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Abstract 

Calcium phosphate cements (CPCs) should ideally have mechanical properties similar 

to those of the bone tissue the material is used to replace or repair. Usually, the 

compressive strength of the CPCs is reported and, more rarely, the elastic modulus. 

                                                        
1 These authors contributed equally to the work. 



Conversely, scarce or no data are available on Poisson’s ratio and strain-to-crack-

initiation. This is unfortunate, as data on the elastic response is key to, e.g., numerical 

model accuracy. In this study, the compressive behaviour of brushite, monetite and 

apatite cements was fully characterised. Measurement of the surface strains was done 

using a digital image correlation (DIC) technique, and compared to results obtained 

with the commonly used built-in displacement measurement of the materials testers. 

The collected data showed that the use of fixed compression platens, as opposed to 

spherically seated ones, may in some cases underestimate the compressive strength by 

up to 40%. Also, the built-in measurements may underestimate the elastic modulus by 

up to 62% as compared to DIC measurements. Using DIC, the brushite cement was 

found to be much stiffer (24.3 ± 2.3 GPa) than the apatite (13.5 ± 1.6 GPa) and 

monetite (7.1 ± 1.0 GPa) cements, and elastic moduli were inversely related to the 

porosity of the materials. Poisson’s ratio was determined to be 0.26 ± 0.02 for 

brushite, 0.21 ± 0.02 for apatite and 0.20 ± 0.03 for monetite. All investigated CPCs 

showed low strain-to-crack-initiation (0.17-0.19%). In summary, the elastic modulus 

of CPCs is substantially higher than previously reported and it is concluded that an 

accurate procedure is a prerequisite in order to properly compare the mechanical 

properties of different CPC formulations. It is recommended to use spherically seated 

platens and measuring the strain at a relevant resolution and on the specimen surface. 
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1. Introduction 

Calcium phosphate cements (CPCs) have gained a great deal of attention since they 

were first introduced in the beginning of the 1980s, due to their chemical similarity to 

the mineral content of bone (Bohner et al., 2005; Dorozhkin, 2010). They are 

biocompatible, osteoconductive, and can be made injectable. The main application of 

CPCs is to fill bone voids, but they can also be used together with metallic devices in 

fracture stabilization, especially in patients with low-quality bone  (Bajammal, 2008; 

Larsson and Bauer, 2002). 

 Ideally, the CPCs should have mechanical properties matching those of the bone 

tissue the material is used to replace or repair (Tamimi et al., 2012). However, the 

strength and stiffness of the osseous tissue can vary substantially, not only depending 

on anatomical site and within different regions of the same bony site, but also among 

individuals, with age, sex, activity level and, due to different pathologies (Pruitt and 

Chakravartula, 2011). Cortical bone is much stronger and stiffer compared to 

trabecular bone; literature values for compressive strength, yield strain, elastic 

modulus and Poisson’s ratio for cortical and trabecular bone can be found in Table 1. 

 Some of the main limitations of CPCs are their brittleness and their poor 

resistance to tensile forces. Moreover, as for most porous ceramic materials tensile 

tests are difficult to set-up for CPCs (Pittet and Lemaître, 2000). Indeed, the most 

common mechanical assessment of CPCs is quasi-static compression testing (Ajaxon 

and Persson, 2017; Tamimi et al., 2012; Zhang et al., 2014), which is not dependent 

on fixation and specimens are easy to prepare. 

 It has been demonstrated that the compressive strength varies greatly between 

different types of CPCs (Table 1), due to differences in chemical composition, 

particle size of starting powders, additives, liquid to powder (L/P) ratio, sample 



preparation, resulting porosity, storage and testing conditions (e.g., testing dry or wet 

cements) (Ajaxon and Persson, 2017; Tamimi et al., 2012; Zhang et al., 2014; 

Espanol et al., 2009). Commercially available CPCs usually have apatite or brushite 

(dicalcium phosphate dihydrate) as the main resultant phase (Bohner et al., 2005). 

Apatite cements have been extensively investigated due to their similarity to bone 

mineral and have traditionally been reported to be stronger than brushite cements 

(Ajaxon and Persson, 2017; Zhang et al., 2014). However, recent advances show that 

brushite cements can have as high strength as apatite cements (Barralet et al., 2003; 

Hofmann et al., 2009; Unosson and Engqvist, 2014; Zhang et al., 2014). Conversely, 

the strength of monetite (dicalcium phosphate anhydrous) cements is generally lower, 

chiefly due to their higher porosity (Åberg et al., 2010; Habibovic et al., 2008). 

Clinically, brushite and monetite cements may have advantages over apatite cements 

in terms of faster in vivo resorption (Apelt et al., 2004; Bohner et al., 2012; Tamimi et 

al., 2012), and some have shown osteoinductive effects (Engstrand et al., 2015; 2014; 

Habibovic et al., 2008).  

