
Open Ceramics 10 (2022) 100252

Available online 4 April 2022
2666-5395/© 2022 Published by Elsevier Ltd on behalf of European Ceramic Society. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Optimisation of trabecular bone mimicking silicon-hydroxyapatite based 
composite scaffolds processed through selective laser melting 

Antonia Ressler a,*, Nikhil Kamboj b,c,**, Hrvoje Ivanković a, Irina Hussainova b 
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A B S T R A C T   

Additive manufacturing is a rapid prototyping technology to produce complex three-dimensional scaffolds 
suitable for personalized medicine. In the present study, the laser powder bed fusion through a selective laser 
melting (SLM) approach has been applied to optimized fabrication of bio-mimicking scaffolds by using hy
droxyapatite (HAp, 50 and 70 wt%) and silicon powder mixture. In situ formation of pseudo-wollastonite (P–W, 
CaSiO3) has been detected along with silicon for 50 wt% of HAp powder mixture, while an increase in HAp 
content has resulted in P–W, silicon and larnite (Ca₂SiO₄) formation. The pore size of 400 μm, according to the 
CAD model, are observed at the scaffolds fabricated at the shortest exposure time (50 μs), lowest laser current 
(500 mA) and energy density (41.6 J/mm3), and simultaneously at the highest scanning speed. Compressive 
stress demonstrated by the fabricated scaffolds is shown to be acceptable for their use in metaphyseal region of 
long bones.   

1. Introduction 

Bone grafting is one of the most common used surgical methods for 
bone regeneration in orthopedic procedures and the second most 
frequent tissue transplantation after blood transfusion [1]. According to 
the epidemiological study, in 2010–2025, the incidence of fractures in 
Europe increased at an annual rate of 28%, with an additional 25% 
economic burden, drawing extensive attention to bone repair medicine 
research [2]. Due to the growing demand, a major focus of studies is the 
development of bone grafts, that can replace traditional approaches, 
including autologous and allogenic bone grafts that are still considered 
as a gold standard in bone tissue engineering [1,3]. 

Conventional methods of bone scaffolds fabrication are not capable 
of producing highly complex structures with detailed features needed 
for efficient bone regeneration. In contrast, new additive manufacturing 
(AM) technologies are rapid prototyping technologies for a short time 
manufacturing of complex three-dimensional (3D) parts without using 
any molds. In AM approach, a computer-aided design (CAD) of the 
substrate is needed to create a model to be sliced into a series of 2D 
cross-sectional layers [4]. The AM technologies allow the fabrication of 

personalized scaffolds according to the patient bone defect and re
quirements, and the development of a highly required custom-made 
approach in the field of regenerative medicine for both long-bone or 
critical size defects [5]. One of AM methods is a selective laser melting 
(SLM), which initially was developed for the fabrication of metal scaf
folds by using high energy density laser to fulfill a complete melting/
solidification process resulting in superior mechanical strength of the 
scaffold that is appropriate for the long-bone defects [6]. SLM technique 
was used to prepare substrates based on non-biodegradable (e.g. 316L 
stainless steel, pure titanium and titanium alloy, NiTi and Co–Cr alloys) 
and biodegradable (iron, magnesium, zinc) metals [7]. The materials for 
a bone scaffold fabrication have to be carefully selected as many metals 
suffer from lack of biocompatibility, high corrosion rate, scaffold 
rejection, etc. It is essential to improve the metal scaffold properties to 
minimize the disadvantages [3]. The scaffold for the bone regeneration 
should mimic natural features of the bone and, at the same time, should 
be biocompatible, bioactive and biodegradable, osteoconductive and 
osteoinductive, providing open porosity to allow diffusion of nutrients, 
oxygen, metabolic waste, allow seeding and migration of cells, and, 
consequently, vascularization of the scaffold. In addition, the scaffold 
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should have suitable strength and toughness to facilitate bone repair 
through remodeling and regeneration [8]. 

