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Abstract 
 

The density, porosity and compressive strength of white Portland cement (WPC) samples were evaluated to study their potential for use 

for bone implant applications. The effects of simulated body fluid (SBF) solution on the compressive strengths of WPC samples were 

also examined by immersing the sample in an SBF solution. The formation of bone-like apatite on the surface and in the internal 

structure of the WPC samples after immersion in an SBF solution was investigated. After 28 days of water curing, the compressive 

strength and porosity of the WPC samples were 51.88 MPa and 41.83%, respectively. The WPC samples tested after immersion in an 

SBF solution showed an improvement in compressive strength at approximately 13 percent, which is a good indicator for its use as a 

bone implant material. Bone-like apatite was apparently formed on the surfaces and in the internal structures of WPC samples after 28 

days of immersion in an SBF solution. The thickness of the bone-like apatite forming was about 30 µm. 
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1. Introduction 

 

 A number of bone substitutes and bone graft materials have been developed as alternatives for bone repair, augmentation or 

substitution. The primary target of bone substitute material research is to develop materials that have physical, chemical and mechanical 

properties similar to human bone. The mechanical property of the bone substitute materials should be in close association with the 

mechanical property of the surrounding bone. The bone substitute materials should retain its mechanical property after implantation to 

reconstruct hard load-bearing tissues. The variation in mechanical property due to the degradation process should be compatible with 

the bone regeneration process [1]. Among the mechanical properties evaluated, compressive strength is usually employed to 

characterize the mechanical behavior of bone substitutes [2]. Additionally, the formation of bone-like apatite on the surface of an 

artificial bone implant material is a necessary requirement after implantation into a living body [3, 4]. The bone-bonding ability of 

bone substitute materials is usually determined by evaluating their ability to form bone-like apatite on the surface using in vitro testing 

in a simulated body fluid (SBF) solution with an ionic concentration mimicking that of human blood plasma. This method has been 

widely applied for in vitro evaluation of bioactivity and assessment of bone-like apatite formation on various artificial bone implant 

materials [5-8]. This implies that the in vivo bone bioactivity of the implant materials can be anticipated from the formation of bone-

like apatite observed on their surfaces during in vitro testing in an SBF solution. 

 Hydroxyapatite (HAp) is an ideal material for artificial bones because it has excellent biocompatibility, bioactivity and 

osteoconductivity. It is also used as a coating on metallic biomaterials to improve the bioactive properties of the surfaces of implants. 

Out of the various available coating techniques, plasma spraying is one of the more commercially accepted methods used to apply 

hydroxyapatite coatings for biomedical applications. The extremely high temperature of the plasma spray, however, can cause 

decomposition of the coating, instability of the coating-substrate interface and an unstable coating duration in body fluids and under 

local variable loading [9, 10]. Moreover, the decreasing quality of the mechanical properties of HAp coatings on metal substrates during 

immersion in physiological solutions remains a problem [11-14]. 

 White Portland cement (WPC), which mainly consists of tricalcium silicate (Ca3SiO5) and dicalcium silicate (Ca2SiO4), is a 

common construction material with a strength development at ambient temperatures similar to ordinary Portland cement. The 

composition, room-temperature solidification and white colour with non-toxicity of this calcium silicate material give it biomedical 

potential for use as a bone substitute or coating material for biomedical applications. A number of research studies on calcium silicate-

based materials have investigated their potential medical use in bone and dental applications [15-20]. Coleman et al. [21, 22], Torkittikul 
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and Chaipanich [23] performed a preliminary evaluation of the in vitro biological properties of WPC. They demonstrated that a bone-

like apatite layer is precipitated on the surface of WPC within a week of immersion in an SBF solution. They also clarified that the 

silicate group in WPC is an important substrate which nucleates bone-like apatite on WPC surfaces. The bone-like apatite precipitation 

on the WPC surface is caused by the dissolution of calcium hydroxide (Ca(OH)2) from WPC into an SBF solution. The increasing of 

Ca+ ions enhance the supersaturation of SBF solution, which promotes the deposition of bone-like apatite on the WPC surface [21-23]. 

A rapidly hardening Portland cement utilizing calcium chloride has also been developed and evaluated for use as a restorative material 

and its toxicity to SaOS-2 cells was evaluated [24]. The mechanical property of WPC was studied by Torkittikul and Chaipanich [23]. 

