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Abstract 

 

A model describing the relationship between tensile strength and total porosity in brittle open-cell 

macroporous foams is developed and applied to silicate ceramic scaffolds produced by sponge 

replication and subsequent sinter-crystallization. The tensile strength of the scaffolds decreased from 

7.4 to 2.3 MPa as the total porosity increased from 0.40 to 0.79. The results of the model, which is 

based on the concepts of fracture mechanics, were in good agreement with the experimental data (R
2
 = 

0.88), which supports the good predictive capability of the approach presented. In principle, this model 

could help biomaterials scientists not only to estimate the tensile strength of highly-porous bioactive 

glass and ceramic scaffolds, which is often difficult to determine experimentally, but also to improve 

the rational design of porous bioceramics with customized properties.  
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1. INTRODUCTION 

 

Implantable bioceramics for bone repair and regeneration are often produced in the form of scaffolds, 

i.e. 3D porous templates that direct and support the growth of new healthy tissue [1,2]. The presence of 

open and interconnected large macropores (> 100 µm) is vital to allow cell migration and spreading, as 

well as blood vessel growth (vascularization) inside the scaffold and, accordingly, in the newly-formed 

tissue [3,4]. If, on one hand, porosity is highly beneficial from a biological viewpoint, on the other hand 

it can decrease – even dramatically – the mechanical performance of the scaffold. This trend is 

common to all porous materials: in general, higher the scaffold porosity, lower the elastic modulus and 

mechanical strengths under compressive, tensile and flexural loads [5]. 

At present, the common criterion to assess the mechanical suitability of a porous scaffold for bone 

tissue engineering applications is based only on the compressive strength, which is relatively easy to 

assess in cellular ceramics: if the scaffold compressive strength is in the range of that of cancellous 

bone (2-12 MPa [6]), then it is considered potentially acceptable from a mechanical viewpoint. 

However, full understanding of the mechanical response of scaffolds to different loading conditions is 

very important considering that, once implanted in vivo, they are subjected to complex multiaxial 

solicitations. 

Studies dealing with the assessment of tensile strength of bioceramic scaffolds are almost totally 

missing in the literature. Rehorek et al. [7] investigated the mechanical behaviour of 45S5 Bioglass®-

derived glass-ceramic foams under tensile loading and showed that the deposition of a polymeric 

coating on the scaffold struts can increase the fracture strength. Chen et al. [8] determined the tensile 

strength of wollastonite-containing glass-ceramic scaffolds and used these foams to manufacture 

multilayer coatings on alumina for use in a novel type of hip joint prosthesis. In general, gaining 

reliable information on the tensile behaviour of cellular ceramics is challenging mainly due to 
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technological reasons. Indeed, the brittleness of porous ceramics brings some complications in fixating 

the specimen in the test machine since standard fixtures cannot be used [9]. In this regard, the only 

feasible option is to fix the scaffolds by applying carefully-selected adhesives or resins. 

Finite element methods (FEMs) have been sometimes proposed to study the mechanical behaviour of 

bone tissue engineering scaffolds [10,11]. However FEM approaches, to be accurate, need to be 

combined with advanced imaging techniques (e.g. X-ray micro-computed tomography [12,13]) in order 

to have a precise geometrical reconstruction of the scaffold. 

Information on the tensile strength of porous ceramics is needed for a complete interpretation of their 

mechanical behaviour and to validate models predicting their response in given biomedical 

applications. In the attempt to tackle this challenge and overcome the above-mentioned limitations, the 

present work proposes the use of a new model relating tensile strength, which is often difficult to 

determine experimentally for highly-porous ceramics, to total porosity, which is relatively easy to 

assess in ceramic scaffolds. 

