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Abstract 

Hypothesis: Among all the materials used so far to replace and repair damaged bone tissues, magnesium 

silicate bioceramics are one of the most promising, thanks to their biocompatibility, osteoinductive properties 

and good mechanical stability.  

Experiments: Magnesium silicate cement pastes were prepared by hydration of MgO mixed with different 

SiO2 batches at different Mg/Si molar ratios. Pastes were either moulded or 3D printed to obtain set cements 

that were then calcined at 1000 °C to produce biologically relevant ceramic materials. Both cements and 

ceramics were characterized by means of X-ray diffraction, while two selected formulations were thoroughly 

characterized by means of injectability tests, Raman confocal microscopy, scanning electron microscopy, 

atomic force microscopy, gas porosimetry, X ray microtomography and compressive tests.  

Findings: The results show that bioceramic scaffolds, namely forsterite and clinoenstatite, can be effectively 

obtained by 3D printing MgO/SiO2 cement pastes, paving the way towards important advances in the field of 

bone tissue engineering. 
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Abbreviations 

M-S-H: magnesium silicate hydrate; HPMC: hydroxypropyl methylcellulose; PDF: Powder Diffraction Files; 

SM: Supplementary Material; SSA: Specific Surface Area; PSD: Pore Size Distribution; BET: Brunauer-

Emmet-Teller method; BJH: Barrett-Joyner-Halenda analysis; AFM: Atomic Force Microscopy. 
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1. Introduction 

Silicate bioceramics recently attracted considerable attention in the field of tissue regeneration and have 

been used for the replacement and repair of damaged hard tissues since the beginning of the century.[1–3] 

Many methods have been used to prepare bioactive ceramics as porous scaffolds for bone tissue engineering, 

including foam templating, freeze-casting, directional crystallization and porogen techniques,[4,5] but 

conventional approaches have shown several limitations: the scaffold geometry and its pores’ morphology, 

size, and interconnections, which should be fine-tuned for the specific case of application, are hard to 

control.[6] 3D printing, as one of the extrusion technology-based rapid prototyping techniques, introduces 

numerous advantages, allowing for the precise control of the porous structure of a broad spectrum of different 

materials.[7,8] In the past two decades, many porous bioceramic scaffolds for bone tissue reconstruction have 

been 3D printed, including calcium phosphates,[5] hydroxyapatite ceramics,[9] calcium silicates[10] and 

bioactive glasses.[11] In conventional approaches, calcium phosphate and silicate ceramics and glasses are 

fabricated using either organic binders, which are burned out after printing by means of high temperature 

calcination, or reactive calcium-based cements, exploiting their hydraulic setting reaction.[4,12] 

In recent years many synthetic materials have been considered for bone-regenerative applications[13] and 

magnesium-based bioceramics emerged as a new class of promising biodegradable materials, due to their good 

degradation and biocompatibility.[14,15] In particular, clinoenstatite (MgSiO3) and forsterite (Mg2SiO4) 

recently received increasing attention, thanks to their good cytocompatibility, osteo-stimulatory activity, 

mechanical stability and good degradation rate.[15–24] Clinoenstatite and forsterite can be synthesized via 

precipitation method, to obtain gels that need to be heated at very high temperature for obtaining the crystalline 

bioceramics. MgSiO3 powders are typically prepared using magnesium nitrate and sodium silicate,[23] while 

Mg2SiO4 can be prepared starting from magnesium carbonate and talc powder,[25] from magnesium nitrate 

and Si(OC2H5)4,[19] from magnesium nitrate and colloidal silica[26] or through transient liquid phase effect 

with fused magnesia and quartz.[27] In other cases, forsterite was also prepared by solid state reaction, using 

precursors of MgO and SiO2 mixed by ball-milling,[28] or preparing a slurry of the powders in a large excess 

of water.[29] In case of sol-gel or precipitation processes, the product of the synthesis, before the heating, is 

an amorphous gel phase, referred to as magnesium silicate hydrate (M-S-H). M-S-H is already well known in 

the literature in other applications, not connected to bioceramic materials. As a matter of fact, M-S-H is the 
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binder gel phase of one of the most interesting eco-sustainable alternative cements,[30–34] widely used for 

the encapsulation of radioactive wastes.[35–38] Magnesium-based cements are generally obtained by mixing 

MgO or Mg(OH)2 with silica, and the reaction proceeds through the hydration of periclase (MgO) to give 

brucite (Mg(OH)2), which then reacts with SiO2 to produce M–S–H gel.[31,32,34] Some of the authors recently 

reported a full characterisation of M-S-H, which was found to be constituted by a mixture of sub-nanometric 

domains with local structure resembling those of chrysotile (Mg3Si2O5(OH)4) and talc (Mg3Si4O10(OH)2).[39] 

When calcined at high temperatures, chrysotile converts to a mixture of forsterite and clinoenstatite,[40] while 

talc converts to clinoenstatite.[39,41,42] Thus, it seems possible to prepare clinoenstatite and/or forsterite 

bioceramic materials also by heating M-S-H binder phase prepared starting from MgO/SiO2 cements. 

