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Abstract. In the investigation of mechanical properties, calcium phosphate cements exhibit large 
sample-to-sample deviation due to its porous nature, possibility of un-homogenous distribution and 
small specimen size. This situation generates difficulties for obtaining accurate results and creates 
an obstacle for testing different composition where only a small batch size is available. In this 
respect, specimen shape, whether being injected, porosity ratio, surface quality, bearing support 
design have significant matter on variability in terms of three- and four-point bending test. 
Therefore, different methods have been studied to reduce variability with a simpler material 
preparation than common methods on injected and moulded cement. The entire comparison is made 
with the consideration of three- and four-point bending testing, the eccentric loading error 
calculation with engineering calculation software “Mathcad 15”, porosity measurement with 
Archimedes method, microstructure investigation on Scanning Electron Microscope (SEM), macro-
porosity distribution measurement by Micro CT Scanner. 
 
Introduction 

Since the mechanical investigation took a significant part to improve calcium phosphate cement 
in the last half of 20th century, to obtain comparable results in flexural strength testing, 
standardization has been needed. However, difficulties in the specimen preparation due to brittle 
nature and possessing low mechanical strength of calcium phosphate cements generate some 
problems such as breakage during the specimen preparation, dimension instability and in addition 
producing cracks in polishing stage. Therefore, a more stable cross section such as circular shape 
than rectangular cross section might be useful in flexural strength testing. Moreover, there is no 
need for surface treatment in the preparation of circular specimens and they are beneficial to avoid 
edge crack which may take place from surface preparation process or surface macro-porosities [12]. 
As well as all these superior advantages, cylindrical specimens are inefficient for either volume- or 
surface-flaws comparing traditional rectangular specimens according to Weibull analysis [11]. 
However, circular specimen shape possesses some other disadvantages such as poor contact 
between bearing support and specimen herewith low force distribution and rotation on the flexural 
testing fixture. Thus, other bearing support designs must be considered against these drawbacks.  

In the general assumptions of the testing of porous materials, four-point bending testing set-up is 
preferred as a more suitable option than three-point bending testing set-up due to the four point 
flexure fixture produces peak stresses along an extended region of the specimen surface [1]. 
Because, exposing a larger area of the specimen is possible with more potential for defects and 
flaws. Hereby, the effect of sensitivity of testing equipment in a small misalignment of the testing 
fixture in both four- and three-point bending testing has been investigated for such small sample 
batches. 

Porosity distributions and proportions are the other effective parameters on mechanical 
properties. Hence, the effect of the injection of brushite cement is investigated to porosity 
discontinuities which might induce variability in the testing. While Archimedes principle is used for 
overall porosity measurement, micro CT analysis is used for macro-porosity (>7.88 µm) 
distribution, and proportion measurement. 
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Materials and methods 
Sample preparation. The brushite cement was obtained from a mixture of monocalcium phosphate 
monohydrate (MCPM, >97%, Alfa Aesar,Germany) and β-tricalciumphosphate (β-TCP, >96%, 
Sigma-Aldrich,Germany). The average particle size of the β-TCP and MCPM was used as 
13.6(±0.10) µm, and <75 µm respectively. Then, MCPM and β-TCP were mixed with 45:55 molar 
ratio, adding 1 wt.%  pyrophosphate, during at least half an hour in a turbula machine (System 
SCHATZ, Willy A. Bachofen AG machinen fabrik Switzerland) [2,3].  

The liquid phase was prepared as a citric acid solution with a 0.5 molar concentration was 
prepared by dissolving 9.606 g of citric acid powder in 100 ml of deionized water [2,3]. 

To prepare the brushite cement, the liquid and the powder phases were stirred at a L/P ratio of 
0.22, first via a Cap-Vibrator machine (for a few seconds) and then via a Vortex-Genie 2 for 2×30 
seconds in 50 ml falcon tube. 

Silicon rubber moulds were prepared with a 4 mm diameter and 40 mm height cavity. After the 
liquid phase contacted the powder phase, the cement was moulded with a spatula and a 10 ml 
syringe, with a 1.90 mm outlet diameter, individually in 5 minutes. Subsequently the specimens 
were taken in containers and were immersed in 60 ml of phosphate buffered saline (PBS, 0.01 M 
phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4, Sigma-
Aldrich, Germany) at 37° for 24 h.  
 
