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Abstract 29 

Silicon substituted calcium phosphates have been widely studied over the last ten years due to 30 

their enhanced osteogenic properties. Notwithstanding, the role of silicon on α-TCP reactivity 31 

is not clear yet. Therefore, the aim of this work was to evaluate the reactivity and the 32 

properties of Si-α-TCP in comparison to α-TCP. Precursor powders have similar properties 33 

regarding purity, particle size distribution and specific surface area, which allowed a better 34 

comparison of the Si effects on their reactivity and cements properties. Both Si-α-TCP and α-35 

TCP hydrolyzed to a calcium-deficient hydroxyapatite when mixed with water but their 36 

conversion rates were different. Si-α-TCP exhibited a slower setting rate than α-TCP, i.e. kSSA 37 

for Si-TCP (0.021 g.m-2.h-1) was almost four times lower than for α-TCP (0.072 g.m-2.h-1). On 38 

the other hand, the compressive strength of the CPC resulting from fully reacted Si-α-TCP 39 

was significantly higher (12.80± 0.38 MPa) than that of α-TCP (11.44 ± 0.54 MPa), due to 40 

the smaller size of the entangled precipitated apatite crystals. 41 

 42 
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1. Introduction 55 

 56 

Calcium phosphate cements (CPCs) were discovered in the 1980's by Brown, Chown and 57 

LeGeros [1,2]. These materials are still actively studied nowadays since CPCs present 58 

attractive characteristics such as bioactivity, biocompatibility, osteoconductivity and 59 

resorbability [3,4]. Furthermore, CPCs consist on a moldable paste that can be injected into 60 

the bone defect using minimally invasive procedures [5–7], with in vivo self-setting after a 61 

few minutes. 62 

 63 

The two most common types of CPCs have been called upon the end-product formed: apatite 64 

cement (precipitates at pH > 4.2) and brushite cement (precipitates at pH < 4.2). One of the 65 

most common main precursor of apatite cements is α-tricalcium phosphate (α-TCP) [8], 66 

which dissolves and precipitates into calcium deficient hydroxyapatite when mixed with 67 

water via a cementitious reaction.  68 

 69 

Several studies have shown that it is not so easy to obtain a highly pure α-TCP [8–11]. The 70 

reason for that has been ascribed to the presence of magnesium impurities in most 71 

commercial reagents, a well-established stabilizer of β-TCP, a lower temperature isomorph of 72 

TCP [10,12–14]. When Mg2+ is present at ≥ 4.1 at.% the temperature of β→α  phase 73 

transformation can increase from ~1125°C to 1485°C [10,12,15–17]. The temperature of α-74 

TCP synthesis can be reduced by using Mg-free reagents [8,11,18,19]. Cardoso et al. [11] and 75 

Motisuke et al. [18,19] succeeded in obtaining α-TCP using impurity-free reagent at a 76 

temperatures of 1165ºC and 1300ºC, respectively. On the other hand, Si has been shown to 77 

stabilize the α phase down to low temperatures [20,21]. Therefore, another path to reduce the 78 

temperature of α-TCP synthesis is by doping α-TCP with silicon (Si-α-TCP). The 79 

temperatures for synthesizing Si-α-TCP may vary from 700ºC to 1250º depending on the 80 

contents of Mg and/or other impurities [9,22–26].  81 



Si-α-TCP can be obtained by treating at high temperatures a precipitate obtained after mixing 82 

calcium nitrate and ammonium phosphate solution at a proper ratio in the presence of 83 

ammonia and either colloidal silica or organic silicon compounds [23,27]. An alternative 84 

route consists in performing a solid state reaction of mixtures of 1) CaCO3, CaHPO4 or 85 

(NH4)2PO4, and Ca2SiO4 or CaSiO3 [9,28], or 2) β-Ca3(PO4)2 and CaSiO3 [29], or 3) HA and 86 

SiO2 [26].  87 

 88 

When calcium phosphate cements are prepared from a Si-α-TCP powder some cement 89 

properties are altered as compared to its pure counterpart. One example is powder solubility. 90 