In this study, magnesium silicate cement pastes were prepared by hydration of MgO mixed with different 

SiO2 batches at two different Mg/Si molar ratios. Pastes were either moulded or 3D printed to obtain set 

cements, that were then calcined at 1000 °C to produce ceramic materials, and the phase composition of both 

cements and ceramics was assessed by means of X ray diffraction (XRD). In the literature, the use of 

MgO/SiO2 binders in 3D printing was reported only once, very recently, and the authors demonstrated that this 

cement paste can be extruded to design building components.[43] In our work, for the first time MgO/SiO2 

cements were printed and calcined to obtain 3D printed scaffold bioceramics, that were thoroughly 

characterized by means of Raman confocal microscopy, scanning electron microscopy (SEM), atomic force 

microscopy (AFM), gas porosimetry, X ray microtomography and compressive tests. 

 

2. Experimental 

2.1 Materials 

Periclase (MgO, ≥ 99 % trace metals basis, 325 mesh) was supplied by Sigma-Aldrich. The reactivity of 

periclase was measured according to the test proposed by van der Merwe et al.[44] and resulted to be 80 s, 

indicating that the powder is highly reactive. Magnesium based cements were prepared using different silica 

sources: Silica Fumed was purchased from Aldrich (SiO2 99.8%, particle size 0.007 μm, BET specific surface 

area = 399 m2/g), SYLOID® 244 FP Silica was kindly provided by Grace (SiO2 > 95 %, BET specific surface 

area = 527 m2/g), Silica Gel 60 was purchased from Fluka (Analytical SiO2, 230-400 mesh, BET specific 

surface area = 410 m2/g), Elkem Microsilica® Grade 940 U was kindly provided by Elkem (dry silica fume, 
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SiO2 > 90 %, BET specific surface area = 4.33 m2/g). Hydroxypropyl methylcellulose (HPMC) was purchased 

from Sigma-Aldrich. Milli-Q water was used throughout all the experiments. All materials were used as 

received, without any further purification. 

2.2 Samples’ Preparation 

The samples prepared and characterized throughout this study are sketched in Figure 1. First, cement pastes 

with different compositions were prepared. These cement pastes were either casted into moulds or 3D printed. 

They were then let set to obtain moulded cements and printed cements, respectively. The materials were then 

calcined at 1000 ˚C to convert them into moulded and printed bioceramics. The details of each step are given 

in the following sections. 

 

Figure 1. Schematic diagram of samples’ preparation and characterization pathways. 

 

2.2.1 Preparation of magnesium-based cement pastes 

Cements were typically prepared by mixing MgO and SiO2 in a 1/1 or 2/1 molar ratio. The two powders were 

accurately dry-mixed and then cement pastes were prepared by adding milliQ water. For the preparation of the 

moulded cement samples, pure water was used, while for the 3D printing of cements, a solution of HPMC in 

water (10 %wt) was used. The liquid-to-solid weight ratio (l/s) was adjusted case by case, using the minimal 

ratio needed to obtain a workable paste. The composition of the investigated pastes is reported in Table 1 

together with the abbreviated notation used to refer to the samples throughout the paper. The MSH abbreviation 

was used to indicate that pastes consist of magnesium silicate hydrates. 
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Table 1. Composition of the investigated cement samples.  

abbreviated notation type of silica Mg/Si molar ratio liquid/solid ratio (w/w) 

MSH_fumed_1 fumed (Aldrich) 1 4 

MSH_fumed_2 fumed (Aldrich) 2 4 

MSH_syloid_1 syloid (Grace) 1 3 

MSH_ syloid _2 syloid (Grace) 2 3 

MSH_ gel _1 gel (Fluka) 1 1.2 

MSH_ gel _2 gel (Fluka) 2 1.2 

MSH_elkem_1 fume microsilica (Elkem) 1 1.25 

MSH_ elkem _2 fume microsilica (Elkem) 2 1.25 

 

In a typical experiment, after mixing for about 30 seconds, the cement pastes were either poured in plastic 

moulds of 1 cm-diameter (moulded cements) or 3D printed (printed cements). Moulded cements were set at 

room temperature and relative humidity > 96 % before characterization. Printed cements were stored at 25 °C 

or 37 °C and relative humidity > 96 % before characterization. Then, at predetermined times, roughly 1 g of 

set cement was withdrawn and freeze-dried to stop the hydration reaction. 