The high compressive strength was achieved after curing WPC in water for 7 days. In the literature, the strength of WPC was studied 

only after curing in water. There has been no study aim at examining of mechanical property of WPC after apatite precipitation on its 

surface by the in vitro biological test. Some important considerations, including the effects of the in vitro environment on the 

mechanical and physical properties of WPC, have not been fully reported and require investigation before the study of WPC coating 

on metallic implants and other applications. 

 In this study, in vitro biological tests in SBF solutions for various periods were conducted to investigate bone-like apatite formation 

on the surface and inside the structure of WPC samples to understand the mechanism of the phase transformation on WPC. The physical 

and mechanical properties of these samples before and after in vitro testing were investigated and reported. The density, porosity and 

compressive strength of the WPC samples were measured according to ASTM standards. Bone-like apatite precipitation was 

investigated using scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD) 

techniques. 
 

2. Materials and methods 
 

2.1 Material and sample preparation 
 

 The WPC used in this study is composed mainly of a high amount of CaO (78.77%) and smaller quantities of SiO2 (14.68%) and 

Al2O3 (1.93%). It is similar to Portland cement according to the ASTM C150 standard [25]. WPC pastes were prepared with distilled 

water at a cement to liquid ratio of 2:1 by mass. The WPC pastes were cast into 25×25×25 mm3 acrylic cubic moulds for the compressive 

strength tests and into 10 mm diameter and 2 mm high acrylic cylindrical disc moulds for the in vitro bioactivity tests. The freshly 

mixed samples were compacted using a vibrating machine for 15 seconds to remove entrapped air, wrapped with a plastic sheet and 

then cured in a temperature-controlled chamber at 23 °C for 24 hours. After curing, samples were removed from their moulds and then 

cured in water for 3, 7, 14, 21 and 28 days at 23 °C in a temperature-controlled chamber to study the strength development of WPC 

during the hydration reaction. The hydration of the samples was halted by soaking them in acetone for 24 hours, drying them at 40 °C 

for 24 hours and storing them in a desiccator. The sample after curing in water for 28 days and stopping of hydration reaction is denoted 

as as-cured sample. 
 

2.2 Setting time, density, porosity and compressive strength of WPC 
 

 Setting times for WPC pastes were determined using a Vicat needle as specified by ASTM C191 [26]. Density and porosity (permeable 

voids) of the WPC samples were measured using cube-shaped samples according to ASTM C642-97 [27]. To determine the density and the 

porosity of the samples after curing for 3, 7, 14, 21 or 28 days in water, the samples were boiled in water for 5 hours and allowed to 

cool for 24 hours. The masses of the cured and boiled samples suspended in water were then recorded. This was the apparent mass, A. 

The surfaces of the cured and boiled samples were dried with a towel and then their masses were measured. This mass was the saturated 

surface-dry mass, B. After that, the cured samples were dried in an incubator at 100 °C for 48 hours and allowed to cool in a desiccator 

to room temperature. Their masses were then determined and are denoted by the dried mass, C. The density and volume of permeable 

voids (porosity) were determined using the following equations: 
 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔/𝑐𝑚3) =
𝐵

(𝐵 − 𝐴)
 ×  𝜌𝑊 ∶ 𝜌𝑊 = 1 (𝑔/𝑐𝑚3)                                                                                                                                  (1) 

 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑙𝑒 𝑣𝑜𝑖𝑑 (%) =
(𝐵 − 𝐶)

(𝐵 − 𝐴)
× 100                                                                                                                                           (2) 

 

 Compressive strength tests were conducted on cube-shaped samples in accordance with ASTM C109 [28] using a hydraulic testing 

machine with a maximum load of 400 kN. The compressive strength of the cured samples was tested at a loading rate of 2 kN/s. The 

density, permeable voids and compressive strength of the samples were measured after 3, 7, 14, 21 and 28 days of curing. The reported 

results are the averages of five measurements. 
 

2.3 In vitro test and sample characterizations 
 

 The as-cured cube- and disc-shaped samples were submerged in SBF solutions for various periods to study the effect of an in vitro 

environment on their compressive strengths and bone-like apatite precipitation. The immersion periods were varied from 3-28 days. 