According to Wei et.al. [30], Si increases α-TCP solubility. Mestres et.al. [31] verified a 91 

faster hydrolysis kinetics, the cement with Si present a similar resistance when compared with 92 

the pure, a decrease in cell proliferation and an increased in alkaline phosphatase (ALP) 93 

activity, which corresponds to an enhance of cell differentiation. On the other hand, Camiré 94 

et.al. [28] observed a decrease on powder reactivity and cement mechanical strength and; an 95 

increased osteoclastic and osteoblastic activity.  96 

 97 

Additionally to the stabilization of α-TCP phase, silicon has been shown to be beneficial for 98 

some biological properties such as bone calcification [32]. Si is essential for bone 99 

regeneration and therefore can stimulate certain cell activities such as proliferation and 100 

differentiation of osteoblasts [26]. Moreover, the bioactivity of a material can be improved by 101 

doping it with Si [33–35]. 102 

 103 

The role of silicon on the reactivity of α-TCP towards the formation of CPCs is not clear yet 104 

[19,26,28]. Thus, the aim of this work was: 1) to verify how silicon may influence on the 105 

setting reaction of α-TCP bone cement; and 2) to determine how the different reactivity 106 

affects the physico-chemical properties of CPCs. The novelty of this work relies on the use of 107 

Mg-free precursors for preparing α-TCP and Si-α-TCP [9] and on the attempt to employ 108 



feasible and large scale procedures to promote the production of more accessible bone 109 

cements.   110 



2. Materials and methods 111 

 112 

2.1 Preparation of TCP powders and bone cement 113 

 114 

α-TCP and Si-α-TCP were synthesized by a solid state reaction from the appropriate mixture 115 

of lab made Mg-free CaCO3 (Mg wt-% < 0.0180), CaHPO4 (Mg wt-% < 0.0001) and CaSiO3 116 

(Mg wt-% < 0.0001) as described elsewhere [9]. Briefly, CaCO3 and CaHPO4 were mixed to 117 

prepare α-TCP, and 2 wt.% of CaSiO3 was included in the mixture to prepare Si-TCP. The 118 

powders were calcined for 6 h at 1300ºC for α-TCP and 1200ºC for Si-TCP with a heating 119 

rate of 10ºC.min-1. Afterwards, samples were let to cool down inside the furnace without 120 

quenching. Finally, the powders were milled in a horizontal ball mill for 48 h using an 121 

alumina gridding media of Ø15 mm and ball to powder ratio of 20:1 w/w. 122 

 123 

The mixing liquid used in cements was an aqueous solution of Na2HPO4 (2.5 wt.%) and 124 

C6H8O7 (citric acid) (1.5 wt.%) in distilled water. Citric acid was employed as a liquid reducer 125 

agent and to promote a more homogeneous setting reaction due to its dispersant effect [36], 126 

and Na2HPO4 was added to accelerate the setting reaction due to the coomon-ion effect [37]. 127 

Cements were prepared by mixing the powder and liquid in a ratio (L/P) of 0.60 mL.g-1. The 128 

paste was introduced in Teflon molds (6 mm diameter x 12 mm height), and samples were 129 

immersed in 0.9 wt.% of NaCl solution at 37 ºC for setting. 130 

 131 

2.2 Characterization of physico-chemical properties 132 

 133 

X-Ray Fluorescence (XRF, Philips, MagiX Super Q Version 3.0) was used to evaluate the 134 

elemental composition (major and minor components), as well as Ca/P or Ca/(P+Si) ratios of 135 

the two TCP powders. X-Ray Diffraction (XRD, Bruker D8 Advance, CuKα, Ni filter, 20 to 136 

40º (2θ), 0.02 º s-1, 40kV and 40mA) was also used for qualitative and quantitative 137 

determination of the crystalline phases existing in the starting powders and set cements. 138 



JCPDS files used for phase identification were #09-0348 for α-TCP and #09-0169 for β-TCP. 139 

For quantitative determination of β-TCP on the starting powders the internal standard method 140 

was employed, in which a diffraction line from the phase quantified (β-TCP) was compared 141 

to a diffraction line from a standard (Al2O3) mixed with the sample in known proportions 142 

[38].  143 

 144 

The density of the TCP powders was measured by helium picnometry (Micromeritics, 145 

AccuPyc 1330), the specific surface area (SSA) was measured by nitrogen adsorption 146 

(Micromeritics, ASAP 2020) according to Brunauer-Emmett-Teller theory and the 147 

granulometry of the powder was determined by laser diffraction particle size analysis (Coulter 148 

Counter LS 13 320). 149 

 150 

The hardening kinetics was monitored by measuring the compressive strength (MTS, Test 151 

Star II) of wet samples after different time intervals (2, 4, 8, 24, 72, 120, 168, 360 h), at least 152 