 

2.2.2 Preparation of 3D printed cements 

Scaffolds were printed using an Engine Standard Resolution 3D printer developed by HyRel, equipped with a 

modular head KRA-15, using a tapered G16 needle, at a modular dosing pressure. In this study, two 

macroporous structures were designed using FreeCAD program, sliced through slic3r program (Repetrel) and 

printed. The two shapes (20 x 20 x 3 mm3 and 10 x 10 x 10 mm3) were printed at 8 mm/s, with a layer thickness 

of 1 mm, at an infill ratio of 80 %. The file codes used to print the scaffolds are reported in the Supplementary 

Material (SM), together with the pictures of printed cements and printed bioceramics in the 3D shapes used 

throughout this work (Figure S1).  

 

2.2.3 Preparation of magnesium silicate bioceramics 
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The bioceramics were prepared through the calcination of hardened cements. To this purpose, moulded and 

printed cements were heated in a muffle (Nabertherm) at 1000 °C for 2 h, to obtain crystalline ceramic 

materials. The samples resulting from the calcination of the different MSH samples reported in Table 1 are 

coded as MS (e.g., MS_fumed_1 is the sample obtained by heating MSH_fumed_1) to indicate that the 

hydrated phases were converted into dry phases. 

 

2.3 Characterization Techniques 

2.3.1 X-Ray Diffraction (XRD) 

XRD data were collected with a D8 Advance with DAVINCI design (Bruker, Milan, Italy), using as X-rays 

source the Cu Kα radiation (wavelength λ= 1.542 Å), at 40 kV and 40 mA, a 2θ range of 5 – 70 °, a step size 

of 0.05 ° and a time/step of 0.3 s. Before the analysis, cements/bioceramics were grinded with mortar and 

pestle and flattened on the sample holder. Peaks’ assignment was based on the Powder Diffraction Files (PDF) 

of the database of the International Centre for Diffraction Data. 

2.3.2 Injectability tests 

The injectability of the formulations was investigated by means of a built in house apparatus, applying specific 

loads to the same syringe and needle (tapered 16G) used for the 3D printing. By measuring the amount of 

extruded cement paste and knowing the density of the two tested cement pastes (δMSH_gel_1 = 1358 kg/m3, 

δMSH_elkem_2 = 1470 kg/m3), the volumetric flow rates were obtained as a function of the applied forces, allowing 

for the calculation of the apparent viscosity according to the Hagen-Poiseuille equation for tapered needles.[45] 

2.3.3 Confocal Raman Microscopy 

Raman analysis and mapping were performed with a Renishaw inVia Qontor confocal MicroRaman system 

equipped with a 532 nm laser (Nd:YAG solid state type, 50 mW, 1800 l/mm grating), front illuminated CCD 

camera and research-grade Leica DM 2700 microscope equipped with a 20x objective (theoretical spot size 

2.4 μm). Raman spectra were acquired in the spectral range 170 - 1910 cm-1, and maps were collected with a 

step size of 2.5 μm.  

2.3.4 Field Emission-Scanning Electron Microscopy (FE-SEM) 

FE-SEM images were collected on cements and bioceramics surfaces and cross-sections with a field-emission 

ΣIGMA microscope (Carl Zeiss Microscopy, Germany). Specimens were fixed on aluminum stubs by means 
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of conductive tape. The accelerating potential was 10.00 kV, while the working distance was ∼ 8 mm. Images 

were acquired using InLens (10Kx – 250Kx) and standard (90x – 5Kx) secondary electrons detector. 

2.3.5 Atomic Force Microscopy (AFM) 

AFM was performed with a Park System XE-7 microscope equipped with PPP-CONTSCR probes (tip radius 

of curvature < 10 nm) in contact mode. Image processing (flattening) and calculation of the roughness 

parameters were performed using the Park Systems XEI software 1.8.2. 

2.3.6 Gas porosimetry  

The Specific Surface Area (SSA) and Pore Size Distribution (PSD) of the 3D printed bioceramics were 

measured by means of a Coulter SA 3100 analyser (Beckman Coulter), using nitrogen as adsorptive gas. The 

samples were broken into small pieces and inserted in the sample holders. Prior to the measurements, samples 

were outgassed for 30 min at 120 °C. SSA was obtained using the Brunauer-Emmet-Teller (BET) method,[46] 

while the pore size distribution was estimated using Barrett-Joyner-Halenda (BJH) analysis.[47] 

2.3.7 X-ray Micro Computed Tomography  

X-ray microtomography was performed with a SKYSCAN 1172 high-resolution XμCT scanner (Bruker) on 

the selected printed bioceramics. Experiments were performed at 100 kV and 100 μA, at a step size of 0.3 °, 

with a theoretical resolution of ~ 9 μm. Calculation of the porosity and image processing were performed using 

the NRecon Reconstruction Program software 1.7.4.6. 

