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Highlights 

 A Baghdadite coating was produced by hybrid water-stabilized plasma to compare with a 

commercial hydroxyapatite coating manufactured by atmospheric plasma spray. 

 The Baghdadite coating presented significantly better mechanical properties than the 

hydroxyapatite coating. 

 The Baghdadite coating possessed a more uniform microstructure with more consistent 

distribution of mechanical properties across the thickness comparing with hydroxyapatite 

coating 

 The Baghdadite coating supported the attachment and proliferation of human osteoblasts. 

 The Baghdadite presented excellent osteogenic gene expression. 

 

 

 

Key words: Baghdadite, Hydroxyapatite, Atmospheric Plasma Spray, Hybrid Water-Stabilized 

Plasma Spray, Nanoindentation, Mechanical Properties, Cell Viability, Gene Expression, Calcium 

Silicate Bioceramics.  
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Abstract 

This work studies the mechanical and biological properties of Baghdadite (BAG, Ca3ZrSi2O9) coating 

manufactured on Ti6Al4V substrates by hybrid water-stabilized plasma spray (WSP-H). 

Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) coating was produced by gas-stabilized atmospheric plasma 

spray and used as a reference material. Upon spraying, the BAG coating exhibited lower crystallinity 

than the HAp coating. Mechanical testing demonstrated superior properties of the BAG coating: its 

higher hardness, elastic modulus as well as a better resistance to scratch and wear. In the cell viability 

study, the BAG coating presented better human osteoblast attachment and proliferation on the coating 

surface after three days and seven days compared to the HAp counterpart. Furthermore, the gene 

expression study of human osteoblasts indicated that the BAG coating surface showed higher 

expression levels of osteogenic genes than those on the HAp coating. Overall, this study indicates that 

enhanced mechanical and bioactive properties can be achieved for the BAG coating compared to the 

benchmark HAp coating. It is therefore concluded here that the BAG coating is a potential candidate 

for coating orthopedic implants.

1. Introduction 

Comprised of CaO and SiO2, calcium silicate-based bioceramics are receiving attention for 

applications in orthopedic implants due to their encouraging properties of bone bioactivity and 

biocompatibility [1]. The Ca-Si-based bioceramics are capable of promoting osteogenic differentiation 

of stem cells such as bone marrow stromal cells, adipose-derived stem cells, human dental pulp cells 

and periodontal ligament cells [2-5]. Some of the Ca-Si bioceramics that have been explored for 

orthopedic implant applications include wollastonite (CaSiO3), dicalcium silicate (Ca2SiO4) and 

tricalcium silicate (Ca3SiO5) [1]. Bulk wollastonite exhibited bioactive properties by forming an apatite 

layer on the surface when immersed in simulated body fluid [6]. Similar phenomenon of apatite 

formation was also found on the surface of a plasma sprayed coating of wollastonite on Ti6Al4V [7]. 

A larnite (β-Ca2SiO4) scaffold with porous structure exceeding 78% of porosity illustrated similar 



P a g e  2 | 44 

ability in forming apatite layers [8]. Despite these advantages, a major concern of the Ca-Si 

bioceramics is the rapid dissolution that would diminish the stability and eventually lead to 

disintegration within the host body. As the result, the service time of the implant may be decreased 

due to a reduction of both the bond strength as well as fixation of the implant. The dissolution behavior 

and stability of Ca-Si-based bioceramics has been improved by doping with metals or metal oxides 

such as zirconium (Zr), strontium (Sr), zinc (Zn) and aluminum (Al); these have further triggered 

improvements in the mechanical properties as well as biological properties [9]. 

A zirconium-incorporated Ca-Si-based bioceramic named Baghdadite (BAG) with the formula of 

Ca3ZrSi2O9 has been recognized as a promising candidate for applications of orthopedic implants [10]. 

BAG in its bulk form presented excellent osseointegration and the presence of zirconium did not induce 

toxicity to osteoblasts [10]. Bulk BAG also presented better fracture toughness, hardness and bending 

strength when compared with commercial HAp bioceramic [11]. BAG has a monoclinic structure with 

the P21/c space group that is illustrated in the Appendices (Fig. A. 1) [12]. The synthetic BAG melts 

incongruently at approximately 1600 °C (1873 K) [13]. The methods of synthesizing BAG include sol-

gel processing [14], high temperature solid-state reaction [15], solid-state sintering [12], and 

mechanical activation [16]. Together with a stable phase of Ca2ZrSi4O12, BAG constitutes the stable 

ternary compounds of the CaO-ZrO2-SiO2 system with the following reactions from (1) to (5) at 800 °C 

(1073 K) or higher [17]. 

CaO + ZrO2 = CaZrO3 (1) 

2CaO + SiO2 = Ca2SiO4 (2) 

ZrO2 + SiO2 = ZrSiO4 (3) 

2Ca2SiO4 + CaZrO3 = Ca3ZrSi2O9 + 2CaO (4) 

2CaO + 3SiO2 + ZrSiO4 = Ca2ZrSi4O12 (5) 
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The variety of compositions in the CaO-ZrO2-SiO2 phase diagram that were studied at approximately 

1300 °C (1573 K) are presented in the Appendices (Fig. A. 2) [13]. It was observed that, at such 

temperature, phases of Ca2SiO4 and CaZrO3 were in equilibrium with the BAG phase. Furthermore, 

Kwon et al. indicated that phases of ZrO2, Ca2SiO4 and Ca3ZrSi2O9 form at about 1604 °C (1877 K) 

from the liquid having composition of 0.166, 0.467 and 0.367 for ZrO2, CaCO3 and SiO2, respectively 

(weight fractions, [18]). Note that the original publication stated the fractions to 5 decimal points 

accuracy. 