The biocompatibility and osteogenic properties of metal scaffolds 
can be improved by the addition of bioceramics (e.g. calcium phos
phates, calcium silicates) into the metallic powder bed [8–10]. In our 
previous research, to increase biocompatibility and osteogenic proper
ties of metal scaffolds, wollastonite (CaSiO3) was added along with sil
icon to fabricate a highly porous composite scaffold with a pore size of 
400 μm through the SLM technique [8,9]. It is widely accepted that the 
porous silicon scaffolds demonstrate an enhanced collagen type I (COL I) 
expression by facilitating osteoblasts adhesion, while it is determined 
that COLL I expression increased drastically in the human osteoblasts 
supplemented by silicon due to orthosilicic acid [11,12]. Silicon en
hances the production of proline (hexosamine) related to bone growth 
through an endochondral ossification and might play a major role in the 
upregulation of the vascular endothelial growth factor (VEGF) through 
molecular interaction pathways in endothelial cells and fibroblasts [13, 
14]. Furthermore, silicon has even undermined the role of calcium at the 
metaphyseal region and epiphyseal plate, which are developing regions 
of the bone with a prominent osteoblastic activity [15,16]. 

Wollastonite is a naturally occurring calcium silicate mineral and is 
often used as filler in ceramic-ceramic and ceramic-polymer composite 
scaffolds. The hydrophilic nature of the wollastonite facilitates the 
apatite layer formation promoting wollastonite usage for bone regen
erative applications. The fabricated scaffold based on silicon and 
wollastonite has shown good biocompatibility and characteristic bone 
markers expression after 21 days of human mesenchymal stem cell 
culture [8]. Calcium phosphates (CaP), mainly hydroxyapatite (HAp, 
Ca10(PO4)6(OH)2), are widely used for bone regenerative applications. 
From a chemical and structural perspective, HAp is analogous to the 
mineralogical phase of the natural bone tissue [17]. The introduction of 
CaPs as a bioactive component within the inert metals, often used for the 
fabrication of scaffolds by the SLM process, can increase osteogenic 
properties in vitro and in vivo and the regenerative potential of the 
scaffolds. On the ceramic counterpart, the addition of silicon to the 
crystal structure of HAp can potentially enhance the osteoblast differ
entiation, increase alkaline phosphatase and transcription factors 
expression and, therefore, boost bone-bonding ability [18,19]. Howev
er, the fabrication of CaP bioceramics by the SLM and/or selective laser 
sintering (SLS) is a challenging procedure since the impact of the laser 
on the powder bed may result in excessive grain growth, additional 
phase formation (e.g. calcium oxide, tricalcium phosphates) and 
decomposition at high temperature. These limitations are the reasons for 
limited studies [5,20–22]. 

The objective of the present study was to understand the influence of 
the HAp phase (50 and 70 wt%) along with osteostimulatory silicon in 
the powder bed on the phase formation and morphology of the fabri
cated porous scaffolds. The design of the experiments, considering the 
effect of process parameters on the morphology, in situ phase formation, 
and mechanical properties were carefully studied on the silicon- 
hydroxyapatite composite powder bed. To the author’s best knowl
edge, the fabrication of silicon-hydroxyapatite scaffold by SLM and its 
properties has not been yet reported elsewhere. This novel bone- 
mimicking scaffold particularly finds its application in the meta
physeal region of the long bones since silicon enhances bone formation 
through osteochondral ossification and simultaneously provides the 
required strength. 

2. Materials and methods 

2.1. Hydroxyapatite precipitation and powder feedstock 

Hydroxyapatite was synthesized by the wet precipitation method by 
dissolving the appropriate amount of calcium oxide (CaO) as a source of 
Ca2+ ions in demineralized water. Ammonium dihydrogen phosphate 
(NH4H2PO4) was added into the solution to gain a Ca/P molar ratio of 

1.67 (stoichiometric HAp) according to Eg. 1. Stirring was continued for 
3 days at 60 ◦C followed by overnight aging at room temperature (T =
23.20 ± 0.45 ◦C) and filtration. The synthesized HAp powder was dried 
for 24 h at 105 ◦C.  