 

2. MATERIALS AND METHODS 

 

2.1 Preparation of materials and scaffolds  

 

The starting material used to fabricate the porous bioceramic scaffolds investigated in this work was a 

silicate glass with the molar composition 50SiO2-6P2O5-2B2O3-35CaO-7Na2O. This glass, which was 

previously designed for biomedical applications in orthopaedics [14,15], was produced by using a 

standard melting procedure in a platinum crucible. The raw precursors (SiO2, Ca3(PO4)2, H3BO3, 

CaCO3 and Na2CO3 analytical grade powders purchased from Sigma-Aldrich) were homogeneously 

mixed in a polyethylene bottle by using a roll mixer for 1 h. Then, the powder blend was introduced in 
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the crucible and melted at 1450 °C for 0.5 h in air inside an electrically-heated furnace. The melt was 

quenched in distilled water to produce a frit that was ball milled (Pulverisette 0, Frtisch, Germany) and 

sieved below 32 µm by a stainless steel sieve (Giuliani Technologies Srl, Torino, Italy). According to 

the authors’ previous experience on other glass compositions, this particle size range is very suitable to 

produce porous glass-derived scaffolds by foam replication [16]. 

Macroporous cuboids (size 10 mm) of a commercial open-cell polyurethane sponge (45 ppi) were used 

as sacrificial templates during scaffold production. These small polymeric blocks were dipped into a 

water-based glass suspension and then compressed to squeeze the slurry out of the sponge pores. 

Poly(vinyl alcohol) was used as a binder so that the glass particles could more efficiently and 

homogeneously adhere onto the polymer walls, as suggested elsewhere [17]. Specifically, the binder 

was dissolved in water under magnetic stirring (200 r.p.m.) at 80 °C for 1 h; then, the glass powder was 

added to the batch that was stirred again for 20 min prior to the immersion of the sponge.  Three 

sample batches were produced using different solid loads, i.e. 30, 35 and 40 wt.% of glass particles; the 

binder amount was fixed at 6 wt.% of the total slurry in all cases. The glass-coated foams were dried 

overnight at room temperature in air and then thermally treated at 900 °C for 3 h in an electrically-

heated furnace (heating rate 5 °C/min) to burn off the polyurethane foam and sinter the glass particles, 

thereby obtaining a positive replica of the template. 

 

2.2 Characterization 

 

The glass-derived scaffolds were characterized by X-ray diffraction (XRD) analysis in order to assess 

the development of crystalline phases during the thermal treatment. The sintered foam was first ground 

into a fine powder and then underwent wide-angle (2θ within 10-70°) XRD by using a X’Pert Pro 

PW3040/60 diffractometer (PANalytical, Eindhoven, The Netherlands) operating at 40 kV and 30 mA 
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with Bragg-Brentano camera geometry, Cu Kα incident radiation (wavelength λ = 0.15405 nm), step 

size ∆(2θ) 0.02° and fixed counting time 1 s per step. Identification of crystalline phases was 

performed by using the X’Pert HighScore software (2.2b) equipped with the PCPDFWIN database 

(http://pcpdfwin.updatestar.com). 

The pore-strut architecture of the scaffold was investigated by field-emission scanning electron 

microscopy (FESEM; Supra
TM

 40, Zeiss, Oberkochen, Germany). The samples were sputter-coated 

with chromium prior to the analysis and inspected at an accelerating voltage of 15 kV. 

The tensile strength of sintered scaffolds was assessed according to a previous experimental setup [8]. 

Before testing, each scaffold was polished with SiC grit paper (#1000 and glued to two loading 

fixtures, i.e. stainless steel bars (diameter 16 mm) that could be connected by to the testing machine by 

steel pins. Gluing was performed by using an epoxy resin (Araldite
®

 AV 119, Ciba-Geigy), which is 

able to withstand a maximum tensile stress of above 40 MPa (as declared by the manufacturer). This 

adhesive was a gel at room temperature,; its polymerization was achieved by applying a heat treatment 

at 140 °C for 1 h in an oven. The tensile strength of the scaffolds was calculated as: 

�� = ���� 																																																																																		(1) 
where Ft (N) was the failure load and At (mm

2
) was the resistant cross-sectional area. 

The total porosity p of each scaffold was assessed before the mechanical test by mass-volume 

experimental measurements as follows: 


 = 1 − �� 																																																																																	(2) 
where ρ is the density of the scaffold and ρ0 is the density of the bulk material (i.e., the foam strut). 