Thermal spray methods are regarded as suitable techniques to deposit bioactive materials onto metallic 

surfaces. Among the available techniques, plasma spraying is the most commonly used for orthopedic 

devices and dental applications [19]. Compared to the conventional gas-stabilized systems, the water-

stabilized plasma (WSP) process has several unparalleled parameters, such as high plasma jet enthalpy 

(approximately 10 times greater than commercial atmospheric plasma spray torches, APS), high 

plasma velocity, lower plasma density and a long jet, resulting in high process temperatures and 

allowing high feed rates [20, 21]. In addition, the WSP system provides a low cost of operation since 

water is the source of stabilization rather than costly gases [22] and the process is hence viable for the 

manufacturing environment. Key features of the advanced, hybrid WSP (WSP-H) technique are the 

ability of generating a high enthalpy plasma jet, a high velocity and low density plasma effluent, which 

are achieved by combining characteristics of a gas-stabilized plasma and the water vortex-stabilized 

plasma. The WSP-H is advantageous for high spray rates and high deposition efficiencies [23], which 

is a highlight of this research since it represents a comparative study to conventional APS. 

In this study, BAG is employed as a bioactive coating for Ti6Al4V substrates using the WSP-H 

process. The WSP-H-produced BAG coating is presented as an alternative approach for current 

commercial hydroxyapatite APS coating. Details of phases and elemental analyses of the coatings are 

discussed, along with mechanical properties including hardness, elastic modulus, as well as wear and 
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scratch behaviors. Finally, the cell viability and osteogenic gene expression studies on the coated 

samples are presented to evaluate the bioactive properties of the WSP-H BAG after three days and 

seven days of cell culture. 

2. Experimental and characterization procedures 

2.1. Powder preparation and coating setup 

Baghdadite powder was prepared at the University of Würzburg, Germany following the sintering 

method [24]. Initially, zirconium oxide (ZrO2), calcium carbonate (CaCO3) and silica (SiO2) were 

mixed at a molar ratio of 1:3:2 for two hours. After that, the mixture was sintered for three hours at 

1300 °C and then crushed into submicrometer sizes to obtain the BAG powders for subsequent 

consolidation processes. The submicrometer BAG powder could not be fed into the plasma system due 

to poor flow characteristics. To improve the flowability, BAG was agglomerated using 5 wt % 

polyvinyl alcohol (PVA, Sigma Aldrich, St. Louis, MO, USA)”. The BAG powder was then manually 

crushed and finally sieved to the size range of 63 µm to 106 µm suitable for the WSP-H process. HAp 

powders with particle sizes between 45 µm and 125 µm were purchased from Medicoat (Etupes, 

France). Ti6Al4V of dimensions 20 × 30 × 2.5 mm3 were used as substrates for the coatings. The 

substrates were grit blasted prior to deposition and cleaned in acetone in an ultrasonic bath to remove 

residual grit. For the respective coating depositions, two plasma spray torches were employed: a high 

enthalpy hybrid water-stabilized plasma torch (WSP-H500) developed at the Institute of Plasma 

Physics (Prague, Czech Republic) to produce the WSP-H coating, and a gas-stabilized plasma torch 

Metco 9MB (Oerlikon Metco, Westbury, NY, USA) to produce the APS coating.  

Substrates in the WSP-H coating experiments were mounted onto a revolving carousel where the 

revolutions of the carousel with samples are adjusted to the torch vertical travel speed so that an even 

deposition of all samples is ensured (approximately 55 rpm). To prevent overheating, the process is 

interrupted after every six strokes of the torch, until the samples cool enough (a well-defined point as 

the temperature is measured in-situ by a thermo-camera and also a thermocouple connected to the rear 
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of one of the samples). To speed up the cooling, two air-blades are cooling the carousel: one of them 

is at the very back (i.e., at the position directly opposite to the torch) and one is at the side. As the air-

blades runs constantly during the spraying, such arrangement also aids in preventing the samples 

heating to excessive temperatures, thereby helping to preserve the phase composition. 

The WSP-H arc current was 500 A at a voltage of 300 V (i.e. power of 150 kW) with the plasma 

forming water consumption of 1L per hour, and the powder feed rate was 83 g/min. At the long stand-

off distance of 370 mm, the robot movement in WSP-H spraying was set so that the relative travel 

speed was 30 mm/s. There was no pitch distance as a revolving carousel was used to hold the samples 

and the torch simply passed in an up-and-down manner (along 70 mm distance) in front of the carousel. 

The frequency of the carousel revolutions was optimized in many previous spray runs and studies so 

that an even coverage of the samples is ensured. With regards to APS, the current and voltage were set 

at 300 A and 70V, respectively. The APS torch travel speed was 150mm/s with the pitch of 6mm (50% 

overlap for each step), and the powder feed rate was 11 g/min. Table 1 presents the key setup 

parameters for the coating depositions. 

Table 1. Plasma spray deposition parameters of the BAG WSP-H and HAp APS. 

Coating Parameter Value 

BAG via WSP-H 

Stand-off distance (mm) 370 

Feeding distance (mm) 65 

Torch power (kW) 150 

Gas flow, Ar (slpm) 15 

HAp via APS 

Stand-off distance (mm) 90 

Primary gas flow, Ar (slpm) 30 

Secondary gas flow, H2 (slpm) 5 

Powder carrier gas flow, Ar (slpm) 9 

Torch power (kW) 21 

2.2. Coating characterizations 

Phase composition of the powders and the two coatings were investigated using Bruker D8 Advance 

XRD system (Bruker AXS LLC, Madison, WI, USA) with Cu Kα radiation. The XRD system operated 

at 40 kV and 30 mA with a 0.05° step size and two seconds of dwell time to perform the scan of 2θ 
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angles from 20° to 70°. The Diffracplus EVA software (Bruker, Billerica, MA, USA) with the database 

PDF2018-PDF-2-Release 2018 RDB from the International Center for Diffraction Data (ICDD, 

Newtown Square, PA, USA) was used to index and analyze the phases. 

Field emission scanning electron microscope Zeiss SUPRA™ 40VP (FE-SEM, Carl Zeiss AG, 

Oberkochen, Germany) with an incorporated energy dispersive X-ray Oxford INCA 250 detector 

(EDX, Oxford Instruments NanoAnalysis, Concord, MA, USA) operated at 5 kV and 20 kV was used 

to analyze the coatings’ microstructure and elemental compositions, respectively. 

Surface roughness of the coatings was measured by a surface roughness tester Surftest SJ-210 

(Mitutoyo, USA) equipped with a stylus radius of 2.0 µm. Thirty readings were recorded for each 

coating to investigate their surface properties. This surface roughness tester measured the average 

surface roughness (Ra), root mean square deviation (Rq), and average of the five maximum heights (Rz) 

following the ISO 4287 standard [25]. The surface topography was also visualized using a 3D optical 

profiler system Veeco Wyko NT1100 (Bruker, Tucson, AZ, USA). 