10CaCO3 + 6(NH4)2HPO4 + 2H2O → Ca10(PO4)6(OH)2 + 6(NH4)2CO3 +

4H2CO3                                                                                         (1) 

The used materials were powder mixtures of (i) 50 wt% of silicon and 
50 wt% of HAp, and (ii) 30 wt% of silicon and 70 wt% of HAp. The 
powder mixtures of silicon (>99.9% purity, particle size range 10–44 
μm, Silgrain-Elkem) and HAp (particle size range 5–40 μm) were mixed 
in the Turbula® shaker for 3 h with ethanol (96 wt%) using ZrO2 balls. 
The obtained mixtures were dried for 24 h at 120 ◦C. 

2.2. Scaffold design 

The 3D scaffolds of 5 mm in diameter and 6 mm in height were 
designed with the help of a CAD by using SOLIDWORKS® (Dassault 
System, USA) to have the pore diameters of 400 μm as shown in Fig. 1a, 
b. 

2.3. Scaffold fabrication 

The 3D scaffolds, based on silicon and HAp, were fabricated by a 
metal 3D printer using a commercial ReaLizer GmbH SLM-50 (Germany) 
SLM system. The previously optimized parameters of a layer thickness of 
25 μm, hatch distance of 60 μm, and point distance of 10 μm under the 
impact of Nd3+:YAG laser were applied for the fabrication of scaffolds 
[8]. The layer thickness of 25 μm is selected since the particle size has 
several repercussions on the regulation of the immune response by 
modulating the ionic microenvironment between the scaffolds and the 
site of implantation. To determine how an exposure time and a laser 
current affect a crystalline phase content, morphology, and mechanical 
properties, the parameters were varied according to Table 1. In addition, 
in Table 1, the samples annotation for both mixtures and different 
fabrication parameters are described. In order to avoid a severe oxida
tion of the phases during SLM process, the scaffolds processing was 
performed under the inert conditions by using high purity argon 
(99.999 vol%). During the fabrication, a rubber wiper was spreaded 
over the platform. After fabrication, the loose powder adhered on the 
surface and in the pores of the scaffolds was removed by a sonication 
process in ethanol (96 wt%) for 15 min. 

2.4. Scaffold characterization 

Phase analysis was accomplished using X-ray diffraction analysis 
(XRD) performed on Shimadzu XRD-6000 diffractometer with Cu Kα 
(1.5406 Å) radiation, operating at 40 kV and 30 mA, with a 2θ range of 
20–70◦, at a step size of 0.02◦ and an exposure of 3s. Prior to phase 
analysis of the as-prepared HAp powder, the 5 wt% of polycrystalline 
silicon standard (NIST SRN 640e, Sigma Aldrich) was added to the 
powder. Software DIFFRAC.SUITE TOPAS V.5.0. (Bruker) with the 
fundamental parameters approach was employed for Rietveld re
finements to determine phase content as the function of different weight 
percentages of HAp in a feedstock mixture and printing parameters. The 
structure parameters of HAp, given by Vaselinović et al. [23], silicon by 
Elliot [24], pseudo-wollastonite (P–W) given by Yeng and Prewitt [25] 
and larnit by Tsurumi et al. [26] have been used as the initial values in 
the refinements. The weighted profile (Rwp) and expected (Rexp) R-fac
tors were used to assess the degree of the match between the calculated 
pattern and the experimental data. The values of Rwp < 12% and Rexp <

3% were considered as acceptable ones. 
The fabricated cylindrical porous scaffolds were tested under 

compression at an applied strain rate of 0.5 mm min− 1 using the servo- 
hydraulic model 8500 universal testing machine (Instron Itd., UK). The 
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compressive load and displacement were recorded at 0.1 s intervals 
during testing. All the compressive strength measurements on the scaf
folds were performed at room temperature (T = 22.30 ± 0.25 ◦C). 

The scaffolds morphology before and after the compressive test was 
analyzed by scanning electron microscopy (SEM, TESCAN Vega3 
EasyProbe) at electron beam energy of 13 keV. Scaffolds were coated 
with the plasma of gold and palladium for 120 s prior to imaging. 