 Literature values of the elastic modulus of CPCs are scarce (Table 1). More 

importantly, values reported in the literature may be substantially underestimated. In 

fact, either the elastic modulus has been calculated from the linear part of the stress-

strain curve with the displacement of the platens obtained directly from the built-in 

system of the materials testing machine, or the method is not specified at all (Ajaxon 

and Persson, 2017; Boroujeni et al., 2013; Cama et al., 2013; Xu et al., 2010). The 

platen technique, where the strain is taken from the displacement of the compression 

platens, is a simple method, but it suffers from low accuracy for brittle materials, as 

has previously been reported for mechanical testing of calcium sulphate dihydrate 

cements (Koh et al., 2014).  



 There is therefore a scarcity of accurate values of the elastic modulus of CPCs 

in the literature, as well as very limited data on their Poisson’s ratio and strain to 

failure (available only for some apatite cements, Table 1). An accurate knowledge of 

these material parameters is crucial in material development aimed at comparing the 

properties of different formulations or in computational models aimed to predict the 

material behaviour in simulated clinical scenarios. To improve accuracy, material 

deformation can be measured on the surface of the specimen, thereby eliminating end 

artefacts (Koh et al., 2014). However, contact extensometers need to be mounted 

directly onto the specimen surface. Therefore, there is a high risk that knife edges 

induce flaws on the specimen surface, which the brittle CPCs are very sensitive to. 

Besides, adhesives used to apply strain gauges may penetrate into pores on the cement 

surface, affecting the material's mechanical response. Moreover, CPCs exhibit very 

small deformations before failure, making it difficult to accurately determine the 

deformation using optical methods (Siebert et al., 2007). Recently, it has been 

demonstrated that the digital image correlation (DIC) technique can accurately 

measure small-magnitude (<0.1%) homogeneous strain fields (Acciaioli et al. 

Submitted) indicating that the DIC technique is suitable to accurately determine also 

the small strains that CPCs undergo during compressive testing. 

 The aim of this study was to determine the compressive behaviour of different 

formulations of injectable CPCs using the DIC technique, with a focus on the 

underexplored elastic properties. Additionally, the compressive behaviour determined 

using different experimental procedures was compared. 

 

 

 



 

2. Materials and Methods 

2.1. Cement preparation 

The mechanical properties of three different types of calcium phosphate cements were 

investigated: a brushite cement, a monetite cement and an apatite cement.  

 

2.1.1. Brushite cement preparation 

The powder phase of the brushite cement consisted of 45:55 mol% monocalcium 

phosphate monohydrate (MCPM; Scharlau, Sentmenat, Spain): beta-tricalcium 

phosphate (ß-TCP; Sigma-Aldrich, St. Louis, MO, USA). The as-received MCPM 

powder was first sieved and only particle sizes below 75 µm was used. The two 

powders were mixed with 1 wt% disodium dihydrogen pyrophosphate (Sigma-

Aldrich, St. Louis, MO, USA), acting as a retardant (Unosson, 2014). The liquid 

phase consisted of a 0.5 M citric acid solution (Sigma-Aldrich, St. Louis, MO, USA). 

The powder and liquid phases were mixed at an L/P-ratio of 0.22 ml/g for 1 min in a 

mechanical mixing device (Cap Vibrator Ivoclar Vivadent AG, Schaan, 

Liechtenstein).  

 The cement paste was moulded and specimens were left to set for 24 h in 

phosphate buffered saline (PBS; Sigma-Aldrich, St. Louis, MO, USA; containing 0.01 

M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH 

7.4) at 37°C to achieve full setting (Unosson and Engqvist, 2014).  

2.1.2. Monetite cement preparation 

The powder phase of the monetite cement consisted of 45:55 mol% MCPM (Scharlau, 

Sentmenat, Spain): ß-TCP (Sigma-Aldrich, St. Louis, MO, USA). The powder was 

mixed with glycerol (Sigma-Aldrich, St. Louis, MO, USA) at an L/P ratio of 0.26 



ml/g for 180 s. The cement was then injected into moulds, which were immersed in 

deionized water during 72 h to achieve full setting by diffusion of water into the 

cement. The cement specimens were subsequently dried in air for 24 h and then 

autoclaved (120°C for 20 min). Specimens were soaked in PBS for 24 h at 37°C, 

before mechanical testing. 

