covered by the HCA layer, which indicates a good bioactivity 

for all the coatings.  

The XRD patterns after exposure in HBSS for 14 days indicate that the surfaces of the 

coatings were covered by HCA. All the patterns have peaks corresponding to hydroxyapatite 

(Ca5(PO4)3(OH), Ref. code: 00-001-1008) (Fig. 3(B)). And the coatings without heat treatment 

present also peaks of calcium phosphate (Ca2O7P2, Ref. code: 00-003-0605). 

The bioactivity of a glass coating can be affected by many factors such as crystallinity, 

composition, porosity or specific surface area. Coatings obtained with cooling present less 

porosity, this fact could diminish the reactivity of the coating and diminish the degree of 

bioactivity. However, the difference is not enough to affect the formation of the apatite layer 

and the results reveal that CO2 cooling during spraying does not alter the bioactivity of the 

coatings.  

 

Figure 5. Morphology of samples as-sprayed (A,E,I), after 1 (B,F,J), 6 (C,G,K) and 14 (D,H,L) days of exposure 

to HBSS solution 



 

101 
 

Likewise the heat treatment does not affect the ability to form an apatite layer. It is expected 

that crystallinity can compromise the degree of bioactivity of the material, but partial 

crystallization not necessarily reduce it, depending on the formed phases [37]. Previous 

studies have reported that the Na6Ca3Si6O18 phase, detected in our coatings, is not affecting 

the HCA formation [38]. In our research, we have noticed that heat treated coatings allow the 

formation of the HCA layer, however a slight decrease in its formation rate can be seen. 

Particularly at 6 days (Fig. 5 (c,g,k)) less amount of apatite particles are present in heat 

treated coating. 

The weight loss rate of coated samples after soaking in Tris-HCl solution is shown in Fig.6. 

The coatings obtained during cooling with carbon dioxide have similar degradation than the 

45S5 coatings. It can be noticed that coatings heat treated at 725oC have significantly less 

degradation than the other ones, it can be attributed to the crystallinity.  

 

Figure 6. Weight loss rate of coated samples after soaking in Tris-HCl 

In Fig.7 the results of the pH during soaking in Tris-HCl are shown. It help us to understand 

the ion exchange process between the coated samples and the Tris-HCl solution, the pH 

solution starts from 7.4 and increases to more than 7.8 for all the samples analysed. The 

increase of pH is higher the first hours, which indicates a fast ion exchange produced in the 

solution. However, there is less variation from 72h to 120h possibly indicating a stabilization 

value at this period.  

The 45S5 and 45S5 Cooling samples present a similar variation of pH with time, consequently 

the ion release is almost equal for both coatings. The heat treated coatings start with a higher 

pH value than the other ones. However, for the rest of the periods the pH value is lower for 

these coatings than for the amorphous ones. Another time, this behaviour can be attributed 

to the acquired crystallinity of the heat treated samples, that present less ion release from the 

coatings, corroborating the weight loss rate results.  



102 

 

 

Figure 7. pH values of coated samples during soaking in Tris-HCl for different periods 

4. Conclusions 

The effect of cooling with CO2 during spraying maintain the amorphous structure of the 

coating. Otherwise the post heat treatment generates sodium calcium silicate crystalline 

phase to the samples heated at 725oC and 800oC and sodium calcium phosphate silicate 

phase when heating at 800oC.  

The cooling process during spraying did not enhance the adhesion strength with the 

substrate, although with a post heat treatment high adhesion strengths were achieved due to 

the stress relaxation and the major cohesion achieved between particles. Higher values of 

adhesion strength were measured for coatings heat treated at 725oC reaching a value of 

17.2±2.2MPa.  

The heat treatment provided a higher adhesion strength between the coating and the 

substrate, and preserved the bioactivity of the coatings in terms of HCA formation, but the 

kinetic of the HCA formation was slightly decreased. The development of a HCA layer in 

simulated body fluid solution is a positive indicator of the tendency of the coatings to support 

the mineralization process, however in terms of biological properties to prove the efficacy of 

the obtained coatings more studies should be developed, as cell tests.  

Additionally, the degradation rate was lower for that coatings, due to the new arrangement of 

the glass structure. The results of the pH study in Tris-HCl solution corroborate that the ion 

release is higher for the amorphous coatings due to a more disrupted network.  
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Abstract 

Osseointegration is a necessary process for the successful bonding of implants. Modification 

of biomaterials surface is a possible strategy in order to improve the bioactive response of 

the implanted materials. Bioactive glasses are materials resembling the mineral part of the 

bone and can be used as coating material onto metallic implants. However, the significant 

difference in the coefficient of thermal expansion (CTE) between the metallic substrate and 

the bioactive glass material makes difficult to obtain enough coating adhesion.  

In order to achieve adequate coatings to be used in orthopaedic implants, some strategies 

were studied to improve the bond strength of bioactive glass coatings. The different 

approaches were considered: first, producing agglomerated bioactive glass powders; the 

second strategy was based on designing different coatings combining hydroxyapatite (HA) 

with bioactive glass; other strategies involved the pre-heating of the substrate and the 

application of a post-thermal treatment. 

Bioactive coatings were produced by atmospheric plasma spray (APS) onto titanium alloy 

substrates. The studied coatings were characterized in microstructure, adhesion strength, 

and bioactivity. It was found that a significant improvement in adhesion strength was obtained 

for the developed coatings. However, this improvement involved a reduction in the bioactive 

response of the coatings. 

 

Keywords: Bioactive glass; Thermal spray; Bioactivity; Atmospheric plasma spray; 

Coatings; Bond strength 
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1. Introduction 

Implant modification by developing coatings on its surface is considered one of the most 

effective techniques to enhance the osseointegration of implanted biomaterials [1]. However, 

effective improvement is only possible if the coating stays well adhered to the substrate until 

a good bonding with the bone tissue is obtained [2]. Nowadays, thermal spraying, particularly 

atmospheric plasma spraying (APS) is one of the most common methods employed to 

produce bioactive ceramic coatings [3].  

APS is a deposition technique where the powder is injected into the flame by a carrier gas, 

usually argon. The powder particles are melted and accelerated to the substrate forming the 

coating during the process. A modulated mixture of argon and hydrogen is used to produce 

the proper plasma jet that enables the melting and acceleration of the particles, considering 

the feedstock powder features [4]. The high temperatures of the plasma allow the spraying of 

materials with high melting temperatures and low thermal conductivity, such as ceramics 

[3,5,6].  

Hydroxyapatite (HA) coatings produced by APS have been widely used and widely accepted 

in medicine in the last decades [3,7]. However, the failure rate of implants, either due to 

insufficient osseointegration or infection, leaves room for improvement [8–11]. Increasing the 

lifetime of implants and their success rate is one of the major challenges in orthopaedic 

implant technology. Developing new bioactive coatings is an interesting approach to address 

that issue. 

Bioactive glasses are a family of glasses with a similar composition to the inorganic 

component of the bone's mineral phase. These biomaterials have unique properties due to a 

more open structure than conventional glasses [12]. Bioactive glasses were discovered in 

1969 by L.L. Hench [13] and arrived in medicine as a promising material capable of bonding 

to both hard and soft tissues. Furthermore, these reactive glasses exhibit an encouraging 

cellular response compared to other biomaterials [14].   

Bioactive glass coatings have been developed in recent years using different techniques, 

such as electrophoretic deposition, sol-gel, enamelling, laser cladding, or thermal spraying. 

However, the large difference in thermal expansion coefficient (CTE) between metallic 

biomaterials and the bioactive glass coatings makes it challenging to obtain enough coating 

adhesion to commercialize them. In order to use these coating materials, an improvement in 

their adhesion strength becomes a necessity. Minimum bond strength of 22 MPa can ensure 

the mechanical integrity of the coatings according to international regulations. In a previous 

study [15], the authors applied heat treatment to a bioactive coating to improve the bonding 

with the metallic substrate. The coating obtained doubled the adhesion value with the heat 

treatment, reaching a bond strength of 17.2 MPa.  



 

109 
 

The present work aims to deeply evaluate strategies to overcome the low adhesion of 

bioactive glass coatings deposited by APS. During the present investigation, different 

approaches were considered: changing the morphology of the feedstock powders, with this 

new arrangement of the material could favour the adhesion with the substrate compared to 

the quartered particles; incorporating HA as support material, taking advantage of the 

excellent adhesion of HA with the metallic substrate; applying heat before or after the spraying 

process to reduce internal stresses in the coating that could affect the bond to the substrate. 

The developed coatings were studied, analysing, in particular, their mechanical and biological 

properties. The overall objective was to create a coating with suitable mechanical properties 

while ensuring its bioactivity. 

2. Experimental methods 

2.1. Powder and substrate 

Two commercial powders were used to produce the designed coatings: a sintered HA 

Captal®30 powder (Plasma Biotal Limited, United Kingdom) with crystallinity above 95% and 

a bioactive glass powder 45S5 (Denfotex Research, United Kingdom) manufactured by the 

usual melt-quenching method. In addition, the same bioactive glass powder was used to 

produce the agglomerated glass powders. 

Titanium G5 (Ibermetal, Spain) was used as substrate material. Particularly, discs with 25 

mm of diameter and 10 mm of height were used for tensile strength tests. For the 

metallographic characterization of the coatings, rectangular substrates measuring 100 × 20 

× 5 mm were used. Finally, for the in vitro studies, coatings were deposited onto discs with a 

diameter of 9 mm and thickness of 1 mm.  

2.2. Agglomeration of powder 

The agglomeration of bioactive glass powders was performed in a conventional method, 

where a binder was used to join the powder particles, which was later removed by heating 

[16].  

Firstly, the 45S5 commercial powder was milled using planetary ball mill equipment (PM 400, 

Retsch, Haan, Germany), with Y-ZrO2 balls of 5 and 10 mm diameter and grinding jars of the 

same material. The revolution speed was fixed at 400 rpm and grinding was done for two 

hours, since no further particle size reduction was observed for longer processes. The friction 

and the high impact that particles suffer during the process produced the particle size 

reduction. 

Once the powder was milled, a sieving step was done to remove the large particles. The 

collected fraction below 40 μm was combined with a PVA solution (10 g of PVA 87-90% 

hydrolysed in 150 mL of Milli-Q water) until a semi-wet state of the powder was reached. The 
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amount of PVA solution added to the milled powders was adjusted to achieve proper 

agglomerates; the best results were observed when adding 0.2 mL of solution per gram of 

milled powder.  

After incorporating the binding agent, powders were spread on an aluminium foil and let dry 

at room temperature for 24 hours. Subsequently, a sieving step was done, and a fraction 

between 20 and 80 µm was collected. This way, agglomerates with a proper size for APS 

were obtained [17,18]. 

The final step consisted in removing the binder agent. For this purpose, agglomerated 

particles were heated using a high-temperature chamber furnace (CRN 4-18, Hobersal, 

Barcelona, Spain). The heating rate was 10οC/min up to 500oC, followed by a dwell step of 

1h and finally cooling to room temperature at 10οC/min. Burnout of the binder was done at 

500οC, below glass transition temperature of the 45S5 (550οC) [19] to avoid phase 

transformations and above degradation temperature of PVA, which occurs between 200οC 

and 300οC [16]. 

2.3. Design of coatings 

Figure 1. Designed coatings: a) Reference, b) Agglomerates, c) Bilayer and d) Blended 

The different strategies addressed to enhance the bond strength of the bioactive glass 

coatings are represented in Figure 1. (i) The first coating designed involved agglomerated 

45S5 particles, produced as described previously (agglomeration of powder). This coating 

was named “Agglomerates”. (ii) The second coating consisted of an anchor layer of HA 

between the glass and the titanium alloy to mitigate the large difference in CTE between these 

materials. This coating was called “Bilayer”. (iii) Another coating consisted of a manual blend 

of HA and 45S5 powders in a 1:1 ratio by weight. This coating was named “Blended”. (iv) 
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Finally, a coating produced with the bioactive glass powder was used for comparison 

purposes. This coating was called “Reference”. 

Furthermore, two approaches were considered for the developed coatings to reduce the 

residual stress and enhance the coating adhesion of the bioactive glasses with the substrate. 

First, the effect of pre-heating the substrate immediately prior to deposition was assessed. 

The heating was applied by scanning the torch over the surface of the substrate for one entire 

cycle and maintaining the same spraying conditions. The pre-heating temperature (218οC ± 

2οC) was measured with a digital thermometer (PCE-T390, PCE Instruments, Durham, United 

Kingdom). The second approach consisted of asses the effect of applying a post-thermal 

treatment at 725οC for five hours to the coatings, following the process described in our 

previous research [15]. The different coatings performed are detailed in Table 1.  

Table 1. References of the different coatings developed 

Reference name Pre-treatment Post-treatment 

Reference - - 

Reference SH Surface heating - 

Reference TT - Thermal treatment 

Agglomerates - - 

Agglomerates SH Surface heating - 

Agglomerates TT - Thermal treatment 

Bilayer - - 

Bilayer SH Surface heating - 

Bilayer TT - Thermal treatment 

Blended - - 

Blended SH Surface heating - 

Blended TT - Thermal treatment 

2.4. Coating deposition 

For the coating deposition, APS equipment (Plasma-Technik A3000S, Sulzer Metco AG, 

Wohlen, Switzerland) with an F4 plasma torch was used with argon as the primary carrier gas 

and hydrogen as secondary gas for the plume formation. The powders were deposited onto 

titanium alloy substrates previously grit-blasted (MAB-4, MAB industrial, Barcelona, Spain) 

with corundum G24 (grit size 800 µm) at 0.5 MPa. Before the spraying process, the substrates 

were cleaned with ethanol. As a result, the surface roughness after the grit-blasting process 

was Ra = 5.7 ± 1.1 µm and Rz = 37.8 ± 3.3 µm. 
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The parameters used for coating deposition were selected according to the powder 

characteristics. For the glass powder, the chosen parameters provided quite energetic 

conditions to make able the melting of the glass powder; these parameters are referred to as 

type A in Table 2. The parameters selected for the HA powder were determined by the results 

found in a study developed in our group included in the thesis of Mireia Gaona (University of 

Barcelona, 2007). The influence of some spraying parameters on different properties such as 

crystallinity, adhesion strength, and thickness was analysed. These parameters are 

determined as type B in Table 2.  

The Reference and Agglomerates coatings and the top layer of Bilayer coating were produced 

using type A spraying conditions. Next, the Blended coating was sprayed using type B 

conditions because the high plasma energy involved in type A caused severe phase changes 

in HA. Moreover, the coatings containing HA using type A were unsatisfactory. Then, the 

Blended coating and the lower layer of the Bilayer coating were deposited using type B 

conditions.  

Table 2. Plasma spraying parameters used to produce the coatings 

 Type A Type B 

Primary gas (Ar), flow rate (slpm) 35 50 

Secondary gas (H2), flow rate (slpm) 12 1 

Arc Current (A) 600 500 

Stand-off distance (mm) 80 80 

2.5. Characterisation of the powder and coating  

The morphology and microstructure of the powders and coatings were determined using a 

scanning electron microscope (SEM) (Phenom ProX, Phenom-World BV, Eindhoven, The 

Netherlands) equipped with energy-dispersive X-ray diffraction. To analyse the cross-

sections of the powders and coatings, samples were prepared by cold mounting resin and 

abraded with silicon carbide abrasive papers up to P4000 (grit size 5 µm). The polishing of 

the samples was carried out with 1 µm diamond slurry. Before the microscopy studies, the 

samples were coated with a gold layer to make them conductive using an SEM coating unit 

(E-5000, Polaron, Watford, England).  

The tapped density of the different powders was measured. Each powder was tapped 

regularly in a graduated cylinder to settle the powder inside the cylinder. The filling and 

tapping process was repeated until the powder volume remained fixed at 5 mL. When this 

occurred, the amount of powder used was weighted.  
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The particle size distribution of the sieved powders was determined through a laser diffraction 

particle size analyser (LS 13 320, Beckman Coulter, California, USA). 

To determine the bond strength of the coatings, a mechanical testing machine (ME-402/10, 

Servosis, Madrid, Spain) was used following the ASTM C633-13 (Standard test method for 

adhesion or cohesion strength of thermal spray coatings). Three coated samples of each type 

were glued using HTK ULTRA BOND 100® glue (HTK, Germany) to grit blasted counter-test 

pieces. Then, normal tensile stress was applied to the coating with the displacement rate set 

at 0.02 mm/s until fracture took place. In addition to performing the test on the developed 

coatings, it was also done on the coatings after one day of immersion in hank's balanced salt 

solution (HBSS) (Sigma-Aldrich, Germany) at 37οC. 

2.6. Ability to form apatite and degradation assessment 

The bone-bonding ability of the coatings was evaluated by an in vitro test following the ISO 

23317 (Implants for surgery - In vitro evaluation for the apatite-forming ability of implant 

materials). Three samples of each coating type were immersed, in vertical position, in HBSS 

solution inside polypropylene containers placed in a thermostatic bath with agitation at 37οC. 

The HCA formation was evaluated at different periods (0, 3, 7, and 14 days). The solution 

was refreshed twice a week to avoid ionic saturation. After each period, samples were rinsed 

with ultra-pure water and dried for 24h at room temperature. 

The formation of the HCA layer on the coatings was assessed at different periods by the 

surface inspection of the samples using SEM equipment. All the samples were coated with a 

gold layer to increase their conductivity prior to this observation. Furthermore, the cross-

section of the formed layer was analysed for the samples immersed during the most extended 

period. For this examination, the cross-sections were prepared as described previously. 

Finally, the samples were gold coated and examined by SEM after drying in a desiccator for 

48h. 

The degradation behaviour of the different bioactive coatings was evaluated following the 

specifications of the ISO 10993-14 (Biological evaluation of medical devices - Part 14: 

Identification and quantification of degradation products from ceramics). Samples were 

immersed in a buffered solution of Tris-HCl with pH adjusted to 7.4 ± 0.1 at 37 ± 1οC for 120h. 

After the test, the samples were rinsed with ultra-pure water and dried overnight at 120οC. 

The loss of weight suffered by the samples was determined by measuring their weight before 

and after the test with a high precision scale (CPA225D, Sartorius, Gottingen, Germany). 

Moreover, pH variation caused by the dissolution process was analysed by recording the pH 

values after the test using a universal pH meter (Hach, Spain). Finally, the concentration of 

elements released from the coatings (silicon, calcium, phosphorus, and sodium) was 
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determined using inductively coupled plasma optical emission spectrometry (ICP-OES) 

(Optima 8300, PerkinElmer, Waltham, USA). 

3. Results and discussion   

3.1. Powder characterisation 

The SEM analysis performed on the powders allowed us to establish the difference in their 

morphology and size, as shown in Figure 2. Particularly, the particles of HA powders show a 

spherical morphology composed of small particles forming aggregates. This microstructure is 

typical for agglomerated and sintered powder, where small particles are compacted and 

bonded together by applying heat and pressure. Furthermore, the cross-section of the HA 

powders also reveals some porosity. On the contrary, the 45S5 glass particles are dense and 

irregular, with the presence of corners and sharp edges. This shape is consistent with the 

manufacturing process where the material is crushed after the melt-quenching. Moreover, the 

particles observed are quite similar in size to each other. Finally, the agglomerated powders 

produced are composed of small particles, between 1 and 20 µm approximately. These 

aggregated particles present an irregular and porous morphology. 

 

Figure 2. Free surface and cross-section of powders: (A,B) HA, (C,D), 45S5 bioactive glass and (E,F) 45S5 

agglomerated 
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The particle size distribution of the powders measured by laser diffraction can be observed in 

Figure 3, and the characteristic values related to their size distribution are found in Table 3. 

HA powder, represented by a dotted line, exhibits a narrow distribution, and most of the 

particles are in the range of 20 to 40 µm. For glass particles, the distribution is also in a narrow 

range, represented by a dashed line, but in that case, most of the particles have a size 

between 10 and 80 µm. By contrast, the manufacturing process of the agglomerated powder 

has resulted in a broader particle size distribution with a bimodal nature, represented by the 

solid line in the graph. The values obtained with this technique are consistent with the 

observations by microscopy. 

The values of the tapped density are shown in Table 3. It can be seen how the change in 

morphology of the glass particles has caused a notable reduction in the density of the 

agglomerated powders when compared to the original glass powder. 