2.5. Statistical analysis 

Compressive strengths are expressed as a mean ± SD and all mea
surements were performed on triplicates (n = 3). Statistical analysis was 
performed using a one-way analysis of variance test to determine sig
nificant differences. A value of p < 0.01 was considered statistically 
significant. 

3. Results and discussions 

In our previous study [8,9], for the first time, the novel scaffold 
combining osteoconductive, osteoinductive and bioactive elements was 

successfully applied to the AM of the biomimetic substrates for potential 
use in bone tissue engineering. The metalloid/ceramic porous scaffolds 
were manufactured exploiting the approach of SLM. Induction of the 
primary transcription factors for osteogenic differentiation was detec
ted, indicating the osteogenic properties of scaffolds based on silicon 
and wollastonite. Furthermore, detection of the anti-inflammatory fac
tors demonstrated the possible immunomodulation effect [8]. In the 
present study, HAp particles were incorporated into a silicon powder 
feedstock as a bioactive component aiming at enhanced biological per
formance. The precursor powders are shown in Fig. 1c,d. Silicon parti
cles are of irregular shape, while plate-like HAp crystals are organized in 
the flower shape agglomerates. Silicon provides a suitable absorptivity 
for the Nd:YAG laser, osteoinductivity of the scaffold, mechanical 
strength, printability in a single-step technology and a bio-interface to 
support osteoblasts [8]. HAp was obtained by wet precipitation method 
and the Rietveld refinement analysis of the powder XRD pattern (Fig. 1e) 
indicated a significant amount of amorphous calcium phosphate (ACP) 
phase of 14.41 wt%, while the rest of 85.59 wt% is assigned to the HAp 
phase. The observed XRD pattern and ACP formation along with HAp 
phase are characteristic for the wet precipitation method at mild 

Fig. 1. CAD 3D design of the scaffolds (a) and design of pores (b). Microstructure of the precursor particles: silicon (c) and hydroxyapatite (d). Rietveld analysis 
pattern of powder diffraction data for HAp powder (e). The open circles (red) are experimental data and the solid lines (blue) are calculated intensities. The difference 
between the experimental and calculated intensities is plotted below the profile (Rwp < 12%; Rexp < 3%). Bragg positions of hydroxyapatite and silicon (standard) are 
marked below each pattern. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Process optimisation parameters for silicon-hydroxyapatite powder bed.  

Exposure time (μs) 120 100 90 80 70 60 50 
Laser current (mA) 1200 1000 900 800 700 600 500 
Scanning speed (mm/s) 83.3 100.0 111.1 125.0 142.8 166.6 200.0 
Energy density (J/mm3) 241.9 166.0 135.5 111.1 83.3 60.2 41.6 

50/50 mixture 50/50_1 50/50_2 50/50_3 50/50_4 50/50_5 50/50_6 50/50_7 
30/70 mixture 30/70_1 30/70_2 30/70_3 30/70_4 30/70_5 30/70_6 30/70_7  
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conditions (pH, temperature, atmospheric pressure). SLM technique was 
implemented for porous composite scaffolds fabrication by using 
different weight percentages mixtures of silicon and HAp powders 
within the powder bed. 

3.1. Scaffold phase composition 

Comparing the experimental diffraction patterns of scaffolds fabri
cated by using powders containing 50 wt% of silicon and 50 wt% of HAp 
to the ICDD standards, the crystalline phases were ascribed to silicon 
(ICDD 27-1402) and P–W (ICDD 74-0874). No peak characteristic for 
nominally added HAp or other CaP phases was detected. This can be 
attributed to the thermal instability of the stoichiometric HAp under the 
impact of the Nd:YAG laser. The stoichiometric HAp is stable until 
800 ◦C, followed by the dehydration and formation of oxyapatite from 
the temperature ranging 800–1300 ◦C, according to Eq. (2) [27]:  

Ca10(PO4)6(OH)2 (s) → Ca10(PO4)6O (s) + H2O (l)                               (2) 

The intercalated water molecules near to the vicinity of the melt pool 

and between the grains can eventually lead to the hydrolysis of the sil
icon particles present in the powder bed according to Eq. (3) [28]:  