 

2.1.3. Apatite cement preparation 

Alpha-tricalcium phosphate (α-TCP) was used as the powder phase for the apatite 

cement. The preparation of α-TCP has been described elsewhere (Espanol et al., 

2009). Briefly, calcium hydrogen phosphate (Sigma-Aldrich, St. Louis, MO, USA) 

and calcium carbonate (Sigma-Aldrich, St. Louis, MO, USA) were mixed in 

appropriate amounts, heated at 1400°C for 15 h followed by quenching in air and then 

milled to a coarse powder (median particle size 5.2 µm). Precipitated hydroxyapatite 

(2 wt%; Alco, Akron, OH, USA) was added as seed particles, which act as crystal 

nuclei (Espanol et al., 2009). The liquid phase was a 2.5 wt% sodium hydrogen 

phosphate solution (Sigma- Aldrich, St. Louis, MO, USA), added to accelerate the 

setting reaction (Espanol et al., 2009). An L/P ratio of 0.35 ml/g was used and the two 

phases were machine mixed for 1 min. The paste was moulded and specimens were 

left to set for 7 days in PBS at 37°C to achieve full setting (Ginebra et al., 2004).  

 

2.1.4. Specimen geometries 

There is no specific standard available concerning mechanical testing of ceramics 

cements used as biomaterials. Therefore, recommendations of specimen dimensions 

in other standards were referred to, when possible, when selecting specimen 

geometry. 



 The compressive strength was determined testing cylindrical samples according 

to standards for acrylic cements (ASTM, 2008; ISO, 2002), which are commonly used 

for compression testing of CPCs (Ajaxon and Persson, 2017). The elastic properties 

of the material, i.e., elastic modulus and Poisson’s ratio, were also measured under 

uniaxial compressive stress. Due to the brittleness of CPCs, it is not possible to 

determine these properties under tensile conditions, as recommended in the available 

standard for plastics (ASTM, 2014). Hence, a squared cross-section (with rounded 

edges) parallelepiped geometry, whose length was twice its width, was chosen 

according to the standard for compressive testing of plastics (ASTM, 2015). A 

parallelepiped geometry was chosen instead of a cylindrical shape because flat 

specimen surfaces are necessary to measure axial and transverse strain simultaneously 

(used to calculate Poisson's ratio). The two different geometries of specimens used in 

this study are illustrated in Figure 1. 

 

Figure 1. Specimen geometries used in this study: a) cylindrical specimen and b) rectangular 

parallelepiped specimen. 

 

2.2. Cement compression 

After setting, the specimens were wet polished using SiC paper, to achieve plane 

parallel end surfaces and final heights according to Figure 1. 

 For each cement type, cylindrical specimens were randomly assigned to two 

different groups and monotonic compression tests of the specimens were performed 

using two different axially loaded testing frames. The first group was loaded to failure 

using a universal testing machine (AGS-X, Shimadzu, Kyoto, Japan) equipped with 

fixed compression platens (FP), see Figure 2a. The FP displacement was measured by 

an optical encoder with an accuracy of ±0.01 mm in the used range. The other group 



was loaded to failure using a universal testing machine (Mod.8502, Instron, Norwood, 

MA, USA) equipped with spherically seated compression platens (SSP), allowing for 

compensation of misalignments of the specimens’ end surfaces, see Figure 2b. The 

SSP displacement was measured by a linear variable differential transducer (LVDT) 

with an accuracy of ±0.01 mm in the used range. In the latter series one side of the 

specimen was monitored by means of a DIC system (Aramis 5M, GOM mbH, 

Braunschweig, Germany), whose cameras were arranged stereoscopically for 3D 

measurement, to measure longitudinal strain, see Figure 2b. 

 

Figure 2. Schematic of experimental set-up for monotonic compression testing with a) fixed platens 

(FP), b) spherically seated platens (SSP) and the digital image correlation (DIC) system for 3D 

measurement and, c) DIC system set-up for 2D measurement. 

 

To determine the elastic modulus and Poisson’s ratio, the parallelepiped specimens 

were loaded in compression using the set-up with the SSP. However, in this series the 

two cameras of the DIC system monitored two opposite sides of the specimens 

simultaneously, i.e., they were arranged for 2D measurement, see Figure 2c. 

 In both configurations, the DIC system was setup to acquire images under 

experimental conditions optimized to maximize pixel size and depth-of-field while 

assuring adequate surface illumination. Prior to testing, a speckle pattern was created 

on the surface of the specimens, which underwent DIC measurements. A detailed 

description of the procedure can be found elsewhere (Acciaioli et al. Submitted). 

Briefly, the pixel size was calculated considering the camera resolution and the 

current measuring-window size. An algorithm, preliminary defined for the used 

airbrush (Iwata HP-CH, 0.3 mm nozzle, Anest Iwata Europe S.r.l., Torino, Italy) 

following the approach described by Lionello and Cristofolini (Lionello and 



Cristofolini, 2014), was used to determine airbrush settings to achieve the desired 

speckle size of 3–5 pixels (Sutton et al., 2009; Zhou, 2001). A trained operator (A.A.) 

sprayed black paint with the airbrush onto the specimen to obtain the recommended 

speckle-to-surface area ratio of 42–50% (Carter and Uchic, 2015). Achieved speckle 

patterns, evaluated using a mathematical morphology technique (Lecompte et al., 

2006; Lionello et al., 2014) fulfilled the above-described requirements. 