10 cylindrical specimens were tested per condition. After that, samples were immersed in 153 

acetone for 2h to stop the setting reaction, and then dried at 100ºC overnight. The crystalline 154 

phase composition at each time point was assessed by XRD, (including a JCPDS file #46-155 

0905 for CDHA). The conversion rate was determined by XRD following the procedure 156 

proposed by Ginebra et al. [39,40] and Rigo et al. [41]. It is known that the mass fraction of a 157 

crystalline material present in a given sample is proportional to their XRD lines intensities. 158 

To evaluate the evolution of the setting reaction of the cements studied, the rate of α-TCP 159 

conversion (αt) was evaluated based on the evolution of its mass fraction with time as stated 160 

on Equation 1. 161 

 162 

𝛼" =
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 164 



Where w0 is α-TCP mass fraction at initial time (t = 0 h), w∞ is α-TCP mass fraction after 165 

the 168h of setting reaction and wt is α-TCP mass fraction at a determined time, t. At each 166 

time, α-TCP mass fraction was determined after its XRD lines (1 3 2), (1 1 3) and (1 0 7) 167 

integrated intensities (Equation 2) and an average value was established. 168 
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 170 

Where Iα is the integrated intensity of α-TCP (1 3 2), (1 1 3) or (1 0 7) XRD lines at a 171 

determined time, t; Iα,0 is the integrated intensity of α-TCP (1 3 2), (1 1 3) or (1 0 7) XRD 172 

lines at initial time (t = 0h); Mα is the is the mass absorption of α-TCP, 86.43 [40]; MCDHA is 173 

the mass absorption of CDHA, 84.97 [40]; wß is the mass fraction of ß-TCP during setting 174 

reaction; wα is the mass fraction of α-TCP at a determined time, t and; wα,0 is the mass 175 

fraction of α-TCP at initial time (t = 0h). In this study, the external pattern method was 176 

employed [38]. The external pattern used in this work was β-TCP which is present in all 177 

samples and do not participate on the setting reaction, thus, its mass fraction is constant 178 

during all the process [5,39,40]. 179 

 180 

Moreover, the evolution of the specific surface area and the microstructure during the setting 181 

reaction was assessed by N2 adsorption and scanning electron microscopy (SEM, JEOL-6400) 182 

respectively. 183 

 184 

2.3 Statistics 185 

 186 

One-way analysis of variance (ANOVA) and 2 sample t-tests were performed to compare 187 

differences between the mean values of samples’ compressive strength using a confidence 188 

level of 95 %. In ANOVA analysis, Tukey’s comparison post hoc test was performed to 189 

assess differences in each pair of means. Normality and equal variances tests were conducted 190 



prior to ANOVA to guarantee that data followed Normal distribution and presented 191 

homoscedasticity. 192 

  193 



3. Results and discussion 194 

 195 

Figure 1 displays the XRD patterns of the synthesized TCP powders, which consist of almost 196 

pure α-TCP. Small amounts of β-TCP were also detected. The β-TCP content in α-TCP was 8 197 

wt % and diminished to only 4 wt % in Si-α-TCP, thus confirming the efficacy of silicon 198 

doping in stabilizing the α-TCP crystalline phase, even at lower temperatures [27]. 199 

 200 

INSERT FIGURE 1 
 201 

XRF results (Table 1) showed that in both Si-α-TCP and α-TCP the Ca/(P+Si) or Ca/P ratios 202 

were very similar to the expected ones, i.e. 1.5. Both TCP powders had very similar particle 203 

size distributions and specific surface areas as can be observed on Table 2. Hence, it would be 204 

expected that both powders presented similar kinetics during their setting reaction since, 205 

despite of Si addition, powders’ physical properties (SSA, mean particle size and particle size 206 

distribution) did not present a significant difference [42–44]. 207 

 208 

INSERT TABLE 1 
 209 

INSERT TABLE 2 
 210 

Figure 2 shows the evolution of the XRD patterns with time. For both samples, α-TCP and 211 

hydroxyapatite were the main crystalline phases observed after different times of setting, 212 

confirming that the reaction consists on the dissolution of α-TCP particles and the 213 

precipitation of apatite crystals. In the case of Si-α-TCP cement, XRD peaks of apatite were 214 

only visible after 72 h, while for the α-TCP cement these peaks were already visible after 8 h. 215 

Moreover, the decrease on the diffraction lines intensities for both samples was very different. 216 