2.3.8 Compressive strength tests 

The compressive strength of bioceramic scaffolds was tested by performing compression experiments using a 

custom-built apparatus. Cubic 3D printed specimens were subjected to a gradually increasing load, applied on 

the top surface until a rupture was observed. Five samples were prepared for each selected composition, and 

the reported results are the average ± the associated standard deviation. 

 

3. Results and Discussion 

Samples were investigated by multiple physico-chemical techniques aiming at understanding the effect of 

different silica sources and Mg/Si molar ratios on the formation of M-S-H in magnesium-based cements and 

on the formation of crystalline bioceramic materials after calcination. As described in detail in section 2.2.1, 

all cement pastes were prepared by mixing MgO and SiO2 powders. For the preparation of mouldable cement 
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pastes, powders were mixed with pure water, while printable cement pastes were obtained using aqueous 

HPMC solutions. Moulded cements were characterized by means of XRD, to evaluate the formation of M-S-

H binder phase. Afterwards, cements were calcined to obtain bioceramics, which were characterized again by 

means of XRD to check the formation of crystalline phases with potential biological applications, namely 

forsterite and enstatite. On the other hand, cement pastes containing HPMC were 3D printed and, once set, 

cement’s phase composition was assessed by means of XRD, to confirm the presence of M-S-H and to 

investigate possible effects due to the presence of HPMC. Then, printed cements were calcined to obtain 

printed bioceramics that were characterized by Raman confocal microscopy, SEM, AFM, gas porosimetry, X-

ray microtomography and compressive tests. 

The results obtained from the characterizations of moulded cements, printed cements, and bioceramics are 

analysed and comprehensively discussed in the following sections.  

 

3.1 Characterization of moulded cements 

Magnesium-based moulded cements were investigated by XRD to check their phase composition and the 

results are reported in Figure 2. MSH_fumed_1 displays the characteristic peaks of amorphous M-S-H,[31,48] 

while both the diffraction peaks of M-S-H and crystalline Mg(OH)2 in the form of brucite can be recognized 

in MSH_fumed_2.[38,49] Analogously, in MSH_syloid_1 only amorphous M-S-H binder phase is present, 

while both M-S-H and brucite are present in MSH_syloid_2. In MSH_gel_1 and MSH_gel_2, both M-S-H 

and brucite peaks can be recognized, brucite being more abundant in MSH_gel_2. MSH_elkem_1 and 

MSH_elkem_2 show similar diffractograms, with brucite clearly representing the main phase: in fact, the broad 

signals of M-S-H are almost entirely covered by the diffraction pattern of brucite. Summarizing, brucite is 

more abundant in all the formulations when Mg/Si = 2, indicating that increasing the amount of the available 

Mg2+ does not necessarily produce a higher amount of M-S-H, and that some phases remain unreacted also 

when using highly reactive silica, such as fumed SiO2. On the other hand, when using gel or Elkem silica, 

brucite is the main phase irrespectively of the Mg/Si ratio, consistently with a lower reactivity of the powders.  
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Figure 2. XRD patterns of cements after 7 days of hydration at 25 °C. 

 

3.2 Characterization of magnesium silicate bioceramics  

The results of the XRD experiments performed on the cements calcined after 7 days of hydration are reported 

in Figure 3. The pattern of MS_fumed_1 reveals the presence of clinoenstatite (AMCSD:0010589, COD: 

9005775), while forsterite (AMCSD: 0000276, COD: 9013540) is present in MS_fumed_2, together with 

traces of MgO (AMCSD: 0000501, COD: 1000053) and clinoenstatite. MS_syloid shows a similar behaviour: 

MS_syloid_1 presents only the characteristic diffraction peaks of clinoenstatite, while MS_syloid_2 presents 

the characteristic peaks of forsterite, together with minor signals arising from MgO and clinoenstatite. 

MS_gel_1 and MS_gel_2 show similar patterns, described by a mixture of clinoenstatite and forsterite 

crystalline phases. Finally, MS_elkem_1 and MS_elkem_2 samples contain forsterite, together with MgO and 

cristobalite (AMCSD: 0001629, COD: 9008110), a mineral polymorph of silica that forms at very high 

temperatures. In MS_elkem_2 MgO is more abundant than in MS_elkem_1, as evident from the comparison 

of the peaks assigned to forsterite and MgO. Thus, the formation of bioceramics is influenced both by the silica 

source and Mg/Si ratio. When M-S-H is the main phase in the cement, this binding gel entirely converts into 

clinoenstatite/forsterite during calcination. When brucite is the main phase, calcination produces again 
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clinoenstatite/forsterite, together with MgO and SiO2 arising from unreacted Mg(OH)2 and silica. Remarkably, 

also where M-S-H is present in small amount, the calcination still leads to the formation of crystalline 

bioceramic materials.  