 In all above-mentioned tests, the specimens were loaded parallel to their 

longitudinal axis and tests were performed using a cross-head speed of 1 mm min-1. 

The brushite and apatite cements were kept wet (brushite soaked in isopropanol, 

apatite in PBS (Ajaxon et al., 2015)) until they were tested. The monetite cements 

were soaked in PBS for 24 h at 37°C, before mechanical testing. 

 Crack initiation resistance ( ) was defined as the stress value calculated for 

the first drop in load. This load drop appeared due to internal defects and surface 

irregularities and could sometimes be observed as chipping, but not complete 

specimen failure. The ultimate compressive strength ( ) was the maximum stress 

value measured during testing and corresponded to complete specimen (brittle) 

failure. 

 Elastic modulus was calculated as the slope of the linear part of the stress-strain 

curve. Three different methods were used to calculate strain values: 1) using the 

machine-measured displacement of the FP (cylindrical specimens); 2) using the 

machine-measured displacement of the SSP (cylindrical and parallelepiped 

specimens); 3) using the calculated DIC strain (SSP set-up, parallelepiped 

specimens). The compliances of both experimental set-ups, i.e. using FP and SSP, 

were taken into account. The DIC strains were obtained averaging the longitudinal 

strain measured on two opposite specimen surfaces over an area of interest of 8x4 



mm. A subset of 60x60 pixels, experimentally determined as the optimal subset size 

for the current conditions (Acciaioli et al. Submitted), a 50% overlap ratio (Koohbor 

et al., 2017) and a 3x3 computation size (Eriksen et al., 2010) were used in image-

processing to calculate surface strain. Prior to image processing, image pre-selection 

was carried out checking the error in the direction of the calculated strains over the 

whole area of interest. Images for which 99.7% of the values in all directions differed 

more than 0.5% from the expected direction – i.e. parallel or perpendicular to the 

loading axis  – were discarded. (Acciaioli et al. Submitted). 

 Poisson’s ratio was calculated as the absolute value of the ratio of transverse to 

longitudinal strain determined by the DIC technique on the parallelepiped specimens. 

The ratio was calculated for longitudinal strain values in the linear range of the stress-

strain curve. 

 Strain-to-crack-initiation ( ) was defined as the strain measured when the 

first drop in load was observed (i.e., the strain the material can withstand without 

damaging).  was calculated on cylindrical specimens using the same procedure 

described above except for the area of interest (3x4 mm instead of 8x4 mm to take 

into account the different specimen geometry) and image pre-selection (no image pre-

selection was carried out due to changes occurring in the strain direction close to 

failure). Ultimate strain could not be measured due to i) if chipping occurred on the 

monitored surface, the DIC system lost tracking of the speckle pattern; and ii) if a 

crack occurred in the bulk, the loading situation was different to that expected in areas 

that the DIC system was measuring on.  

 



2.3. Porosity determination 

The porosity of the same brushite cement composition has been evaluated before and 

found to be 13 ± 2% (Ajaxon et al., 2015). The porosity of the same apatite cement 

composition has previously been reported to be 38 ± 7% (Canal et al., 2013). The 

porosity of the monetite cement was determined by water resaturation in the present 

study, according to the method described by Engstrand Unosson et al. (Engstrand 

Unosson et al., 2015). Briefly, the cement was weighed before and after being 

immersed in water. Then, the porosity was calculated from the volume of water in all 

open pores and the apparent volume of the specimen, determined by Archimedes’ 

principle.  

 

2.4. Phase characterization 

The phase composition of the prepared brushite, monetite and apatite specimens was 

analyzed using X-ray diffraction (XRD; D8 Advance, Bruker AXS GmbH, Karlsruhe, 

Germany). XRD data was collected using a theta-theta setup with Ni-filtered Cu-Kα 

irradiation, between diffraction angles (2θ) of 5 to 60 deg. A step size of 0.02 deg 

with 0.25 s per step and a sample rotation speed of 80 rpm were used for the analysis. 