Table 3. Tapped density and particle size distribution in volume of the powders 

 Tapped density (g/cm3) d10 (µm) d50 (µm) d90 (µm) 

HA  1.39 18.0 28.5 42.2 

45S5 1.38 10.7 55.1 78.4 

45S5 Agglomerated  0.92 7.1 28.5 82.7 

 

 

Figure 3. Particle size distribution in volume of the powders 

3.2. Bond strength tests 

When the osseointegration process starts, the interface must remain immobile for the bond 

to form. For this purpose, the coating should stay well adhered when the device is implanted 

and thus facilitate a good bonding with the bone tissue. During the osseointegration process, 

the stability of the implant-bone fixation depends on the initial mechanical stability that 
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decreases over time while biological stability increases. It should be noticed that when 

osseointegration is accomplished, the strength of the bioactive bond formed is equal or higher 

than that of the host bone. 

In the first part of the study, the bond of the coatings listed in Table 1 was evaluated. The 

bond strength results of the coatings without immersion and after 1 day of immersion in 

physiological solution are detailed in Table 4, Figure 4, and Figure 5. 

 

 

Figure 4. Bond strength of the bioactive glass pure coatings without immersion and after 1 day of immersion in 

HBSS solution (slashed line: minimum value required for non-immersed coatings according to regulations; dotted 

line: the value of HA after immersion)  

 

Figure 5. Bond strength of the coatings incorporating HA without immersion and after 1 day of immersion in HBSS 

solution (slashed line: minimum value required for non-immersed coatings according to regulations; dotted line: 

the value of HA after immersion)  

The first design to improve the bonding of the coating with the substrate consisted of 

modifying the morphology of the feedstock powder. Through the agglomeration process, 

powders with lower density and higher porosity and specific surface were obtained compared 

to the commercial one. A notable increase in bond strength was observed when comparing 

Agglomerates coatings to the Reference coatings for the same spraying conditions (12.6 ± 
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2.0 MPa to 7.7 ± 2.5 MPa). The results may suggest that agglomerated powders melt more 

easily than the commercial particles as the agglomerated powder has high porosity and is 

composed of smaller particles that cause faster heating of the material [20]. The proper 

melting of the particles can favour the bond with the substrate and, therefore, increase the 

bond strength. 

Table 4. Bond strength of the designed coatings before and after 1 day of immersion 

Coating type  

Bond strength (MPa) 
Bond strength loss after 

one day of immersion (%) 
Without 

immersion 

After one day of 

immersion 

Reference 7.7 ± 2.5 4.4 ± 1.2 43 

Reference SH 11.1 ± 0.3 3.5 ± 0.8 68 

Reference TT 17.2 ± 1.4 5.6 ± 1.2 67 

Agglomerates 12.6 ± 2.0 6.0 ± 0.1 52 

Agglomerates SH 16.2 ± 2.8 10.2 ± 1.0 37 

Agglomerates TT 25.4 ± 3.1 9.5 ± 1.2 63 

Bilayer 19.3 ± 2.2 3.2 ± 0.3 83 

Bilayer SH 24.3 ± 1.7 9.1 ± 2.5 63 

Bilayer TT 22.1 ± 2.5 4.8 ± 2.0 78 

Blended 22.2 ± 4.2 13.0 ± 2.7 41 

Blended SH 20.4 ± 1.0 13.2 ± 1.4 35 

Blended TT 24.2 ± 1.5 7.7 ± 2.1 68 

HA  ≈ 39.0 ± 5.0 ≈ 7.5 ± 2.5 81 

Table 5: Percentage of bond strength increase with pre and post treatments when compared to the same 

coating type 

Coating type  Bond strength increase coating type (%) 

SH TT 

Reference 44 123 

Agglomerates 29 102 

Bilayer 26 15 

Blended -8 9 

Another of the strategies developed to improve the bonding of bioactive glass coatings 

involved the incorporation of HA because of its greater affinity with titanium alloy. HA has a 

high acceptance and commercialization in orthopaedic and dental implants; however, it has 

a lower bioactive capacity than bioactive glasses. In this line, two types of coating were 
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considered: Bilayer that included an intermediate layer of HA between the substrate and the 

glass layer and Blended, formed by the mixture of HA and glass powders. In both cases, the 

presence of HA caused a significant improvement (more than twice) in the bond strength of 

the coatings compared to the Reference coating. This enhancement can be explained by the 

minor mismatch of the CTE of HA (13.9 × 10-6 οC [21]) and Ti6Al4V (9.5-10.5 × 10-6 οC [22]) 

than 45S5 (15.1 × 10-6 οC [23]) and the substrate. The primary mechanism related to the 

residual stresses, which affect the integrity of the coatings, occurs after deposition, during the 

cooling process to room temperature. A significant mismatch of the CTEs of different 

materials is why large residual stresses result after cooling [24]. Moreover, it is appreciated 

that the failure of Bilayer coating is cohesive between HA and bioactive glass layer and not 

in the interface with the substrate. 

In general, the influence of surface heating resulted in a substantial increase in bond strength, 

as can be seen in Table 5. The large temperature difference between the impinging particles 

onto the unheated substrate gives rise to high interface stresses. Thus, by pre-heating the 

substrate, the stress generated in the deposited particles can be reduced [25]. For the 

Blended coating, this pre-heating of the surface did not cause an enhancement in adhesion.  

The application of the thermal treatment resulted in greater adherence to the coatings. This 

increase was exceptionally high for coatings containing only bioactive glass, increasing 

adhesion by 123% for the Reference coatings and 102% for the Agglomerates. The 

enhancement of mechanical properties of glass materials by a thermal treatment has been 

demonstrated in previous studies [15,26,27]. When heating is done above the glass transition 

temperature of the glass, a viscous state is achieved that allows for better inter-particle 

cohesion and stress relaxation. Moreover, the crystallization of some phases occurs during 

the post-treatment, which improves the mechanical properties of the material. 

In line with the regulations (ASTM F1147-05 Standard Test Method for Tension Testing of 

Calcium Phosphate and Metallic Coatings), calcium phosphate and metallic coatings adhered 

to dense metal substrates require a minimum adhesion strength of 22 MPa to be suitable for 

orthopaedic applications. The coatings that meet this requirement were: Agglomerates TT, 

Bilayer SH, Bilayer TT, Blended and Blended TT.  

It is important that when the coatings are in contact with physiological fluid, as occurs when 

they are implanted, the impact on tensile strength is moderate since a good fixation promotes 

the stability and success of the implants. In addition to measuring the adherence of the 

coatings, this assessment was also analysed after 1 day of immersion in physiological 

solution. The bond strength value corresponding to pure HA coating is 39.0 ± 5.0 MPa. This 

coating was produced with the spraying conditions type B (Table 2) in Gaona's thesis 
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(University of Barcelona, 2007). After one day of immersion, the HA coating suffered a severe 

loss of bond strength (7.0 ± 2.5 MPa), as shown in Table 4.  

Regarding the developed coatings in this study, the percentage of bond strength loss after 

one day of immersion was lower than in the HA coating, except for the Bilayer coating, which 

presented a similar value.  

Moreover, it should be noted that Agglomerates SH, Agglomerates TT, Bilayer SH, Blended, 

Blended SH, and Blended TT coatings had a greater bond strength after one day of immersion 

than HA coating.  

Therefore, concerning the whole bond strength study, the coatings that reached bond 

strength values that meet the requirements for implants and at the same time achieved an 

adherence value after immersion in physiological solution greater than HA were 

Agglomerates TT, Bilayer SH, Blended, and Blended TT.  

3.3. In vitro bioactivity study - Ability to form apatite 

In addition to having a good bond strength, it is important that the coatings also can stimulate 

bone regeneration. Therefore, bioactivity and degradation tests were performed to evaluate 

their biological response to physiological solutions. This part of the study was carried out on 

some of the coatings developed. Since this part of the study mainly affects the upper part of 

the coating, SH coatings were dismissed, due to the similarity with their analogues. Regarding 

the thermally treated samples, only the Agglomerates TT were selected since the adhesion 

improvement for the coatings containing HA was very slight, and the Reference TT was 

already analysed in our previous study [15]. Thus, the coatings considered most relevant for 

this part of the study were: Reference, Agglomerates, Agglomerates TT, Bilayer and Blended. 

The biomaterials forming the coatings, bioactive glass and HA, are expected to provide 

bioactive capacity to the samples. Due to the great importance of the HCA layer formation in 

the osseointegration process, the coatings were immersed in physiological solution for 

fourteen days. The surface of the coatings was periodically evaluated to analyse the kinetics 

in the formation of an HCA layer on their surfaces. 

In Figure 6, the surface of the coatings before the test and after three and fourteen days of 

immersion in HBSS are shown. The surfaces of the coatings without immersion formed by 

agglomerated particles (Agglomerates and Agglomerates TT) showed high porosity, 

particularly coatings that were not heat treated, since heating can reduce the porosity [28]. In 

addition, fingered splats corresponding to molten glass particles were observed on the 

surface of Reference and Bilayer coatings. While on the surface of the Blended coatings, it is 

possible to appreciate the presence of HA particles in combination with glass particles.  
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The formation of the HCA layer begins with the nucleation of small apatite spheres, which 

grow and form aggregated deposits. The continuous formation and growth of apatite deposits 

lead to a layer covering the bioactive material. After three days of immersion, Reference, 

Agglomerates and Bilayer coatings showed a continuous layer of HCA on their surface, 

revealing the rapid growth of the apatite layer on these surfaces. On the surface of the 

Blended and Agglomerates TT coatings, it is possible to appreciate the presence of small 

spheres of apatite since these coatings are still in an early stage of the HCA layer formation. 

In addition, it can be seen how in the Blended coating, the deposits of apatite were formed 

on the top of glass particles, which are more reactive than HA areas. In the final period, the 

surface of all the coatings was fully covered by a continuous HCA layer.  

The tests results suggest that Reference, Agglomerates, and Bilayer coatings promote a fast 

HCA layer growth. 

 

Figure 6. SEM images of the samples without immersion and after soaking in HBSS for different times: after 3 

and 14 days 

The cross-section of the HCA layer formed after 14 days of immersion can be observed in 

Figure 7. It is possible to see that a continuous layer (light grey) is formed throughout all the 

surfaces of the coatings after this period. For the Reference, Agglomerates and Bilayer 

coatings, a thicker HCA layer was formed, with a thickness of 9.9 ± 2.1 µm, 9.7 ± 1.5 µm and 

8.8 ± 0.7 µm, respectively. The thickness of the HCA layer formed onto the surfaces of the 

Agglomerates TT and Blended coatings reached lower values, 6.7 ± 1.1 µm and 6.7 ± 1.7 

µm.  
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The results of the cross-sections are in agreement with the SEM images in Figure 5. The fast 

HCA layer growth for the Reference, Agglomerates, and Bilayer coatings is corroborated. 

Furthermore, in these cross-sections, it is also possible to appreciate a significant internal 

porosity in the Reference, Agglomerates, Agglomerates TT coatings, and the upper layer of 

the Bilayer coating, which is entirely made of glass. In contrast, the HA layer of the Bilayer 

coating and the Blended coating present a dense microstructure after deposition. 

As expected, the different strategies studied give rise to bioactive coatings due to the 

materials composing the coatings. However, a great difference has been noted in the kinetics 

of formation of the HCA layer among these coatings. 

Figure 7. Cross-section micrographs showing the HCA layer after 14 days of immersion in HBSS 

3.4. Degradation assessment  

The degradation rate and the ion release of bioactive materials are strongly linked to their 

osseointegration ability. Therefore, the degradation behaviour of the designed coatings was 

evaluated to a further understanding of their biological capabilities. 

The coatings degradation was characterized by the weight loss and ionic dissolution at 

different periods after immersion in physiological fluid and by the pH values recorded in the 

solution after the test. The percentages of samples weight loss are illustrated in Figure 8. 

Figure 8. Weight loss rate of coated samples after soaking in Tris-HCl solution for different time periods (4, 8, 16, 

24, 48, 72 and 120h) 
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For all the analysed coatings, an increase in weight loss was observed over time, with a rise 

in the shorter periods and a slight tendency to stabilize in the latter. Agglomerates coatings 

reveal the highest weight loss rate. The authors suggest that it can be explained by the large 

surface area of the coating exposed to the solution and the high surface porosity, as shown 

in Figure 6. In particular, the Agglomerates TT coatings show a great reduction in weight loss 

compared to the Agglomerates coatings that were not thermally treated. This result can be 

explained by the presence of the crystalline phase generated as a result of the heat treatment, 

giving rise to a more ordered and less reactive structure in the coating. This behaviour was 

observed previously in our study [15], where bioactive glass coatings, formed by non-

agglomerated powders, suffered less weight loss when they were thermally treated. 

Reference and Bilayer coatings exhibited an intermediate result. Similar behaviour was 

expected for these coating types since the top surface of both coatings had the same 

characteristics. In both cases, the surface was less rough and porous compared 

Agglomerates, which may explain the lower reactivity observed. Finally, Blended coatings 

had less reactivity, with a result very similar to the Agglomerates TT. In the case of Blended 

coatings, the lower weight loss can be explained by the presence of both HA and glass on 

the surface. In particular, HA regions are less reactive and cause less material release than 

a surface where only glass is exposed. 

 

Figure 9. Ion release after immersion in Tris-HCl solution at different time periods (4, 8, 16, 24, 48, 72 and 120h)  

To further corroborate these findings, the analysis of ion release over time contributed to a 

better understanding of the degradation process that different coatings undergo. The results 

of the concentration of ions released during the degradation study are shown in Figure 9.  

For all the examined coatings, the release of silicon, calcium and sodium ions increased with 

time, with the same trend that was observed in the weight loss analysis of the samples. 

However, differences were observed in the type of ions released on each occasion. The first 
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step in the dissolution of bioactive glass is realising modifying cations [29]. It was clearly 

observed in the case of Reference, Agglomerates and Bilayer, where more calcium and 

sodium ions than silicon ions were detected in the solutions. These coatings showed the 

same behaviour regarding the release of ions. A similar amount of calcium and sodium ions 

were released in the first periods. In the last periods, the sodium released was slightly higher 

than that of calcium. The release of network-forming elements was lower and particularly only 

silicon ions were detected in the solution, due to the high contribution of silicon oxide (45.0% 

by weight) in this glass composition. The amount of phosphorus detected was very low due 

to the few phosphorous pentoxide (6.0% by weight) in the 45S5 glass composition; these 

values were not represented in Figure 9. As expected, the change in the morphology of the 

feedstock powder did not affect the type of ions released. The performance of the thermal 

treatment in the Agglomerates TT coating resulted in a decrease in the number of ions 

released during the test. In addition, a change in trend was observed in terms of the elements 

released. Approximately three times more calcium ions than sodium ions were released for 

this specific coating, unlike the other coatings. This change was due to the crystalline phase 

Na6Ca3Si6O18 formed by the thermal treatment, where many of the sodium ions became part 

of this new phase. In this new structure, composed of an amorphous and a crystalline part, 

the release of ions occurs initially in the amorphous area, since these elements are loosely 

bound in the structure. Furthermore, the incorporation of HA in the Blended coating resulted 

in a minor release of elements, but with an initial tendency similar to that of the Reference, 

Agglomerates and Bilayer. In particular, more sodium than calcium ions were released, and 

the difference increased for longer periods suggesting that some of the calcium ions released 

may be reabsorbed by the HA of the surface. 

The results obtained by ICP analysis reflected different results for the different coatings 

studied. The amount of elements released was consistent with the weight loss measured, 

where Reference, Agglomerates and Blended Coatings suffered the greatest weight loss and 

ion release. 

After the period of 120h, the ions released from the coatings caused a variation in the pH of 

the solution, which was initially 7.4; these results are shown in Figure 10. 

The recorded pH values revealed an increase after the test caused by the release of ions. In 

particular, the release of sodium and calcium ions causes an increase in the pH of the 

solution, while the release of silicon tends to reduce it. The pH results were consistent with 

the trend observed for the weight loss and the ion release of the coatings. 
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Figure 10. pH value after immersion of samples into Tris-HCl solution for 120h 

The results of the degradation study corroborated the findings related to the ability of the 

coatings to form an apatite layer, which occurs faster for the more reactive coatings. Among 

the coatings evaluated in this part of the study, the ones with the strongest adhesion 

presented the slowest bioactive behaviour. Indeed, the characteristics that provide a greater 

bond strength are the same ones that cause a delay in the reactivity and consequently in the 

kinetic of HCA layer formation. Even so, all coatings can promote a bioactive response. 

Analysing mechanical and biological properties, the more interesting candidates for use in 

implants are Agglomerates TT, Bilayer SH and Blended. Considering the manufacture 

process, Agglomerated TT coatings require a longer process, having to adapt the morphology 

of the powder and performing a post-treatment after the deposition process. Thus, Bilayer SH 

and Blended coatings are easier to develop. Bilayer SH requires three steps in the plasma 

equipment, an initial stage of heating the substrate and the subsequent deposition of two 

different powders. The Blended coating is formed by manually mixing the raw material 

powders in the same weight ratio. 

4. Conclusions 

Bioactive glass coatings with enhanced mechanical properties were produced using APS. 

The bond strength study showed that by a change in the morphology of the original glass 

particles, an improvement in the bond with the substrate can be obtained. Furthermore, 

incorporating HA as a bond coat and as a blend with the feedstock powder helped achieve 

better-adhered coatings. Pre-heating of the substrate produced an increase in the bond 

strength of the pure glass coatings, around 30 to 45%, compared to the original type of 

coating. While applying a post-thermal treatment at 725°C caused a greater increase for pure 

glass coatings, between 100 to 125%, compared to the original ones. The analysis of the 

bond strength of the coatings after one day of immersion in physiological solution revealed a 

pronounced decrease in that property compared to the coatings without immersion. In 

general, the loss of adherence for the designed coatings is lower than the experimented for 
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HA. Regarding the requirements of bond strength for coating implants Agglomerates TT, 

Bilayer SH and Blended coatings presented the more interesting results for samples with and 

without immersion in physiological solution. 

The coating composition at the surface is a key aspect for the bioactive behavior of the 

coatings, as was demonstrated by the studies of the HCA layer formation and the degradation 

of the coatings. The formation of the HCA layer occurred at a higher rate for the Reference, 

Agglomerates and Bilayer coatings, while Agglomerates TT and Blended coatings showed 

slower kinetic reaction for HCA layer formation. After two weeks of immersion, a continuous 

HCA layer could be seen in all the coatings, with a greater thickness for the coatings in which 

it formed faster. The bioactivity results were also supported by the weight loss, the ion release 

and the pH values after the 120h immersion in physiologic solution. The microstructure 

characteristics that favour the good bonding of the coatings caused, at the same time less 

reactive coatings and, consequently, presented lower kinetics of HCA layer formation. This 

study verified that bioactive glass coatings with good adherence can be obtained, regardless 

of a certain reactivity. 

After analysing the set of results, the Blended coatings would be the most interesting 

candidate to provide an improvement in the osseointegration process of current implants. 
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 Biological response of different compositions of bioactive glasses 

There is no material matching the remodelling rates of natural bone. Hydroxyapatite, which 

is frequently used as a bioactive coating material for implants, has a low degree of resorption. 

In comparison, bioactive glass materials can be designed by tailoring their dissolution rate 

and degree of bioactivity. Depending on the oxides composing the glass and the proportions, 

each glass acquires a particular structure and, consequently, specific properties. In addition, 

the ions released as a result of dissolution can have other attractive effects on the application. 

Therefore, bioactive glasses have become an interesting alternative to be used as coating 

material. 

The following section aims to evaluate the biological response of various bioactive glass 

coatings and the extent to which the composition can modulate their physicochemical and 

biological properties. In vitro tests using osteoblasts were performed to validate the biological 

potential of each composition. In addition, the bioactive and degradable behaviour of the 

coatings were studied and their resistance to tensile strength.   
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1. Introduction 

Hydroxyapatite (HA) has been used as a bone substitute because of its close composition 

with the natural bone. The first use of this biomaterial was in the 1950s as a filler for repairing 

bone defects (Ref 1). A few decades later, specifically in the 1980s, HA was introduced in 

bioactive coatings to improve dental implants. Later, its next appearance was in the stems of 

hip prostheses (Ref 2,3). These first HA coatings were applied using atmospheric plasma 

spraying (APS) technique. Among the many techniques currently available for HA deposition, 

APS remains the method of choice for most medical manufacturers (Ref 4,5). 

Despite the great success of HA-coated titanium implants, their long-term stability continues 

to be a point of improvement on which many researchers are focused. Combining the 

mechanical properties of titanium with the bioactive capacity provided by ceramic coatings is 

a very interesting strategy. However, it is necessary to improve the stability of the coating. 