Results were expressed as mean ± standard deviation on five measurements. 
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Tensile strength and porosity of five scaffolds belonging to each of the three batches (produced using 

different solid loads) were assessed. These experimental data were used as input values to the model 

developed in the section 3.  

 

3. MODELLING 

 

The tensile failure in porous ceramics is caused by the unstable crack propagation within the material. 

It is well known that the presence of pores causes a decrement of all mechanical properties of solids, 

including the tensile strength, compared to the bulk (i.e. non-porous) material of equal composition [5]. 

Hence, the development of reliable models describing the relationship between mechanical properties 

and porosity are of dramatic importance in materials science and technology as well as in industrial 

contexts. 

Gibson and Ashby [18] derived the so-called “density-power-law model” which states that a given 

mechanical property (M) of a cellular solid (foam) is controlled by the relative density and the 

corresponding property of the bulk (M0), i.e.: �� = � � ���� 																																																																														(3) 
where C and n (> 0) are constants depending on the properties of constituent materials (e.g. 

composition, fine microstructure, morphological characteristics, loading and failure mechanisms). 

Substituting Equation (2) in Equation (3), we obtain: 

� = ��(1 − 
)�																																																																										(4) 
If applied to determine the elastic modulus E of macroporous foams (such as the bioceramic scaffolds 

developed in this work), this simple equation can be written as follows [18]: 

� = �(1 − 
)�																																																																												(5) 
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where C is assumed equal to unity and E0 is the elastic modulus of the non-porous material. 

The surface energy density of a porous solids is expressed as [19,20]: 

� = ������� �� ! = ����"																																																					(6) 
where γ0 is the surface energy density of the bulk material and β is a constant exponent. 

The Poisson’s ratio ν depends on porosity p according to the following equation [21]: 

$ = 0.5 − �6'																																																																					(7) 
where K = K(p). 

For highly-porous ceramics (i.e. if p > 0.40, which is recommended in scaffolds for bone repair), the 

parameter K can be expressed as a function of p, the bulk modulus (K0) and the Poisson’s ratio of the 

pore-free material (ν0) as follows [21]: 

' = ' 2(1 − 2$)(1 − 
)3(1 − $) 																																																											(8) 
where ' = * +(���, ). 
Thus, after substituting the expression of K0 and Equation (8) in Equation (7), we obtain: 

$ = 0.5 − �6' = 0.5 − 34 (1 − $)(1 − 
)																																													(9) 
We can assume that the shape of scaffold pores is equivalent to be elliptical along cross-sectional 

planes (2D geometry). Thus, considering the largest elliptical defect (pore) in the material [22], and 

according to the recently-developed concepts of quantized fracture mechanics [23], the tensile strength 

can be expressed as: 

�� = ./ 2��0(1 − $�)(1 + 3)																																																																	(10) 
with: 
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. = 4 56sin�: + �1;!� cos� :>3:?/�
6sin� : + �1;!� cos�:A 																																																(11) 

wherein a and b are equivalent to the minor and major axes of the elliptical pore, respectively, and  d is 

the grain size. According to Pugno [24], d can be assumed as the “fracture quantum” and calculated as: 

3 = 2��0�� 																																																																		(12) 
where σ0 is the tensile strength of the pore-free material. 

After substituting Equations (5), (6), (9) and (12) in Equation (10), we obtain: 

�� = �.B ���"C1 − D0.5 − 34 (1 − $)(1 − 
)�E�F �1 + 13! ∙ (1 − 
)																									(13) 
In porous materials, the volume of voids (pores) Vp, the volume of the solid fraction (grains) Vs and the 

total volume Vtot satisfy the following relationship: 

H�I� = H" + HJ																																																																					(14) 
After some rearrangements, Equation (14) can be written as: H"HJ = 
1 − 
																																																																									(15) 
We have that  

KLKM 	→ 0 if  p → 0 and  
KLKM 	→ ∞  if p → 1, which are consistent with physical reality. 