For instance, at 2 h of reaction, the (1 0 7) peak, i.e. the 100% relative intensity line for α-217 

TCP (identified in Figure 2 by *), decreased its intensity around 30% for α-TCP, while it only 218 

decreased around 13% for Si-α-TCP. This discrepancy was observed during the entire setting 219 



reaction, which was complete after 168 h for both cements. These results suggested that 220 

silicon substitution reduced the reaction kinetics of Si-α-TCP. 221 

 222 

INSERT FIGURE 2 
 223 

Figure 3 shows the conversion rate (αt) for Si-α-TCP and α-TCP cements. The experimental 224 

values obtained for both samples fitted in agreement with a model proposed in the literature 225 

[39] for α-TCP cement (Equation 3). The time constant (k) was also normalized with the SSA 226 

(kSSA) as shown in Table 3. Interestingly, kSSA for Si-TCP (0.021 g.m-2.h-1) was almost four 227 

times lower than for α-TCP (0.072 g.m-2.h-1) confirming that Si reduces the velocity of the 228 

cement setting reaction. 229 

 230 

INSERT FIGURE 3 
 231 

𝛼 𝑡 = 1 − 𝑒&9"        Equation 3 232 

 233 

INSERT TABLE 3 
 234 

The kinetics of the cement reaction was also evaluated by measuring the evolution of the 235 

compressive strength with time (Figure 4) and the microstructure in the fracture surface 236 

(Figure 5). The compressive strength increased as the setting reaction evolved (Figure 4). The 237 

increase, especially for the first 72 h, was more pronounced for α-TCP than for Si-α-TCP. 238 

Whereas at 24 h α-TCP had already achieved 6 MPa, Si-α-TCP had only reached 0.6 MPa. 239 

Even though compressive strength evolution was slower for Si-α-TCP, it reached a 240 

significantly higher (p < 0.05) mechanical resistance than α-TCP at 168 h. For both materials 241 

the mechanical properties were enhanced as a result of the setting reaction evolution and the 242 

entanglement of apatite crystals. Unreacted α-TCP particles were observed for both samples 243 

during the initial 72 h (Figure 5 a-d). Furthermore, the apatite crystals formed surrounding the 244 

TCP particles during the setting reaction were bigger crystals in α-TCP than in Si-α-TCP. In 245 



general, larger and lower amount of crystals have been ascribed to a lower number of 246 

nucleation points due to a lower degree of oversaturation in the cement paste [42,43,45]. 247 

However, in this case the smaller size of the crystals formed on the particles of Si-α-TCP 248 

could be ascribed to a higher oversaturation. This would be apparently in contradiction with 249 

the lower conversion rate observed for Si-α-TCP. These results could be explained by a 250 

competing mechanism occurring to Si-α-TCP. The presence of silicon could result in the 251 

formation of an amorphous silicate or silica gel on the surface of TCP crystals [28]. This 252 

amorphous layer could decrease the reactivity of the reagent by hindering the dissolution of 253 

α-TCP particles and therefore slowing down the precipitation and growth of apatite crystals. 254 

 255 

INSERT FIGURE 4 
 256 

INSERT FIGURE 5 
 257 

The smaller size of the precipitated apatite crystals (Figure 5) for Si-α-TCP than for α-TCP at 258 

168 h could explain the higher mechanical resistance (p < 0.05) for Si-α-TCP due to a more 259 

effective crystal entanglement with fewer pores entrapped between crystals. The mechanical 260 

properties achieved for both Si-α-TCP (12.80 ± 0.38 MPa) and α-TCP (11.44 ± 0.54 MPa) 261 

were low compared to the values reported on the literature, 20 MPa for Si-TCP [26,28] and 262 

40 MPa for α-TCP [43]. The lower mechanical properties in the current study were ascribed 263 

to the higher liquid-to-powder ratio employed (0.6 mL.g-1) which was needed in order to 264 

promote the ideal moldability of the CPC paste. Moreover, in contradiction with previous 265 

works [26,28], silicon did not reduce the final mechanical strength of the material but rather 266 

significantly increase it (p<0.05). 267 

 268 

The difference on apatite crystals size was also observed by the evolution of SSA with time 269 

(Figure 6). At short times (4 and 8h), a smaller SSA was observed for Si-TCP than for α-TCP. 270 