Mechanical testing. The flexural strength was measured using a universal materials testing 
machine (Shimadzu AGS-X, Japan) at a cross-head speed of 1 mm/min. At least 12 specimens were 
tested from each batch.  All the measurements are made with wet samples (soaked in isopropanol). 
[5,6]. Three different design of bearing support were used in bending tests (Fig. 2). 

For all the three- and four-point bending tests, cylindrical inner supports, that were 4 mm in 
diameter, were used for flexural strength measurement. Type-1, Type-2 and Type-3 bearing support 
fixtures are illustrated in Fig. 2. For Type-1 bearing support design, likewise, 4 mm diameter 
cylindrical outer supports were used. In Type-2 design of fixtures, the curvature was 4 mm in 
diameter, 1 mm in depth and the diameter of the cylinders were specified as 5 mm for outer 
supports. In Type-3 design, the lateral diameter of the bearing support and the curvature diameter 
were designated as 4 mm and 22 mm respectively. The outer support span was chosen as 30 mm in 
both three- and four point bending testing fixtures and for the four-point bending tests the inner 
support span was 10 mm [10]. 

 
Fig. 2 – a) Type-1, b) Type-2 and c) Type-3 designs of bearing supports, used with three-point 
bending test fixture. 

 
Flexural strength of a cylindrical rod using three-point bending [4]: 

 

�� = 8��
��	 																																																																																																																																																								(1) 

 
Equation 2 gives flexural strength of a cylindrical rod using four-point bending fixture with 10 

mm of length span of inner support [4-5].  

�� = 16��
3��	 																																																																																																																																																					(2) 
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where σf  is the flexural strength (MPa), F is the applied load (N), L is the length of span between 

outer supports (mm), D is the mean diameter of the sample (mm). 
 
Porosity 

Overall porosity measurement. Archimedes principle was applied in order to determine the 
volume of pores in the samples. The solvent exchange method is used to obtain wet samples after 
the porosity measurement. After setting in PBS solution for 24 h, the wet samples for the 
mechanical testing were weighed, firstly in air to obtain the mass of wet samples and then while 
suspended in a fluid (weight of wet sample in water). After the first two weightings, subsequently, 
the samples were stored in C3H8O (isopropanol) for 24 h and the weight reduction was monitored 
[7]. The temperature of the room was observed at 21 °C. 

The porosity is calculated according to the equation 4 [7], where Va is the apparent volume [3], 
mair is the weight of wet sample, mwater is weight of the sample under the water, malcohol is the weight 
after complete exchange, ρwater is the density of water, and ρalcohol is the density of the alcohol used. 
 

Φ�%) = ��m��� −m�������)/�ρ��� � − ρ�������)
V� " ∙ 100																																																																				(4) 

 
V� = �m���/ρ��� �) − �m��� �/ρ��� �)																																																																																																		�5) 

 
Macro-porosity measurement. Volume porosity distribution was detected by using a tomographic 
measurement device (Micro-CT Skyscan 1172, Brussels, Belgium). The resolution is used as 7.88 
µm pixel size. For the testing, 6 cylindrical bending test specimens were prepared and dried in air 
for at least 48 h. 
 
Microstructure 

The microstructure of polished cross-sections was analyzed using scanning electron microscopy 
(SEM, Hitachi TM-1000 TableTop Microscope, Krefeld, Germany). The samples were dried in air 
for at least 1 week at 21 °C. The samples were roughly polished with grit 800 SiC abrasive paper. 
 
Results and discussion 

Mechanical testing. From the testing samples, only 10 significant results were chosen from each 
batch of samples. Since the volume under stress in four-point bending test is larger than three-point 
bending test, the four-point bending set-up exhibited lower flexural strength in the measurements as 
expected considering Weibull statistics [8,9]. All the three- and four-point bending test batches 
demonstrated similar average mechanical strength among each other.  

In contrast to the general assumption, three-point bending testing set-ups have demonstrated 
lower standard deviation. This phenomena is also related to higher error probability of four-point 
bending testing in such small samples as well as arbitrary function. Fig. 4-a illustrates two possible 
errors: the poor articulation and the eccentric loading. Poor articulation error is related to wrong 
settlement of the testing fixture and instability in the sample dimensions. This problem is avoided 
with adapting inner support fixture with a spring mechanism which is made to balance two inner 
supports so that, they will contact on the sample surface together during the loading with a slightly 
different force distribution. The eccentric loading error occurs when the inner supports are not 
settled on the center of two outer supports. Loading points and misalignment are shown in Fig. 4-b. 
Equation 6-8 gives the error percentages depending on misalignment of the supports [5].  