Si (s) + 2H2O (l) → SiO2 (s) + 2H2 (g)                                              (3) 

Decomposition of the oxyapatite between 1300 and 1600 ◦C leads to 
the formation of tetracalcium phosphate (TTCP) and tricalcium phos
phate (TCP, Ca3(PO4)2) according to Eq. (4) [29]:  

Ca10(PO4)6O (s) → Ca4(PO4)2O (s) + 2Ca3(PO4)2 (s)                            (4) 

Lastly, decomposition of TTCP leads to the formation of calcium 
oxide (CaO) and TCP above 1600 ◦C in accordance to Eq. (5) [27]:  

Ca4(PO4)2O (s) → CaO (s) + 2Ca3(PO4)2 (s)                                       (5) 

The in situ reaction of CaO, SiO2 and Ca3(PO4)2 as the products of 
thermal decomposition of HAp in presence of silicon is very possible 
during the laser treatment of the powders. The in situ reaction leads to 
the formation of P–W (CaSiO3) according to Eqs. (6) and (7) due to the 
interaction of powder with the Nd:YAG laser at temperatures above 
1600 ◦C. 

Fig. 2. Rietveld refinement analysis of the powder X-ray 
diffraction analysis patterns diffraction data for scaffolds 
with 50 wt% of silicon and 50 wt% of HAp (a) and semi- 
quantitative analysis of crystalline phases in fabricated scaf
folds (b). The open circles (red) are experimental data and 
the solid lines (blue) are calculated intensities. The difference 
between the experimental and calculated intensities is 
plotted below the profile (Rwp < 12%; Rexp < 3%). Bragg 
positions of P–W and silicon are marked below each pattern. 
(For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this 
article.)   
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CaO (s) + SiO2 (s) → CaSiO3 (s)                                                       (6)  

2Ca3(PO4)2 (s) + 6SiO2 (s) → 2P2O5 (g) + 6CaSiO3 (s)                        (7) 

Phosphorus pentoxide (P2O5) usually sublimates at 1400–1600 ◦C 
allowing in situ formation of P–W in the powder bed [30]; however, 
further analysis is needed for the confirmation of P2O5 sublimation. P–W 
is a high temperature polymorph of wollastonite, which is usually 
formed at ~1450 ◦C [31]. Known formation temperatures of P2O5 and 
P–W confirm that the temperature in the powder bed has exceeded 
1600 ◦C making the in situ P–W formation possible. 

The Rietveld refinement analysis of the powders’ XRD patterns 
(Fig. 2a) and associated weight percentages of crystalline phases 
(Fig. 2b) indicate a significant amount of newly formed P–W phase. With 

a decrease of exposure time and laser current, the weight percentage of 
the P–W phase decreases. The weight percentage of P–W in sample 50/ 
50_1 is 13.55 wt%, while for the sample 50/50_7 is 1.76 wt%. The 
weight percentage of the in situ formed P–W can be correlated with the 
scanning speed. A lower scanning speed of 83.3 mm/s leads to the 
highest weight percentage of formed P–W supposing that the longer time 
of powder – laser interaction allows the reaction to be completed. On the 
contrary, the scanning speed of 200 mm/s results in the lowest amount 
of formed P–W. 

Comparing the experimental diffraction patterns of scaffolds fabri
cated by using powders containing 30 wt% of silicon and 70 wt% of HAp 
to the ICDD standards, the crystalline phases were ascribed to silicon 
(ICDD 27-1402), P–W (ICDD 74-0874) and larnite (ICDD 09-351). No 
peak characteristic for nominally added HAp or other CaP phases were 