Rietveld refinement, using the BGMN software (version 4.2.22, http://www.bgmn.de) 

(Bergmann et al., 1998; Taut et al., 1998) with Profex (version 3.1.2, 

http://profex.doebelin.org) (Doebelin and Kleeberg, 2015) as user interface, was 

applied to quantify the phase composition, with the reported result being the mean of 

six measurements per cement type. The repeatability was taken as 2.77 x standard 

deviation according to ASTM E177-14 (ASTM, 2013; Döbelin, 2015). Crystalline 

models were taken from PDF# 01-074-0565 (Sudarsanan and Young, 1969) for 

hydroxyapatite and PDF# 04-010-4348 (Mathew et al., 1977) for α-TCP, PDF# 04-

008-8714 (Dickens et al., 1974) for ß-TCP, PDF# 04-013-3344 (Curry and Jones, 



1971) for brushite, PDF# 04-009-3876 (Boudin et al., 1993) for beta-calcium 

pyrophosphate (ß-CPP), and PDF# 04-009-3755 (Dickens et al., 1971) for monetite. 

 

2.5. Statistical evaluation 

IBM® SPSS® Statistics (version 22, IBM Corp., Armonk, NY, USA) was used to 

perform an analysis of variance (ANOVA). Welch’s robust test of equality of means 

and Tamhane’s post-hoc test were used since homogeneity of variance could not be 

confirmed between groups (using Levene’s test). A significance level of α = 0.05 was 

used in all above tests. 

 

3. Results 

3.1. Cement compression 

 of the three types of cement, determined by compression of the cylindrical 

specimens using both FP and SSP, are presented in Figure 3. The three cement 

formulations behaved differently under compression. The brushite and apatite 

specimens were found to be significantly stronger than the monetite specimens, 

regardless of which type of platens that were used (p < 0.001).  of the brushite 

cement was found to be significantly higher when SSP (56.4 ± 12.0 MPa) were used 

compared to FP (33.9 ± 8.4 MPa) (p < 0.001), whereas both monetite and apatite 

cements showed no significant difference in  when tested with FP (12.4 ± 1.8 

MPa for monetite and 34.9 ± 7.1 MPa for apatite) and SSP (13.0 ± 1.6 MPa for 

monetite and 39.1 ± 8.6 MPa for apatite) (p = 0.95 and p = 0.48 for monetite and 

apatite, respectively). The brushite cement was found to have a significantly higher 

 compared to apatite when SSP were used (p < 0.001), whereas when using FP 

there was no significant difference in  (p > 0.999). 



 

Figure 3. Mean values of  for the three types of cements determined from compression testing of 

cylinders with both FP and SSP (sample size N ≥ 30 for all groups). Error bar shows one standard 

deviation. Groups with the same letter are not significantly different. 

 

Values of  and  of the three types of cement, determined by compression of 

the cylindrical specimens with SSP, are shown in Figure 4.  was not significantly 

higher than  for the brushite (p = 0.24) and monetite (p > 0.999) formulations. 

Conversely, a significant difference was found between  and  values of the 

apatite cement (p < 0.001). 

 Similarly to the  values determined using SSP, the brushite cement was 

found to have a significantly higher  compared to apatite and monetite (p < 

0.001), and apatite showed significantly higher  than monetite (p < 0.001). 

 

Figure 4. Mean values of  and  for the three types of cements determined from compression 

testing of cylinders with SSP (sample size N = 30 for all groups). Error bar shows one standard 

deviation. Groups with the same letter are not significantly different. 

 

All three cement formulations showed a brittle behaviour. Additionally, despite the 

differences observed in , there were no significant differences (p > 0.999) among 

the  values determined for brushite (0.19 ± 0.06%), monetite (0.17 ± 0.03%) and 

apatite (0.19 ± 0.06%). 

 The elastic modulus of the three types of cements determined testing cylindrical 

specimens using FP and SSP, and parallelepiped specimens monitored by the DIC 

system are shown in Figure 5. For completeness, also the elastic modulus determined 

using the SSP displacement of parallelepiped specimens is shown (for each type of 



cement, there was no significant difference in elastic modulus between specimen 

geometries, p ≥ 0.3). The elastic moduli for all three cement formulations followed 

the same trend: the moduli were significantly lower for platen measurements 

compared to DIC (p ≤ 0.001). The DIC-system gave three times higher values 

compared to FP for the brushite specimens (from 9.2 ± 3.7 GPa to 24.3 ± 2.3 GPa). 

For monetite and apatite, DIC resulted in almost twice as high moduli compared to FP 

(from 4.3 ± 0.9 GPa to 7.1 ± 1.0 GPa for monetite and from 8.4 ± 2.5 GPa to 13.5 ± 

1.6 GPa for apatite). For the brushite cement, the difference in elastic moduli obtained 

from FP and SSP was significant (p < 0.001), whereas no significant differences were 

found for monetite (p ≥ 0.3) and apatite (p ≥ 0.9). 

 Comparing between cements, there was a significant difference in moduli 

obtained from FP between brushite and monetite (p < 0.001) and monetite and apatite 

(p < 0.001), whereas the difference between brushite and apatite was not significant 

(p > 0.999). Elastic moduli obtained from SSP and DIC were found to be significantly 

different among all cement types (p < 0.001). 