Then, we can simply assume that: 

H"HJ ∝ 1+3+ 																																																																										(16) 
Thus, indicating with ξ a constant shape factor related to pore geometry, Equation (16) can be 

transformed as follows:  
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13 = Q �H"HJ�
�+ = Q � 
1 − 
��+ 																																																										(17) 

Finally, substituting Equation (17) in Equation (12), we obtain: 

�� = �.B ���"
C1 − D0.5 − 34 (1 − $)(1 − 
)E�F R1 + Q � 
1 − 
!�+S ∙ (1 − 
)																				(18) 

If a = b, i.e. when elliptical pores can be approximated with circles in 2D – and hence pores are 

assumed to be spherical in 3D –, we have Ψ = π/2 [22]. Thus, we obtain this final relationship between 

tensile strength and porosity in brittle porous solids: 

�� = �B 0���"
2 C1 − D0.5 − 34 (1 − $)(1 − 
)E�F R1 + Q � 
1 − 
!�+S ∙ (1 − 
)																				(19) 

The parameter σ0 was experimentally determined by performing tensile tests on sintered glass powder 

compacts according to the setup described in the section 2.2. The Poisson’s ratio of the bulk material 

(ν0) was estimated by means of the software SciGlass implementing the analytical method Priven 2000. 

The fitting of the experimental data to estimate the unknown parameters of the model (ξ and β) was 

carried out by using a proper code developed in MATLAB and based on the least squares interpolation.   

 

4. RESULTS AND DISCUSSION 

 

The sintered scaffolds exhibit a glass-ceramic nature, as shown in the XRD pattern reported in Figure 

1. Specifically, three crystalline phases were identified, i.e. wollastonite (CaSiO3, PDF code 00-027-

0088), calcium borosilicate (Ca11Si4B2O22, PDF code: 00-045-0001), and cristobalite (SiO2, PDF code: 

01-077-1317). Of those, wollastonite is known to be highly biocompatible and suitable for 
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manufacturing mechanically-strong bone implants since the 1980s, when Kokubo and co-workers 

developed machinable and bioactive apatite/wollastonite glass-ceramics [25]. 

Figure 2a reveals that a positive replica of the porous template was successfully obtained after the 

thermal treatment, with a good reproduction of the trabecular architecture of the sacrificial polymer. 

The good densification of scaffold struts is shown in Figure 2b. The surface roughness of the scaffold 

walls can be attributable to the presence of crystalline phases (Figure 1) that develop during the 

sintering stage. Potentially, this feature is an interesting added value of the scaffold from a biological 

viewpoint: in fact, the textural properties of implant surfaces, such as morphology and roughness, are 

known to greatly influence cell responses in vitro and in vivo [26]. Early studies carried out in the 

1990s have provided a first evidence that osteoblastic cells attach and proliferate preferably on surfaces 

that exhibit a diffused micrometric roughness [27,28]. Later, it was observed that the micrometric 

peaks and valleys of implant surfaces can affect the organization of cell cytoskeleton and, hence, the 

intracellular transduction signaling pathways [29], with an impact on tissue healing and regeneration. 

Preliminary in vitro biological tests on the glass-ceramic material investigated in this work revealed a 

good biocompatibility with mesenchymal stem cells and osteoblast-like cells (osteosarcoma Saos-2 

line) [30]. 

Figure 2b also shows that the scaffold macropores have a diameter well above 100 µm and are 

interconnected, which are key properties to allow body fluids to flow into the scaffold and cells to 

migrate inside it [3]. 

The total porosity of the scaffolds varies in the range of 0.40 to 0.79 depending on the solid load used 

in the slurry during the fabrication process (see also Table 1): in general, higher the solid load, lower 

the porosity and higher the tensile strength. It is worth highlighting that this range fully covers the 

typical porosity range of human healthy cancellous bone – from about 0.40 of femur head to 0.80-0.85 

of vertebral bodies in the spine [31-33].  
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The experimental values of tensile strength of the scaffolds, ranging from 2.3 to 7.4 MPa, are 

comparable to those reported for bovine trabecular bone (7.6 ± 2.2 MPa [34]) and human cancellous 

bone (10-20 MPa [35]), and are significantly higher than the results assessed for 45S5 Bioglass
®

-

derived glass-ceramic scaffolds (0.011 MPa), even when these are reinforced with a polymeric coating 

(0.074 MPa) [7]. This high difference (about two orders of magnitude) is due to the different thermal 

behaviour of the glasses used: in fact, 45S5 Bioglass
®
 exhibit a poor sinterability [36,37], which  

results in highly brittle scaffolds with hollow struts [17]. 