Fig. 3. Rietveld refinement analysis of the powder X-ray 
diffraction analysis patterns diffraction data for scaffolds 
with 70 wt% of HAp and 30 wt% of Si (a) and semi- 
quantitative analysis of crystalline phases in fabricated scaf
folds (b). The open circles (red) are experimental data and 
the solid lines (blue) are calculated intensities. The difference 
between the experimental and calculated intensities is 
plotted below the profile (Rwp <12%; Rexp <3%). Bragg 
positions of P–W, larnite (La) and silicon are marked below 
each pattern. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of 
this article.)   
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detected, which reflects the thermal instability of the added HAp phase 
with the laser interaction. The chosen parameters of processing did not 
allow the successful fabrication of the scaffold 30/70_1. The Rietveld 
refinement analysis of the powders’ XRD patterns (Fig. 3a) and associ
ated weight percentages of crystalline phases (Fig. 3b), indicates the 
formation of the P–W phase with additional formed dicalcium silicate 
phase, larnite (La, Ca2SiO4). The in situ formation of larnite in the 
powder bed can be explained according to Eqs. (6) and (7). Larnite is a 
compound having a twice higher molar ratio of Ca/Si compared to the 
P–W phase and a higher molar ratio of CaO obtained from HAp 
decomposition in the powder feedstock can favour larnite formation. 
Excessive formation of CaO through interaction with the laser results in 
the reaction with SiO2 and formation of larnite according to Eq. (8):  

2CaO + SiO2 → Ca2SiO4                                                                 (8) 

The formation of larnite is in agreement with the work done by 
Rashid et al. [31] where larnite was detected at Ca/Si molar ratios of 2:1 
and 3:1 at 1450 ◦C, while at Ca/Si molar ratio of 1:1, the P–W phase was 
observed without larnite formation at any heating temperature. 
Semi-quantitative analysis (Fig. 3b) shows that the content of the 
elemental silicon decreases and calcium silicates increases in all samples 
as compared to the powder feedstock with lower HAp content. The 
weight percentage of P–W and larnite phases in sample 30/70_2 is 47.64 
wt% and 20.11 wt%, respectively, while for sample 30/70_7 weight 
percentage of P–W is 8.03 wt% without larnite formation. As for the first 
feedstock, this can be explained by the time required for reactions to 
complete. Longer feedstock interaction with the laser (low scanning 
speed) results in a higher content of the formed calcium silicate phases. 

3.2. Scaffold morphology 

Scaffolds morphology depends on the process parameters (e.g. laser 
power, scanning speed, energy density) and used powder materials. The 
morphology of fabricated scaffolds was examined by SEM to determine 
the influence of process parameters onto the materials with different 
HAp and silicon phase content. The morphology of the scaffolds with 50 
wt% of silicon and 50 wt% of HAp phase printed at different regimes are 
shown in Fig. 4. The pore size of 400 μm, according to the CAD model, 
are observed in 50/50_5, 50/50_6 and 50/50_7 scaffolds fabricated at 
the shortest exposure time, lowest laser current and energy density, and 
simultaneously with the highest scanning speed. Scaffolds 50/50_6 and 
50/50_7 have shown the same morphology. The scaffolds (50/50_1) 
fabricated at the highest laser power and energy density, longest expo
sure time, and lowest scanning speed have smaller and non-uniform 
pore distribution and shape. An increased laser power and/or 
decreased scanning speed have reflective characteristics on energy 
density. This leads to a higher energy density and thus more temperature 
on the powder bed. The resulting higher thermal energy can eventually 
decrease the viscosity of the melt pool [32,33], resulting in the forma
tion of enough large droplets and occupation of the pore volume as 
pointed by red arrows in Fig. 4. Therefore, the decreased pore volume is 
demonstrated by the scaffolds fabricated with the application of the 
highest laser power and the highest laser density. The cracks are evident 
at the samples produced at the shortest exposure times and lowest laser 
currents (the samples 50/50_1, 50/50_2 and 50/50_3), as depicted by 
green arrows in Fig. 4. Cracks can be the result of thermal stresses in the 
materials during processing. 

The morphologies of the scaffolds with 30 wt% of silicon and 70 wt% 
of HAp phase fabricated at different printing parameters are shown in 
Fig. 5. Scaffolds 30/70_2 and 30/70_7 show the architecture in accor
dance with CAD design, while other scaffolds show structures with non- 
uniformly distributed pores on the surface. 