In this study, different bioactive glasses have been evaluated in order to improve the initial 

stability of the coating, which can be closely linked to the long-term stability of ceramic 

coatings and promote a suitable biological response to inert substrates. 

45S5 and S53P4 are two commercial compositions of bioactive glasses formed by the same 

oxides but in different proportions. In particular, S53P4 has more network-forming oxide 

content, so its structure is less disrupted than 45S5. The other bioactive glass used, the 62W, 

is a composition free of sodium oxide that includes magnesium oxide, a common element for 

the human body that can also stimulate the growth of bone tissue (Ref 6,7). In previous 

studies, the role of magnesium oxide in silicate-based bioactive glasses has been studied. 

Karakuzu-Ikizler et al. demonstrated that incorporating magnesium oxide (1% wt.) on the 

commercial 45S5 composition enhanced its bioactivity and biodegradability (Ref 8). Bellucci 

et al. studied the incorporation of magnesium oxide (10% mol.) in a CaO-rich silicate bioactive 

glass and confirmed its beneficial effect on bioactivity (Ref 9). 

The main objective of this study is to examine the effectiveness of the bioactive glasses 

deposited by APS on the Ti6Al4V substrate by evaluating their mechanical and biological 

properties. In addition, since the type and proportions of oxides present in each glass 

composition can affect the physical-chemical and biological properties, the role of the different 

glass components is also investigated. HA coatings were used as comparative material, as 

most commercial implants are HA-coated. 
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2. Materials and methods 

2.1. Powder and substrate 

Four different powders were used for producing the bioactive coatings. In particular, two 

bioactive glasses from the SiO2-CaO-Na2O-P2O5 system were selected: a commercial 45S5 

powder (Denfotex Research, United Kingdom) and an S53P4 powder manufactured at the 

Instituto de Cerámica y Vidrio (ICV) from a mixture of reagent grade: SiO2, (NH4)2HPO4, 

Na2CO3 and CaCO3. In addition, the bioactive glass powder 62W, in the SiO2-CaO-P2O5-MgO 

system was also selected. It was produced in collaboration with ICV by using the following 

reagents: SiO2, Ca3(PO4)2, MgO and CaCO3. The specific composition in molar percentage 

of the bioactive glasses can be seen in Table 1. 

Bioactive glass powders were produced by the traditional melt-quenching route. The different 

compositions were prepared from the mixture of the reagents mentioned above. Each mixture 

was melted using a platinum crucible at high temperature (1450 ºC for S53P4 and 1500 ºC 

for 62W) in an electric furnace for 2h, with a heating rate of 5 ºC/min. After that, the melt 

material was poured over cold water to prevent its crystallization and to get a glass frit. The 

fritted glass was milled using a tungsten-carbide vibrating cup mill to obtain the glass powder. 

The resulting powder was sieved using meshes of 63 and 100 µm with a vibratory sieve 

shaker (AS200, Retsch, Germany). The powders in the range between 63 and 100 µm were 

collected and used for producing the coatings. The amount of 0.7% wt. of aerosil was added 

to the final powder to improve its ability to flow and be sprayed. 

Furthermore, HA powder was used as comparative material, in particular, a commercial 

sintered HA powder Captal®30 (Plasma Biotal Limited, United Kingdom) with phase purity 

higher than 95% and crystallinity above 95%. 

Table 1. Theoretical composition of the bioactive glasses in molar percentage 

 
SiO2 CaO Na2O P2O5 MgO 

Network-

forming oxides 

45S5 46.1 26.9 24.4 2.6 - 48.7 

S53P4 53.9 21.8 22.7 1.7 - 55.6 

62W 41.0 50.0 - 4.6 4.2 45.6 

Ti6Al4V discs of 2 mm thick and 9 mm diameter (Tamec, Spain) were used as substrates for 

the in vitro tests. The samples used for the bond strength test (Ibermetal, Spain) had 25 mm 

and 5 mm in diameter and height, respectively. For the metallographic characterization of the 

coatings, rectangular substrates measuring 100 × 20 × 5 mm were used (Ibermetal, Spain). 
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2.2. Coating deposition 

The coatings were developed using APS equipment (Plasma-Technik A3000S, Sulzer Metco 

AG, Wohlen, Switzerland) with a F4 plasma torch. Argon was used as the primary carrier gas 

and hydrogen as the secondary gas for the plume formation. The powders were deposited 

onto substrates, previously grit-blasted (MAB-4, MAB industrial, Barcelona, Spain) with 

corundum G24 (grit size 800 µm) at 0.5 MPa. This process generated the proper surface 

roughness for a good adhesion (Ra = 4.4 ± 0.6 µm and Rz = 31.2 ± 3.8 µm). Before the 

spraying process, the substrates were cleaned with ethanol. 

The parameters used for coating deposition are detailed in Table 2. These conditions were 

selected after optimizing the coating formation for each powder by varying the spray distance, 

the current, and the gas flow rate of argon and hydrogen. 

Table 2. Plasma spraying parameters  

 HA 45S5 S53P4 62W 

Argon plasma gas flow rate (slpm) 50 35 35 30 

Hydrogen plasma gas flow rate (slpm) 1 12 12 15 

Spray distance (mm) 80 125 90 125 

Current (A) 500 600 600 650 

Spray cycles 5 5 5 5 

 

2.3. Powder and coating characterization 

To characterize the initial powders and the developed coatings, an analysis was performed 

using a scanning electron microscope (SEM), (Phenom ProX, Phenom-World BV, Eindhoven, 

The Netherlands) equipped with an energy-dispersive X-ray diffraction. Before the 

observation, the materials were coated with a gold layer to make them conductive using a 

sputtering coating system (E-5000, Polaron, Watford, England). 

A grinding and polishing process was done to analyse the cross-section of the coatings. First, 

samples were cold mounted in resin and then abraded with silicon carbide papers up to P4000 

(grit size 5 µm). Finally, these samples were polished using 1 µm diamond slurry. 

The bond strength of the coatings was determined using a mechanical test machine (ME-

402/10, Servosis, Madrid, Spain) following the ASTM C633-13 (Standard test method for 

adhesion or cohesion strength of thermal spray coatings). Three coated samples of each 

composition were glued using HTK ULTRA BOND 100® glue (HTK, Germany) to grit blasted 

counter-test pieces. Then, normal tensile stress was applied to the coating with the 

displacement rate set at 0.02 mm/s until a fracture occurred. In addition, to perform the test 
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on the developed coatings, we tested the coatings after one day of immersion in hank's 

balanced salt solution (HBSS) (Sigma-Aldrich, Germany) at 37οC. 

2.4. Bioactivity and degradation assessment 

ISO 23317 (Implants for Surgery - In Vitro Evaluation for Apatite-Forming Ability of Implant 

Materials) was followed to evaluate the ability of the coatings to form an HCA layer. Coated 

samples were vertically immersed in HBSS in a thermostatic bath with agitation at 37οC. To 

avoid ionic saturation of the medium the solution was refreshed twice a week. Three samples 

of each coating type were tested for different times: 0, 3, 7, 14 and 21 days. After each period, 

coated samples were rinsed with ultra-pure water and dried at room temperature for 24h. To 

assess the kinetic of the HCA layer formation, the surface of the samples was analysed by 

SEM for the different periods. In addition, to determine the thickness of the formed layer, it 

was analysed from cross-sectional images of the samples immersed 14 days. The 

crystallographic structure of as-sprayed coatings and samples immersed for 14 days in HBSS 

was analysed using X-ray diffraction (XRD) using a diffractometer (X’Pert PRO MPD, 

PANalytical, Cambridge, UK). 

To evaluate the glass dissolution of the different compositions studied a degradation test was 

performed following the ISO 10993-14 (Biological Evaluation of Medical Devices - Part 14: 

Identification and Quantification of Degradation Products from Ceramics). Samples were 

immersed at 37 ± 1οC for 120h in a Tris-HCl solution with pH adjusted to 7.4 ± 0.1. After the 

immersion time, samples were rinsed with ultra-pure water and dried overnight at 120οC. To 

determine the degradation behaviour, the weight of dried samples was measured before and 

after the test with a high precision scale (CPA225D, Sartorius, Goettingen, Germany). 

Moreover, the pH measurement of the solution at the end of the test was recorded using a 

universal pH meter (Hach, Spain). The detail of the material released in the solution was 

determined by measuring the change in the ion concentration (silicon, calcium, sodium, 

magnesium and phosphorus) using inductively coupled plasma optical emission spectrometry 

(ICP-OES) (Optima 8300, PerkinElmer, Waltham, USA). 

2.5. Cell culture studies 

Osteoblasts were seeded onto three developed coatings of each series in each experiment 

to study the ability of the different compositions to allow adhesion, growth and proliferation of 

the cells. The tests were done in triplicate with different human osteoblast lines (obtained 

from knee trabecular bone after prosthesis replacement (Ref 10)) in the passage from 3 to 6 

to ensure reliable results. Parc de Salut Mar Ethics Committee approved the study. In order 

to avoid the inter-experiment variability, results were normalized to the tissue culture plastic 

(TCP) at three days within each experiment, which was included as a control.  



 

135 
 

Before the cellular tests, samples were sterilized in ethanol 70% for three hours to avoid 

contamination during the test. Then a preconditioning step was done for 24h immersing all 

samples in Dulbecco’s modified eagle’s medium (DMEM) (Invitrogen, USA) supplemented 

with 10% fetal bovine serum. This step was required to avoid cell death caused by the rapid 

increase in the pH due to the release of ions from the glass (Ref 11,12). A cell suspension 

was prepared and seeded at a density of 6.5 × 103 cells/sample with supplemented DMEM 

onto the coated samples and TCPs placed in a 48-well polystyrene plate. The incubation was 

done at 37οC in a humidified atmosphere of 5% CO2, changing the media every 3 days.  

Cell proliferation was analysed using MTS assay (CellTiter 96® AQueous One Solution Cell 

Proliferation, Promega, USA). This colorimetric test quantifies viable cells based on reducing 

MTS tetrazolium by cells into a coloured formazan product soluble in cell culture medium. 

After each period (3, 7 and 14 days), the medium was removed, and samples were transferred 

to new wells. Then, the samples were incubated for 1h and 30 minutes in a solution containing 

50 µL of MTS reagent and 250 µL of the supplemented medium. Afterward, the absorbance 

was recorded at 490 nm through a well plate reader (Infinite 200, Tecan, Männedorf, 

Switzerland).  

The quantitative results from the MTS assay were analysed using one-way analysis of 

variance (ANOVA) followed by Tukey's post hoc test to determine differences among groups. 

Where p<0.05 was considered to be statistically significant.  

SEM was used to analyse the attachment and morphology of the cells after one week of 

incubation. Osteoblasts were seeded onto the coatings at the same density as for MTS assay. 

After the immersion time, the samples were washed twice with phosphate-buffered saline 

(PBS) buffer (pH 7.4) to remove non-bounded cells. The remaining cells were fixed with 2.5 

% glutaraldehyde in PBS for 3h. After that step, the samples were rinsed again with PBS. The 

dehydration of the cells was performed with ethanol baths of 15 minutes each, increasing its 

concentration in the following sequence: 50, 65, 70, 80, 90, 95, and 100%. Finally, the 

samples were dried using a critical point dryer (CPD) (K850, Emitech, Lewes, UK) and 

carbon-coated for the SEM observation using a high-vacuum carbon evaporator (K950X, 

Emitech, Lewes, UK). 

Cell response can be affected by surface roughness (Ref 13). So, to ensure that the 

differences in cell response correspond to the effect of composition and not to the roughness 

factor, we performed additional tests on smooth samples. The coatings were abraded until a 

surface roughness Ra < 5 µm was achieved to obtain surfaces with no relevant topographical 

features. 
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3. Results 

3.1. Powder and coating characterization 

 

Figure 3. SEM micrographs of the HA (A) and bioactive glasses: 45S5 (B), S53P4 (C) and 62W (D) powders 

The HA powder consists of micrometric spherical particles below 60 μm) composed of small 

particles forming aggregates (Figure 3A). In contrast, the three bioactive glass powders 

present the typical morphology of crushed powders, irregular and sharp particles (Figure 3B-

3C-3D). The size distribution of particles is similar for all the glass powders, and these are 

significantly larger and denser than HA particles. 

 

Figure 4. Cross-sectional SEM micrographs: (A) HA, (B) 45S5, (C) S53P4 and (D) 62W 
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Table 3. Roughness parameters of the as-sprayed coatings 

 HA 45S5 S53P4 62W 

Ra (µm) 5.4 ± 0.3 13.1 ± 1.4 13.4 ± 1.0 11.8 ± 1.1 

Rz (µm) 31.0 ± 2.3 63.2 ± 3.8 71.7 ± 6.0 57.9 ± 7.4 

 

The cross-sectional images of the as-sprayed coatings using different feedstock powders are 

shown in Figure 4. As can be seen, thick and well-adhered coatings were obtained for all the 

materials. Some cracks caused due to thermal stresses were also observed in the glass 

coatings. The microstructure of the coatings obtained spraying 45S5, and S53P4 revealed 

certain porosity, with the presence of larger pores for the 45S5. The porosity can occur due 

to the volatilization of sodium and phosphorus oxide at high temperatures. Some pores can 

form between particles that did not completely melt and consequently did not fully flatten, 

creating cavities between them during the build-up of the coating. As the 62W composition 

has no sodium in the composition, no porosity was observed for this coating. The roughness 

results obtained are given in Table 3, which shows an increase in values when glass powders 

were used instead of HA. 

3.2. Bond strength study 

In order to explore the quality of the deposited coatings, bond strength tests were carried out 

for the as-sprayed coatings and the coatings after one day of immersion in physiological 

solution, Figure 5 shows the results corresponding to each coating type. The study showed 

that HA-coated samples without immersion have larger bond strength, followed by 62W, 

S53P4 and 45S5, respectively. The high bond strength of 62W glass can be related to the 

absence of pores in its microstructure, which are responsible for cohesive failure. 

To favor the osseointegration process between the implant and the bone, it is important that 

the coating has good stability in the initial stage. The HA coating suffered the highest 

percentage of bond strength loss after one day of immersion (81%). Thus HA coatings do not 

adequately meet this characteristic. The 45S5 glass had the lowest adhesion value without 

immersion and it also had the lowest value after one day of immersion, which corresponded 

to 50% of adherence loss. Therefore, considering the mechanical properties, this coating 

does not meet the requirements. The most interesting results were shown by the S53P4 and 

62W coatings, for which the bond strength was reduced after the immersion test by 67% and 

40%, respectively. In particular, the 62W coating reached a value of 19.1 MPa after 

immersion, being a significantly higher value compared to the other coatings. 
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Figure 5. Bond strength of the different coatings developed before and after immersion in HBSS 

3.3. In vitro bioactivity study - Ability to form apatite 

 

Figure 6. SEM images of the samples surface after soaking in HBSS for different times: after 3, 7 and 14 days 

The ability of the coatings to promote the bonding with bone tissue was evaluated for all the 

coatings. The results of the test were displayed in Figure 6, Figure 7 and Figure 8, 

corresponding to the top surface of the samples, XRD patterns, and the cross-sectional 

images, respectively.  
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After three days of immersion in HBSS, the surface of the coated samples revealed that all 

the glass coatings were uniformly covered with apatite. However, the HA-coated samples 

only presented isolated apatite deposits after three days of immersion. At seven and twenty-

one days, all the coatings revealed the dome-like morphology of precipitated apatite over the 

entire surface, suggesting growth of the formed HCA layer. XRD patterns represented in 

Figure 7 revealed that the structure of the bioactive glass as-sprayed coatings is entirely 

amorphous. The rapid cooling that the glass undergoes after the fusion of the particles 

prevents the formation of crystalline phases as a consequence of the spraying process. After 

two weeks of immersion, peaks related to the hydroxyapatite layer (Ref. 00-024-0033) were 

detected for all the coating types corroborating the bioactive ability of the coatings studied.  

 

Figure 7. X-ray spectra acquired on the samples before and after immersion in HBSS for 14 days 

After three weeks of immersion, the cross-sectional images verified the formation of a 

continuous HCA layer throughout the surface of the coatings. It was also observed that a 

coating thickness reduction of the sprayed coatings due to the HCA layer formation and the 

dissolution occurred. The measured thickness for the HCA layer formed was thinner for HA 

coatings (see Table 4), and this coating type suffered a minor coating reduction than glass 

ones during the test. Thick HCA layers were observed on the surface of the 45S5, S53P4, 

and 62W coatings, which experienced greater than 60% coating reduction. Specifically, the 

62W composition had more pronounced results, with an HCA layer thickness of 15.8 µm and 

a severe thickness reduction from 105.3 µm to 37.1 µm, suggesting that elements in this glass 

can promote rapid osseointegration.  
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Figure 8. Cross-section micrographs showing the HCA layer after 21 days of immersion in HBSS 

Table 4. Thickness of the coatings before and after three weeks of immersion in HBSS  

 HA 45S5 S53P4 62W 

As-sprayed coating (µm) 81.1 ± 9.0 100.6 ± 11.8 99.9 ± 17.5 105.3 ± 17.9 

Residual coating (µm) 50.4 ± 6.0 39.7 ± 7.7 38.2 ± 6.4 37.1 ± 6.8 

HCA layer (µm) 7.3 ± 1.3 11.0 ± 2.6 12.3 ± 2.1  15.8 ± 3.2 

Coating reduction (%) 37.9 60.5 61.8 64.8 

3.4. Degradation study 

The degradation rate and the ion release of bioactive glasses are related to the network's 

structure and are tightly linked with the bioactive behaviour of the coatings. Therefore, it 

should be considered that the pH variation of the solution is caused by the ion exchange 

produced between protons from the solution and modifier cations from the glass. Water 

molecules can enter the structure more easily when the silicate network is disrupted (fewer 

network formers and, consequently, lower network connectivity). Therefore, the ion exchange 

occurs more quickly, causing a higher increase in pH. Consequently, the weight loss is related 

to the ions released from the coatings to the solution. 

In the degradation test, the coated samples were immersed for 120h in Tris-HCl solution. The 

percentage of weight loss of the samples at different periods and the pH values recorded at 

the end of the test are illustrated in Figures 9 and 10, respectively. 

All the glass compositions gradually increased weight loss over time, with a more pronounced 

rise in the initial stage. It was possible to observe a different degree of degradation among 

the compositions. In particular, 45S5 glass showed the highest dissolution of all glasses 

investigated here. For this composition, the rise in pH (Figure 10) and weight loss (Figure 9) 

was considerably higher than that of all other glasses, as 45S5 has fewer network-forming 

oxides and, therefore, a more disrupted structure. Otherwise, the S53P4 is composed of the 

same oxides as 45S5 but contains fewer modifier oxides and more network formers. 

As a consequence of its more connected structure, the dissolution rate was markedly lower, 

and less degradation was measured than in the 45S5 (Figure 9). Regarding the 62W 
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coatings, these showed a higher weight loss rate at the initial periods, indicating that this 

glass composition suffered a rapid release of ions when it is in contact with the physiological 

solution and tended to stabilize at more prolonged periods. At the end of the test, the 62W 

glass presented a higher weight loss rate than the S53P4 glass and lower than 45S5 glass. 

The 62W glass is characterized by having a similar content of network-forming oxides with 

respect 45S5 (see Table 1), but it does not contain alkaline oxides in the structure. Instead, 

it contains a higher amount of alkaline earth oxides (CaO and MgO). Since alkaline oxides 

favour solubility, it is consistent that 62W composition suffered less degradation than 45S5. 

Finally, the HA coatings experimented the slightest dissolution due to the low degradation 

rate of this biomaterial (Ref 14). As expected, the variation in the pH of the solution was 

minimal for this coating type. 

 

Figure 9. Weight loss rate of coated samples after soaking in Tris-HCl solution for different time periods 

 

 

Figure 10. Value of pH recorded after soaking the different coatings for 120h in Tris-HCl solution 

ICP analysis helped to clarify the ion release experimented by each biomaterial during the 

degradation test. The concentration of elements (silicon, phosphorus, calcium, sodium, and 

magnesium) present in the solution is represented in Figure 11.  
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For all the glass compositions, less network former elements (silicon and phosphorus) were 

detected than modifier elements (calcium, sodium, and magnesium) in the solution. This is 

because the detachment of elements from the structure is more difficult for the network 

formers, as these are covalently bonded. It also explains the relatively low amount of silicon 

release, despite the high content of this element in the glass compositions. 