 

Figure 5. Elastic modulus of brushite, monetite and apatite cements obtained from FP and SSP, as well 

as from the DIC-system. Error bar shows one standard deviation. Groups with the same letter are not 

significantly different. 

 

Poisson’s ratio, calculated from tests performed with parallelepiped specimens, of 

brushite, monetite and apatite cement were 0.26 ± 0.02, 0.20 ± 0.03, and 0.21 ± 0.02, 

respectively. A significant difference in Poisson’s ratio was found between brushite 

and monetite (p < 0.001) and between brushite and apatite (p < 0.001) Conversely, 

Poisson’s ratios of apatite and monetite cements were not statistically different (p = 

0.40). 



 

3.2. Porosity 

Among the three studied CPCs, brushite had the lowest porosity (13 ± 2%) (Ajaxon et 

al., 2015), whereas apatite and monetite cements had much higher porosities (38 ± 7% 

(Canal et al., 2013) and 47 ± 1%, respectively). Figure 6 shows the elastic modulus 

determined by DIC as a function of type of cement and the porosity of the cements.  

 

Figure 6. Elastic modulus (from DIC) as a function of cement type and porosity.  

 

3.3. Phase characterization 

The phase composition the three cement types was evaluated with XRD and Rietveld 

refinement, see Figure 7. The main precipitated phase in the set brushite cements was 

brushite (approximately 80 wt%), with small amounts of unreacted ß-TCP (10 wt%), 

ß-CPP (6 wt%, found in the as-recived ß-TCP) and monetite (3 wt%). The monetite 

cements contained mainly monetite (approximately 86 wt%) with small amounts of ß-

TCP and ß-CPP (7 wt% of each) after setting. The main phase in the apatite cements 

was hydroxyapatite (approximately 92 wt%), with small amounts of unreacted α-TCP 

(6 wt%) and ß-TCP (2 wt%). XRD patterns and accuracy of Rietveld refinement can 

be found in Figure 8 and 9a, b and c, respectively.  

 

Figure 7. Phase composition of the three types of cements. Repeatability was equal to or better than 2 

wt% for (N = 6 per group). 

 

Figure 8. XRD patterns of set brushite, monetite and apatite cements (one representative pattern out of 

six for each type of cement is shown) together with reference patterns for identified phases. 

 

Figure 9. Representative XRD patterns showing the accuracy of the refinement for a) brushite b) 

monetite and c) apatite cements. 



 

4. Discussion 

In this study, the compressive strength, strain-to-crack-initiation and the elastic 

parameters (elastic modulus and Poisson’s ratio) of three different types of CPCs 

were determined. Different experimental approaches were used to estimate the elastic 

properties, including measurement of displacement (by the built-in optical encoder or 

LVDT) of the platens (FP or SSP) used to apply the compressive load or direct 

measurement of surface strains using the DIC technique.  

 XRD and Rietveld refinement (Figure 7) showed that phase compositions of the 

brushite, monetite, and apatite cements were comparable to what has been found 

before for the same or similar cements (Ajaxon et al. 2015; Åberg et al. 2010). 

 The measured  values were found to be affected by the platen type for 

brushite cements (Figure 3). SSP can compensate for non-parallel ends of the 

specimen, a compensation not possible using FP. Therefore in the latter case, stress 

risers at the specimen ends may occur due to reduced contact area caused by non-

parallel ends. The lower the porosity, the greater is the measured difference, due to a 

sensitivity to stress risers.  

 Stress riser effects could also explain the differences observed in  and  

values measured using SSP (Figure 4). In fact, either end surface micro-irregularities 

or defects, e.g. pores, within the bulk material cause localised stress concentrations. In 

brushite and apatite cements, this phenomenon determines the formation of cracks or 

even the chipping of a small part of the specimen. The specimen can still withstand 

compressive load, although its original cross-section is decreased. Indeed, the highest 

values of  were measured when complete fracture of the specimen occurred 

simultaneously (3 out of 30 brushite specimens, none of the apatite specimens). A 



different behaviour under compressive load was observed for monetite cement. When 

fracture takes place, this material crumbles into small particles. Therefore, the first 

drop in load occurs when the specimen fractures, leading to  values 

corresponding to  values for the monetite cement. The mode of failure affects the 

measurement of surface strains. In fact, the ultimate strain of the cements could not be 

correctly determined since either crack formation led to an inhomogeneous strain 

distribution within the specimen, or the strain could not be measured at all when 

chipping occurred on the monitored surface. Instead, the strain to chipping was 

determined and it was found to be similar for all three cement types.  

 The different experimental procedures also affected the measurement of the 

elastic response, as expected. Significant differences in elastic moduli obtained from 

platen measurements and DIC were seen for all cement types. The lowest moduli (3-

14 GPa) were obtained from the stress-strain curves from platen measurements 

(Figure 5). Both transducers (optical encoder and LVDT) had an accuracy of ±0.01 

mm in the used range and the equipment assures high linearity for displacement. 