The scaffolds fabricated at the lowest energy density and laser power 
have shown macropores of ~400 μm, which are in the best agreement 
with the CAD model and, henceforth, may be considered as the optimal 

product for further development and use. The laser power has a signif
icant effect on the pore diameter of the scaffolds. The heat imparted by 
the laser to the melt pool on the scaffold fabricated with the highest laser 
power (1200 mA) tends to decrease the viscosity of the molten silicon 
and thus covering the pore of the scaffold as shown in 50/50_1 sample. 
Simultaneously, scaffold fabricated at lower laser power (500 mA) tends 

Fig. 4. SEM micrographs of the scaffolds with 50 wt% of silicon and 50 wt% of 
HAp phase fabricated at different printing parameters. Scale bar: 500 and 20 
μm. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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to form a melt pool of higher viscosity constituting silicon, thus main
taining the pore size of the CAD model. The morphology of the fabri
cated scaffolds indicates the established interactions between silicon 
and bioactive particles after the SLM process. In the samples, the glob
ular surface areas are evident as depicted (red) in Figs. 4 and 5. These 
globular areas can be annotated to balling effect. The balling effect is a 
predominant issue occurring due to capillary instability, marangoni 

convection and localized irregularities of the melt pool [33]. Balling 
effect results in disrupting the melt pool and break open the melt pool to 
the formation of spheres. However, these globular areas also indicate 
that the used laser energy is enough to melt the particles allowing its 
coalescence and forming the continuous silicon matrix in the final 
structure. From SEM micrographs, it is difficult to distinguish the in
terfaces indicating a good interaction between silicon and bioactive 
phases. 

3.3. Compression test 

The compressive strength of the fabricated scaffolds is illustrated in 
Fig. 6a, while morphologies of 50/50_1, 50/50_7, 30/70_2 and 30/70_6 
scaffolds after compressive strength analysis are shown in Fig. 6b. As 
previously mentioned, at chosen processing parameters, scaffold 30/ 
70_1 fabrication was not successful, while the compressive strength was 
not possible to be measured for the scaffold 30/70_7 due to the insuf
ficient mechanical properties. 

The highest compressive strength was observed for the scaffolds 
fabricated with the highest laser power which have shown smaller pore 
size (50/50_1 and 30/70_2) compared to the CAD model. The 
compressive force will be more concentrated on the main framework or 
skeleton of the scaffolds and very little on the open pores. Thus, it has 
yielded the highest compressive strength of ~18 MPa. This is followed 
by decreasing trend of the compressive strength of the scaffolds pro
duced at a short exposure time, low laser current and high scanning 
speed. For instance, the scaffolds 50/50_6 and 50/50_7 have shown a 
good agreement to the CAD design and during the compression test, the 
bulk of the stress must have been concentrated on the open pores with 
more pore volume. It decreases the compressive strength of the scaffolds 
and thus yielding the value of 5 MPa. The compressive strength signif
icantly decreased for all fabricated scaffolds compared to the 50/50_1 
and 50/50_2 scaffolds. Scaffolds obtained from powders feedstock of 50 
wt% of silicon and 50 wt% of HAp were composed of silicon and P–W. 
However, the compressive strength and weight percentages of obtained 
phases are not correlated. It can be concluded that the mechanical 
properties of the scaffolds are dependent on the printing parameters and 
resulting morphology. Similarly, a decreasing trend of the compressive 
strength values was determined for the scaffolds fabricated through 
second feedstock with higher HAp content starting from ~10 MPa for 
scaffold 30/70_2 to ~2 MPa for scaffold 30/70_6. 