 
For four-point bending test fixture: 
 

& = −2�(�) + �(*) + 2�(*)�
(
�)
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(
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Key Engineering Materials Vol. 631 69
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For three-point bending test fixture: 
 

& =
+4-(�.

/

1 − 4 -(�.
/ × 100																																																																																																																																		(8) 

 
where a is the length of span between inner supports (mm), L is the length of span between outer 
supports (mm), e is length of misalignment [5,6]. 

In Fig. 4-a, change in error percentage up to 2 mm of misalignment is demonstrated for three- 
and four-point bending measurements for specified dimension of testing equipment. For the four 
point bending set-up, the greater error occurs directly at point 2, but the greatest stress, which is 
more likely to cause fracture, occurs at point 3. For 1 mm of misalignment, while three-point 
bending set-up is giving 0.45 % error, four-point bending set-up gives 4.17 % error at point 2 and -
2.60 % error on point 3. 

 

 
Fig. 3 - Flexural strength testing results with specimens of moulded and injected cement, using 

different testing fixtures. 
 

Among three bearing support designs, there is not a sharp difference in terms of mechanical 
strength depending on the bearing supports (Fig. 3). On the other hand, they have exhibited 
different deviations in order. In both three- and four-point bending fixtures, Type-1 and Type-2 
have demonstrated the largest and the smallest standard deviation respectively among all three 
designs of bearing support. There are two possible effective phenomena relevant to the effect of 
bearing support design: the static force distribution on the bearing supports and the rotation of the 

specimens. The possible rotation and the small motion of the specimens were reduced by adapting 
the diameter of specimens to the diameter of the bearing supports. Thereby, Type-2 represents the 
lowest possibility of the rotation or motion due to possessing the highest contact to the specimen 
with the same curvature diameter as the specimen diameter and the opposite for Type-1 fixture 
design. 

Injected cement in general showed slightly greater flexural strengths than the cement that was 
moulded with spatula. In terms of variability, it similarly showed higher standard deviation values. 
This circumstance is mainly related to the distribution and settlement of the porosity. 
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Fig. 4 – a) Two common errors in flexural strength tests: eccentric loading and poor articulation. b) 
Error percentages depending on misalignment in eccentric loading. Error percentages on point No.2 
and No.3 in four-point bending and three point bending inner supports. 
 
Porosity measurement. The entire porosity proportion is calculated by Archimedes principle. For 
the porosity measurement of Archimedes principle, the same samples, which were used in 
mechanical testing, were used. The calculated average porosity proportion for moulded cement is 
21.27±4.28 and for injected cement is 19.93±3.21.  

Macro-porosity distribution of the cylindrical samples that are prepared for micro CT is 
presented in Fig. 5-a. Injected cement reaches highest and lowest picks on the lower mid-range of 
pore size cement in general. The micro CT analysis shows that injected cement may present 
different pore size distribution. 

The macro-porosity percentage is determined as 1.14±0.18 for moulded cement and 1.10±0.30 
for injected cement by micro CT analysis. The average macro-porosity difference of the samples 
between moulded and injected cement is negligible. On the other hand, injected cement exhibits 
quite larger sample-to-sample deviation in terms of macro-porosity in the average volume 
percentage.  
 
 
 
 
 
 
 
 
 
a) 

 
 

 
 
 
 
b) 

 
 
 
 
 
c) 

Fig. 5 – Porosity from a) micro-CT, b) moulded and c) injected cements, showing an average pore 
size of 35 µm. The moulded cement displays a contribution from larger pores. 
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Conclusion 

For the small sample lengths, 4-point bending test fixture shows a higher error probability than 
3-point bending test fixture. 

Among three different bearing support designs, Type-2 has demonstrated the lowest variability 
due to its prevention of motion towards a third direction as well as its considerable force 
distribution.  

Injected cement has relatively lower porosity levels in terms of both entire and macro-porosity. 
This might be the evidence of the small difference on the flexural strength. On the other hand, 
injected cement exhibited higher sample-to-sample deviation in contrast to possessing better 
distribution of porosity.  This circumstance is explained with high sample-to-sample deviation of 
the macro-porosity amount. 
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