The temperature was controlled at 37 °C, human body temperature, for the entire immersion period.  The SBF solution had an ionic 

concentration similar to that of human blood plasma and was prepared according to the procedure described by Kokubo et al. [29]. In 

order to clearly investigate the effects of in vitro immersion on the strength of the WPC samples, two batches of as-cured cube-shaped 

samples (samples after curing in water for 28 days) were then separately immerged in SBF solution and in water for the same periods 

at 37 °C. Their compressive strengths were measured on dried samples after immersion for 3-28 days. The averages of five samples 

were reported to assure uniformity of the results according to ASTM C109. In order to observe and verify bone-like apatite 

precipitation, surface and cross-sectional morphologies of the as-cured disc samples were examined by SEM (Zeiss LEO Model 1430) 

before immersion in the SBF solution. The elemental composition on the surfaces and in cross-sections of the as-cured disc-shaped 

samples was determined using EDS. Additionally, the crystalline phases on the surfaces of the cured disc-shaped samples were 

identified using XRD (Bruker D8). The XRD analysis was done with Cu Kα radiation operating at 40 kV and 40 mA at a scanning rate 

of 2.4° 2θ/min in 0.02° 2θ increments. After immersion in the SBF solution for various periods, the samples were removed from the 
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solution, carefully washed with distilled water and air-dried in the room environment. The crystalline phase, morphology and elemental 

composition of the surfaces and cross-sections of the WPC disc samples were investigated using XRD and SEM/EDS.  

 

3. Results and discussion 

 

3.1 Setting time, density and porosity of WPC 

 

 The results of the initial and final setting times of the WPC pastes were 216 and 270 min, respectively. These setting times are in 

the range of those described in ASTM C191. These results imply that a WPC was undergone normal hydration. After curing for 3, 7, 

14, 21 and 28 days, the density and porosity of the samples were measured following the ASTM standard. The results are shown in 

Figure 1. The density of WPC increased with increased curing time, while the porosity of WPC decreased. The density and porosity 

ranged from 1.72 to 1.82 g/cm3 and from 45.77 to 41.83%, respectively. The changes in density and porosity were due to the hydration 

reaction of WPC while curing in water. The average reported density of hydrated cortical bone is 1.85 g/cm3 [30]. The WPC degree of 

hydration has a direct effect on its porosity and strength [31]. Higher porosities in bone substitute materials imply a larger surface area, 

which may result in a higher degree of bone formation after implantation in a physiological environment. An ideal porous bone 

substitute should provide sufficient porosity for bone ingrowth. Although increased porosity of bone substitute materials promotes new 

bone growth, another consequence of increased porosity is reduced mechanical strength. Therefore, a balance between mechanical 

properties and biological performance is required to suit the intended application [32]. Sakamoto and Matsumoto demonstrated that a 

30 to 40% porosity of ceramic bone substitute materials is useful as a spinous process spacer for laminoplasty, while a 40 to 60% 

porosity is required for the calvaria plate since it requires proper bone formation [33]. 

 

 
 

 

 

Figure 1 Average density and porosity of WPC during curing in water for various periods of time. 

 

3.2 Compressive strength of WPC after curing and after immersion in SBF solution 

 

 The compressive strength results of WPC after curing in water and after immersion in an SBF solution are shown in Figure 2. The 

compressive strengths of cube-shaped samples were reported as the average measurements of five separate samples for each curing 

period. From the results, the compressive strength of each sample exposed to the same conditions was not manifestly different, in 

accordance with ASTM C109. WPC is primarily composed of calcium silicates (tricalcium silicate and dicalcium silicate). When it 

reacts with distilled water, it undergoes a hydration process forming ettringite, calcium hydroxide (Ca(OH)2) and calcium silicate 

hydrate (C-S-H), which contributes to the development of strength in high alkalinities [34]. Figure 2 (a) shows the average compressive 

strength of the WPC samples after various curing periods of up to 28 days. The compressive strength rapidly increased early in the 

experiment and then only slightly increased after 21 to 28 days. This result indicated that the hydration reaction of WPC was almost 

completed after 28 days of curing periods. An inverse relationship was observed between the compressive strength and porosity of the 

WPC samples. The compressive strength of the WPC samples increased as the porosity decreased to form a denser hydration product. 

After 28 days of curing in water, WPC samples achieved average compressive strengths of 51.88 MPa. Since this material is planned 

for use as a bone substitute, WPC samples with this strength have the potential for bone repair. The compressive strength of cancellous 

bone ranges between 2 and 45 MPa [2, 30, 35]. 