Figure 11. Ion release into Tris-HCl solution after immersion of the developed coatings for 120h 

Regarding the HA samples, only calcium and phosphorus were found in the corresponding 

solutions, which remained practically constant throughout the test, as this biomaterial has low 

degree of solubility in physiological solution. 45S5 composition suffered high dissolution, 

especially related to the modifier ions. Even though the amount of calcium and sodium oxides 

in the composition was similar for this glass, a higher release of sodium was detected as 

these ions were weakly bonded to the structure. For the S53P4, the release of calcium and 

sodium presented a similar trend and has happened for the 45S5 composition, more amount 

of sodium than calcium was identified by ICP. The silicon measured after the test was similar 

for all the glass compositions. However, it can be noticed that less silicon was detached from 
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the S53P4 coatings, despite it is the composition with more silica in the network. This 

behaviour could be attributed to the higher network formers in this glass. Finally, the 62W 

coatings revealed a fast silicon release for the initial periods. This trend was also observed 

for the same composition in the weight loss rate observed for the first periods. The amount of 

calcium detected for 62W glass was remarkably high compared to the others since the 

calcium oxide content is higher for this composition as it is sodium-free. In the 62W solutions 

the presence of magnesium was also detected, as this is present on the composition at a low 

proportion (see Table 1). The role of magnesia in silicate glasses has not been entirely 

clarified and could be different depending on the proportion of this oxide in the composition. 

In some studies it has been seen to act as an intermediate oxide (Ref 15,16), while in others 

as a modifier oxide (Ref 17). In 62W composition, by the amount of magnesium detached 

from the structure during the degradation test, it seems that it could be acting as a modifier. 

3.5. Cell culture study 

The different compositions affect the cellular response of the coatings obtained by APS. The 

results obtained in the study of the formation of the HCA layer and the degradation test have 

already shown different behaviours for the studied materials. Osteoblasts were seeded on 

the different coatings and TCP as a positive control. Regarding the ability of osteoblasts to 

proliferate, MTS results at different periods are displayed in Figure 12.  

Figure 12. MTS activity analysis for human osteoblasts after incubation onto the different bioactive coatings 

developed at 3, 7 and 14 days. (n = 9; p-values < 0.01) 

*Significantly more cells in the indicated group compared to the other groups at the same time point. † Significantly 

fewer cells in the indicated group than in the other groups at the same time point. #Significantly fewer cells than 

62W at the same time point. 

At three days, no significant differences were observed between the bioactive coatings 

studied, so the initial adhesion of the osteoblasts was similar to the different coatings studied. 

After seven days, it was possible to see a significant increase in the cellular activity of the 
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glass coatings concerning HA. After fourteen days of testing, the 45S5 and 62W glasses 

could promote greater cell proliferation than the other bioactive coatings. Other studies have 

reported a stimulating effect in osteoblasts proliferation for compositions containing few 

amounts of magnesia (Ref 9,18). According to the MTS results, it can be concluded that the 

glass composition affects the growth and proliferation of osteoblasts.  

 

Figure 13. SEM observation of as-sprayed surface after 7 days of osteoblasts incubation: (A) HA, (B) 45S5, (C) 

S53P4 and (D) 62W 

The morphology of cells attached to the surface of bioactive coatings after seven days in 

HBSS are shown in Figure 13. For the different coatings, well-adhered and spread cells with 

long filopodia were observed, with the typical morphology. Moreover, since the coating 

roughness can affect the interaction of the osteoblasts with the surface, additional tests on 

smooth samples (Ra < 5 µm) were developed. Thus, it is possible to clarify if the differences 

in cell response correspond only to the effect of the composition. Cells incubated onto smooth 

bioactive coatings after seven days in HBSS are shown in Figure 14. From these images can 

be concluded that cell response is not affected by the roughness of our coatings. Well 

adhered and spread cells were observed on rough surfaces. In addition, regardless of the 

surface roughness, more cells can be noticed in the 62W coating in this period, suggesting 

that the cells show some preference for this glass composition, as seen in the MTS analysis. 
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Figure 14. SEM observation of the surface of smooth coatings after 7 days of osteoblasts incubation: (A) HA, 

(B) 45S5, (C) S53P4 and (D) 62W 

4. Conclusions 

In this work, we have produced bioactive glass coatings with enhanced mechanical and 

biological properties using APS. The effect of the different oxides forming the glasses was 

studied, by analysing the quality of the coatings in terms of microstructure, bond strength, 

and in vitro response, with results that show significant differences in the properties of the 

coatings because of the different compositions.  

The microstructure analysis revealed that 45S5 and S53P4 present certain porosity, while 

62W coating has a dense microstructure since it is a composition free of sodium. The absence 

of pores in this coating provides strong adhesion to the coating, with values as high as 31.9 

MPa as-sprayed coating and 19.1 MPa after one day of immersion in HBSS. In addition, 

S53P4 and 62W are the coatings that suffered less reduction in bond strength concerning as-

sprayed coatings after one day in a physiological fluid. 

The composition is a key aspect of the bioactive behaviour of the coatings, as was 

demonstrated by the studies of the HCA layer formation and the degradation of the coatings. 

In particular, the HCA layer formation occurs rapidly for the different glass coatings, while HA 

showed a slower kinetic reaction for HCA layer formation. After three weeks of immersion, a 

continuous HCA layer could be seen in all the coatings studied, with higher thickness for the 

62W composition (15.8 µm). In addition, the degradation rate of the different coatings was 

proven to be influenced by the glass composition, as demonstrated by the results of weight 

loss, the ion release, and the pH values after the 120h immersion in Tris-HCl solution. The 

62W coating suffered rapid release in the first stage of the test. 
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In vitro studies showed that human osteoblasts can adhere and proliferate on the evaluated 

compositions, with a stimulating effect on osteoblasts proliferation caused by the elements 

that form the coating. The growth and proliferation of osteoblasts are higher at fourteen days 

for the 45S5 and 62W coatings.  

The 62W glass, characterized by a sodium-free composition that includes magnesium oxide, 

provides a pore-free coating with good mechanical properties and can stimulate bone tissue 

growth, becoming an interesting candidate for bone repair applications. 
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 Production and characterization of bioactive glass/PEEK coatings 

As detailed in the literature review, different thermal spray technologies have been employed 

to produce bioactive glass coatings, with powder as feedstock material (APS and FS) and 

with suspensions (HVSFS, SPS and SPPS).  

However, no studies were found using cold spray, being a technique of particular interest due 

to the low gas temperatures involved in the coating manufacturing. Deposit coatings by CGS 

allow the powder characteristics of the raw material to be preserved and favour spraying on 

polymeric materials without degrading them.  

For the first time, we have obtained a coating of bioactive glass material deposited by CGS. 

It consists of a composite coating formed by a bioactive glass embedded in a PEEK matrix. 

PEEK was selected because it is largely used in hard tissue replacement, and the glass 

presence should improve the bioactive capacity of the coating and its mechanical resistance. 

The first publication of this section, “Development of Bioglass/PEEK Composite Coating by 

Cold Gas Spray for Orthopedic Implants” is focused on obtaining the composite coating and 

a study of its mechanical properties depending on the glass content. The second paper, 

“45S5/PEEK coatings by Cold Gas Spray with in vitro bioactivity, degradation and cellular 

proliferation” (still pendent of acceptance) is focused on the biological response of the 

composite coating; this addresses bioactivity test, degradation study and cell assessment 

with osteoblasts to verify the promoting effect of the presence of glass particles.  
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Abstract 

Cold gas spray (CGS) technology has allowed the development of biofunctional coatings 

composed of 45S5 and polyetheretherketone (PEEK). The combination of a bioactive glass 

material embedded in a polymeric matrix makes this composite an interesting material for 

orthopedic applications since this composite meets the biomechanical and biological 

requirements of an implant. In the present study, blends of bioactive glass 45S5 and PEEK 

powder with different granulometry and 45S5/PEEK ratio have been prepared. These 

mixtures of powders have been deposited onto PEEK substrates by CGS with the goal of 

incorporating a bioactive additive to the biocompatible polymer, which can improve the bone-

implant interaction of PEEK. The deposition efficiency (DE) of the coatings has been 

evaluated, and from the results obtained, it was possible to conclude that DE is significantly 

affected by the granulometry and by the 45S5/PEEK ratio of the blends. By scanning electron 

microscopy (SEM) inspection, it was observed that the use of blends with high 45S5/PEEK 

ratio lead to the deposition of coatings with high content of 45S5. Finally, the friction behavior 

of the coatings was analyzed performing ball-on-disk tests and these experiments showed 

that the presence of glass particles has a beneficial role in the wear resistance. 

 

Keywords: Bioactive glass; Biomaterials; Cold Spray; Mixtures; PEEK; Wear testing 
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1. Introduction 

The replacement of damaged bone tissue with an implant is currently used widely to manage 

numerous diseases, with the implementation of this strategy increasing every year (Ref 1,2). 

Its success is a consequence of the research performed over the years on new materials that 

meet the biomechanical and biological requirements of an artificial implant in order to reduce 

the number of rejections in patients (Ref 3,4). This field continues to evolve and some 

materials have already been consolidated for certain applications, such as stainless steel in 

temporary fixation devices and titanium in dental implants (Ref 5,6). Currently, the 

improvement of implants to extend their durability and increase their success rate after 

implantation focuses on three different aspects: (i) the use of composite material, (ii) doping 

of conventional materials and (iii) surface modification. It should be noted though that the 

development and search of new biomaterials that have better properties than current ones 

are not being fully neglected.  

Polyetheretherketone (PEEK) is a promising biomaterial for orthopedic applications. This 

biomaterial is a thermoplastic polymer in the polyaryletherketone (PAEK) family (Ref 7), which 

emerged in the late 1990s as an ideal candidate to replace metal implant components. PEEK 

is a biocompatible material that is chemically and physically stable and exhibits a similar 

elastic modulus to that of cortical bone, which makes it suitable for some orthopedic 

applications (Ref 8). However, PEEK is biologically inert and prevents good bonding when 

implanted in vivo. This drawback makes it fundamental to modify the biomaterial in order to 

improve its lack of bioactivity. For this purpose, surface modification (chemical treatment, 

physical treatment or surface coating) and composites with bioactive materials are the 

preferred strategies (Ref 9–18).  

Bioactive glasses, discovered in 1969 at the University of Florida, are a group of reactive 

materials that can bond to bone tissue (Ref 19). These glasses are degradable in the body 

and stimulate bone cells to produce new bone, therefore being suitable for applications 

involving direct contact with the bone (Ref 20–23). 45S5 was the first bioactive glass to be 

developed and has the following composition: 45.0 SiO2, 24.5 CaO, 24.5 Na2O and 6.0 P2O5 

(wt%). Due to its biological properties, this biomaterial is commercially available for specific 

clinical applications (Ref 23). However, their poor mechanical properties prevent these 

ceramic materials from being used in bulk and their application is restricted to the production 

of coatings, graft bone or scaffolds (Ref 20,24–29).  

Thus, a correct combination of PEEK and bioactive glasses may lead to the production of 

very promising PEEK composite biomaterials that combine the biocompatibility and bioactivity 

of both materials. 
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Cold gas spray (CGS) is a novel coating deposition technique that can be used at lower gas 

temperatures and high particle velocities (Ref 30,31) when compared to conventional thermal 

spray technologies. During the deposition process, the substrate does not reach significantly 

high temperatures, which is very important when developing coatings on polymeric surfaces. 

In this specific technique, the particles deform and adhere to the substrate or to other particles 

and the coating is formed in a solid-state method (Ref 32,33).  

There are a few studies on the development of bioactive glass coatings by different thermal 

spray techniques in the literature (Ref 34–37); however, there is no study on the use of CGS 

in the deposition of bioactive glasses. The glass transition temperature of bioactive glasses 

makes it difficult to produce glass coatings using this technique. Taking into account the 

adhesion mechanism of the coatings in the CGS process, the combination of a polymer 

(PEEK) and glass (45S5) can help to deposit this new composite functional material. Sanpo 

et al. demonstrated in 2009, the feasibility of deposit a ceramic material combined with PEEK 

polymer using CGS technology (Ref 38). In particular, they observed that the polymer formed 

a continuous matrix in which the silver ion-doped HA was embedded. 

Other studies have reported the manufacturing of PEEK/45S5 coatings on metallic substrates 

using the electrophoretic deposition technique (Ref 13,18). However, the development of 

PEEK/45S5 coatings on a PEEK substrate has not been studied to date. This blend of PEEK 

and 45S5 will be the first time that a bioactive glass has been deposited by the CGS 

technique. 

The aim of the present work was to develop functional materials by depositing a composite 

PEEK/45S5 coating on PEEK samples to improve their response when implanted in the body. 

During the present investigation, the development of the abovementioned coatings by the 

CGS technique was studied, analyzing in particular the effects of the glass content. A study 

of the wear behavior was also carried out. The overall objective was to create a coating that 

can maintain appropriate mechanical properties while ensuring bioactivity and a good bone 

cell response.  

2. Materials and Methods 

2.1. Powders and substrates 

To provide the bioactive capacity, a commercial 45S5 bioactive glass powder (Denfotex 

Research, United Kingdom) was selected, which was produced by the traditional melt-

quenching route. A commercial PEEK powder (Victrex, United Kingdom) was used as the 

polymeric matrix of the coating. The coatings were deposited onto flat PEEK substrates 

measuring 50 mm × 100 mm × 5 mm (Ensinger, Spain) for the deposition efficiency studies. 
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PEEK disks with a 25 mm diameter, cut from a PEEK bar (Vestakeep, Spain), were used to 

determine the wear behavior of the coatings and to evaluate the cross-section of the coatings.  

2.2. Powder characterization 

The morphology of the powders was determined using a scanning electron microscope (SEM) 

equipped with a backscattered electron detector (Phenom ProX, Phenom-World BV, 

Eindhoven, the Netherlands). Before the microscopy studies, all the samples were coated by 

a gold layer to make them conductive using a SEM coating unit (E-5000, Polaron, Watford, 

England).  

A laser diffraction particle size analyzer (LS 13320, Beckman Coulter, California, USA) was 

used to measure the granulometry of the powders. Commercial PEEK and 45S5 powders 

were sieved to obtain two powder fractions of each material using a 63 µm and a 40 µm mesh 

sieve (Retsch, Germany). In this way, it was possible to assess the effect of the granulometry 

on the deposition efficiency (DE) and the thickness of the coatings. Since powders of small 

particles on the micrometric scale (between 1 and 50 µm) (Ref 39) are recommended for the 

CGS technique, the ranges selected were those between 40 and 63 µm, called the “coarse 

range”, and those below 40 µm, called the “fine range”.  

The tapped density (ρt) of the different powders was measured using a graduated cylinder. 

The powder was tapped regularly to settle the powder inside the cylinder. The filling and 

tapping process was repeated until the volume of the powder remained fixed at 5 ml.  

2.3. Coating deposition 

For the coating deposition, the low-pressure cold gas spray (LPCGS) equipment (Dymet 423, 

Dycomet Europe, Akkrum, the Netherlands) was used with air as the propellant gas. The 

blends were deposited onto PEEK substrates previously grit blasted (Formula 1400, Guyson 

International, Skipton, England) with corundum G24 (grit size 800 µm) at a pressure of 0.5 

MPa. Afterwards, the substrates were cleaned with ethanol. The surface roughness after the 

grit blasting process was Ra = 4.9 ± 0.4 µm and Rz = 27.3 ± 2.8 µm. The spraying parameters 

are listed in Table 1. 

In this study, coatings with two different thickness were produced by varying the traverse gun 

speed. The thick coatings, which allow a better observation, were sprayed using low traverse 

gun speed (80 mm/s) and were used for characterize the materials deposition, microstructure 

and distribution of the elements. Using a high traverse gun speed (240 mm/s) thin coatings 

were obtained. These coatings, with a suitable thickness for the final application, were used 

to study the wear and hardness of the coatings. 

The LPCGS is a thermal spray technique that involves relatively low temperatures. The 

equipment used allowed us to work with gas temperatures ranging from room temperature to 
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500ºC. This enabled us to spray polymers without decomposing them. The glass transition 

temperature of PEEK starts at 143ºC, with melting achieved at 343ºC and the decomposition 

starting at 575ºC (Ref 40). Moreover, the amorphous structure of the bioactive glass is not 

affected at the studied temperatures (300-350ºC). The glass transition temperature of the 

45S5 bioactive glass starts at 550ºC and melting occurs at 1070ºC (Ref 41). 

Table 1. Cold gas spraying parameters 

 

 

 

 

 

 

The DE is the ratio in percentage of the mass of the material deposited on the specimen to 

the mass of the sprayed material. 

𝑫𝑬 (%) =
∆𝒎𝒔𝒑𝒆𝒄𝒊𝒎𝒆𝒏

∆𝒎𝒔𝒑𝒓𝒂𝒚𝒆𝒅 𝒎𝒂𝒕𝒆𝒓𝒊𝒂𝒍
 𝒙 𝟏𝟎𝟎 

As mentioned before, the granulometry of the powders can affect the DE and the thickness 

of the coatings. A preliminary study was conducted to choose the optimal size distribution of 

the powders to develop subsequent tests. Hence, three blends of fine and coarse powders 

were sprayed, with the amount of glass powder kept at 10% in volume in all the cases. These 

blends corresponded to: PEEK/45S5 (fine/fine), using the fine range of both powders; 

PEEK/45S5 (coarse/fine), using the coarse and fine range of PEEK and 45S5, respectively; 

and PEEK/45S5 (coarse/coarse), using the coarse range of both powders. In addition, PEEK 

powders corresponding to the fine and coarse range were also sprayed to determine the DE 

of the polymeric material with a different particle size distribution. 

After the preliminary study, the effect of glass content on the blends was evaluated using the 

selected granulometry of the powders. For this purpose, the blends of PEEK and the bioactive 

glass were prepared by manually mixing: 0, 10, 25, 35 and 50 volume percentages of 45S5. 

2.4. Coating characterization 

The thickness of the coating was measured from the cross-sectional images of each coating 

using an optical microscope (DMI 5000 M, Leica, Wetzlar, Germany). The calculation of the 

thickness involved measuring the width of the cross-section at eight points distributed along 

the length of each microsection and calculating the arithmetic mean of the measurements. 

For each coating, five cross-sectional images were taken at a magnification of 50x. 

Spraying parameters 

Pressure (bar) 5-6 

Gas temperature (ºC) 300-350 

Spray distance (mm) 10 

Layers 1 

Gun traverse speed (mm/s) 80-240 
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The cross-sections of the coatings were prepared by cold mounting resin and grinding them 

with silicon carbide abrasive papers up to P4000 (grit size 5 µm). Finally, the samples were 

polished with 1 µm diamond solution.  

To confirm the influence of the glass powder on the thickness of the samples, coatings with 

significantly different thicknesses were analyzed. Depending on the gun traverse speed used, 

different thicknesses were obtained. Thicknesses of approximately 900-700 µm were 

obtained at a traverse speed of 80 mm/s, whereas thicknesses of 300-200 µm were obtained 

when applying a traverse speed of 240 mm/s.  

To analyze the distribution of the elements of the blend in the cross-section, an elemental 

mapping was performed on the gold-covered cross-sections. The main element of the glass, 

silicon, was chosen to identify the presence of 45S5 in the coating. An SEM (JSM-5310, 

JEOL, Tokyo, Japan) equipment with energy-dispersive X-ray spectroscopy (EDS) was used 

for this analysis. 

The glass content within the coating was analyzed on large areas of the coatings sprayed 

with a lower gun traverse speed that allowed a better observation of the particle distribution.  

Image analysis of the micrographs was done to quantify the area percentage of glass material 

by means of ImageJ program. The area percentage was measured by an average of 5 images 

for each coating, taken at a magnification of 200x. It should be noted that the glass quantity 

on the coatings calculated correspond to an area percentage and cannot be compared with 

the volumetric percentages of the blends. 

2.5. Tribological behavior of the coatings 

A ball-on-disk test under dry conditions was developed to characterize the wear and friction 

behavior of the coatings. Four tests were performed for each coating, applying a load of 5 N 

at a constant velocity of 133 rpm for a total sliding distance of 1000 m. Alumina balls with a 

diameter of 9 mm were used and the track radius developed on the samples was 13 mm. The 

surfaces were prepared to obtain an Ra value under 0.8 µm to meet the specifications of the 

ASTMG99-95 (Ref 42). All the tests were performed at room temperature with a relative 

humidity of about 30%.  

After the tests, the wear track of each sample was analyzed at four different points employing 

a confocal microscope (PLu 2300, Sensofar, Barcelona, Spain) to calculate the volume of lost 

material due to wear. For this evaluation, the track cross-section area was multiplied by the 

track length to obtain the wear volume.  