 

 

Figure 3. XRD patterns of bioceramics prepared through the thermal treatment of set cements after 7 days of 

hydration at 25 °C. Clinoenstatite (MgSiO3), Forsterite (Mg2SiO4), Magnesia (MgO) and Cristobalite (SiO2) 

are indicated by the corresponding markers.  

 

In the cases of gel and Elkem silicas, as no sample with a predominant phase was obtained after 7 days of 

setting, we evaluated the effect of longer hydration times. XRD diffractograms of MS_gel and MS_elkem 

samples calcined after 28 days of hydration are reported in Figure S2 in the Supplementary Material. 

According to the results, MS_gel_1 and MS_gel_2 show different patterns if calcined after 28 days of 

hydration: MS_gel_1 shows the characteristic peaks of clinoenstatite, while MS_gel_2 shows the characteristic 

peaks of forsterite. On the other hand, MS_elkem_1 and MS_elkem_2 samples calcined after 7 or 28 days of 

hydration show similar patterns, described by the presence of forsterite, MgO, SiO2 and traces of clinoenstatite. 

MgO is more abundant in the samples calcined after 7 days, but it is still present in the samples calcined after 
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28 days, while unreacted SiO2 is no more present after 28 days. This trend is consistent with previous literature 

reports,[39] highlighting that longer curing periods (28 days instead of 7 days) allows M-S-H phase to 

rearrange while the hydration reaction proceeds, which in turns affects the ceramic phases that form upon 

heating.  

 

3.3 3D printing and characterization of printed cements 

Printable MgO/SiO2 formulations were obtained by mixing the powders with a 10 %wt HPMC water solution: 

in fact, pastes prepared with pure water show poor flowability and, when used in 3D printing, it was impossible 

to obtain a steady flow during the injection. Replacing water with a 10 %wt HPMC aqueous solution, it was 

possible to obtain a good printability for all the investigated samples. As a matter of fact, HPMC is an ideal 

binder in bioceramics, being a biocompatible, biodegradable, hydrophilic polymer.[50–52] It is also important 

to remark here, that it could be possible to use specific additives to adjust the rheological properties of cement 

pastes and influence their printability, as recently reported by Panda et al.[43], that prepared 3D printing 

building components using MgO/SiO2 using sodium hexametaphosphate as plasticizer.[53] Pictures of printed 

cements are shown in Figure 4 (on the left), together with the images of the same samples after calcination (on 

the right). The structural resistance shows a clear difference on the type of silica used in the cement paste. In 

particular, cements containing fumed silica and Syloid did not withstand the calcination, irrespectively of the 

Mg/Si ratio. In the case of MSH_gel, the formulation prepared using Mg/Si = 1 showed a slightly better 

structural resistance to calcination than the one prepared using Mg/Si = 2. On the contrary, with Elkem silica 

the formulation prepared using Mg/Si = 2 was more resistant than the one prepared at Mg/Si = 1. As shown in 

Fig. 4, two formulations were found to successfully preserve their shape after calcination: MSH_gel_1 and 

MSH_elkem_2. Pictures of the 3D printouts obtained with selected formulations are reported in Figure S1 in 

the SM. In the case of Elkem, the size of the object after its printing and subsequent calcination differs from 

the original 3D design by less than 1 mm, with a reasonably good accuracy for most of the applications 

envisionable for clinoenstatite/forsterite-based materials in bone tissue engineering. When using Silica Gel, 

the control is less accurate: in fact, in this case, the accuracy between the original 3D design and the final 

material is within 2 mm, suggesting a preference for Elkem-based formulations when the 3D printing is 

required. 
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Figure 4. Pictures of printed cements and printed bioceramics.  

 

It is worth noting that, concerning their appearance, some of the cements display a greyish colour (especially 

MSH_elkem), due to the presence of carbonaceous residues present in traces. After calcination, all the 

bioceramics display a bright white colour, highlighting that all the residues are entirely decomposed. 

Aiming at understanding the potential effect of the presence of HPMC on the phase compositions of ceramics, 

XRD results on moulded and printed bioceramics were compared. According to the results (see Figure S3 in 

the SM), the presence of HMPC does not affect the composition in terms of forming crystalline phases.  