Considering phase content, morphology and compressive strength, 
the highly porous scaffold 30/70_2 containing 32.25 wt% of silicon, 
20.11 wt% of larnite and 47.64 wt% of P–W with the compressive 
strength of ~10 MPa has been selected as the potential scaffold for the 
bone tissue engineering applications. In a study by Xu et al. [34], porous 
wollastonite scaffold has been in vivo studied for the bone regenerative 
and resorption capacity in a rabbit calvarial defect model by using 
porous β-TCP scaffolds as a control. Results have shown that wollas
tonite scaffolds have a higher resorption rate and induce more bone 
formation than the β-TCP scaffold. After 4 weeks of implantation, the 
area of newly formed bone in the wollastonite scaffold was ~14% of the 
total area and further increased to 28.36% at week 16. In contrast, the 
newly formed bone in porous β-TCP scaffold was much lower were at 
week 4 it reached 3.58% and 18.80% at week 16 [34]. The in vivo 
analysis of P–W was evaluated by De Aza et al. [35,36] through im
plantation into rat tibias. Results are in agreement with the results of 
porous wollastonite scaffolds reported by Xu et al. [34]. High-resolution 
transmission electron microscopy observations at the interface of the 
P–W scaffold and the host bone confirmed that the newly formed bone is 
composed of HAp-like nanocrystals growing epitaxially across the 
interface in the [002] direction [35]. In addition, it has been suggested 
that the release of Ca2+ ion from wollastonite leads to the formation of 
Si–O− active site on the surface of the scaffold that induces the nucle
ation of apatite, while the released Ca2+ ion enhances the apatite for
mation [36–38]. Wollastonite is the most extensively studied calcium 

Fig. 5. SEM micrographs of the scaffolds with 30 wt% of silicon and 70 wt% of 
HAp phase fabricated at different printing parameters. Scale bar: 500 and 20 
μm. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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silicate due to its remarkable biomineralization ability; however, a 
higher degradation rate led to inadequate structural support to the 
damaged tissues while repairing bone disorders [38]. Therefore, 
selected scaffold 30/70_2 along with calcium silicates (P–W and larnite) 
contains 32.25 wt% of silicon that might ensure structural support 
during bone regeneration. 

Optimisation of fabrication parameters for the SLM method was 
obtained for HAp and silicon feedstock. The 30/70_2 scaffold, produced 
from the powder feedstock containing 70 wt% of HAp and 30 wt% of 
silicon at the energy density of 166.0 J/mm3, scanning speed 100.0 mm/ 
s, laser current 1000 mA and exposure time 100 μs, undergoes in situ 
formation of P–W, larnite and silicon phases. 

4. Conclusions 

The present research investigated the influence of laser power on the 
silicon-hydroxyapatite powder feedstock. The silicon and calcium sili
cate scaffolds were manufactured by AM through the SLM approach 
using two powder feedstocks: (i) 50 wt% of HAp and 50 wt% of silicon, 
and (ii) 70 wt% of HAp and 30 wt% of silicon. The structures were 
fabricated according to the CAD model with a pore size of 400 μm at 
various processing parameters (energy density, scanning speed, laser 
current and exposure time). The feedstock of 50 wt% of HAp and 50 wt% 
of silicon results in in situ formation of P–W phase along with silicon, 
while an increase in feedstock HAp content, results in in situ formation of 
both P–W and larnite along with silicon phase. Even the HAp phase was 

decomposed under the influence of the laser to P–W and larnite in the 
presence of silicon, obtained bioactive phases will potentially lead to the 
precipitation of the HAp on the scaffolds in vitro and in vivo. 

The designed pore size of 400 μm is a characteristic of the scaffolds 
produced at the shortest exposure time, and lowest laser current and 
energy density, and simultaneously at the highest scanning speed. The 
developed substrates can serve as a potential substitute for the meta
physeal region of long bones in bone tissue engineering; however, 
considering phase content, morphology and compressive strength, the 
highly porous scaffold 30/70_2 containing 32.25 wt% of silicon, 20.11 
wt% of larnite and 47.64 wt% of P–W, with a compressive strength of 
~10 MPa, has been selected for further studies. By using substituted 
HAp, along with obtained bioactive phases (P–W and larnite), a fabri
cated scaffold may contain homogenously distributed ions and/or 
associated bioactive phases. Further studies will be focused on the 
fabrication of 30/70_2 scaffold with the same process parameters by 
using HAp substituted with key role elements for bone regeneration like 
magnesium (Mg2+), strontium (Sr2+) and zinc (Zn2+) ions. 
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