In addition, the wear scars and the alumina balls were examined by SEM to analyze the 

effects of the wear mechanisms involved in the process. 
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Finally, hardness was measured on polished cross-sections, using a micro vickers hardness 

tester (MXT-01, Matsuzawa Seiki, Tokio, Japan). For each coating, ten indentations were 

done along the cross-section under a load of 50 gf. 

3. Results and Discussion 

3.1. Powder characterization 

The morphology of the powders can be seen in Figure 1. The 45S5 powder shows an irregular 

morphology with angular-shaped particles, as expected due to the route of fabrication. The 

free surface of the PEEK powder presents a spherical and porous morphology of the 

agglomerated powder, with agglomerated particles measuring between 5 and 40 µm.  

 

Figure 1. SEM micrographs of the free surface of bioactive glass (a) and PEEK (b) powders 

The characteristic values of the size distribution of the powders and their density are listed in 

Table 2.  

Table 2. Particle size distribution in volume and tapped density of the 45S5 and PEEK powders 

 Mean (µm) d10 (µm) d50 (µm) d90 (µm) ρt (g/cm3) 

PEEK - coarse range 48.6 19.8 49.4 73.2 0.48 

PEEK - fine range 22.5 10.2 21.2 37.6 0.42 

45S5 - coarse range 56.5 20.6 57.9 84.9 1.38 

45S5 - fine range 40.5 28.1 41.1 53.2 1.33 

The glass particles were larger than the PEEK ones, as can be seen when comparing the 

same sieved ranges. This difference can be explained by: firstly, the size of the particles of 

the initial powder, where the PEEK powder had a larger quantity of fine particles; secondly, 

the angular morphology of the glass powder that allowed the narrow and elongated particles 
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to pass through the sieve on their narrowest side; and finally, the higher density of the glass 

powders that facilitated the passage of the particles through the sieve. 

3.2. Coating deposition 

A preliminary study was carried out to determine the most suitable granulometry of the 

powders to produce the coatings. Taking into account the DE results of the PEEK powders 

(presented in Figure 2), a higher efficiency was obtained when the fine range was used, with 

an increase of almost 10% of the DE compared to that obtained with the coarse range. For 

the blended powders, a higher DE was achieved when the PEEK/45S5 (fine/fine) blend was 

used. These results are in agreement with those of other studies showing that smaller 

polymeric particles reach higher values of DE with the CGS technique, which might be 

associated with a greater impact velocity (Ref 43). Furthermore, the lowest DE value was 

obtained with the PEEK/45S5 (coarse/coarse) blend. 

 

Figure 2. Deposition efficiency of blends with 90 vol.% of PEEK and 10 vol.% of 45S5 in the feedstock and 

different granulometry 

Based on the results of this initial study, coatings were produced with the fine range of each 

material.  

The influence of the glass content on the DE was analyzed using the PEEK/45S5 (fine/fine) 

blend. The results are presented in Figure 3, which shows a clear tendency of the efficiencies 

decreasing with an increasing glass content in the feedstock. This effect can be attributed to 

the difficulty of depositing glass particles, which are brittle, with this technique. It has been 

widely demonstrated that in the CGS technique, plastic deformation of the particle that is 

impinging onto the substrate surface is required for particle adhesion. However, in this 

specific case (in polymers), thermal softening of the powder and proper substrate roughness 

play a major role in the adhesion to the substrate. 
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Figure 3. Deposition efficiency of mixtures PEEK/45S5 with different volume ratio in the feedstock 

 

Figure 4. Cross-sectional SEM images: (a) 45S5 10%, (b) 45S5 25%, (c) 45S5 35% and (d) 45S5 50% 

Considering the differences in the physical properties of the two feedstock materials, it can 

be assumed that it is easier for the polymers to reach deformation by thermal softening. Glass 

particles are more difficult to deform without melting and they impinge onto the substrate in a 

brittle state when sprayed. Glass particles are not deformed during the process and are 

embedded in a polymer matrix composed of the PEEK particles (Figure 4). In addition, it is 

assumed that in blends with a lower PEEK content, the glass particles find fewer areas to 

adhere to and the impact between the glass particles results in abrasive behavior. Therefore, 

the PEEK coating without glass showed the highest efficiency value of 61%, with the DE 

gradually decreasing with the increasing presence of glass. 
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3.3. Coating characterization 

The effect of the glass content on the thickness of the coatings was determined by visual 

inspection of the cross-sections of the coatings. This analysis was carried out on coatings 

obtained with different gun traverse speeds (80 mm/s and 240 mm/s). The results are 

displayed in Figure 5. 

 

Figure 5. Coating thickness of PEEK/45S5 blends sprayed at low and high traverse speed 

A slight increase in thickness was observed when the blend with 10 vol % of glass was used 

for both, the low and high speed, while the DE decreased slightly, as can be seen in Figure 

3 (low speed). This difference in tendency could be explained because the glass particles 

embedded into the coating are larger than the PEEK particles and did not deform during the 

spraying process. This could have caused the slight increase in the thickness of the coating 

produced with 10 vol % of glass. 

The blends with glass content starting from 35 vol % resulted in a gradual decrease in the 

thickness, showing the same tendency as the DE. In the coatings with more glass, it is 

expected that the glass particles find fewer areas rich in PEEK particles to help in their 

adhesion when they reach the surface, resulting in thinner coatings.  

In particular, the 25 vol% coatings, showed an intermediate result. The thickness of the 

coating sprayed at low traverse speed was higher than the PEEK 100% coating while the DE 

decreased. On the contrary, when this blend was sprayed at high traverse speed, the 

thickness of the coating decreased respect the pure PEEK coating, as well as the DE. This 

result could be explained because in the thicker coating, where more material is forming the 

coating, the effect of the size of the glass particles has a greater relevance. 
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The results corroborated that the presence of PEEK in the blend allows the deposition of the 

glass, which by itself cannot build up a coating. 

The thickness of the pure PEEK coatings was exactly three times lower when the speed was 

increased by up to three times (Figure 5). This indicated that PEEK particles can adhere to 

the substrate and to other particles with the same ease. On the contrary, in coatings 

containing glass, the thickness was reduced by more than 3 times when the speed was 

increased by up to three times. This may be due to the poor adhesion of the glass directly to 

the substrate. 

 

Figure 6. EDS maps showing the distribution of silicon (representing glass) in the cross section: (a) 45S5 10%, 

(b) 45S5 25%, (c) 45S5 35% and (d) 45S5 50% 

For the coatings to be bioactive, it is important that the glass particles are well distributed 

throughout the coating, especially at its surface. For this purpose, the glass content was 

analyzed on the coatings sprayed with a lower gun traverse speed that allowed a better 

observation of the particle distribution. However, to validate this analysis, it was verified 

(analyzing one of the coatings sprayed at 240mm/s) that the glass concentration in the 

coating is not affected by the gun traverse speed.  

A mapping of silicon, corresponding to the main element of the 45S5 glass, is shown in Figure 

6 and the results of area percentage, from the image analysis are displayed in Table 3. The 

low standard deviation verifies the homogeneity of the distribution of the glass particles 

throughout the coating. In addition, it has been seen that the polymer matrix allows the 

deposition of a large amount of glass in the coating, producing a coating with up to an area 

of 32% of glass when the blend with 50 vol % of glass was used. Moreover, as can be seen 
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in Figure 5, glass particles were also found on the surface of the coating, thus indicating its 

potential bioactive capacity. 

3.4. Wear friction study 

The mean value of the wear coefficient calculated in the last 200 m is shown in Table 3. 

Furthermore, the volume of lost material was determined by confocal microscopy. The test 

was carried out on the coatings obtained by spraying blends with different glass contents at 

240 mm/s, which provided sufficiently thick coatings for the test. 

Table 3. Properties of the coatings obtained using PEEK/45S5 (fine/fine) blends 

When analyzing the coatings without any glass content, some holes could be observed, which 

corresponded to PEEK particles that had been pulled out from the coating matrix (Figure 7A, 

B). Furthermore, clear ploughing was observed, where PEEK particles from the coating had 

been pushed and displaced to form ridges adjacent to the grooves found in the sliding track 

(Figure 7A).  

It is assumed that some of the PEEK particles that had detached during the test were 

deposited again onto the track, while others adhered to the alumina ball and some appeared 

as debris on the surface of the coatings after the test. 

A different mechanism was observed when glass particles were present in the coatings. 

There were several cracks on the glass particles (clear particles in Figure 7D, F, H, J). It 

seems that the detached glass fragments caused parallel grooves on the sliding track (Figure 

7D, F, H, J) before being re-encrusted onto the PEEK-rich areas of the track. This was 

assumed because no holes related to the PEEK particles were observed in the sliding track, 

while small glass particles were seen on the track that were smaller in size than the feedstock 

glass particles. 

 

 

 
Glass quantity on 

coating (area %) 

Coefficient of 

friction, µ 

Volume of lost 

material (mm3) 

Volume loss 

respect pure PEEK 

coating (%) 

PEEK 

100% 
- 0.51 ± 0.04 0.790 ± 0.236 - 

45S5 10% 6.9 ± 0.1 0.50 ± 0.02 0.181 ± 0.018 23 

45S5 25% 14.2 ± 0.2 0.40 ± 0.03 0.226 ± 0.080 29 

45S5 35% 27.9 ± 1.1 0.41 ± 0.02 0.200 ± 0.070 25 

45S5 50% 32.6 ± 1.9 0.37 ± 0.04 0.147 ± 0.033 19 
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Figure 7. SEM images of the wear track at low and high magnifications 
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From the results obtained, it is assumed that a path with a progressively higher glass content 

was generated during the test. It was noticed that glass particles prevented the detachment 

of the polymer particles, resulting in a significant decrease in wear that was reflected by a 

remarkable reduction in the volume of lost material and a decrease in the coefficient of friction.  

In the samples with a low glass content (10 vol % of 45S5), the volume of lost material was 

significantly reduced when compared to the coatings with no glass (from 0.790 mm3 to 0.181 

mm3). However, the coefficient of friction decreased only slightly (from 0.51 to 0.50). 

 

Figure 8. Alumina balls after the ball-on-disk test 

On the surfaces of these coatings, debris related to the PEEK particles appeared after the 

test and PEEK particles also adhered to the alumina balls, as can be seen in Figure 8. Both 

events occurred to a lesser degree in the coatings with glass. The amount of glass in the 

coatings with 10 vol % of 45S5 was not enough to provide a clear protection against wear. 

Finally, in the coatings containing 25 vol % or more of glass, no debris was observed on the 

surface after the test and fewer PEEK particles adhered to the alumina balls (Figure 8). The 

fragments of glass particles were re-encrusted onto the sliding track, producing a path with a 

high amount of glass that meant better resistance against wear and generating lower 

coefficient of friction values for these coatings, particularly those containing 50 vol % of 45S5. 

The hardness results obtained can be seen in Figure 9. Coatings containing glass show 

higher values of hardness when compared to pure PEEK coatings. The glass particles 
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provide less deformability to the composite coating, for this reason the hardness increases 

slightly with the presence of glass.  

The higher hardness of coatings containing glass causes the wear resistance increase and 

the reduction in the volume of lost material evaluated in the wear friction study. 

  

Figure 9. Vickers hardness values of PEEK/45S5 composite coatings 

4. Conclusions 

This study demonstrated that the LPCGS technology can easily produce 45S5/PEEK 

bioactive coatings with improved wear resistance. 

The use of PEEK in the blend material facilitated the deposition of bioactive glass particles 

by the CGS technique. In this way, a bioactive component could be incorporated into the 

coatings. Further studies should be conducted to validate the bioactivity of the developed 

composite coatings.  

The highest DE values were obtained when mixtures of fine particles were used. Decreases 

in the DE and the coating thickness were observed with an increasing glass content in the 

blend. This was probably due to the glass particles not being deformed during the process, 

but only being embedded into a polymer matrix composed of PEEK particles. In addition, the 

cross-sections revealed that the glass particles were homogeneously distributed throughout 

the coatings. 

The high degree of wear caused on the pure PEEK coatings can be explained by the plastic 

deformation of the PEEK particles. The presence of glass in the coatings increased wear 

resistance, as reflected by a decrease in the coefficient of friction and a reduction in the 

volume of lost material (more than 70% when compared to the pure PEEK coatings). In this 

case, glass particles prevented the polymeric particles from detaching. The coating containing 

50 vol % of 45S5 showed the highest wear resistance and hardness. 
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Abstract 

In this study, the biological response of cold sprayed coatings composed of bioactive glass 

45S5 and polyetheretherketone (PEEK) was evaluated. The functional coatings were 

produced by cold gas spray (CGS) technology a technique that allows the deposition of 

powders at significant low temperatures, avoiding heat damage to polymeric surfaces. By 

CGS, blends with different ratio of bioactive glass and PEEK powder have been deposited 

onto PEEK substrates in order to improve the bone-implant interface of this inert polymer.  

The ability of the coatings to form a hydroxy-carbonate apatite layer when immersed in a 

simulated body fluid solution was evaluated by observation with scanning electron 

microscopy (SEM) and X-ray diffraction (XRD). Results verify that bioactive glass particles in 

the composite coatings enhance their bioactivity. A degradation test was performed with Tris-

HCl solution. From the results obtained by inductively coupled plasma optical emission 

spectroscopy (ICP-OES) and the weight loss of the samples, it was noticed that the 

degradation of the coatings was directly related to the amount of glass in the coatings.  

Finally, the ability of bone-forming cells to adhere and proliferate on the coatings was 

evaluated. These experiments showed that the presence of glass particles produces an 

increase in cell proliferation in the long term.  

 

Keywords: bioactive glass, PEEK, bioactivity, CGS, cell proliferation, degradation behavior 
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1. Introduction  

Polyetheretherketone (PEEK) is a thermoplastic polymer with suitable mechanical properties 

for specific medical applications since this biomaterial is non-toxic and has an inert behavior 

when implanted in the body. PEEK products have reached the market with a good 

acceptance, mainly in spinal applications, and particularly for implantation of intervertebral 

body fusion devices (IBFDs) and vertebral body replacements (VBRs) [1]. The radiolucency 

and stiffness of PEEK, close to that of the cortical bone, has made this polymeric biomaterial 

very popular in the manufacture of these kind of devices, even replacing titanium alloys for 

this specific field. For instance, in 2005, a PEEK implant was used for the first time in 

cranioplasty, after a failed reconstruction of a large left orbito-fronto-temporal bony defect with 

a titanium mesh that had to be removed. A specific PEEK implant, that perfectly matched the 

dimensions of the bone defect was designed and manufactured, providing a solution with 

excellent results for the patient [2]. Nowadays, in cranial reconstruction application, the 

successful implantation rate of this material is over 90% with a complication rate around 15% 

[3].  

Nevertheless, the use of polymeric materials for biomedical application is not only restricted 

to PEEK components. Since the late 1960s, ultra-high molecular weight polyethylene 

(UHMWPE) has been used in knee joint implants due to its great wear resistance and high 

fracture toughness. However, improving implant longevity still remains as a goal to increase 

the life’s quality of patients. In this respect, current research suggests that PEEK could be an 

alternative, providing better creep resistance and fatigue limit than conventional UHMWPE 

implants [4–6] and the use of PEEK in this type of implant could be considered in the coming 

years. 

Despite of the advantages shown by this biomaterial, for some specific applications PEEK is 

not economically competitive when compared to traditional solutions and this is limiting the 

progress in the implantation of this solution as alternative to some metal-based solution. Thus, 

in the fixation of bone fractures, stainless steels, cobalt–chrome alloys and titanium alloys are 

still preferentially used not only because of their mechanical properties and resistance 

compared to polymers. 

A key aspect in the success of implants is the biological response of the material inserted, 

which is directly related to its bioactivity. In this sense, the main problem of PEEK as 

biomaterial is its hydrophobicity and the lack of bioactivity, absolutely necessary to reach a 

good bonding between the implant and bone tissue [7]. To the date, several research studies 

have been performed to enhance this feature of PEEK material; with most of the strategies 

focused either on the surface modification of the polymer (physical treatment, chemical 
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treatment or surface coating) or the preparation of a composite material with a bioactive 

element [8]. 

This second solution, that implies the combination of a bioactive material with PEEK, leads 

to the formation of a final component that provides adequate bioactivity to the final implant. 

Bioactive glasses exhibit a similar chemical composition to that of natural bone, which make 

them suitable for some biomedical applications. These biomaterials are highly reactive and 

degradable in body fluids. Depending on the glass composition, different dissolution rates are 

obtained, being more degradable those glasses with a more open network [9]. These glasses 

are able to bond to bone tissue by the formation of a biomimetic layer of hydroxy-carbonate 

apatite (HCA) in its surface. The presence of this HCA layer, with a composition similar to 

that of the bone, favors the good osteintegration of the implant to the bone matrix [10,11].  

However, when used as main material of an implant device, the drawbacks of these bioactive 

glasses are very clear and related to their mechanical brittleness and very low fracture 

toughness. For this reason their potential use is limited to non-load-bearing applications, such 

as coatings, graft bone or scaffolds [12–14]. 

A variety of processing techniques are available to deposit bioactive glasses onto materials 

with inert behavior. Enameling is a method that involves high temperatures to coat materials 

[15,16], and sol-gel process needs a post heat treatment [17,18]. To prepare the coatings by 

these methods, a high temperature is required and bioactive glasses have a tendency to 

crystallize, which can result in a reduction of bioactivity [19,20]. Moreover, electrophoretic 

deposition is a common method to deposit bioactive glass coatings [21–23], but for this 

technique the substrate must be conductive and cannot be applied for coat polymers. Among 

the thermal spray methods, atmospheric plasma spraying and solution precursor plasma 

spraying has been used for produce bioactive glass coatings [24,25]. However, these 

methods also involve high temperatures, which is a problem for coating polymeric surfaces. 

Cold gas spray (CGS) emerged in the 1980s as a new thermal spray technique, it was 

developed by A. Papyrin and coworkers [26]. CGS is a technique that offers the advantage 

of a fast coating deposition, low cost and high deposition efficiency. The deposition 

mechanism by CGS is based on supplying high kinetic energy to the coating feedstock 

particles. With this, deposition is achieved in two steps, a first step of particles adhesion to 

the substrate and the subsequent build-up of the deposit which involve the plastic deformation 

of the particles due to the transformation of their kinetic energy into localized thermal energy 

when they impinge onto the substrate surface [27]. The low processing temperatures 

necessary in CGS for this increase in the kinetic energy of the particles avoid the melting of 

the particles, as occurs in the conventional thermal spray techniques [28–30]. This feature 
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can favor the deposition of glass materials, without crystallizing them, and polymers without 

decomposing them.  

Considering the clear advantages that this thermal spray technique brings to the deposition 

of glass materials, without crystallizing them, and polymers without decomposing them. In the 

current work, we want to demonstrate the capabilities of CGS for the production of a 

composite biomaterial that combines the mechanical properties of PEEK and the biological 

properties of bioactive glasses, with the ultimate aim of finally generating a functionalized 

biomaterial with an improved tissue response compared to PEEK implants 

For this, PEEK/45S5 composite coatings were developed on PEEK substrates by CGS. This 

bioactive glass shows the following composition: 45.0 SiO2, 24.5 CaO, 24.5 Na2O and 6.0 

P2O5 (wt%). It was the first bioactive glass, discovered by Larry Hench and coworkers in the 

late 1960s [31] and although it has been used as composite material in combination with 

PEEK to produce coatings [32,33], these never have been previously deposited by LP-CGS. 

For the goal of demonstrating the functionality of the new solution, coatings with different 

amount of glass were studied (analyzing the coating build-up and the microstructure of the 

coatings) and the biological properties of the developed composite coatings were also 

evaluated, particularly, studying the ability to form an HCA layer, the degradation and the 

cellular proliferation of osteoblasts on the coatings.  

2. Material and methods 

2.1. Powder and substrate 

Two different powders were used for producing the composite coatings. A commercial PEEK 

powder (Victrex, United Kingdom) was chosen for this study and a commercial 45S5 bioactive 

glass powder (Denfotex Research, United Kingdom) produced by the traditional melt-

quenching route was used.  

The blends were prepared by manually mixing of the powders. The blend ratios selected for 

spraying are listed in Table 1.  