Porosity of the coatings was measured from their cross sections using an image analysis package 

developed in Matlab® (The MathWorks, Inc., Natick, MA, USA) based on the Otsu threshold method 

[26]. The high resolution images taken by light microscopy were converted into an 8-bit greyscale 

format with 256 gray scale levels and then converted to black and white images by applying the 

threshold level from the Otsu threshold method [27]. The porosity level was defined as the ratio of 

black pixels and total pixels in the black and white images. A minimum of 10 images were record and 

analyzed, with the average value taken. 

The macroscopic hardness was studied by performing microhardness tests on cross sections of the 

coatings using Vickers microhardness tester (Micromet 2103, Buehler, IL, USA) at a load of 300 gf 

and dwell time of 15 seconds. Forty readings were recorded and Weibull method was used to analyze 

coating properties and reliability [28]. 
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Local mechanical properties of the coatings with regards to deformation, hardness and elastic modulus 

were evaluated using nanoindentation (Hysitron TI Premier, Bruker, Minneapolis, MN, USA). Single 

nano-sized indents were performed (using a Berkovich diamond tip) at a load of 1000 µN to investigate 

the deformation behavior of the coating at different positions across the coating cross sections (2.5 µm 

gap between indents). The loading/unloading rate was constant at the rate of 200 µN/s (five seconds 

of loading, two seconds of peak-load holding and five seconds of unloading).The scanning probe 

microscopy (SPM) method visualized the surface by performing a pre-scan of the surface before the 

indentation, followed by a post-scanning the surface after the indentation to provide more information 

concerning surface deformation. Ten areas were selected, having a total of approximately 160 indents 

performed on each coating. 

A high-speed indentation method, termed as extreme property mapping (XPM), in combination with 

the SPM technique, investigated the distribution of hardness and modulus across the coating cross 

sections. These tests were performed with areal footprints of 30 × 30 µm2 across the coating with 400 

indents in each location using a Berkovich diamond tip. Hardness and elastic modulus were calculated 

following the principle of Oliver and Pharr [29], where the elastic modulus in the calculation is termed 

as the reduced modulus; that is the combined modulus consisting of the indenting tip and the specimen. 

The applied load in the high-speed nanoindentation tests was 1000 µN, with the loading/unloading rate 

of 10000 µN/s, translating into 0.1 seconds loading time, 0.1 seconds holding time at peak load, and 

0.1 seconds for unloading time. These results were depicted as property maps of hardness and elastic 

modulus of the tested regions. In order to have a better interpretation of the property maps, the indents 

should be close but not overlap each other. According to recent study by Phani and Oliver, the 

minimum indent spacing is advised to be about 10 times the penetration depth of the indents [30]. The 

indent spacing of 1.5 µm was selected for the XPM study. It is noteworthy that the trend of the reduced 

modulus generally follows the same trend as the elastic modulus of the specimen [29], so the measured 

value of the reduced elastic modulus can represent the elastic modulus of the coatings. 
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A cono-spherical 1 µm-diameter diamond tip was used for nano-scratch and nano-scanning wear tests. 

The nano-scratch tests were performed at a constant load of 1000 µN to traverse a 10 µm-scratch. 

Three scratches were performed in ten areas across the coatings. Similarly, at least ten tests were 

performed on areas at the cross sections to study nano-scanning wear. The wear studies were carried 

out by performing multiple scratches parallel to each other over the same location a constant load of 

200 µN onto the area of 10 × 10 µm2 and scanned over the selected section three times for each 

location at a scan frequency of 0.8 Hz. The number of passes represents the number of full scans over 

the location and the step size was about 40 nm. The tip moved laterally along the scanned area with a 

step size such that each move will cut 40 nm into the sample at the force of 200 µN. The wear volume 

is calculated as the depth of penetration multiplied by the scan area. Note that these tests were 

performed under ambient atmospheric conditions with no in vitro environment. The nano-scratch test 

and nano-scanning wear test were performed on the coating cross sections. In the case of the scratch 

test, the scratch tracks were perpendicular to the coating-substrate interface to ensure that more splats 

could be scratched. In the scanning wear, the scan patterns were carried out parallel to the substrate 

interface, which can provide the collective wear behaviour of multiple splats. 

2.3. Human osteoblasts (HOBs) seeding and viability test 

Permission to use discarded human tissue was granted by the Sydney Children’s Hospitals Network 

Human Research Ethics Committee and an informed consent was obtained. Human trabecular bone 

was used for isolating human osteoblasts (HOBs) as described previously [10]. The cells were cultured 

at 37 °C with 5% CO2, and the culture medium (alpha-MEM (Gibco, USA) supplemented with 10% 

FCS, 100 units/ml Penicillin-Streptomycin (Gibco, USA) and 0.1mM L -Ascorbic acid 2-phosphate 

(Sigma, USA)) was changed every three days until the cells were passaged at 80-90% confluence. 

HOBs at passage 2 from three donors were pooled together and used for all experiments. 
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HOBs were first seeded on HAp and BAG coated coupons (10 × 10 × 2.5 mm3, cut from original 

coated samples) placed in a 24-well plate with a density of 3 × 104 cells/well in a 200 µl culture 

medium. The discs with seeded cells were transferred to incubator to allow cell attachment for 90 min, 

and then flooded with 500 µl culture medium and incubated for 3 or 7 days. HOBs cell viability on the 

discs was assessed using CellTiter 96® AQueous One Solution Reagent (Promega), which contains a 

tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-arboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium, inner salt; MTS] that is reduced by living cells to yield a colored water-soluble 

formazan dye. Briefly, 200 µL of MTS solution was added to each well and incubated for 4 hours at 

37 °C under 5% CO2, then 100 µL of the reacted reagent from each well was transferred to a 96-well 

plate to measure the absorbance using a microplate reader at a wavelength of 492 nm. 