 To study the effect of immersion in an SBF solution on compressive strength of WPC, the as-cured samples were separately 

immersed in SBF solution and in water for various periods (3, 7, 14 and 28 days) at 37 °C. The compressive strength tests were 

conducted on dried samples after immersion in SBF solution and in water. The results are shown in Figure 2 (b). All cured WPC 

samples immersed in an SBF solution and water showed higher compressive strengths than those of the WPC samples after curing in 

water (Figure 2 (a)). After four weeks of immersion, the compressive strengths of the WPC samples gradually increased to 59.02 and 

58.07 MPa for the SBF solution and water, respectively. The improvement in compressive strength was about 13 percent when 

compared to the strength of as-cured WPC sample. The increases were due to the continued hydration of the samples. The average 

compressive strength between all as-cured WPC samples immersed in an SBF solution and in water showed not significantly difference 

due to there is some deviation of the results. However, the average compressive strengths of the as-cured WPC samples immersed in 

the SBF solution were slightly higher than those of the samples immersed in water for each period, as shown in Figure 2 (b). The 

difference of the WPC strength after immersion in SBF and in water seemed to increase with increasing the immersion period. The 

result may due to the apatite formation on the WPC structure. This hypothesis was clarified at subtopic 3.4 cross-section 

characterization of WPC before and after immersion in SBF solution. The increasing strength of WPC after immersion in the SBF 

solution is a good indicator of its potential as a bone substitute material in a physiological environment. This is in contrast to HAp, 

whose strength decreases with increasing immersion periods in a physiological environment. 
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Figure 2 The average compressive strength of (a) WPC after curing in water and (b) as-cured WPC samples after immersion in water 

and in an SBF solution for various periods of time. 

 

3.3 Surface characterization of WPC before and after immersion in SBF solution 

 

 The surface morphology and elemental composition of as-cured WPC sample (sample after curing in water for 28 days) were 

observed using SEM/EDS (Figure 3). Dense and rough structures with micropores were observed on the surface, as seen in Figure 3 

(a). The results of EDS analysis of a WPC surface are shown in Figure 3 (b). The main spectrum peaks of calcium (Ca) and silicon 

(Si), as well as oxygen (O), corresponded to the primary elements of the WPC sample. Figure 4 shows the XRD patterns for 2θ between 

20-50° and 30-40° for the as-cured WPC surface and its surfaces after immersion in SBF for various periods. The XRD pattern for the 

as-cured WPC surface is shown in Figure 4 (a). The major crystalline phases detected were calcite (C, peaks at 29.4°, 36.0°, 39.4°, 

43.1°, 47.5° and 48.5°), portlandite (P, peaks at 28.7° and 34.1°) and ettringite (E, peak at 22.9°). The calcite peak (2θ = 29.4°) had the 

highest intensity in the WPC samples because of the reactions between the high CaO content in the WPC with CO2 in the mixing water 

or air. 

 To clearly understand the mechanism of the phase transformation on WPC during immersion in an SBF solution, the as-cured WPC 

samples were immersed in an SBF solution for various periods ranging from 1-28 days. Figures 4 (b-f) shows the XRD patterns 

obtained from the as-cured WPC surfaces after immersion in the SBF solution. The phase composition of the WPC surfaces was 

changed. The peak intensity of the portlandite phase (28.7° and 34.1°) vanished after 1 day, which suggested that this phase dissolved 

during the earliest stage of immersion. After 1 day of immersion, Ca(OH)2 in the form of portlandite started to dissolve into the SBF 

solution. It has been reported that a high concentration of calcium hydroxide is released from the WPC matrix into an SBF solution 

[21, 36]. The released OH− was partially buffered by the SBF solution. This resulted in an increased pH in the SBF solution, as depicted 

in Figure 5. With increased immersion time, the pH of the SBF solution gradually increased, then was relatively constant at 10.5 after 

14 days. The peak intensity of the ettringite phase disappeared after 7 days, and those of the calcite phases decreased with increasing 

immersion time. These disappearances resulted from ettringite and calcite dissolving concurrently at higher pH values. Dissolution 

rates have been described in the literature for various minerals, including calcium silicate hydrate at around 10−10 to 10−13 mol m−2 s−1 

at pH 9.5-12 [37-39]. The dissolution of portlandite, ettringite and calcium silicate hydrate occurs according to the following chemical 

equations: 

 

Ca(OH)2→Ca2++2OH-                                                                                                                                                                                                 (3) 

 

Ca6Al2(SO4)
3
(OH)12∙26H2O→6Ca2++2Al

3+
+3SO4

2-+12OH-+26H2O                                                                                                              (4) 

 

xCaO∙SiO2∙xH2O+H2O→xCa2++H3SiO4-+(2x-1)OH-                                                                                                                                         (5) 

 

 

 
 

Figure 3 (a) SEM Micrographs of surface morphology of as-cured WPC sample (b) EDS Spectrum of as-cured WPC sample surface. 