Table 1. Sprayed blends of PEEK and bioactive glass (v/v) 

 

Blend/coating code Volume of PEEK Volume of 45S5 

PEEK 100% 100% 0% 

45S5 10% 90% 10% 

45S5 25% 75% 25% 

45S5 35% 65% 35% 

45S5 50% 50% 50% 
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As the coatings were addressed to improve PEEK implants, the substrates used in all cases 

were of this material. To evaluate the cross-section of the coatings and the formation of an 

HCA layer PEEK disks with a 25 mm diameter, cut from a PEEK bar (Vestakeep, Spain), 

were used. PEEK specimens obtained from a PEEK sheet (Ensinger, Spain), with an area of 

8 mm × 8 mm and 5 mm thick, were used for degradation test and biological characterization. 

2.2. Powder and coating characterization  

A scanning electron microscope (SEM) (Phenom ProX, Phenom-World BV, Eindhoven, The 

Netherlands) was used to characterize the morphology of the feedstock powders. Before the 

observation, both materials were coated with a gold layer to make them conductive using a 

sputtering coating system (E-5000, Polaron, Watford, England).  

Both commercial powders were sieved using a 40 µm mesh sieve (Restch, Germany) and 

the fraction below this mesh was collected for producing the blends. The granulometry of the 

sieved powders was determined by a laser diffraction particle size analyzer (LS 13320, 

Beckman Coulter, California, USA). 

Coatings were deposited using a low-pressure cold gas spray (LP-CGS) equipment (Dymet 

423, Dycomet Europe, Akkrum, The Netherlands). The gun was equipped with a CK-20 

nozzle. Air was used as the propellant gas with a gas pressure of 0.6 MPa. In this technique, 

the gas temperature is not very high. Particularly, this equipment allowed us to work from 

room temperature to 500οC. The stand-off distance was 10 mm and all coatings were 

deposited by performing a single torch cycle.  

Prior to the blend’s deposition, PEEK substrates were grit blasted (Formula 1400, Guyson 

International, Skipton, England) with corundum G24 (grit size 800 µm) at a pressure of 0.5 

MPa and afterwards, ethanol cleaned. Generating the proper surface roughness is essential 

to favor the particles adhesion to the substrate. In this study, grit blasted PEEK roughness 

was Ra = 4.9 ± 0.4 µm and Rz = 27.3 ± 2.8 µm. 

In this study, coatings with two different thickness were produced by varying the traverse gun 

speed. For characterize the deposition and distribution of elements, thick coatings (around 

800 µm) were sprayed using low traverse gun speed (80 mm/s). These coatings allowed a 

well observation of the particle distribution. By the other hand, thinner coatings (around 250 

µm), were deposited increasing the traverse gun speed to 240 mm/s. These thinner coatings 

present a suitable thickness for the real application, to achieve a long-term stability of the 

implants and were used for the biological characterization. It its worth indicating that this 

decision was taken since its widely accepted that higher thickness can promote delamination 

and fragmentation before reach a good bonding with bone tissue [34,35]. 
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The microstructure and the distribution of the elements, in the cross-section and the top 

surface of the coatings, was observed by an SEM (JSM-5310, JEOL, Tokyo, Japan) 

equipment with energy-dispersive X-ray spectrometry (EDS). For the chemical analysis, an 

elemental mapping was done by EDS. The main element of this bioactive glass, silicon, was 

selected to identify the glass particles in the coating. 

To analyze the distribution of the glass particles, cross-sections were prepared by cold 

mounting resin, grinding them with silicon carbide abrasive papers up to P4000 (grit size 5 

µm) and polishing with 1 µm diamond slurry. Cross-sections and surface coatings were gold-

covered prior to the observation. 

In order to determine the thermal behavior of the studied powders and coatings, differential 

scanning calorimetry (DSC) (DSC1, Mettler Toledo, Schwerzenbach, Switzerland) 

measurements were carried under a nitrogen atmosphere, using aluminum crucibles. For the 

test, 3-5 mg of each powder were heated from 0οC to 450οC at 10οC/min rate. Then the 

powder was cooled to 0οC at -30οC/min and a second heating was applied to 450οC at 

10οC/min. DSC analysis was performed for PEEK and 45S5 feedstock powders, also for the 

different blends and for the obtained coatings.  

Image analysis of the EDS micrographs was done to quantify the area percentage of glass 

material either incorporated into the composite coating or exposed to the media on the coating 

surface. For each coating, an average of five images, taken at a magnification of 200x, was 

done to quantify the area percentage. This analysis was carried out on cross-sections and 

surface coatings using ImageJ program. The stages of image processing were as follows: 

first the acquisition of the image, second the selection of the channel of interest (blue channel 

corresponding to silicon), then the adjustment of the threshold level to eliminate noise and 

finally the identification and quantification of the area. An example of the process in the 

surface of a 45S5 10% coating can be seen in Figure 1. The authors know that the area 

percentage value measured and calculated by this method do not represent the actual 

content of 45S5 in the composite but an estimation of this value. However, because of the 

inertness of both material, image analysis may provide a correlation between feedstock blend 

and coating compositions, and as a result, with biological response of the composite. 

Figure 1. Stages of image processing 
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2.3. Bioactivity and degradation assessment 

To evaluate the ability of the coatings to form an HCA layer an in vitro test was performed 

following the ISO 23317 [36]. Samples were immersed, in vertical position, in hank's balanced 

salt solution (HBSS) (Sigma-Aldrich, Germany) in a thermostatic bath with agitation at 37οC. 

The solution was refreshed twice a week to avoid ionic saturation of the medium. The 

evaluation of the HCA formation was studied at different periods: 0, 3, 7, 14 and 21 days. 

Three samples of each coating type were immersed for each exposure time. After the 

immersion period, samples were rinsed with ultrapure water and dried 24h at room 

temperature. 

To evaluate the process of formation of the HCA layer at each period, the surface of the 

samples was observed using an SEM (JSM-5310). For this observation, all the specimens 

were gold-covered to allow them to be conductive.  

Furthermore, the formed layer was analyzed from the cross-sectional images of the samples 

immersed 7 and 21 days. For this examination, the cross-sections were prepared as 

described previously. After being dried in a desiccator for 48h, the samples were gold coated 

and examined by SEM (JSM-5310). 

To assess the crystallization of the formed layer of HCA, a crystallographic structure analysis 

of the samples immersed 14 days in HBSS was performed by means of X-ray diffraction 

(XRD) using a diffractometer (X’Pert PRO MPD, PANalytical, Cambridge, UK).  

A degradation study was performed to evaluate the glass dissolution of the different coatings. 

Following the specifications of the ISO 10993-14 [37], the samples were immersed in a 

buffered solution consisting of Tris-HCl with pH adjusted to 7.4 ± 0.1, at 37 ± 1οC for 120h. 

To determine the weight loss percentage due to degradation, the samples were weighted, 

before and after the test, with a high precision scale (CPA225D, Sartorius, Goettingen, 

Germany). After the time exposure, the samples were rinsed thrice with ultrapure water and 

dried overnight at 120οC before being weighted. At the end of the test, pH was recorded using 

a universal pH meter (Hach, Spain). The concentrations of silicon, calcium and sodium were 

measured by means of inductively coupled plasma optical emission spectrometry (ICP-OES) 

(Optima 8300, PerkinElmer, Waltham, USA). 

2.4. Cell culture studies 

Osteoblasts were seeded onto different coatings to study the ability of the samples to allow 

adhesion, growth and proliferation of this cellular type. The tests were repeated in triplicate 

with different human osteoblasts lines (obtained from knee trabecular bone after prosthesis 

replacement [38]) in passage from 3 to 6 to obtain reliable results. The study was approved 

by Parc de Salut Mar Ethics Committee. Three different biomaterials of each series were 
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evaluated in each experiment and controls of tissue culture plastic (TCP) were also included. 

In order to avoid the inter-experiment variability, results were normalized with respect to the 

TCP at 3 days within each experiment.  

Before the cellular tests, samples were sterilized in ethanol 70% for 3h to avoid contamination 

during the test. After the sterilization step, samples were immersed in Dulbecco’s modified 

eagle’s medium (DMEM) (Invitrogen, USA) supplemented with 10% fetal bovine serum for 

24h. This precondition step is necessary to avoid cell death caused by the increase in the pH 

due to rapid release of ions from the glass [39]. A cell suspension was prepared and seeded 

at a density of 6.5 × 103 cells/sample with supplemented DMEM onto the PEEK coated 

samples placed in a 48-well polystyrene plate. The incubation was done at 37οC in a 

humidified atmosphere of 5% CO2, changing the media every 3 days.  

After 3, 7 and 14 days of incubation, cell proliferation was analyzed using MTS assay 

(CellTiter 96® AQueous One Solution Cell Proliferation, Promega, USA). This colorimetric 

test allows quantification of viable cells, based on the reduction of MTS tetrazolium by cells 

into a colored formazan product soluble in cell culture medium. After each period, the medium 

was removed from the wells and the samples were transferred to new wells. Then, the 

samples were incubated with 50 µl of MTS reagent and 250 µl of supplemented medium for 

1 hour and a half. Afterwards, the absorbance was recorded at 490 nm by means of a well 

plate reader (Infinite 200, Tecan, Männedorf, Switzerland).  

The quantitative results from the MTS assay were analyzed using one-way analysis of 

variance (ANOVA) followed by Tukey's post hoc test to determine differences among groups. 

Where p<0.05 was considered to be statistically significant.  

SEM (Phenom ProX) was used to analyze attachment and morphology of the cells. 

Osteoblasts were seeded onto the coatings at the same density than for MTS assay. After 

24h of incubation, the samples were washed twice with phosphate buffered saline (PBS) 

buffer (pH 7.4) to remove non-bounded cells. The remaining cells were fixed with 2.5 % 

glutaraldehyde in PBS for 3h. After that step, the samples were rinsed twice with PBS. The 

dehydration of the cells was performed with ethanol baths of 15 minutes each one, increasing 

the ethanol concentration: 50, 65, 70, 80, 90, 95 and 100%, respectively. Finally, the samples 

were dried using critical point dryer (CPD) (K850, Emitech, Lewes, UK) and carbon-coated 

for the SEM observation using a high-vacuum carbon evaporator (K950X, Emitech, Lewes, 

UK). 
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3. Results and discussion 

3.1. Powder and coating characterization 

In CGS, the particle size of the powder has a significant influence on the coating achieved. 

Xu et al [40] studied cold spray deposition of thermoplastic coatings at different particle sizes 

and found that higher final velocities and a greater mass deposit were achieved for the smaller 

particles, which experienced a greater acceleration for the same air pressure. For this reason, 

commercial powders were sieved to work with an appropriate particle size, and then 

characterize to corroborate the correct processing of the feedstock materials.  

The SEM analysis performed on the powders allowed us to establish the difference in their 

morphology and size, as shown in Figure 2. Particularly, the 45S5 glass particles are dense 

and irregular, with presence of corners and sharp edges, common result for crushed particles 

after the melt-quenching process. In addition, it is here observed that the particles are quite 

similar in size to each other. On the contrary, PEEK powder is composed of small aggregated 

particles that form agglomerated particles more rounded and less compact than the glass 

ones. In general, it is appreciated by SEM inspection that the PEEK particles are smaller than 

glass ones, and also a greater variation in particle size. 

 

Figure 2. Particle size distribution in volume and SEM micrographs of the bioactive glass (A) and PEEK (B) 

powders 
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The particle size distribution of both powders measured by laser diffraction can be observed 

in Figure 2. For the glass particles, it exhibits a narrow distribution, achieved with the sieving 

process with the following characteristic values related to size distribution: d10 = 28.1 µm, d50 

= 41.1 µm, d90 = 53.2 µm. Even though both powders were 40 µm mesh sieve, glass particles 

above that size are detected which can be associated to the irregular morphology of the 

particles, that allows them to pass through the mesh by its thinner side during the sieving 

process. By contrast, the PEEK powder exhibits a slightly bimodal nature. The size 

distribution of PEEK powder is characterized by d10 = 10.2 µm, d50 = 21.2 µm, d90 = 37.6 µm. 

The values obtained with this technique are consistent with the observations by microscopy. 

Blends of the sieved 45S5 and PEEK powders with the compositions listed on Table 1 were 

sprayed by LPCGS using spraying parameters detailed in Table 2. The microstructure of the 

deposited coatings is shown in Figure 3. The observation of their cross section reveals that 

the deposit shows two clearly distinguishable regions. Thus, the PEEK particles are forming 

a dense and continuous matrix (dark gray region in Figure 3), suggesting that the PEEK 

particles reach a temperature above its glass transition temperature and therefore have been 

plastically deformed during the process or even have been able to melt. Otherwise the glass 

particles (light gray in Figure 3) are embedded in the polymeric matrix. The bioactive particles 

are perfectly surrounded and retained by the polymeric matrix and maintain their initial 

morphology, which indicates that glass particles have not been plastically deformed during 

the spraying process. In the coatings with a greater amount of glass, some porosity between 

particles can be observed. 

The analysis of the cross-sections corroborates the success in the production of a composite 

coating, which includes bioactive glass particles embedded in a polymeric matrix. 

Furthermore, the deposition of the coatings has been achieved without altering the 

composition of the bioactive particles by means of CGS. 

During the spraying process with LPCGS, the gas temperature was set at a maximum of 

350ºC. However, due to the speed at which the process occurs, we can consider that the 

sprayed blends were in contact with the hot flow of gas only for a very short period of time. 

Furthermore, both polymeric and ceramic materials are known as materials with low thermal 

conductivity. Under these conditions, it may be expected that the particles did not reach the 

temperature of the gas. However, in order to confirm that neither the particles nor the 

substrates reached very high temperatures during the composite coating production and then 

permitted us to deposit polymeric materials without decomposing them, the thermal behavior 

of the blends and coatings by DSC was evaluated. 

As it is well known, the glass transition temperature of PEEK starts at 143οC, the melting is 

achieved at 343οC and decomposition occurs at 575οC [41,42]. When the PEEK particles 
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impinge onto the substrate, particles should be between glass transition and melting 

temperature; in this range of temperature the thermoplastics can be deformed plastically. This 

can explain the dense polymeric matrix observed in the cross-sections, in which the 

separation between PEEK particles is not appreciated. 

By the other hand, the glass transition temperature of the 45S5 occurs at 550οC and melting 

is evidenced at 1070οC [43,44]. Consequently, to undergo plastic deformation the glass 

particles require higher temperatures than the reached during the process.  

Figure 3. Cross-sectional SEM micrographs: (A) and (B) 45S5 10%, (C) and (D) 45S5 25%, (E) and (F) 45S5 

35%, (G) and (H) 45S5 50% 
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For these test, parameters of the analysis were selected in order to simulate the processes 

that materials undergo during the cold spraying deposition. Thus, the materials were 

subjected to a first heating step that simulates the fast acceleration of the particles in a stream 

of preheated gas, followed by a rapid cooling corresponding to the cool down of the gas 

stream as it expands in the diverging section of the nozzle [45] and the rapid cool down that 

particles undergo once deposited onto the substrate. Finally, we carry out a second heating 

step to validate the thermal changes experienced by the particles in this heating-cooling down 

cycle. 

The DSC curves of the feedstock powders (bioactive glass and PEEK) are represented in 

Figure 4A-B. For each material the first heating step is represented by a solid line, and the 

second heating step is represented by a dashed line. During the first heating step, two 

endothermic peaks were detected below 200ºC for the 45S5 powder, which disappeared 

during the second heating and can be related to the desorption of water retained in the glass 

particles [44,46–48]. The heating curves associated to the PEEK powder revealed an 

endothermic peak at 344ºC corresponding to the melting temperature of the thermoplastic 

polymer, no more peaks were detected for this powder.  

For comparison purposes, in Figure 4C, D, E, F, G the curves of the first heating of both, the 

blends before spraying (solid line) and the coatings (discontinuous line) are shown. It is 

important noticed that the coatings have already experienced a thermal treatment during the 

spraying process, thus the discontinuous line provide information about the state of the 

material after the coating production. The curves of the blends revealed a first endothermic 

peak (90οC) corresponding to the release of water retained in the glass particles. As this 

endothermic peak belongs to the glass particles, it is possible to see this peak with greater 

intensity for the blends with more glass content, and it is not identified in the PEEK 100% 

ones. The curves related to the coatings do not present this endothermic peak, due to the 

elimination of the water during the spraying process. The exothermic peak at 344ºC that 

corresponds to the melting of PEEK is evidenced in all the heating curves. The intensity of 

the peak is higher for the blends and coatings with more polymer content. Furthermore, the 

peak intensity in the blends is lower than in its respective coatings; this can be explained by 

the greater difficulty of the glass to be deposited by this technique, most of the sprayed 

polymeric particles end up as part of the coating, while many of the glass particles fail to be 

retained.  

The results of the DSC analysis corroborate that no melting of the PEEK particles has 

occurred during the coating deposition. Therefore, the dense and continuous polymeric 

matrix, observed in the cross-section of the coatings (Figure 3), was obtained by the plastic 
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deformation of PEEK particles below its melting temperature, this data could not be affirmed 

only with the observation of the cross section. 

Figure 4. DSC curves of first and second heating: (A) 45S5 glass powder, (B) PEEK powder; and first heating of 

blends vs coatings: (C) PEEK 100%, (D) 45S5 10%, (E) 45S5 25%, (F) 45S5 35% and (G) 45S5 50% 

For a good bioactive response of the coating it is important that the glass particles are well 

distributed throughout the coating, and especially these must be present on the surface of 

the composite that, at the end, is the part of the component that will be in direct contact with 

body fluids. 

To validate the amount of glass particles retained in the coatings, an image analysis 

quantification was performed on the top surface and cross-sections of the different coatings, 

following the procedure described in section 2.2; (an example of the analysis can be seen in 

the Figure 1). By this method, it was possible to compare the amount of bioactive glass 

particles retained with the blend composition sprayed. Thus, the percentage of area 

corresponding to glass material in the coating cross section and top coating surface are 

represented versus the volumetric percentage of glass on the sprayed blends Figure 5. It 

should be noted that the values shown cannot be compared with the volumetric percentages 

of the blends. 

For both the cross sections and the surfaces, a gradual increase in the glass area can be 

observed related to the amount of glass in the sprayed blends up to a glass content of 25%. 

In addition, from 35% glass in the blend, the increase in glass retained in the cross-section 

and in the surface is less significant. For these coatings with the highest glass content, the 
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glass particles are rebounding when impinge onto other glass particles that are already part 

of the coating, having a lower ability to remain retained by the polymeric matrix but generating 

kind of erosion on the top of the coating. 

The results corroborate that the glass particles are present not only inside the coating as 

could be seen in Figure 3, but also on the surface. As a consequence of the presence of 

bioactive particles on the surface of the coatings, these composite materials could promote 

the bioactive response of PEEK coatings.    

 

Figure 5. Area percentage of bioactive glass quantified vs volume percentage of bioactive glass on the blend 

3.2. In vitro bioactivity study - Ability to form apatite 

The presence of glass in the coatings is expected to provide bioactive capacity to the samples 

since the ionic dissolution of glass stimulates the formation of the HCA, which promotes the 

osteointegration between bone and implant. 

The formation of the apatite layer follows a sequence of rapid reactions described by Hench: 

(i) ion exchange between glass and solution, (ii) formation of silanols at the glass solution 

interface, (iii) formation of a silica-gel layer by condensation and re-polymerization of silanols, 

(iv) formation of a CaO-P2O5 rich layer by incorporation of calcium and phosphate from 

solution and (v) crystallization of the amorphous CaO-P2O5 rich layer to form crystalline HCA 

layer [49,50]. 

Due to the great importance of this HCA layer in implant osteointegration, all the composite 

coatings were immersed in HBSS solution for twenty-one days, and the surface of the 
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coatings was periodically evaluated to analyze the progress achieved for a HCA layer 

formation onto their surfaces.  Three-dimensional surface SEM micrographs of the PEEK 

100% coating (Figure 6) after fourteen days of immersion in HBSS, revealed that PEEK 

coatings are not able to form a HCA layer as expected if we consider that this material is not 

bioactive. In this Figure, it can be observed the key role that 45S5 has as bioactive component 

of the coating even at low content; since all the coatings containing glass particles are able 

to form the HCA layer. The coatings with a glass content higher than 10% followed similar 

behavior regarding the formation of the HCA layer. In them, the incorporation of 45S5 glass 

in the composite coating promoted quicker development of the HCA layer compared to 45S5 

10% coating. For these coatings, it is possible to appreciate higher presence of small apatite 

spheres at three days and, in particular, the deposits of apatite have begun to be formed on 

the top of glass particles. On the contrary, in the 45S5 10% coatings small apatite spheres 

were clearly identified in the early stages of the experiment (at three days of immersion), 

which grown and formed aggregated deposits after seven days of immersion, until finally, fully 

cover the surface of the coating by a continuous HCA layer after two weeks of test. At twenty-

one days of exposure the HCA layers of all coatings with glass content continued growing. 