2.4. Osteogenic gene expression 

HOB cells cultured in the previous steps were seeded onto surfaces of HA and BAG-coated discs and 

placed in a 24-well plate with a density of 3 × 104 cells/well in a 200 µl culture medium. Total RNAs 

were isolated from the cells seeded on the discs using RNeasy Kit according to the manufacturer’s 

instructions (QIAGEN, Germany). Complementary DNA (cDNA) was then synthesized from 1.0 µg 

total RNA using SensiFAST cDNA Synthesis Kit from Bioline (Taunton, MA). Real-time polymerase 

chain reaction (PCR) was carried out using SensiFAST™ kits (Bioline (Taunton, MA) on Rotor-Gene 

6000 (Corbett Life Science, NL). The relative mRNA expression levels of osteogenesis (RUNX-2), 

osteopontin, bone sialoprotein, and osteocalcin genes were obtained by normalizing to the house-

keeping gene of 18S by using the previously used primers [10]. 

2.5. Statistical Analysis 

All quantitative data presented in the manuscript is calculated as mean ± standard deviation (SD). The 

p-values of each data set (if presented) were calculated using a two-tailed unpaired t-test, where the 

statistical significance was defined as p ≤ 0.05. Origin Pro 2018b (OriginLab Corporation, 

Northampton, MA, USA) was used to evaluate the statistical analysis. 
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3. Results and discussions 

3.1. Phase compositions of coatings 

Fig. 1 depicts the XRD pattern of the BAG powders and coating, while the XRD pattern of the HAp 

powders and coating is presented in Fig. 2. The peaks in the diffraction of BAG powders correspond 

to the crystalline phase of BAG (ICDD-PDF #00-054-0710). New peaks emerged from the BAG 

coating at approximately 31.8° and 32.2°. These peaks were indexed to the phase of larnite-Ca2SiO4 

(ICCD-PDF # 00-033-0302) and is known to form from the quenching of molten Ca3ZrSi2O9 [18]. On 

the other hand, the HAp XRD patterns were indexed with the phase of HAp (ICCD-PDF #00-064-

0738) in both powders and the coating, and tricalcium phosphate-TCP (Ca3(PO4)2) (ICDD-PDF #01-

072-7587) in the coating.. 
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Fig. 1. XRD patterns of BAG powder and coating.  

The method provided in the study of Sun et al. [31] was used to measure crystallinity from the XRD 

spectra. Both feedstock powders had high crystallinity (81.8% BAG, 86.8% HAp). Upon spraying, the 

crystallinity level of BAG WSP-H coating dropped to 22.9%, while the crystallinity of the HAp coating 

experienced a less significant reduction to ~72.8%. In other words, a large proportion of crystalline 

phases in the BAG coating has been transformed to amorphous phases. The crystalline level in a 

thermal spray coating depends on the melting behavior of the feedstock and the cooling rate. The 

formation of amorphous phases is a distinct feature of the plasma spray technique since the feedstock 

is melted in the high temperature plasma plume and then re-solidifies rapidly to form the coating [27]. 

The lower crystallinity of the BAG coating (i.e., greater amorphicity) arises from the more complex 
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structure of BAG since it belongs to the sorosilicate group [32]. A longer recrystallization time would 

be needed to accommodate the atomic ordering required to form this intricate structure. Furthermore, 

in the case of the BAG coating, compressed air was used to intensively cool the samples, so their 

temperature would drop faster. The re-solidification is extremely short and the molten particles are 

unable to recrystallize under equilibrium conditions; hence an amorphous phase forms. 

The importance of the crystalline to amorphous phase proportion lies in their differing resorption rates 

in vivo. Amorphous phases resorb at a more rapid rate and hence their prominence controls the 

remodeling and stabilization of an orthopedic implant [31]. Amorphous phases promote bone in-

growth during the early stage of implant insertion; consequently, the bone ingrowth produces better 

anchorage between the bone and implant [31]. However, these phases are not stable and lead to poor 

mechanical properties of the coating due to rapid dissolution and degradation [19]. Crystallinity, on 

the other hand, supports proliferation of bone cells and provides more stable mechanical properties 

that lengthens the lifetime of the implant [31]. In other words, a coating that possesses high crystallinity 

will exhibit a low dissolution rate. It is important to balance the level of crystalline and amorphous 

phases to achieve the joint outcomes of early bone cell attachment, cell proliferation and mechanical 

stability of the coating in long term. The amorphous phases can be transformed by heat treatment to 

the crystalline structure [19]. 
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Fig. 2. Typical XRD patterns of HAp powder and coating. 

3.2. Elemental compositions of coatings 

Elemental distribution and representative elemental compositions at random locations of the BAG 

coating were assessed by area scanning and point EDX analyses, respectively (Fig. 3). The elements 

in the BAG coating are evenly distributed through the coating cross section as confirmed through the 

element maps in Fig. 3. EDX point analysis confirmed almost identical elemental composition at six 

randomly selected representative locations, Table 2. The calculated atomic Ca:Zr:Si ratios with an 

average of approximately 3:1:2 fit those of the pure BAG phase (3:1:2) in the CaO-SiO2-ZrO2 system 

[13]. Note that the other ternary phase Ca2ZrSi4O12 having a ratio of 2:1:4 was not detected in the BAG 

coating [17]. This data confirms that the BAG phase was reformed in the coating upon plasma spray 
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deposition and presented as the major phase in the coating but in the form of glassy phase due to rapid 

quenching solidification process and remained in similar chemical composition to the starting powder. 

The Ca2SiO4 was present in the coating but did not reveal inconsistencies in the EDX maps. There 

were no visible inhomogeneities in the microstructure from Ca2SiO4 and is inferred that this phase 

existed in nanocrystalline form at a low proportion that was  distributed throughout the BAG phase. 

The homogenous distribution of elements together with the uniformity of the BAG glassy phase and 

the larnite phase in the BAG coating (confirmed in the XRD result) are assumed to lead to consistent 

mechanical properties of the coating, which will be discussed in the following sections.  

 

Fig. 3. EDX results of the BAG coating with maps of elemental distribution on arepresentative cross-

section area.  

Table 2. Elemental compositions of the BAG coating at six randomly selected locations, confirming 

the chemical homogeneity of the coating. 