The injectability properties of the two selected formulations were investigated with a built in house apparatus 

(see Figure 5A). Different loads were applied to achieve a constant and homogeneous extrusion from the 

syringe (a video is available as supplementary material) and the measured volumetric flow rates were used to 

extract the apparent viscosity. The apparent viscosity 𝜂∗in a complex system can be defined as: 

 𝜂∗ = 𝜏𝑤 𝛾̇𝑛⁄           (1) 

where 𝜏𝑤 is the wall shear stress and 𝛾̇𝑛 is the shear rate (with n=1 for Newtonian fluids). Applying the Hagen-

Poiseulle law for tapered needles, the apparent viscosity is defined as:[45]  
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 𝜂∗ = 3𝐹𝑒𝑓𝑓𝐷𝑖𝑛
3 𝐷𝑜𝑢𝑡

3 𝑡𝑎𝑛𝜃
16𝑄𝑡𝐷𝑝2(𝐷𝑖𝑛

3 −𝐷𝑜𝑢𝑡
3 )

         (2) 

where Qt is the volumetric flow and the relevant geometrical parameters of syringe and needle Dp, Din, Dout 

and 𝑡𝑎𝑛𝜃 are defined as in Figure 5A. Feff is the effective injection force and it is calculated by subtracting the 

frictional force (calculated by measuring the minimal load necessary to achieve a stable extrusion of an HPMC 

water solution 10 wt%) to the force applied during cement paste extrusion. Figures 5B and 5C show the 

measured volumetric flow rate and the calculated apparent viscosity as a function of the injection force for 

MSH_gel_1 and MSH_elkem_2 samples, respectively. In both cases, it was found that a stable flow is obtained 

when the injection force approaches 30 N, followed by a shear-thinning behaviour when the force is further 

increased. Nevertheless, the two formulations present significantly different rheological behaviours in the 

investigated range: in fact, a nearly linear trend of the apparent viscosity versus the injection force was found 

for MSH_elkem_2, while an abrupt decrease was found for MSH_gel_1. Furthermore, a slightly higher force 

is required to obtain a stable flow in the case of MSH_gel_1 and, most importantly, its apparent viscosity is 

significantly larger than MSH_elkem_2. This behaviour is consistent with the poorer shape control in 

MSH_gel_1 3D printouts. 

 

Figure 5. A) scheme of the apparatus used for the injectability test; B) volumetric flow rate and apparent 

viscosity as a function of the injection force of MSH_gel_1; C) volumetric flow rate and apparent viscosity as 

a function of the injection force of MSH_elkem_2. 

 

We also evaluated the possibility to shorten the preparation protocol by increasing the curing temperature of 

the cements from 25 ºC to 37 ºC.[54] Since we observed that moulded and printed samples display the same 

phases, we evaluated the effect of the curing temperature on the composition only on the 3D printed selected 

ceramics. To this purpose, printed MSH_gel_1 and MSH_elkem_2 were stored at 37 °C, instead of 25 °C, 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



before calcination. By comparing the printed bioceramics prepared by heating the printed cements set at 37 °C 

or 25 °C we gained information on the effect of the temperature, and we evaluated the possibility of 

accelerating the preparation of the scaffolds. According to the results (XRD diffractograms reported in Figure 

S4 in the SM), no relevant differences were found by comparing samples cured for one week at 25 °C and 

cured for 2 days at 37 °C. MS_gel_1 prepared by heating MSH_gel_1 cured 2 days at 37 °C contains a mixture 

of clinoenstatite and forsterite, while MS_elkem_2 prepared by heating MSH_elkem_2 cured 2 days at 37 °C 

contains mainly forsterite. Prolonged times of curing at 37 °C before the calcination of cements do not affect 

the composition of the ceramic samples, suggesting that curing the samples for 2 days at 37 °C is ideal for 

accelerating the synthesis protocol. 

 

3.4 Characterization of printed bioceramics 

The selected printed bioceramics (MS_gel_1 and MS_elekem_2) were analysed in triplicate in order to 

investigate the formed phases, the morphology and the microstructure, especially focusing on the surface, 

which is relevant towards a potential application as a scaffold for bone tissue engineering. The replicates were 

used to evaluate the variability in the systems and to confirm the consistency of the samples in terms of visual 

aspect, phase composition, roughness, porosity and compressive strength. Confocal Raman microscopy (see 

Figure 6) was used to map both the surfaces and the cross-sections. No significant differences were observed 

between the exposed surfaces and the internal cross-sections of the samples. Furthermore, we confirmed that 

printed bioceramics expose the same chemical composition of their moulded counterparts (reported in section 

3.2). MS_gel_1 contains a mixture of forsterite (RRUFF ID: R050117) and clinoenstatite (RRUFF ID: 

X050038), while MS_elkem_2 mainly contains forsterite, with some impurities arising from the used silica 

(SiC (RRUFF ID: 110106), Si (RRUFF ID: R050145) cristobalite, SiO2 (RRUFF ID: X050049)). 
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Figure 6. White light images and confocal Raman maps collected on the surfaces and cross-sections of printed 

MS_gel_1 (A) and MS_elkem_2 (B), together with some representative Raman spectra of the samples where 

the coloured regions highlight the peaks selected for the mapping. The white light images were obtained by 

means of a “montage” procedure, in order to display the entire cross-sections. 