However, the micrographs corresponding to that period were not showed in Figure 6 due to 

the similarity with the previous period. 

 

Figure 6. SEM images of the samples surface after soaking in HBSS for different times: after 3, 7 and 14 days 

These images allow to validate the bioactive capacity of the coatings containing glass 

particles. The results may suggest that coatings obtained by cold spraying 45S5-PEEK 

blends with at least 25% of glass can promote a fast HCA layer growth which can lead to a 
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successful implant osteointegration. The coatings obtained with the 45S5 10% blend present 

also bioactivity but with a considerable decrease on the kinetic of HCA formation respect the 

other coatings containing glass. Whereas PEEK 100% coatings could not form an HCA layer 

after twenty-one days in the solution. 

The few amount of bioactive glass found on the top surface of the coatings (Figure 5) has 

been shown to be able to promote the formation of the HCA layer. However, the composite 

coatings needs 14 days of immersion to be fully covered by a layer of bone-like apatite, while 

in other studies with more presence of bioactive materials on the top surface the HCA layer 

covers completely the coatings in shorter periods: Ur Rehman et al [51] at 3 days, Garrido et 

al [24] at 6 day or Yu et al [52] at 7 days.  

 

Figure 7. X-ray spectra acquired on the samples after immersion in HBSS for 14 days 

X-Ray diffraction analysis was used for confirming the formation of HCA layers on the surface 

of the coatings immersed for 2 weeks in HBSS. XRD patterns of the rinsed and dried coatings 

after these 14 days are illustrated in Figure 7. The pattern of the pure PEEK coating revealed 

broad peaks corresponding to the crystalline phase of the PEEK polymer. The absence of 

peaks related to the formation of HCA layer corroborates the lack of bioactivity of the inert 

coating, according to the SEM images of Figure 6 where no change in the surface of these 

coatings can be detected. In the pattern of the 45S5 10% coating, the detected peaks are 

consistent with sodium calcium silicate (Na6Ca3Si6O18; code: 01–079-1089) and 

hydroxyapatite (Ca5(PO4)3(OH); code: 00–001-1008), related to the presence of bioactive 

glass particles and the HCA layer formation. Moreover, the peaks corresponding to the PEEK 

phases are observed with great intensity. Regarding the XRD profiles of the coatings with 
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more glass content (45S5 25%, 35% and 50%) some observations can be done. The peaks 

corresponding to the phases involved in the development of the HCA layer are similar for the 

different coatings. Besides, it is possible to appreciate the broad peaks associated to PEEK 

with a trend of less intensity as the amount of glass in the coating increases, due to the lower 

amount of PEEK in these coatings.  

These results suggest that the kinetic of formation and growth of the apatite layer in the 

coatings with at least 25% of glass in the sprayed blend is significantly higher than for the 

coating with less amount of glass.  

The cross-section of the HCA layer formed after 7 and 21 days of exposure can be observed 

in Figure 8. It seems that after one week a thin layer (light grey) has been formed on the 

different composite coatings. However, this HCA layer is not continuous along all the 

coatings, particularly in the 45S5 10% there are some parts without apatite deposition. These 

results are in agreement with the SEM images observation in Figure 6 at 7 days, where 45S5 

10% coatings showed a slower rate of apatite formation respect the other glass coatings. At 

3 weeks the HCA layer has grown for all the samples, becoming clearly continuous throughout 

all the surface coating and reaching a thickness between 2 and 4 µm. In addition, after 21 

days of exposure, the absence of glass particles (light grey) in the coatings could be 

observed. This corroborates the process described in the literature, in which the formation of 

the apatite layer is related to the degradation of bioactive glass. 

 

Figure 8. Cross-section micrographs showing the HCA layer after 7 and 21 days of immersion in HBSS 

3.3. Degradation study 

The degradation rate and the ion release of bioactive glasses can strongly affect the 

biocompatibility of the coatings. Furthermore, the capacity of bioactive glass particles to be 

replaced by bone is tightly linked to their dissolution. For this reason, a degradation study of 

the developed coatings can provide valuable data on their biological capabilities. 
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In the degradation test, the weight loss associated with the degradation of the glass retained 

on the coatings was studied. The coated samples were immersed for 120h in Tris-HCl 

solution. The percentages of weight loss of the samples and the pH values after the test are 

illustrated in Figure 9.  

The incorporation of bioactive glass in the coatings resulted in a remarkable increase in 

degradation, compared to the pure PEEK coating, which is non-degradable in physiological 

fluids. The increase in weight loss observed can be clearly connected with the area 

percentage of bioactive glass quantified on the surface of the coatings showed in Figure 5. 

Particularly, the two coatings with more glass content (45S5 35% and 50%) achieved same 

values of weight loss (1.00 and 0.99%), suggesting that the glass found in the surface was 

not significantly different in both cases. Furthermore, the ions release from the glass particles 

of the coatings cause an increase in the pH solution, proportional also with the amount of 

glass in contact with the solution.  

These results are consistent with the lower bioactive capacity of the 45S5 10% coatings to 

form an apatite layer as discussed previously in section 3.2. The dissolution products of the 

bioactive glass of the coatings are promoting the formation of the HCA layer, as evidenced in 

the cross sections after 21 days of immersion in HBSS, where the glass particles near the 

surface were completely dissolved (Figure 8). 

 

Figure 9. Weight loss rate of coated samples after soaking in Tris-HCl solution (bars) and pH value recorded after 

the test (×) 
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The chemical contents of the solutions after the degradation test were measured using ICP-

OES. The ions corresponding to the dissolution of the glass were detected, which are 

associated with the loss of weight of the coatings studied. The concentration of elements 

released (silicon, calcium and sodium) at 5 days are shown in Figure 10.  

According to Hench [53], the first step in bioactive glass dissolution is the release of alkali 

modifier cations (Na+ in 45S5). This is consistent with our results, where sodium ions are the 

most released, followed by the calcium ions. Both are the modifying elements of the network, 

consequently the most susceptible to be released. In addition, the release of network-forming 

elements (silicon and phosphorus) was lower and particularly only silicon ions were detected 

in the solution, due to the high contribution of silicon oxide (45.0 wt%) on this specific glass 

composition. Phosphorous was not detected due to the low content in the original glass (6.0% 

wt.). 

Figure 10. Ion release into Tris-HCl solution after immersion of samples for 120h. 

This ion exchange process caused by the glass particles results in an increase in the pH of 

the solution and the dissolution of the glass particles. The results from this analysis perfectly 

match the results of weight loss and pH values discussed previously and validate the 

discussed bioactive response of the coatings.  

By combining the results from the different techniques employed to study the bioactivity and 

degradation of the coatings, we could conclude that the presence of glass in the composite 

coatings is key to acquire bioactive behavior. Moreover, the bioactive capacity of the 45S5 

10% coatings is considerably lower than the other ones. While the coatings with 35 and 50% 

of glass on the blend provide comparable bioactive capacity, due to the similarity of the 

amount of glass retained in the sprayed coatings, particularly on the surface. 
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3.4. Cell culture study  

The integrity of the coatings obtained by LPCGS is related to the glass content in the blend. 

As the amount of glass increases, erosion begins to occur and the ability of the polymeric 

matrix to retain the glass particles decreases. In addition, the results obtained in the apatite 

layer formation and degradation tests are correlated with the amount of glass exposed on the 

surface, where no significant differences were obtained for the coatings with higher glass 

content. Therefore, cell assays were performed only on the following coatings: PEEK 100%, 

45S5 10%, 25% and 35%. The cells were seeded on the mentioned composite coatings and 

also on TCP as a positive control. 

Regarding the ability of osteoblasts to proliferate, MTS results at different periods are plotted 

in Figure 11. A similar cellular activity was observed between the different coatings studied 

for short periods, thus, at 3 and 7 days there were no significant differences between the 

coatings with different glass content. However, after 14 days, a slight increase in cellular 

activity was recorded for the coatings with higher glass content. According to this, it might be 

concluded that glass presence may be promoting osteoblast proliferation at long-term. Other 

studies have already reported that, in short-term periods, in which no differences were 

observed on cellular response between pure PEEK samples and composite PEEK/bioactive-

ceramic samples [54–56]. 

 

Figure 11. MTS activity analysis for human osteoblasts after incubation onto PEEK 100%, 45S5 10%, 45S5 25% 

and 45S5 35% at 3, 7 and 14 days. (n = 9; p-values < 0.01) 

*Significantly more cells in the indicated group compared to the other groups at the same time point. †Significantly 

fewer cells than 45S5 25% and 45S5 35% at the same time point. #Significantly fewer cells than 45S5 35% at the 

same time point.  
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Morphological aspect of cells onto the coating surfaces were observed by SEM; micrographs 

after 24 hours of culture are shown in Figure 12. The darkest particles correspond to PEEK, 

while the lighter ones are glass particles. In general, osteoblasts seeded onto the coatings 

with and without glass content showed the same morphology; the cells spread and adhered 

to the coatings with long filopodia, showing a common cell morphology for this type of cells. 

From these images can be concluded that cells can be adhered on the top of both materials 

that form the coatings (PEEK and 45S5). Despite of these, the images of the composite 

coatings (10%, 25% and 35% 45S5 coatings) may suggest that the cells show some 

preference to adhere to the glass particles, since all cells identified in these coatings are 

clearly attached to the exposed glass particles. However, since the PEEK area was notably 

majority in the coatings, a difference in that way could not be appreciated. 

 

Figure 12. SEM observation of osteoblasts after 24h incubation (x1500). (A) PEEK 100%, (B) 45S5 10%, (C) 

45S5 25% and (D) 45S5 35% 

4. Conclusions 

In this work we have produced 45S5/PEEK composite coatings with enhanced biological 

properties, by means of LPCGS. The ratio of glass in the sprayed blends was studied, by 

analyzing the quality of the coatings in terms of microstructure and in vitro response, with 

results that show an improvement in the properties of the coatings due to the presence of 

glass. However, interesting differences among coatings were observed.  

The produced coatings were composed of a dense and continuous polymeric matrix, where 

the glass particles were embedded without being altered during the deposition process. The 

analysis of the microstructure revealed that the capacity of the polymeric matrix to retain glass 
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was limited; since by increasing the amount of glass in the blends reaches a maximum of 

glass incorporation for a 35% of glass content. 

The amount of glass in the surface is a key aspect for the bioactive behavior of composite 

coatings as was demonstrated by the studies of the HCA layer formation and the coatings 

degradation. In particular, the formation of the HCA layer occurs at a similar rate for the 

coatings with 25, 35 and 50% of glass content in the blends, whilst coatings containing only 

10% of glass in the blend showed slower kinetic reaction for HCA layer formation. After three 

weeks of immersion, a continuous HCA layer could be seen in all the coatings containing 

glass, with a thickness between 2 and 4 µm. In addition, the degradation rate of the different 

composite coatings was proven to be mainly related to the glass content in its surface, with 

an increase proportional to the identified glass area and reaching a top at 35% of glass in the 

sprayed blend. The bioactivity results were also supported by the weight loss, the ion release 

and the pH values after the 120h immersion in Tris-HCl solution. 

Cellular in vitro studies showed that human osteoblasts were able to adhere and proliferate 

on the evaluated surfaces, with a slight increase of the proliferation at 14 days of incubation 

for the samples with higher glass content. After 24h of culture, osteoblasts were attached and 

completely spread onto the different materials forming the composite coatings. 
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 Development of bioactive glass powders for cold gas spray 

When brittle materials, such as bioactive glasses, are deposited by cold gas spray, the dense 

ceramic particles break into fragments that are adhered to the surface as a fragmented block. 

As brittle materials are not easily deformed, and the temperatures involved in the process are 

not enough to reach the thermal softening of the whole particles, the impact results in particle 

fracture. Thus, generating a coating with this material is challenging, and with dense particles, 

only a thin monolayer could be formed.  

A change in the viscosity behaviour of the material can be obtained by varying the oxides 

forming the glass. Thus, novel glass compositions can get the deposition of the brittle 

material. The following section details the design of silica-based and phosphate-based 

glasses with features adjusted to CGS requirements. In addition, the bioactive and 

degradable behaviour of the glasses developed was evaluated.
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1. Introduction 

The present study seeks to design glass formulations with lower viscosity, adjusted to the 

CGS working temperature so that a softening of the material can be achieved at the time of 

deposition to form a glass coating. Different glass compositions were produced and evaluated 

to achieve this behavior in the powder. 

One of the strategies consisted of incorporating CaF2 into the SiO2-CaO-Na2O-P2O5 system. 

In this way, we have a silicate-based bioactive glass to which we add CaF2 that acts as a 

fluidizing element (Ref 1–4). In previous studies (Ref 5) demonstrated that the addition of 

CaF2 keeps the bioactivity of the glass and also promotes osteoblast differentiation and bone 

mineralization. 

The addition of CaF2 was done by replacing mainly CaO and SiO2. This way, the elements 

which disrupt the network are kept. The glasses used are listed in Table 1.    

Table 1. Silica glass compositions with CaF2 in molar percentage 

Code System SiO2 CaO Na2O P2O5 CaF2 

CaF_17 SiO2-CaO-Na2O-P2O5-CaF2 31.37 21.31 24.36 5.21 17.76 

CaF_25 SiO2-CaO-Na2O-P2O5-CaF2 28.4 19.29 22.06 4.71 25.54 

CaF_25_Na SiO2-CaO-Na2O-P2O5-CaF2 28.4 11.75 29.6 4.71 25.54 

 

In addition to silica glasses, we can find phosphate-based glasses, which contain phosphorus 

oxide, as glass former, although its use is quite unusual. P2O5 forms glass based on the 

phosphate tetrahedron PO4, covalently bonded with other tetrahedrons forming the glassy 

network (Ref 6,7). The main problem with the structure of phosphate-based glasses is their 

solubility, which is caused by the phosphorus tetrahedron having a double bond with one of 

the oxygens, so oxygen cannot bond with other tetrahedra, which results in a very open 

network. In phosphate glasses, the oxide modifiers and stabilizers play an essential role in 

slowing down the dissolution rate of these glasses. In particles, alkaline earth metals such as 

CaO improve solubility. Furthermore, alkalis like Na2O make the network even more soluble. 

In this study phosphate-based glasses in two different binary systems (P2O5-CaO and P2O5-

Na2O) and in two different ternary systems (P2O5-Na2O-CaO and P2O5-Na2O-CaF2) were 

designed, the compositions are detailed in Table 2 and represented in Figure 1.   
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Figure 1. Ternary phosphate glass diagrams of P2O5-Na2O-CaO and P2O5-Na2O-CaF2 

Table 2. Phosphate-based glass compositions in molar percentage  

Code System CaO Na2O P2O5 CaF2 

CaP_44 P2O5-CaO 55.7 - 44.3 - 

CaP_61 P2O5-CaO 38.7 - 61.3 - 

CaP_80 P2O5-CaO 20 - 80 - 

NaP_40 P2O5-Na2O - 60 40 - 

NaP_50 P2O5-Na2O - 50 50 - 

NaP_60 P2O5-Na2O - 40 60 - 

NaPCa_17 P2O5-Na2O-CaO 44.3 38.2 17.5 - 

NaPCa_33 P2O5-Na2O-CaO 33.9 32.3 33.9 - 

NaPCa_39 P2O5-Na2O-CaO 16.5 44.5 39 - 

NaPCa_43 P2O5-Na2O-CaO 26.1 30.4 43.5 - 

NaPCa_49 P2O5-Na2O-CaO 18 32.5 49.5 - 

NaPCa_60 P2O5-Na2O-CaO 10 30 60 - 

NaPCa_70 P2O5-Na2O-CaO 10 20 70 - 

NaPCaF_40 P2O5-Na2O-CaF2 - 46.7 40.9 12.4 

NaPCaF_52 P2O5-Na2O-CaF2 - 34.3 52.2 13.5 

NaPCaF_60 P2O5-Na2O-CaF2 - 30 60 10 

NaPCaF_70 P2O5-Na2O-CaF2 - 20 70 10 

 

To evaluate the viability of the developed glasses to be sprayed by CGS, the different 

compositions were prepared and characterised in terms of dissolution behaviour, bioactivity 

and viscosity.  
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2. Materials and methods  

2.1. Glass preparation  

Glasses were prepared using the chemical reagents detailed in Table 3. The weighted 

batches were homogeneously mixed before melting in a platinum crucible at the temperature 

detailed in Table 3 by using an electric furnace. The heating rate was 5 ºC/min and the melting 

was done for 2 h. The melt material was poured on a brass plate and then milled in an agate 

mortar with a pestle to obtain the powder.  

Table 3. Reagents and melting temperature for each glass system.  

System Reagents T (ºC) 

SiO2-CaO-Na2O-P2O5-CaF2 Na2CO3 + (NH4)2·HPO4 + CaCO3 + SiO2+ CaF2 1430 

P2O5-CaO (NH4)2·HPO4 + CaCO3 1100 

P2O5-Na2O (NH4)2·HPO4 + Na2HPO4·2H2O 1100 

P2O5-Na2O-CaO 
CaHPO4 + NaH2PO4·H2O + CaCO3 or CaHPO4 

+NaH2PO4·H2O + Na2CO3 

1200 

P2O5-Na2O-CaF2 Na2HPO4·2H2O + (NH4)2·HPO4 + CaF2 1100 

 
2.2. Hot-stage microscopy  

The determination of the characteristic viscosity points using hot-stage microscopy was 

carried out with a heating microscope (Hesse Instruments) equipped with a camera Leica 

(EM201, Leica, Microsystems GmbH, Wetzlar, Germany) incorporating automatic image 

analysis. Fine powder samples were shaped by cold pressing to obtain samples with correct 

shape for analysis. The analysis was performed from room temperature till 1200oC with a 

heating rate of 10 oC /min. 

2.3. Chemical dissolution of glasses in deionized water  

Powders were sieved between 100 and 710 µm and placed in a desiccator 48h before the 

test. Then, 150 mg of each powder was placed in a mesh bag immersed in 4 mL of deionized 

water at 37oC for 24h. After the test, samples were rinsed with alcohol and dried in an electric 

oven for 24h. The dissolution rate was measured based on the weight difference of each 

glass before and after the test.  

2.4. Apatite forming ability of the glasses in physiological solution  

The in vitro ability of the glasses to form apatite was studied following the ISO 23317:2014 

using the simulated body fluid Hank's Balanced Salt Solution (HBSS) (Sigma-Aldrich, 

Germany). Glass samples were immersed in HBSS and exposed for 3 and 14 days at 37oC 

in a thermostatic bath with agitation. The solution was changed every 3 days to avoid ionic 

saturation of the medium. After the soaking time, the samples were characterised using SEM 
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coupled with EDS to analyse the chemical and physical changes related to the bone-like 

apatite formation. 

2.5. Coating deposition  

For the coating deposition, two CGS equipments were used: the low-pressure cold gas spray 

(LPCGS) equipment (Dymet 423, Dycomet Europe, Akkrum, the Netherlands) was used with 

air as the propellant gas and the high-pressure cold-spray (HPCGS) (PCS-100 (Plasma 

Giken, Saitama, Japan). The glases were deposited onto titanium alloy substrates previously 

grit-blasted (Formula 1400, Guyson International, Skipton, England) with corundum G24 (grit 

size 800 µm) at 0.5 MPa. Furthermore, splats were deposited onto polished titanium alloy 

substrates.  

3. Results and discussion 

3.1. Glass forming ability and viscosity 

We tried to synthesize 3 silicate-based glasses and 17 phosphate-based glasses. However, 

it did not succeed for some compositions, as the melt was highly prone to phase 

crystallization, resulting in white coloured samples. In Figure 2, the compositions of 

phosphate-based that present amorphous structures are marked in white circles, while the 

compositions that suffered devitrification are marked in grey, these results are also 

summarized in Table 3. In particular, the samples corresponding to the ternary system P2O5-

Na2O-CaO suffered greater vitrifiability on cooling. The silicate-based glasses presented an 

amorphous structure.  

Figure 2. Structure of the glass prepared of P2O5-Na2O-CaO and P2O5-Na2O-CaF2, in white glassy structure 

and in grey devitrification 

A heating microscope with an in-situ observation during the whole thermal process is a unique 

tool for understanding material's behaviour. In the present study, heating microscopy was 

employed to evaluate the viscosity points during thermal treatment of the different glass 

developed.  
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The changes in the shape of the samples can be related to thermal events, which can be 

correlated to viscosity points (Ref 8). According to the values found by Pascual et al. (Ref 9), 

the following points are considered softening point (η=106.3), half ball (η=104.1) and flow point 

(η=103.4). The heating microscope curves (sample cross-section area changes versus 

temperature) for different groups of glasses and the thermal events related to viscosity points 

are represented in Figures 3-7. 