Position 1 2 3 4 5 6 

Element Atomic % 

Ca 19.8 19.1 19.9 19.1 20.0 19.6 

Zr 6.3 6.1 6.4 6.9 6.1 7.0 

Si 13.4 13.3 14.2 12.6 13.5 12.5 

O 59.5 60.5 59.5 61.4 60.4 60.9 

Ca:Zr:Si 3.1:1.0:2.1 3.1:1.0:2.1 3.1:1.0:2.2 2.8:1.0:1.8 3.2:1.0:2.2 2.8:1.0:1.8 
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The EDX results of the HAp coating depicted in Fig. 4 and Table 3 describe the elemental distributions 

and their representative atomic percentages at six locations across the HAp coating. The EDX maps 

depict the distribution of O, P, and Ca of the tested area presented in Fig. 4. Phases of HAp (Ca/P 

ratio ~ 1.67), TCP (Ca/P = 1.5) were detected in these locations, in accordance with the XRD results, 

while other detected Ca/P ratios suggest a formation of calcium-deficient HAp (1.5 < Ca/P < 1.67) and 

calcium-rich HAp (Ca/P > 1.67) phases [33]. In other words, despite the elemental distributions in Fig. 

4 showing an even element distribution across the coating, the different EDX point analyses carried 

out at different locations may indicate a potential variation of mechanical properties, which will be 

further evaluated in the mechanical properties analysis. 

Table 3. Elemental compositions of the HAp coating at six randomly selected locations, showing 

partial heterogeneity of the coating. 

Position 1 2 3 4 5 6 

Element Atomic % 

O 65.3 61.1 61.8 65.3 67.9 69.2 

Ca 20.9 24.3 13.5 21.4 19.6 19.5 

P 13.8 14.6 24.7 13.3 12.5 11.3 

Ca:P 1.51 1.66 1.83 1.60 1.55 1.73 
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Fig. 4. Typical EDX results of the HAp with maps of elemental distribution on a representative 

cross-section area.  

3.3. Surface profiles and surface roughness of coatings 

The surface topography results of the BAG and HAp coatings are presented in Fig. 5; top views Fig. 

5a and Fig. 5b), and surface roughness parameters (Fig. 5c) are shown. The different features observed 

on the 3D profiler maps (noise vs smooth) is due to the difference in surface features of the two 

coatings. The HAp coating with larger average particle size and the consistent sizes of the starting 

powder presented larger and consistent sizes of splats, while the BAG coating splats presented in 

smaller and various sizes. The results observed in the BAG surface were formed due to the breaking 

down of agglomerated powder into its initial sizes (submicrometer) during the plasma spray. As the 

result, the BAG surface shown more random texture with various sizes of splats that led to more noise 

and speckled features than the HAp surface. Both coatings have similar surface parameters with 

average surface roughness, Ra, for the BAG and HAp coatings reaching 9.67 ± 0.99 µm and 
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9.85 ± 0.83 µm, respectively. Additional surface roughness parameters are 𝑅𝑞 = 12.12 ± 1.33 µm and 

12.07 ± 1.01 µm, while 𝑅𝑧 = 54.76 ± 6.46 µm and 53.63 ± 3.93 µm for the BAG and HAp coatings, 

respectively. 

The surface roughness plays an important role in providing good interaction between the coating and 

the cell and can significantly influence the osseointegration process [19]. Indeed, our previous study 

indicated that such surface roughness values supported the attachment and proliferation of MG-63 

osteoblast-like cells [34]. Thus, these results are, too, expected to promote cell attachment and growth 

of HOBs on the coating. Based on the above surface roughness parameters, it is observed that there is 

no difference (no statistical significance, p > 0.05) between the Ra roughness parameters of the BAG 

and HAp coatings. However, these amplitude parameters do not sufficiently explain the different 

surface textures presented in Fig. 5a and Fig. 5b.  

More information of the surface texture derives from a hybrid parameter known as the developed 

interfacial area ratio (Sdr), which is also termed as the ‘surface complexity’. The Sdr results of the two 

surfaces are significantly different, Sdr BAG = 1240.0 ± 56.8 % and Sdr HAp = 386.3 ± 13.4 % 

(n = 10); while Sdr of the grit blasted substrate is 64.0 ± 3.4 %. Hence, the random texture with more 

noise and speckled features can be confirmed through the higher result of surface complexity (Sdr) for 

the BAG coating in comparison to the HAp coating.  

The higher Sdr value in the BAG coating indicates that the BAG surface provides more surface area 

(illustrated in Fig. A. 3) to support cell attachment. In short, although the amplitude parameters of the 

surfaces are similar, the differences in the developed interfacial area ratio as well as surface chemistry 

between the two coatings could induce different behaviors in cell attachment and proliferation. . 
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Fig. 5. Typical surface topography profile: (a) the BAG WSP-H coatings; (b) the HAp coating; and 

(c) surface roughness parameters of the coatings. 

3.4. Coating microstructures 

Microstructures of the BAG and the HAp coatings are shown in Fig. 6a and Fig. 6b, respectively. It is 

evident that the BAG coating possessed a more uniform microstructure, with less cracks and a good 

interfacial contact between the coating and the Ti6Al4V substrate without signs of coating 

delamination. On the other hand, morphological features in the HAp coating show different contrasts 

between amorphous and crystalline areas. The amorphous areas are preferentially removed during the 

polishing process and exhibit a darker contrast, a phenomenon intensively studied in HAp coatings by 

Gross et al. [35, 36]. Some cracks can be observed at the interface between the coating and the substrate 

for the HAp coating that could potentially deteriorate the mutual bonding strength. 
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The pores within the BAG coating range from 5 µm to 10 µm and the porosity level is 6.98 ± 1.23% 

(n = 12). The HAp coating exhibited a slightly higher porosity of 9.29 ± 1.20% with a pore size 

distribution from 5 µm to 12 µm. In general, the porosity for a commercial HAp coatings ranges from 

3% to 20% [37], i.e., both coatings investigated in this work fall within this range. Porosity is a 

preferable characteristic of bio-coatings for orthopedic implants. Porous structures can promote an 

osteophilic surface for the penetration and attachment of bone cells. A coating with porous structure 

can also enhance implant fixation due to the ingrowth of tissue into the pores [31]. Porosity also 

supports more rapid dissolution behavior that can stimulate bone growth. At the same time, care must 

be taken concerning the porosity level, since pores, especially at the interface of the coating/substrate, 

detrimentally influence the bond strength of the coating as well as the cohesive strength among splats 

[38]. A high proportion of porosity can also diminish the coating strength, leading to crack growth and 

even coating delamination [31]. Hence, it is important to balance the porosity level in the produced 

coatings for orthopedic implants to support osteointegration, while maintain mechanical properties of 

the coatings. 