However, the accuracy of the transducers was close to the strain-to-crack-initiation 

(approx. 0.2% based on DIC results, i.e., approx. 0.02 mm or 0.04 mm, depending on 

specimen geometry). Although the adoption of transducers with higher accuracy may 

decrease the experimental errors, it does not eliminate end artefacts leading to an 

underestimation of the true elastic modulus, in agreement with previous findings (Koh 

et al., 2014). As already mentioned, by using SSP, end artefacts can be diminished. In 

fact, for brushite cements higher values were obtained with this method (around 14 

GPa, Figure 5).  

 The highest elastic moduli were found with the DIC-system (roughly about 2 

times higher compared to SSP for all cements, Figure 5). Direct strain measurement 



on the specimen surface is not affected by end artefacts. It could be argued that the 

DIC-technique is also affected by experimental errors, depending on the quality of the 

speckle pattern, DIC hardware, parameters used in image-processing, and the 

correlation algorithm (Barranger et al., 2010; Pan, 2013; Périé et al., 2002; Rajan et 

al., 2012), and therefore the elastic modulus obtained using this technique might be 

overestimated. However, it has been demonstrated that using the appropriate 

procedure the DIC-technique can measure small homogeneous strain fields (<0.1%) 

with accuracy better than 2% (Acciaioli et al., Submitted). This means that the elastic 

modulus obtained by DIC could have been overestimated by up to 2% only. 

Therefore, the observed differences in elastic moduli should mainly be due to 

measuring error of the platen-techniques, as has been demonstrated by other authors 

(Koh et al., 2014). 

 The findings of the present study underline the importance of determining the 

mechanical characteristics of CPCs using an appropriate procedure, i.e., using SSP 

and measuring deformation directly on the specimen surface, at a high enough 

resolution. The  found under these conditions for brushite, monetite and apatite 

(Figure 4) are within the range found before for the same type of materials (Table 1). 

Conversely, values of elastic moduli (Figure 5) were considerably higher than the 

range that has previously been found for similar materials (Table 1), values that were 

either determined by the platen-technique or the method was not specified. The 

different experimental procedures used may explain a large part of the observed 

differences. However, variations in porosity and pore size distribution may also have 

a substantial effect.  

 The relationship between the elastic modulus and porosity of other porous 

materials has been reported before, revealing a decreasing modulus with increasing 



porosity (Rajzer et al., 2016; Rice, 1977; Soroka and Sereda, 1968). Although the 

porosity was not explicitly varied for each formulation, which is a limitation of the 

present study, the three investigated cements had substantially different porosities. 

Indeed, the results found herein (Figure 6) are well in line with the above-mentioned 

studies. It should be noted that the porosities of the cements in the present study were 

evaluated by three different methods (solvent exchange, water resaturation and 

mercury intrusion porosimetry for brushite, monetite and apatite cements, 

respectively), which may give slightly different results, however not more than a few 

percentage points (Ajaxon et al., 2015; Engstrand Unosson et al., 2015). Other factors 

may naturally also be important to the results, such as crystal structure and size of the 

different materials, as further discussed below. 

 It is noteworthy that the elastic moduli (obtained by DIC, Figure 5) for the three 

cement types were higher compared to the range reported in the literature for 

trabecular bone, and the values determined for brushite and apatite fell in the range 

reported for cortical bone (Table 1). As a stiffness matching that of the surrounding 

bone may be desired, tuning the porosity could be an approach to achieve this (while 

paying attention to changes in other important parameters, e.g., setting time, cohesion, 

compressive strength, fatigue properties). On the other hand, while the quasi-static 

strength of the current brushite and apatite cements were higher than that of trabecular 

bone, it was lower than that of cortical bone (Table 1).  

 Porosity seemed to affect Poisson’s ratio to a less extent compared to 

compressive strength and elastic modulus; only slight variations in Poisson’s ratio 

were observed for the three studied CPCs. The comparison with the scarce data 

available in the literature must be done keeping in mind that the DIC technique used 

in this study tends to overestimate the Poisson’s ratio up to 4% (Acciaioli et al. 



Submitted). Poisson’s ratio for the monetite cements found in this study is similar to 

what has been found before for a pre-mixed apatite/chitosan cement, using an 

ultrasound through-transmission method (0.19-0.26 after 3-14 days in Ringer’s 

solution) (Rajzer et al., 2016). The apatite/chitosan cement had a higher porosity (50-

55%), was weaker in compression (3-5 MPa) and had a lower elastic modulus (3-5 

GPa, as determined by ultrasound) compared to the monetite cement herein. The only 

other study of Poisson’s ratio for brushite and pure apatite cements was performed on 

hollow cement cylinders (Charrière et al., 2001). Poisson’s ratio for monetite cements 

has never been presented before.  