0 3 14 

Curing period in water (days) 

7 21 28 
30 

50 

60 

70 

40 

C
o

m
p

re
ss

iv
e 

st
re

n
g

th
 (

𝐌
𝐏

𝐚
) 

30 

50 

60 

70 

40 

C
o

m
p

re
ss

iv
e 

st
re

n
g

th
 (

𝐌
𝐏

𝐚
) 

3 14 

Immersion period in water and in SBF (days) 

7 28 

Curing period in water Immersion in water  Immersion in SBF  

(a) (b) 

In
te

n
si

ty
 

C 

3 μm 

O 

As cured (Surface) 
keV 

0 2 6 4 8 10 

(a) (b) 

Si 

Ca 

Mg 

A1 



Engineering and Applied Science Research 2022;49(2)                                                                                                                                                  185 

 

 
 

 
 

Figure 4 XRD Patterns of (a) the as-cured WPC sample and (b-f) the as-cured WPC samples after immersion in an SBF solution for 

various periods 
 

 
 

 
 

Figure 5 pH of SBF Solution during immersion of as-cured WPC samples for various periods of time. 
 

 An increased peak intensity at the 2θ position of a poorly crystalline HAp phase (H) was clearly observed at about a 2θ of 25.8° 

and 31-33° after 14 days of immersion, as shown in Figures 4 (e and f). This would suggest a bone-like apatite precipitation on the 

WPC sample surfaces. The supersaturation of ions in the SBF solution was due to the dissolution of the Ca2+ and OH- of WPC. The 

Ca2+ and OH- reacted with and in the SBF solution, resulting in the precipitation of bone-like apatite on the WPC surfaces. The 

precipitation of bone-like apatite occurs by the chemical equation: 
 

5Ca2++3PO4
3-+OH-→Ca5(PO4)

3
(OH)                                                                                                                                                                        (6) 

 

 The driving force for this reaction and the bone-like apatite precipitation rate in a supersaturated SBF solution have been reported 

in the literature [40]. A supersaturated SBF solution at a high pH has a high thermodynamic driving force for the nucleation and 

precipitation of bone-like apatite. Additionally, recent research has reported that the degradation of calcium silicate hydrate to the Si-

OH functional group in WPC during immersion in an SBF solution could act as a nucleation site for the precipitation of bone-like 

apatite [21-23, 29, 41, 42]. Therefore, the combination of the supersaturated ionic concentrations in the SBF solution, the increase in 

pH of the SBF solution and the degradation of calcium silicate hydrate to the Si-OH functional group in the WPC samples resulted in 

the formation of bone-like apatite. The high pH value of SBF solution during the immersion of as-cured WPC sample may cause 

toxicity in human cells. The extensive study of the cytotoxic of WPC is also needed in order to use as implant materials. The peak 
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intensity of the HAp was not observed on the samples immerged in water at all periods of immersion. Figure 6 shows SEM micrographs 

of the as-cured WPC surface and for those after immersion in an SBF solution. The surface texture of the as-cured WPC sample (Figure 

6 (a)) changed from a rough and compact appearance with surface pores to one with tiny spherical particles after one day of immersion 

(Figure 6 (b)). High surface porosity with tiny spherical particles was observed after immersion in an SBF solution for three and seven 

days (Figures 6 (c and d)). After 14 and 28 days of immersion (Figures 6 (e and f)), the surfaces of the WPC samples were covered 

with a homogeneous porous network structure. This structure consisted of plate-like crystals, which characterize a bone-like apatite 

structure [43, 44]. The surface texture of the as-cured WPC samples was not changed during immersion in water for various periods. 
 

 
 

Figure 6 SEM Micrographs of surfaces of (a) the as-cured WPC samples and the as-cured WPC samples after immersion in an SBF 

solution for (b) 1 day (c) 3 days (d) 7 days (e) 14 days and (f) 28 days. 
 