 

Fig. 6. Microstructure of (a) BAG WSP-H and (b) HAp APS coatings.  

3.5. Vickers microhardness 

The Vickers microhardness of the BAG coating was notably higher than that of the HAp coating 

(statistical significance p < 0.05), with the average values of 345.1 ± 36.8 HV0.3 vs. 114.7 ± 19.0 HV0.3 

for the BAG and the HAp coatings, respectively. The higher hardness of the former arises from the 
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inherent feature as a Ca-Si bioceramic and the incorporation of zirconium into this Ca-Si bioceramic. 

BAG is a sorosilicate ceramic that has [Si2O7]6- as the base chemical group formed from two silicate 

tetrahedrons linked by one oxygen, and Zr4+ from ZrO6 octahedral [15]. As the result, the [Si2O7]6- and 

ZrO6 can create a strong network that enhance the stability of the BAG structure [39]. This result is in 

accordance with our previous study [34]. Similarly, Schumacher et al. demonstrated that the BAG bulk 

ceramic possess higher fracture toughness and hardness than that of the HAp bulk ceramic [11]. 

One of the common approaches for statistical analysis of mechanical properties, especially 

microhardness of thermally sprayed coatings, is the Weibull method, which describes the lifetime 

problems and mechanical properties of brittle materials [40]. The Weibull analysis is typically 

represented by the scatter in data (i.e., the Weibull modulus, m) together with the support of the 

goodness of fit (R2) as the non-linear least squares fit procedure. A higher Weibull modulus m 

demonstrates less variation in the results, while the higher R2 value indicates the  Weibull distribution 

parameters fit better to the available data. [40, 41]. 
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Fig. 7. Weibull analysis of Vickers hardness results of BAG and HAp coatings.  

The Weibull analysis presents curve fitting with good regression fits R2 values of 0.95 and 0.96 for the 

HAp and the BAG coatings, respectively (Fig. 7). The higher Weibull modulus m of the BAG coating 

(m = 11.2) than that of the HAp coating (m = 7.3) implies lower variation in the hardness for the BAG 

coating; this is, again, in accordance with the more homogeneous structure of the BAG coatings 

presented in Fig. 6. 

3.6. Nanoindentation 

Fig. 8a and Fig. 8b illustrate selected regions in the cross section of the BAG coating prior to and after 

the nanoindentation, respectively. The rather identical indent sizes in Fig. 8b are consistent with the 

depths of penetration of the corresponding series 1, 2, 3 and 4 presented in Fig. 8c, where the arrows 

indicate the position of the individual indents. The average penetration depth in the BAG coating was 

approximately 20 nm (Fig. 8c). 
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Fig. 8. Nano-indentation of the BAG coating (top) and the HAp coating (bottom). (a) and (d) SPM 

images before the indentation, (b) and (e) SPM images after the indentation, (c) depth of penetration 

of indents series 1, 2, 3, 4 from (b), (f) depth of penetration of indents series 5, 6, 7, 8 from (e). The 

arrows indicate the positions of indents, indent spacing: 2.5 µm.   
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The indentation results for the HAp coating show greater variance in the indent sizes (Fig. 8e), reflected 

in the larger range of penetrated depths in Fig. 8f, with the indent depths of the HAp coating ranging 

from 20 nm to 100 nm (Fig. 8f). These depths are compatible with the minimum indent spacing 

requirement [30]. This result indicates that, even at micro-scale level, the BAG coating exhibits a more 

uniform mechanical properties (hardness) compared to the HAp coating. In fact, the consistency in the 

sizes and penetrated depths of the indents in the BAG coating suggest that this coating is more reliable 

than the HAp coating. 

A higher density of indents (400 indents on a 30 × 30 µm2 section) was executed to study the 

distributions of hardness and elastic modulus of the coatings by using the XPM technique (Fig. 9). 

There are similarities to the results of the single indent analysis. The hardness and elastic modulus of 

the BAG coating exhibit uniform distributions across the cross section (Fig. 9d and Fig. 9e). In 

addition, at the Zr-rich area (denoted by white arrow in Fig. 9 and shown in more detail in Fig. 10), 

higher values of hardness and elastic modulus were measured. 

 

Fig. 9. Distributions of hardness and elastic modulus of the BAG coating (top) and the HAp coating 

(bottom): (a) and (f) SPM images before indentation; (b) and (g) SPM images after indentation; (c) 

and (h) SEM images at indented regions, darker areas are amorphous and lighter areas are crystalline 

areas in HAp; (d) and (i) distribution of elastic modulus; (e) and (j) distribution of hardness (indent 
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spacing: 1.5 µm). 

 

Fig. 10. Localized EDX mapping of the BAG coating. The highlighted area indicates a Zr-rich 

region.  

In contrast to the uniformity of the BAG coating, the HAp coating shows wider deviations in the indent 

sizes as well as penetration depths (Fig. 9g). These fluctuations are reflected in the high variance in 

hardness and elastic modulus as indicated by significant color changes in Fig. 9i and Fig. 9j. In general, 

the lower values of hardness and elastic modulus correspond to areas consisting of the amorphous 

phase. The amorphous areas in the HAp coating are more vivid in the SEM image in Fig. 9h, 

distinguished by its darker contrast, in line with the studies of Gross et al. [35] [36], and also as 

confirmed in our previous study [42]. The average hardness and elastic modulus of the BAG coating 

were 7.75 ± 1.37 GPa and 101.94 ± 12.37 GPa, respectively, while the corresponding values for HAp 

were 4.45 ± 3.54 GPa and 63.97 ± 38.79 GPa. In general, the BAG coating therefore exhibited greater 

hardness and elastic modulus properties with lower variance than those in the HAp coating (statistical 

significance p < 0.05). 