 

Figure 7 shows the SEM images collected on the surfaces and cross-sections of printed MS_gel_1 and 

MS_elkem_2. In both cases the morphology of the samples is quite homogeneous. At small magnifications we 

can see the porous morphology of the samples. The surface of MS_gel_1 shows the presence of cracks and we 

can identify the different printing layers (Fig. 7A, image on the top left). At higher magnifications (Fig. 7A, 

image in the centre), no separation between the printing layers can be found, suggesting an optimal bonding 

between them. In MS_elkem_2 (Fig. 7B) we cannot even distinguish the different printing layers. In the images 

collected at high magnification (images on the right) we can recognize in both samples agglomerated flakes-
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like objects and particles, most reasonably attributed to MgSiO3 or Mg2SiO4.[19,23,24] The presence of some 

unreacted MgO or SiO2 cannot be excluded. 

 

Figure 7. FE-SEM images of the surfaces and cross-sections of the printed bioceramics MS_gel_1 (A) and 

MS_elkem_2 (B).  

 

The topography of the printed bioceramics was investigated by means of AFM, reported in Figure 8. The 

surfaces display a topography with rounded particles whose size approximately ranges from tens of nm to 2 

microns. The samples, exposing a micro-structured rough surface, display similar values of roughness (Ra, 

arithmetic mean roughness): 144 ± 31 nm for MS_gel_1 and 117 ± 26 nm for MS_elkem_2. Similar values 

were recently reported for the successful deposition of hydroxyapatite on composite scaffolds made of 

wollanstonite/forsterite,[55,56] suggesting a good compatibility with biological applications.[57–59] 
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Figure 8. AFM maps of printed MS_gel_1 (top) and MS_elkem_2 (bottom). The reported arithmetic mean 

roughness values are the average of 3 maps acquired on different regions of the samples ± standard deviation. 

 

Gas porosimetry, X-ray micro computed tomography and compressive test were used to gain information on 

the microstructure porosity and structural resistance: the results are reported in Table 2 and Figures 9 and 10. 

Specific surface area and total pore volume were obtained through gas porosimetry, that access nano-scale 

porosity, while the estimated porosity was obtained from micro-tomography and refers to micrometric pores. 

According to the results (see Figure 9 and Table 2), MS_gel_1 has a lower surface area and total pore volume 

than MS_elkem_2, indicating that in MS_gel_1 the nanoscale pores are less abundant. The two physisorption 

isotherms calculated from gas porosimetry for MS_gel_1 and MS_elkem_2 samples are compatible with the 

existence of aggregates that give rise to polydisperse porosity in the range from micropores to macropores (see 

Figure 9A).[60–62] The pore size distributions calculated by means of BJH method (see Figure 9B) display 

two main populations of pores for both samples (diameter of ~ 40 nm and ~ 100 nm), which could allow for 

the store of drug molecules.[63] The porosity accessed by BET/PSD experiments (3 – 200 nm) depends on the 
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structures’ phases, and can be associated to the complex network of pores typical of dried cementitious 

materials.[64] In fact, the porous distribution of M-S-H binder phase is characterized by pores ranging from 

few to tens of nanometers, and it is influenced by the original voids between MgO and silica 

particles/agglomerates, into which water can enter promoting magnesium silicate precipitation. The porous 

structure at the nano-scale of the ceramics after the calcination is directly related to the structure of M-S-H in 

the cements. 

Concerning the porosity at the microscale (see Figures 9C and 10), MS_gel_1 shows some cracks and a higher 

porosity value than MS_elkem_2. The pore size distribution calculated from X-ray micro computed 

tomography evidenced some differences between the two samples: MS_gel_1 presents 2 populations of 

micrometric pores (diameter of ~ 40 μm and ~ 100 μm), while MS_elkem_2 displays one main population of 

micrometric pores (~ 40 μm). These differences most reasonably rely on the diverse composition of these 

samples, but it is important to remark here that the porosity of the scaffolds at the micro- and macro-scale, 

when necessary, can be further controlled through the 3D printing, which allows for the design of porous 

structure.[7,8] 

The compressive strengths measured with a custom-built apparatus resulted in a value of 0.32 ± 0.03 MPa for 

MS_gel_1 and 0.38 ± 0.03 MPa for MS_elkem_2, which are potentially appropriate for applications as 

scaffolds for cancellous bone,[65] and significantly higher than Mg-silicate scaffolds prepared by means of 

traditional foam replica and sol–gel techniques.[17]  
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Figure 9. A) Nitrogen adsorption/desorption isotherms of printed MS_gel_1 and MS_elkem_2; B) Pore 

volume distribution calculated with BJH method from gas porosimetry experiments; C) Estimated pore size 

distribution of 3D printed MS_gel_1 (left) and MS_elkem_2 (right) samples calculated from X-ray micro 

computed tomography. 