According to the results obtained by this analysis, the glasses produced in the P2O5-Na2O 

system have a viscosity (softening point 339-452oC) more adequate for their use in CGS, as 

these glasses could be able to deform when the powder is heated at the operating 

temperatures of the equipment. The effect of incorporating CaF2 into the silicate-based 

glasses resulted in a low variation in the viscosity concerning the 45S5 glass, which is not 

enough for the CGS technique.  

 

Figure 3. Heating microscope curves of glasses on the silicate-bases glass with fluorite  

 

Figure 4. Micrographs of the characteristic points of viscosity and heating microscope curves of glasses on the 

system P2O5-CaO  
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Figure 5. Micrographs of the characteristic points of viscosity and heating microscope curves of glasses on the 

system P2O5-Na2O  

 
 

 

 

 

 

 

 

Figure 6. Micrographs of the characteristic points of viscosity and heating microscope curves of glasses on the 

system P2O5-Na2O-CaO 
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Figure 7. Micrographs of the characteristic points of viscosity and heating microscope curves of glasses on the 

system P2O5-Na2O-CaF2 

Table 3. Structure formed and dissolution of the phosphate glass compositions  

Code Structure Weight loss percentage 

CaP_44 Glassy 12 

CaP_61 Glassy 21 

CaP_80 Glassy 21 

NaP_40 Glassy 94 

NaP_50 Glassy 92 

NaP_60 Glassy 87 

NaPCa_17 Devitrification 4 

NaPCa_33 Devitrification 8 

NaPCa_39 Devitrification 2 

NaPCa_43 Glassy 43 

NaPCa_49 Devitrification 2 

NaPCa_60 Devitrification 8 

NaPCa_70 Devitrification 11 

NaPCaF_40 Glassy 68 

NaPCaF_52 Glassy 60 

NaPCaF_60 Glassy 74 

NaPCaF_70 Glassy 78 
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3.2. Dissolution behaviour of glasses in deionized water  

The dissolution of the phosphate-based glasses was analysed by the weight loss percentage 

of the samples after 24h of immersion and the results are detailed in Table 3. It is possible to 

appreciate a great dissolution for the compositions of the binary system P2O5-Na2O followed 

by the ones in the ternary system P2O5-Na2O-CaF2. By comparing the two binary systems, it 

is clearly seen that introducing CaO instead of Na2O provides a notable effect on the durability 

of the phosphate, as was reported in the literature (Ref 10). When CaF2 is replacing CaO in 

the ternary system, the degradation of the glass is severely affected. The less soluble 

samples among the phosphate-based glasses developed correspond to the ternary system 

P2O5-Na2O-CaO, which suffered devitrification. It should be noted that the glasses with higher 

dissolution correspond to the glasses with lower viscosity at the softening point. These results 

are consistent since the glasses with a network more disrupted can deform and flow more 

easily than the ones with a more interconnected network.    

3.3. Apatite forming ability of the glasses in physiological solution  

The ability of the phosphate-based glasses to form an apatite layer was assessed at 3 and 7 

days. However, the high dissolution rate of all the designed compositions did not allow the 

formation of the layer.  

3.4. Single particle and coating deposition  

In Figure 8, it is possible to see the free surface of the 45S5 bioactive glass powder at the left 

and the right, a single 45S5 glass particle deposited by cold gas technology. 

    

Figure 8. Free surface of 45S5 powder and single particle deposition of bioactive glass 45S5 by cold gas spray 

(gas pressure 1000ºC and pressure 45 bar) 
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When brittle materials, such as bioactive glasses, are deposited by cold gas spray, the dense 

ceramic particles break into fragments that are adhered to the surface as a fragmented block. 

As brittle materials cannot deform, and the temperatures involved in the process are not 

enough to reach the thermal softening of the whole particles, the impact results in particle 

fracture. Thus, generating a coating with this material is a challenge, and only a thin 

monolayer can be formed. However, with the change in the composition of the designed 

glasses, a drastic variation of viscosity has been achieved, as can be seen in the heating 

microscopy curves Figure 9. 

   

 

Figure 9. Comparison of heating microscope curves of a glass designed in the P2O5-Na2O system versus the 

45S5 glass 

The splats of NaP_50 glass deposited by LPCGS and HPCGS are represented in Figure 10 

and Figure 11, respectively. 

Figure 10. Single particle deposition of NaP_50 glass by low-pressure cold gas spray 
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For the splats deposited by low-pressure, three different gas temperatures were employed, 

and the particles deposited onto the polished substrates, in contrast with the 45S5, are 

deformed and well adhered. The deposited particles have not suffered fragmentation and no 

cracks are observed in them. Furthermore, it is possible to observe long fingers in some of 

the particles caused by the deformation arose.  

For the splats deposited by high-pressure, it is possible to see that particles are in a more 

fragile state since some cracks are appreciated in the adhered particles. Moreover, several 

cracks related to rebounded particles can be appreciated in the polished substrate.  

Figure 11. Single particle deposition of NaP_50 glass by high-pressure cold gas spray (gas temperature 1000ºC 

and pressure 45 bar)  

As explained before, the coating deposition was not achieved for 45S5 dense glass powders, 

neither for LPCGS nor HPCGS. However, with the NaP_50 glass a coating was achieved 

only by LPCGS, as shown in Figure 12.  

The coating adhesion was achieved when gas temperatures were 425ºC and 515ºC. Even 

the single particle deposition was also achieved at 330ºC, the coating was not reached at this 

gas temperature. The deposition was done onto grit-blasted substrates, and pre-heating of 

the substrate notably enhanced the deposition of the coating. The observation of the free 

surface showed no cracks and good cohesion among particles.   
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Figure 12. Substrates coated with NaP_50 glass by LPCGS at different conditions 

4. Conclusions 

In this study, different compositions have been formulated with lower viscosity at the working 

temperature of cold spraying. It has been found that phosphate-based compositions can 

achieve significantly lower viscosity than silicate-based ones. 

With glasses in the P2O5-Na2O system, it has been possible to deposit coatings using cold 

gas spray. The splats, deposited by high-pressure and low-pressure, revealed that the 

particles achieve greater deformation and do not fragment compared to 45S5. In particular, 

when low-pressure is used, the deformation of the particles is greater since the impact speed 

and energy is more favourable for brittle materials that need time to heat up and that suffer 

from difficult deformation if arrive in a rigid state to the substrate. Furthermore, pre-heating 

the substrate favoured the coating deposition of the glass in the P2O5-Na2O system.  

Glasses have been deposited by cold spraying, however these glasses cannot be used to 

coat implants, since their dissolution is high, and are not capable to promote bioactivity.  
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5. Chapter: Global discussion of the results 

After presenting the results obtained, a global discussion of the most relevant results is carried 

out. The current thesis studied surface modifications by incorporating bioactive glass coatings 

using thermal spray. In Figure 5.1, the different thermal spray techniques according to the 

literature used to deposit bioactive glass coatings are represented and highlighted the ones 

used in this work. 

 

Figure 5.1 Thermal spray techniques used for developing bioactive glass coatings 

Part of the study has focused on understanding and developing improved bioactive glass 

coatings by APS since most manufacturers use this technology to produce HA-coated 

implants.  

Strategies to improve the adhesion of bioactive glass coatings 

With the application of the post-thermal treatment, an improvement in the adherence of the 

bioactive glass coatings is achieved. By heating the glass above its glass transition 

temperature, it results in a more fluid state that facilitates the reorganization of the atoms that 

form it, allowing greater cohesion between the particles that make up the coating and 

relaxation of the tensions present in the coating. Also, at the temperature at which the 

treatment is performed, the crystallization of the sodium-calcium silicate crystalline phase 

occurs, providing stronger bonds in the structure that favor greater coating adherence. 

The modification of the morphology of the feedstock powder also causes an improvement in 

coating adhesion. During the spraying process, the heating of the agglomerated particles is 

more effective than in the dense glass particles. As the agglomerates are composed of 

smaller particles, these melt quickly. In addition, the structure of the agglomerates is porous 

and has a great specific surface. This set of characteristics allows faster heating of the 

agglomerated particles, especially when dealing with a material with low thermal conductivity 

and a short heating period during the deposition process. So when the agglomerated particles 

Bioactive glass coatings

Powder

Atmospheric Plasma Spraying (APS)

Flame spraying (FS)

Cold gas sprayings (CGS)

Suspension

High Velocity Suspension Flame Spraying 
(HVSFS)

Suspension Plasma Spraying (SPS) 

Solution Precursor Plasma Spraying (SPPS)
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reach the surface of the substrate, they arrive in a more fluid state that allows better 

interaction with it, causing an increase in the bond strength. 

The contribution of a complementary powder (HA) with a CTE closer to the substrate favors 

the coating adherence with the substrate. Incorporating HA in the coatings as an anchor layer 

between the glass and the substrate and mixing it with the glass before spraying improved 

notably adhesion. The minor mismatch of the CTE between the coating layers and the 

substrate reduces the residual stress formed by the rapid cooling to room temperature after 

deposition. HA has the role of mitigating residual stresses in the coatings. 

Heating the substrate prior to deposition of the glass material causes an improvement in the 

adhesion of the coatings. This improvement is due to a reduction in the temperature difference 

between the substrate and the deposited material, leading to a less drastic cooling to room 

temperature and, therefore, less residual thermal stress is generated. 

The oxides that form the bioactive glasses also affect the adherence of the coatings since the 

microstructure obtained is marked by each component. In particular, with the free sodium 

composition (62W), no porosity was observed in the cross-sections of these coatings since 

the volatilization of sodium and phosphorus mainly causes it during spraying. Furthermore, 

the absence of porosity resulted in a high adhesion value in the as-sprayed coating and after 

one day of immersion in the physiological solution.  

Several factors can affect, to different degrees, the bond strength of bioactive glass coatings, 

such as the morphology of the powders, the oxides that form the glass, the combination with 

other materials, and the application of heat treatments. In addition, in some cases, the 

combination of various strategies results in a more significant increase, as has been seen, 

for example, with the application of heat treatment to a coating produced with agglomerated 

glass. 

Effect of glass composition on the microstructure and biological properties of the coating 

The role of the elements forming the glass structure influences the properties of the coatings. 

For example, when comparing two glasses with the same oxides in different proportions 

(45S5 and S53P4), it could be appreciated that for a network structure less disrupted (with 

more networking formers), the release of ions occurs at a slower rate. Consequently, it has 

slower kinetics in forming the hydroxyl carbonate apatite layer since this is initiated in 

bioactive glasses by the ion exchange that occurs when it is in contact with the physiological 

fluid. Amorphous coatings have a more reactive response in physiological solutions than 

coatings containing crystalline phases since these phases include stronger bonds that results 

in more connected networks. Also, the presence of crystalline phases affects the ions 

released.  
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When less sodium and phosphorus oxides are present in a glass composition, less porosity 

is appreciated in the cross-sections of the coatings. These fewer defective microstructures 

give rise to enhanced mechanical properties, as occurs for 62W and S53P4 compositions 

compared to 45S5.  

The elements present in the composition of bioactive glasses affect the biological response 

of the coatings. In particular, the free-sodium composition containing magnesium oxide 

showed a notable improvement in the proliferation of human bone cells, respect the other 

compositions tested. Magnesium is an essential cation that plays a crucial role in many 

physiological functions. The presence of magnesium in a system has been shown to 

accelerate the generation of new bone, but the mechanisms by which the magnesium ion 

stimulates cellular activity remain uncertain. 

In addition, the phosphate-based glasses studied have very high solubility since high-

phosphorus glasses have a highly distorted structure with weak bonds. Therefore, its 

bioactive capacity is compromised since its permanence in contact with the substrate is short 

in time. 

Some properties of the coatings that are closely linked to the osseointegration process are 

affected by the glass composition, such as the capacity and kinetic of the apatite layer 

formation, the dissolution behaviour, or the stimulation and growth of bone tissue. 

 

Another part of the study has focused on obtaining glass coatings using CGS, as it is an 

economical and fast method that at the same time maintains the chemical characteristics of 

the feedstock material. However, the brittleness of the glasses and the low temperatures 

involved during the process make it a challenge. When dense and brittle particles are 

deposited by cold spray, they rebound on the substrate, and a coating is not achieved.  

Strategies based on polymeric composite coatings  

By spraying a mixture of polymer with glass powder, the polymer facilitated the deposition of 

the glass, and the deposition of 45S5 glass particles was possible using CGS by a composite 

of PEEK and 45S5.  

The polymer particles are above their glass transition temperature during spraying, which 

means they can be plastically deformed without breaking. So in this state, the polymer forms 

a dense and continuous matrix, where the glass particles are embedded. The glass particles 

maintain their initial characteristics since, at the process temperature, they do not experience 

any change. In the coatings, the distribution of particles is homogeneous, and even glass 

particles are found on the surface where the polymer does not completely surround them. 

This is because the polymer undergoes the necessary deformation to adapt to the 
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morphology of the glass particles, thus retaining the particles that are sufficiently embedded 

so as not to detach. 

The ability of the composite to retain glass particles is limited to about one-third of the glass 

volume in the sprayed mixture. The presence of glass in the mixture negatively affects the 

deposition efficiency. When glass particles impact other glass particles, they cause erosion. 

So, the sprayed glass must find polymeric zones when it reaches the surface, which, if it is 

polymeric, deform locally and manage to retain the glass particles. 

Some aspects such as the particle size of the feedstock powder influence the deposition 

efficiency, being more efficient when spraying smaller particles since they experience the 

heating and deformation necessary to adapt to the glass particles quickly. 

As the glass particles are dense and hard, their presence in the coatings improves their 

mechanical properties, both in hardness and wear resistance. The incorporation of glass 

improves the biological response of the coatings, but since the glass is found in small 

quantities on the surface, it does not represent a notable improvement. 

Effect of the glass composition on the viscosity behaviour of the material 

The softening temperature of the glass is reduced by the incorporation of CaF2 instead of 

CaO in silicate-based glasses, which are very stable and require high temperatures for 

processability. Adding some elements to the composition can disrupt the network and thus 

diminish the required temperatures being processed. Phosphate-based glasses become 

more processable at lower temperatures due to the less interconnected network. However, 

this remarkably open network also makes them suffer intense degradation, compromising 

their durability as coating material.  

The properties of the glass result from the present elements and the way they are linked to 

form the structure. The elements with a smaller atomic radius generate denser structures with 

stronger bonds due to their proximity to the nucleus. Alkaline earth elements are denser than 

alkaline ones since they have a smaller atomic radius. Thus, replacing alkaline earth oxides 

with alkaline oxides allows for a less interconnected and less durable network, as observed 

in the binary systems studied (CaO-P2O5 and Na2O-P2O5). 

Figure 5.2 shows the deposition mechanism suffered by silicate-based glasses (45S5) 

compared to the newly developed composition (NaP_50 in the Na2O-P2O5 system). The 

viscosity behaviour of the new composition is most proper for CGS and the particles are 

heated above their glass transition temperature, allowing their deformation and, 

consequently, their deposition.  
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Figure 5.2 Splats particles of 45S5 (left) and NaP_50 (right) deposited by LPCGS 

Among the different strategies explored to enable the deposition of brittle particles, a coating 

wholly made of glass was achieved using CGS by modifying the viscosity behaviour of the 

feedstock glasses. However, the durability of the coating is not adequate for being used in 

implants. 

 

Alternatives for the deposition of bioactive glass particles by cold gas spray 

This thesis has evaluated different methods for the deposition of bioactive glasses by cold 

spray technology. First, it has been observed that these glasses can be deposited in mixtures, 

remaining embedded in a polymeric matrix and keeping their properties intact. However, with 

this strategy, the amount of glass deposited in the composite is limited. Second, the 

modification of the composition has been evaluated to alter the properties of the glass so that 

by making it more susceptible to the working temperatures of cold spray, it is possible to 

deposit coatings entirely of glass. However, for the glasses to have the properties that make 

them suitable for the technique, the bioactive capacity of the glasses is compromised, in this 

case being compositions with high solubility. Despite it, this strategy has allowed us to see 

that cold spraying can deposit dense and brittle powder materials.  

Recent Aerosol Deposition (AD) studies describe the possibility of creating ceramic films at 

room temperature by optimizing the particle diameter and deposition conditions. In this 

technique, the kinetics of the particles is related to their size (Ref 107).The different 

interactions that ceramic particles of different sizes can experiment by AD are represented in 

Figure 5.3. Particles between 200 nm and 2 µm are fractured by impact and experiment 

plastic deformation that lets them adhere to the substrate and form a film.  
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Figure 5.3 Illustration of possible particle-substrate interactions based on the speed and kinetic energy of the 

ceramic particles. Figure from (Ref 108) 

The similarity between AD and CGS makes it possible for ceramic particles to experience a 

similar mechanism when sprayed by CGS.  

In addition, the role of the powder and its architecture is a critical factor for the deposition and 

impact behaviour of brittle particles. Recent studies on cold gas spray for brittle materials 

include powders in the form of agglomerates (Ref 109, 110). The porous nature and the nano-

metric grains of the particles could be involved with a micro-plasticity effect under the strong 

impact, allowing certain deformation capacity that causes the adherence of these materials. 

The deposition of brittle materials by CGS is still a challenge. Using micrometric particles of 

bioactive glass formed by nano-agglomerates would be one of the possible lines of 

continuation of the study developed in this thesis. 
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6. Chapter: Concluding remarks

In the different sections of this thesis, specific conclusions have been presented that finally 

lead to general conclusions summarized below: 

- It has been possible to obtain bioactive glass coatings with enhanced bond strength 

by means of atmospheric plasma spraying, reaching the values required by the 

international regulations. 

o It has been proven that, by modifying the morphology of the powder feedstock 

the cohesion between coating and substrate is increased. 

o The use of hydroxyapatite in combination with bioactive glass, as a mixture of 

both powders and also as an anchor layer between substrate and glass, 

provides an improvement in the affinity of the coating with the substrate, 

increasing its adherence. 

o Applying a pre-heating to the substrate immediately prior to deposition can 

enhance the coating adhesion. This improvement in adhesion is even higher 

when a thermal post-treatment above glass transition temperature of the glass 

is applied. 

o Some oxides in the glass composition can generate pore-free microstructures, 

such as MgO, which contributes to form coatings with greater adherence. 

- For the different bioactive glass compositions studied, the elements forming the 

structure of the glass and also their proportion alter the microstructure and properties 

of the coatings produced by atmospheric plasma spraying. Also, post-treatments have 

an effect on the characteristics of the final coatings. 

o The content of network-forming oxides and network modifiers in the 

composition affects the reaction of the coatings in physiological solution. In the 

case of glasses with less interconnected structures, the reaction rate is 

greater, generating coatings with more bioactivity.   

o The resulting microstructure from the application a post-thermal treatment, 

where crystalline phases are generated, significantly affects the reaction of the 

coating in physiological solution causing a delay in the rate of reaction. 

o The different elements forming the glass cause a different mechanical and 

biological response. In vitro tests with osteoblasts have shown that the non-

commercial 62W composition gets a better cellular response compared to the 

commercial formulations. Furthermore, the 62W coatings achieve the best 

bond strength values, which are suitable for the desired application. Coatings 

produced with bioactive glass 62W are optimal candidates to promote a more 

efficient osseointegration than the current implants. 
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- For the first time, it has been possible to obtain glass coatings deposited by cold gas 

spraying.  

o The use of a mixture of PEEK and bioactive glass has allowed to obtain glass-

containing coatings by cold spraying. The brittle particles have been 

embedded in a polymeric matrix and provide enhanced mechanical and 

biological properties to that polymeric biomaterial. The deposition efficiency 

obtained for these composites is high in relation to other polymeric coatings 

obtained by cold spraying, and it is negatively affected by the glass content in 

the mixture. 

o The design of new glass formulations with a viscosity behaviour adjusted to 

the temperatures reached during cold spraying allowed the deposition of glass 

powder by low pressure cold gas spraying. However, the high dissolution rate 

of the designed glass compromises the bioactive behaviour of the 100% glass 

coatings obtained. 

o The use of dense and brittle powders results in a particular bonding 

mechanism where the particles are fractured and adhered to the substrate but 

do not allow the formation of a cold spray glass coating. On the contrary, 

specially designed agglomerated powders composed of nano-sized glasses 

could enable the coating formation by the material microplasticity under the 

conditions of cold spraying. 
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