3.7. Nano-scratch 

Nano-scratch tests and scanning wear tests were performed to address the splat-to-splat cohesion that 

is related to micromotion. Micromotion can cause splat fracture that leads to fragmentation and a poor 
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clinical outcome of osteolysis [43]. The nano-scratch results in the BAG coating reveal trends that are 

similar to the uniform distribution of hardness and elastic modulus. The uniform wear artifacts and 

penetration depths at three different scratched locations of the BAG coating are depicted as the SPM 

image in Fig. 11a. The average penetration depth for the BAG coating is 46.3 ± 15.7 nm with a 

coefficient of variance (CoV, standard deviation/mean) of 34.0%. The depth profiles of the scratch 1, 

2 and 3 along the scratch direction on the BAG coating are presented in Fig. 11c that indicate the 

uniformity in scratch resistant ability of the BAG coating. In addition, the coefficient of friction (CoF) 

of the BAG also presents uniformly among these three scratch lines with the average value of 

0.15 ± 0.02 and CoV of 13.0% (Fig. 11d). 

In contrast, the scratches in the HAp coating behave significantly different along the scratch length 

presented in Fig. 11e, which could derive from the difference in behavior between the amorphous 

regions and crystalline regions as mentioned in the section 3.6. These differences are highlighted in 

the topography of the HAp coating in Fig. 11f, where significant changes in colors can be seen along 

these scratches. It is noteworthy that the range of the lowest and highest points in the HAp surface 

(from -133.0 nm to 133.0 nm) is much more than that of the BAG surface (from -16.7 nm to 16.7 nm).  

The HAp scratches experienced plastic deformation at the second half of the scratch length with larger 

pileup can be seen in Fig. 11e & Fig. 11f. As the result, significant increase in CoF values could be 

seen in the dotted ellipses in Fig. 11h due to the increasing in the lateral force. The accumulation of 

deformed material in these regions will strongly affect the CoF values that does not actually represent 

the true values of CoF in these areas. Hence, the evaluation in CoF results of the HAp coating will not 

consider these regions. In fact, the deviations in depths of penetration of the HAp coating shown high 

variation in Fig. 11g, giving rise to a high data scatter; the average depth was calculated as 

181.3 ± 164.7 nm with CoV 90.1%. The friction coefficients of the HAp coating suffered from the 

heterogeneity as well, varying from 0.04 to 0.37 and having an average of 0.32 ± 0.21 with 
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CoV of 65.3%. The inconsistent results are easier to understand by observing the detailed depth 

profiles at different locations (line 4, 5, and 6 in Fig. 11e) and the CoF results (Fig. 11h). 

In short, both depth of penetration and CoF analyses showed remarkably better results for the BAG 

coating than those of the HAp coating (p < 0.05), where the BAG coating displayed better scratch 

resistance than the HAp coating. 

 

Fig. 11. Nano-scratch results of the BAG coating (top) and the HAp coating (bottom). (a) and (e) 

SPM images of the scratches, (b) and (f) surface topography of the scratches, (c) and (g) respective 

profiles at the indicated locations, (d) and (h) friction coefficients results. Dotted ellipse present 

ploughed locations along the scratches on the HAp coating. The white arrows indicate the direction 

of the scratching. 
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3.8. Nano-scanning wear 

 

Fig. 12. Nano-scanning wear results of the BAG coating (top) and the HAp coating (bottom). (a) and 

(e) SPM images before wear test; (b) and (f) SPM images after wear test; (c) and (g) SEM images 

after wear test, (d) and (h) topography of the wear tested regions. The white squares indicate the 

tested areas. 

Representative sections of the scanning wear tests for each coating are presented in Fig. 12, where the 

top and bottom rows present the result of the BAG and HAp coatings, respectively. The results of the 

BAG coating present a more consistent behaviour with low wear volume, as indicated by low and 

uniform material removal in the white square region in the top row of Fig. 12. In contrast, the results 

of the nano-scanning wear test in the HAp coating reveal uneven and, more importantly, a higher 

amount of volume removal in the bottom row. The unevenness may again stem from the presence of 

the crystalline and amorphous phases presented in darker and lighter regions, respectively. The values 

of wear volume are 0.16 ± 0.06 µm3 and 5.52 ± 2.90 µm3 for the BAG coating and the HAp coating, 

respectively. The BAG coating therefore presented significantly lower wear volume (~3% of HAp), 

with lower variance among the tested locations in comparison to the HAp coating. As presented in the 

hardness evaluation, the BAG coating possesses remarkably higher hardness than the HAp coating. 
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Furthermore, the BAG coating formed as a single-phase coating, yielding a consistent distribution of 

hardness. Both factors triggered the more consistent wear resistance behavior of the BAG coating and 

its overall better performance in comparison with the HAp coating. 

Typical profiles of the coating surface after performing the nano-scanning wear tests are presented in 

Fig. 13 to provide further information on the wear depths. Lower depths and more consistent results 

are shown in the BAG coating, while high variances can be found for the HAp coating. These results 

are in agreement with the previous mechanical testing results and, yet again, demonstrate that the BAG 

coating presents consistent behavior. Importantly, the nano-scanning wear test has shown that the BAG 

coating possesses a better wear resistance than its HAp counterpart. 

 

Fig. 13. Typical surface profiles after performing the nano-scanning wear tests on (a) the BAG 

coating and (b) the HAp coating. 

3.9. HOBs viability test 

Baghdadite, being a Ca-Si-based bioceramic, is expected to demonstrate improved bioactive properties 

in vitro compared to traditional calcium phosphate bioceramics [44]. The results of HOBs that were 

cultured on both HAp and BAG-coated surfaces with regards to the attachment and proliferation after 

3 days and 7 days are presented in Fig. 14. At the 3rd day of incubation, the absorbance for the BAG 
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coating at the wavelength of 492 nm was 37.9% ± 3.1%, which was higher than the HAp coating that 

indicated an absorbance of 25.2% ± 4.1%. This result shows that both coatings possessed good 

biocompatibility in supporting the initial attachment of HOBs, with the BAG coating exhibiting a 

higher level of HOBs attachment. 

 

Fig. 14. HOBs viability test on BAG and HAp coatings (n = 5, duplicated tests, *: statistically 

significant, p < 0.05).  