The smaller SSA values observed at short times indicated a lower number of apatite crystals 271 

precipitated, which correlated well with the slower kinetics of Si-α-TCP observed by XRD. In 272 



contrast, at longer times (168 and 450 h) a higher SSA was determined for Si-α-TCP than for 273 

α-TCP, in accordance with the size of the crystals observed by SEM (Figure 5).  274 

 275 

INSERT FIGURE 6 
 276 

In conjunction, the results showed that silicon substitution changed the reaction kinetics of α-277 

TCP by reducing the material solubility [30]. The main reason for that could be the 278 

stabilization of the crystal structure provided by silicon substitution in some phosphate sites, 279 

leading to a structure with minor distortions [30,46]. These results were unexpected since 280 

other works performed with hydroxyapatite have indicated that Si distorted the crystalline 281 

structure and, therefore, increased the solubility of the end product [47].  282 

 283 

The reason why Si slows down the reaction kinetics of α-TCP is still unclear. On one hand it 284 

could be speculated that during the dissolution and precipitation process that takes place, 285 

silicon may be involved in the formation of an amorphous silica gel on the surface of the TCP 286 

particles due to silicate ions liberation, as proposed by Hench in a well-accepted mechanism 287 

of biomineralization [48]. The formation of a silica-rich layer on the surface of the α-TCP 288 

could hinder its dissolution, delaying apatite precipitation and leading to a reduction on the 289 

setting reaction velocity [28,30]. To determine the mechanism by which Si alters the 290 

reactivity of α-TCP was out the scope of this work and should be studied in a future work. 291 

 292 

  293 



4. Conclusion 294 

 295 

Si-α-TCP was obtained with higher purity that its counterpart free of silicon (α-TCP). Both α-296 

TCP and Si-α-TCP had similar particle size distributions and specific surface area. The 297 

evolution of the crystalline phases was evaluated when mixing the TCP compounds with 298 

water and the reactivity of Si-α-TCP was shown to be lower than that of α-TCP. Si-α-TCP 299 

produced a cement with higher mechanical properties which was ascribed to the smaller size 300 

of the entangled crystals. The smaller reactivity of Si-α-TCP could be due to the formation of 301 

an amorphous silicon layer hindering the dissolution of α-TCP particles and slowing down the 302 

reaction.  303 

 304 
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Figures Caption 461 

 462 

 463 

Fig. 1 XRD patterns of TCP powders. Legend: α = α-TCP. 464 

 465 



 466 

Fig. 2 XRD patterns of the kinetics study for Si-α-TCP and α-TCP. Legend: α = α -TCP, ß = 467 

ß-TCP, A = apatite, * = (1 0 7) diffraction line of α-TCP. 468 



 469 

Fig. 3 TCP conversion (αt) as a function of time. 470 

 471 

 472 

 473 



 474 

Fig. 4 Evolution of compressive strength with time. The legends indicate the time points in 475 

hours. 476 



 477 

Fig 5 SEM micrographs of Si-α-TCP and α-TCP after: (a) Si-α-TCP 24 h; (b) α -TCP 24 h; 478 

(c) Si-α-TCP 72 h; (d) α -TCP 72 h; (e) Si-α-TCP 168 h and (f) α -TCP 168 h. The 479 

white arrows represent α-TCP or Si-α-TCP particles without reacting. 480 



 481 

Fig. 6 Evolution of the SSA with time. 482 

 483 
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Tables 486 

 487 

Table 1 XRF results. Ca/P and Ca/P+Si ratios. Values are in at.% 488 

Sample Ca P Si Ca/P or Ca/(P+Si) 

Si-α-TCP 22.89 14.60 1.04 1.46 

α-TCP 23.08 15.38 --- 1.50 

 489 

 490 

 491 

Table 2 Specific surface area (SSA), mean particle size (dMean) and particle size distribution 492 

(10% < d < 90%). 493 

Sample 
SSA 

(m2.g-1) 

dMean 

(µm) 

10%<d<90% 

(µm) 

α-TCP 0.5322 ± 0.0042 8.317 0.596<d<17.25 

Si-α-TCP 0.6202 ± 0.0062 6.710 0.785<d<14.67 

 494 

 495 

 496 

Table 3 Time constant (k) and time constant normalized by specific surface area (kSSA) for Si-497 

TCP and α-TCP. 498 

Sample k (h-1) 
KSSA 

(g.m-2.h-1) 

Si-α-TCP 0.014 ± 1x10-3 0.021 

α-TCP 0.048 ± 4x10-3 0.072 

 499 
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