 A limitation of this study is that only three specific cement formulations were 

investigated. The elastic properties of the materials may be substantially different 

depending on differences in, e.g., chemical composition, particle sizes of starting 

powders, additives, L/P-ratio and resulting crystal shape and size. Thus, future studies 

should focus on evaluating the effect these parameters have on the elasticity of the 

cements. Also, even though the investigated CPCs represent very different porosities, 

the effect of porosity on the elastic parameters should be further investigated in a 

more systematic way by varying the porosity of each cement type by, e.g., using 

different L/P-ratios.   

 To summarize, this study showed that DIC could be used to determine the 

elastic modulus and Poisson’s ratio for brittle CPCs. An accurate knowledge of these 

material parameters is important when characterizing the cements, especially for 

computational purposes.  

 

5. Conclusions 



In this study, the DIC technique was used to estimate strains during compression of 

brushite, monetite and apatite cements, for the first time. The elastic moduli obtained 

by DIC were significantly higher (7-24 GPa) compared to those obtained from the 

material testers' built-in displacement measurements, whether fixed (4-9 GPa) or 

spherically seated (3-14 GPa) platens were used. The results confirm that previously 

reported values of elastic moduli of CPCs (1-8 GPa) may be substantially 

underestimated. Moreover, Poisson’s ratio and strain-to-crack-initiation could be 

determined by DIC (0.20-0.26 and 0.17-0.19%, respectively). Accurate values of the 

elastic parameters are crucial in material development aimed at comparing the 

properties of different formulations and in computational models aimed to predict the 

material behaviour in simulated clinical scenarios. 
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Table 1. Ranges reported in the literature for mechanical properties of cortical and trabecular bone, as 

well as three different types of calcium phosphate cements. All reported values are for wet (or moist) 

specimens, if not otherwise indicated. Tabulated values of yield strain, elastic modulus and Poisson’s 

ratio for bone were determined using external extensometers. 

 Ultimate compressive 

strength [MPa] 

Yield strain [%] Elastic modulus 

[GPa] 

Poisson’s 

ratio 

Cortical 

bone 
95-230 (Öhman et 
al., 2011; Kaneko 

et al., 2003) 

0.8-1.2 
(Kaneko et al., 
2003; Öhman 
et al., 2011) 

9-25 (Helgason 
et al., 2008; 

Öhman et al., 
2011) 

0.46-0.58 
(Keaveny 

and Hayes, 
1993; Reilly 

and 
Burstein, 

1975) 
Trabecular 

bone 
1-30 (Kopperdahl 

and Keaveny, 
1998; Perilli et al., 

2008) 
 

0.6-1.2 
(Bayraktar et 

al., 2004; 
Bevill et al., 

2009; Morgan 
and Keaveny, 

2001; 
Kopperdahl 

and Keaveny, 
1998) 

0.01-5 (Helgason 
et al., 2008: 
Bevill et al., 

2009; Morgan 
and Keaveny, 

2001; 
Kopperdahl and 
Keaveny, 1998 ) 

0.06-0.95 
(Keaveny 

and Hayes, 
1993) 

Brushite 0.4-74 (Ajaxon 
and Persson, 2017) 

Not reported 2-8 (Ajaxon and 
Persson, 2017) 

Not reported 

Monetite 2-14 (Åberg et al., 
2010 ; Åberg et al., 

2013) 

Not reported 0.4-1 (Boroujeni 
et al., 2013, 
Cama et al., 

Not reported 



2013) 

Apatite 0.5-101 (Barralet 
et al., 2003 ; 

Gbureck et al., 
2005 ; Zhang et 

al., 2014; Ginebra, 
2008 ) 

2-2.4a 
(Habraken et 

al., 2008; Lian 
et al., 2008) 

0.4-8 (Liu et al., 
2014; Xu et al., 
2010; Rajzer et 

al., 2016) 

0.19 (Rajzer 
et al., 2016) 

a Determined for dry specimens. 

 

 

Highlights 

· Strains should be measured at a relevant resolution and on specimen surface 

· Surface strains in calcium phosphate cements were determined by DIC  

· Average values of elastic modulus determined by DIC ranged between 7-24 GPa  

· Average values of Poisson’s ratio ranged between 0.20-0.26  

· Cracks start to appear at strain levels of 0.17-0.19%  
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Fig. 2 

 

 

 

 



 

Fig. 3 

 

 

 

Fig. 4 

 

 

 

 

 

 



 

Fig. 5 

 

Fig. 6 

 

 



Fig. 7 

 

 

 

Fig. 8 

 



Fig. 9 

 

 

 

 

 