 The results of the EDS analysis of the as-cured WPC surface and for those after immersion for 14 and 28 days in an SBF solution 

are shown in Figures 7 (a-c). Primarily, calcium (Ca), silicon (Si), magnesium (Mg) and aluminium (Al) were observed in the EDS 

spectrum of a WPC surface before immersion in the SBF solution (Figure 7 (a)). The EDS spectra of WPC after immersion periods of 

14 and 28 days in an SBF solution are displayed in Figures 7 (b and c). These spectra show the presence of phosphorus (P) in addition 

to Ca, Si, Mg and Al at the WPC surfaces. In the EDS profiles, the intensity of the peak of P increased and those of Ca changed with 

increasing immersion periods in comparison with those before immersion in the SBF solution. The evidence from XRD, EDS and 

morphology observations confirms the precipitation of a bone-like apatite structure on WPC surfaces in vitro during SBF solution 

immersion. The peak intensity of other elements (Si, Mg and Al) decreased after SBF immersion for 14 and 28 days due to the bone-

like apatite precipitation on the WPC surface. 
 

 
 

 

 

Figure 7 EDS Spectrum of surfaces of (a) the as-cured WPC samples and the as-cured WPC samples after immersion in an SBF 

solution for (b) 14 days and (c) 28 days. 
 

3.4 Cross-section characterization of WPC before and after immersion in SBF solution 
 

 Cross-sectional microstructure observations and line scanning were also performed using SEM/EDS from the surface to the interior 

of the as-cured WPC samples and for those immersed in an SBF solution for 14 and 28 days. Line scanning measurements were made 

at every 0.5 µm. The spectra of silicon (Si), calcium (Ca) and phosphorus (P) were investigated. The results are shown in Figure 8. 

Figure 8 (a) shows the cross-sectional microstructure near the surface of the as-cured WPC sample. It was found that a dense and 

porous structure was formed. Only high-intensity spectra for Ca and Si were detected before immersion in the SBF solution. These are 

the elements of hydrated WPC presented in Eqn. (3-5). Phosphorus was not detected along the scan line. A strong spectrum for P was 

detected at the surface of the WPC sample after immersion in SBF solution for 14 and 28 days, as shown in Figures 8 (b and c). 

Phosphorus was detected up to 20 or 30 µm into the interior of the material after immersion in the SBF solution for 14 and 28 days, 

respectively. From these results, it can be concluded that bone-like apatite precipitated primarily on the surface of WPC to about 30 

µm deep after immersion in an SBF solution for 28 days. Moreover, the small phosphorus spectrum was detected inside the WPC 

samples (Figures 8 (b and c)). This result indicated that the bone-like apatite also precipitated inside the structure of WPC. From the 

SEM micrographs in Figure 8 (b and c), there was a clear formation of bone-like apatite on the surfaces of WPC samples. Additionally, 
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the pore volume inside the samples tended to decrease with increasing immersion. These results also indicated that bone-like apatite 

was also precipitated inside the internal structure of WPC samples. This internal formation of bone-like apatite would affect the strength 

of WPC due to changes in its porosity and density of the samples. As shown in Figure 2 (b), the average compressive strengths of cured 

WPC samples after immersion in an SBF solution were slightly higher than those of samples immersed in water for longer than 7 days. 

These results support the potential for WPC to study as a coating material on metallic implants and bone repair applications. Therefore, 

a future study is needed to examine clearly the effects of immersion in an SBF solution on the strength of WPC to determine whether 

bone-like apatite formation on WPC improves its compressive strength and the other properties (e.g., tensile strength, stress-strain 

behavior). The extensive study of the cytotoxic of WPC is also needed in order to use as implant material. 
 

 
 

 
 

Figure 8 SEM Micrographs and scan line EDS spectra of a cross-sectional structure of (a) the as-cured WPC samples and the as-cured 

WPC samples after immersion in an SBF solution for (b) 14 days and (c) 28 days. 
 

4. Conclusions 
 

 The effects of in vitro immersion in an SBF environment on the physical characteristics and compressive strength of WPC were 

examined. The conclusions of the current study are as follows: 

 (1) The compressive strength of WPC sample was 51.88 MPa after curing in water for 28 days and its porosity was 41.83%. After 

28 days of immersion in an SBF solution, the compressive strengths of WPC samples showed noticeable improvements, increasing to 

59.02 MPa. The increasing WPC strength during immersion in an SBF is a good indicator of its potential application as a bone substitute 

material in a physiological environment.  

 (2) WPC shows good bioactivity. During immersion in the SBF solution, WPC compounds were dissolved in the SBF solution and 

were precipitated as bone-like apatite on the surface of WPC. This process was clearly observed after seven days of immersion. 

 (3) Bone-like apatite was formed mainly on the surface of WPC with thicknesses of 20 and 30 µm after immersion in an SBF 

solution for 14 and 28 days, respectively. Additionally, bone-like apatite was also precipitated inside the internal structure of WPC. 
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