 

Table 2. SSA, total pore volume, estimated porosity and results of the preliminary compressive strength tests 

of the investigated printed bioceramics. SSA and total pore volume were obtained through gas porosimetry 

using the BET and BJH methods respectively, while the estimated porosity was calculated by means of X-ray 

micro computed tomography. The compressive strength values are the average of 5 tests ± standard deviation. 

Sample SSA (m2/g) Total Pore Volume 

(mL/g) 

Estimated 

Porosity (%) 

Compressive Strength 

(MPa) 

MS_gel_1 3.44 0.020 20 0.32 ± 0.03 

MS_elkem_2 23.4 0.196 8 0.38 ± 0.03 
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Figure 10. 3D computed X-ray micro tomography images and slice images of printed MS_gel_1 (top) and 

MS_elkem_2 (bottom). 

 

4. Conclusions 

The results presented in this paper show that crystalline bioceramics can be prepared through the calcination 

of either moulded or 3D printed magnesium silicate hydrate cements. The hydration of MgO/SiO2 produces 

cement pastes made of both M-S-H binder and brucite, in different relative amounts depending on the silica 

source and the Mg/Si ratio. Noteworthy, increasing the magnesium amount results in a higher brucite content. 

Setting temperature and setting time are also relevant, as they affect the hydration reaction and the structural 

features of the M-S-H binding phase.[39] It is worth mentioning that the structural features on the molecular 

and sub-nanometric scale, as well as the proportions between chrysotile-like and talc-like domains, might 

influence the bioceramic phases forming during calcination.[39,40,42] In our samples, increasing the setting 

temperature from RT to 37 ºC takes to a consistent acceleration of the hydration reaction, consistently with 

what already reported in the literature for similar systems,[54] allowing for the shortening of the bioceramics 

preparation protocol. During the calcination, all samples convert to clinoenstatite and/or forsterite, two 

crystalline phases with potential interesting applications in the biomedical field.[15,18,19] Small amounts of 

MgO and SiO2, arising from unreacted phases, are also detected in bioceramic samples where brucite was the 

main cement phase. No differences in the phase composition occur when HPMC is included in the formulations 

to obtain printable pastes. Only selected 3D printed cements samples structurally tolerate the calcination: 
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MS_gel_1 (silica gel and Mg/Si = 1) and MS_elkem_2 (elkem silica and Mg/Si = 2), and we also observed 

some differences in terms of shape retention when using different silica. Since the 3D printing process is driven 

by the injectability of the samples, the volumetric flow rate and the apparent viscosity of these samples were 

correlated to different injection forces. Then, taking into account potential applications of these bioceramics 

in the biomedical field, especially as bone regenerative scaffolds, we thoroughly characterized their surface 

properties, of outmost importance. Confocal Raman mapping shows that the surface of 3D printed bioceramics 

expose the same chemical composition of their moulded counterparts. SEM and AFM display good bonding 

between the different printing layers and homogeneously rough surfaces (100 nm < Ra < 150 nm), well-suited 

for the deposition of hydroxyapatite[55,56] and compatible with biological applications.[57–59] The pore size 

distributions obtained by BET/PSD experiments display two populations of pores for both samples (diameter 

of ~ 40 nm and ~ 100 nm), which could allow for the storage of drug molecules,[63] that reflects into the 

porous structure of the ceramics after the calcination. The calcination takes also to the formation of 

micrometric pores and cracks, as detected by X-ray micro-tomography. The selected 3D printed bioceramics, 

despite the presence of micrometric cracks, show compressive strength values (average value about 0.35 MPa) 

much higher than Mg-silicate scaffolds prepared by foam replica and sol–gel techniques (~ 0.005 MPa),[17] 

and potentially appropriate for applications as scaffolds for cancellous bone.[65] In future developments, the 

possibility to adjust the process parameters (such as the printing flux and the infill percentage) during the 3D 

printing[66,67] allows to target the proper balance between the size and the interconnectivity of the pores of 

the scaffold,[3] so to favour tissue ingrowth and vascularization, and appropriate mechanical properties.[65] 
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