After 7 days of incubation, the absorbance rate of HOBs for BAG was increased significantly to 

67.7% ± 3.4%; whereas the HAp coating revealed a smaller increase with an absorbance rate of 

39.6% ± 2.7%. The previous discussion has shown that BAG and HAp coatings presented similar 

amplitude parameters of surface texture, but the BAG coating possesses higher surface area than the 

HAp coating that is indicated by the greater surface complexity (Sdr). The BAG coating would 

promote more cell attachment initially and stimulate cell proliferation in later stages. In addition, the 

surface coating chemistry will also play an important role in supporting cell attachment and 

proliferation. Baghdadite, in its bulk form, possesses bioactive properties that can trigger osteogenesis, 
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increase osteoblast cell proliferation and alkaline phosphatase (ALP) activity [10]. The observed 

improvement of BAG could result from the inherent characteristic of Ca-Si based bioceramic as well 

as changes in ion dissolution comparing with the HAp as a Ca-P based bioceramic [14]. These distinct 

properties are expected to be conferred to the BAG coating and support the attachment and 

proliferation of HOBs. As a result, the higher proliferation rate in the BAG was induced by an ability 

to support the attachment and proliferation of HOBs due to its Ca-Si-based bioceramic character. In 

short, compared to those cells on the HAp-coated surface, significantly more viable HOBs are present 

on the BAG surface at both the 3rd and 7th day that indicates the BAG coating is more favorable for 

HOBs adherence and growth than the HAp coating. 
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3.10. Osteogenic gene expression 

 

Fig. 15. Real time PCR analysis of the expression of different HOB markers (a) RUNX2, (b) 

osteopontin, (c) bone sialoprotein, and (d) osteocalcin on the surface of HAp and BAG coatings after 

three and seven days of culture, (n = 5, duplicated tests, * p < 0.05). 

Real-time PCR results indicate the effects of the BAG and HAp coatings on osteogenic gene expression 

in HOBs after seeding and culturing HOBs for 3 and 7 days (Fig. 15). The relative gene expression of 

RUNX2 on BAG and HAp samples after 3 days are 1.8 ± 0.4 and 0.8 ± 0.3, respectively, while after 7 

days, the results are 1.6 ± 0.3 and 0.9 ± 0.3 (Fig. 15a). Similarly, osteopontin expression also shows 

results for the BAG and HAp samples after 3 days and 7 days (p < 0.05): 1.2 ± 0.4 and 0.5 ± 0.2 after 

3 days and 1.0 ± 0.3 and 0.7 ± 0.1 after 7 days, respectively (Fig. 15b). Interestingly, the trends differed 

for the two coatings: the BAG samples exhibited a slight decrease from the 3rd day to the 7th day, 

whereas the HAp samples showed a converse increasing trend but the overall result of HAp is still 

lower than that of the BAG result. In short, both RUNX2 and osteopontin presented a significantly 

higher gene expression (at p < 0.05) for BAG than for HAp-coated samples at both the 3rd and 7th day. 
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These trends of gene expression were similar for bone sialoprotein and osteocalcin (Fig. 15c and Fig. 

15d), in that the data for BAG was significantly higher (at p < 0.05) than for HAp at both time intervals. 

However, the trends with regard to time were directly opposite to those of RUNX2 and osteopontin: 

the BAG tended to increase, whereas the HAp decreased. Quantitatively, the bone sialoprotein 

expression levels of BAG were 1.1 ± 0.4 and 1.2 ± 0.4 after 3 days and 7 days, respectively, while the 

HAp samples presented levels of 0.7 ± 0.3 and 0.5 ± 0.1 after 3 days and 7 days, respectively. In the 

case of osteocalcin, there was no difference in the expression level after 3 days between samples of 

BAG and HAp coatings at 0.8 ± 0.4 and 0.8 ± 0.2. However, this changed after 7 days, where, in the 

case of BAG the value increased to 1.0 ± 0.1, while it dropped for HAp to  0.5 ± 0.1, yielding the two 

values statistically different (at p < 0.05). 

In all cases, the HOBs cultured on a BAG-coated surface showed significantly higher gene expression 

levels for RUNX2, osteopontin, bone sialoprotein, and osteocalcin, compared with those on HAp-

coated surfaces after 3 and 7 days of culturing (at p < 0.05). This result for coatings agrees with results 

of other researchers where Ramaswamy et al. [14] have found that bulk BAG presents significant 

improvement in the capability of gene expression. The mechanism of improving the gene expression 

level in BAG samples could derive from the release of Ca and Si ions into the culture medium that 

stimulates the differentiation of HOBs [14]. The higher results of gene expression in the BAG coating 

indicates that the BAG coating is more favorable in supporting the differentiation of HOBs than the 

HAp coating. 

4. Concluding remarks 

The hybrid water-stabilized plasma spray of Baghdadite (BAG), a calcium silicate-based bioceramic, 

produced a coating that exhibited mechanical properties superior to gas-stabilized plasma sprayed 

hydroxyapatite (HAp). The BAG coating possessed higher hardness and elastic modulus under micro- 
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and nano-scale hardness testing, as well as improved scratch and wear resistance under identical 

conditions and applied loads. 

Also, the BAG coating exhibited a homogeneous structure, resulting in a consistent behavior of 

hardness, elastic modulus, scratch and wear resistance throughout the coating cross section. Such 

behavior is more favorable than that of the HAp coating, which exhibited fluctuations in its mechanical 

properties. 

Importantly, the BAG coating supports the attachment and proliferation of human osteoblast cells to a 

greater degree when compared with the HAp and possesses excellent gene expression capability. 

In general, the BAG coating manufactured by the hybrid water-stabilized plasma process demonstrates 

(i) enhanced mechanical properties, and (ii) improved biological response; which highlights 

Baghdadite as a potential biomaterial coating for orthopedic implants.
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Appendices 

 

Fig. A. 1. Crystal structure of Baghdadite. Adapted from [8] 
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Fig. A. 2. Compositions in the CaO-ZrO2-SiO2 phase diagram studied at 1573 K with two ternary 

compounds of Ca3ZrSi2O9 (BAG) and Ca2ZrSi4O12 presented in the system. Adapted from [9]. 

 

Fig. A. 3. Top surface of the BAG and the HAp coating. 
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