The low values of standard deviation reported in Table 1 suggests the good reproducibility of the 

method used for scaffold fabrication.  

As p > 0.40, Equation (8) is actually applicable [21] and the theoretical validity of the model (Equation 

(19)) is confirmed for this case. The model was implemented by using ν0 = 0.2520 and σ0 = 45 MPa as 

bulk characteristics, assessed as described in the section 2.2. The result of model fitting with 

experimental data is reported in Figure 3; the model parameters and the correlation coefficient R2 are 

collected in Table 2. There is a very good agreement between model results and experimental data, as 

demonstrated by the high value of the coefficient R
2
; this also suggests a good accuracy and reliable 

predictive capability of the model. 

The experimental values were also interpolated by making use of the classical Gibson-Ashby density-

power-law model, which is commonly used to describe the mechanical response of cellular foams [18].  

When tensile loads are applied to brittle foams, Equation (4) becomes [38]: 

�� = ��(1 − 
)+�																																																												(20) 
The results of model fitting through Equation (20) are reported in Figure 4. The comparison between 

the coefficients R
2
 (Table 2) suggests a better accuracy and predictive capability of the new model.  

The model developed in this work can be virtually applied to any kind of porous materials 

characterized by brittle mechanical behavior (not only biomedical ceramic scaffolds). If used at the 
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design stage, this model allows researchers to predict the tensile strength of highly-porous bioceramics 

– which is typically difficult to assess experimentally – as a function of total porosity and, hence, to 

optimize the scaffold performance by acting on the material composition and/or processing parameters 

(e.g. solid load in the slurry, as performed in this work). 

In principle, the model proposed in Equation (19) is independent of the particular ceramic or glass 

composition considered and can be applied to a wide range of porous ceramics and glasses under 

certain assumptions, i.e. high porosity (above 40 vol.%) and spheroidal pores. If one of these 

hypotheses is not verified, the model becomes inaccurate and should be modified and refined 

accordingly to be fully valid again. This could be, for example, the case of 3D-printed scaffolds [39] 

that often exhibit a grid-like structure formed by parallel channels and struts. 

The major advantage of this model is perhaps its relative simplicity, as the tensile strength is supposed 

to depend only on the total porosity of the material, provided that the bulk characteristics are known. 

Parameters related to the material morphology, such as surface roughness or size of starting particles, 

have not been taken into account; some of these aspects, e.g. the dependence of porosity (and hence 

tensile strength) on grain size were previously analysed by Rice in detail [40]. Furthermore, as already 

pointed out above, pores are supposed to be spherical, which leads to a dramatic simplification of 

Equation (11) but does not account for the “shape effects” due to irregular pore geometry. Finally, it is 

worth underlining that the model is valid for materials where unstable crack propagation occurs (brittle 

mechanical behaviour): therefore, Equation (19) cannot be applied to ductile materials or composites, 

e.g. polymer-matrix scaffolds with bioactive glass or ceramic inclusions.  

 

5. CONCLUSIONS 
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The tensile strength of silicate glass-ceramic scaffolds, which were produced by sponge replication 

followed by sinter-crystallization, was experimentally assessed and found comparable to that of 

cancellous bone. The data were interpolated through a model, based on fracture mechanics, that relates 

tensile strength with total porosity and seems to exhibit better accuracy compared to the classical 

density-power-law approach. This model can be potentially used for a double purpose: (i) in a direct 

way, when the scaffold porosity is known, to reliably predict the tensile strength without the need for 

complicate experimental setups, or (ii) in an inverse way, if a strength target of the implant is fixed for 

a specific surgical need, to determine the required porosity the scaffold should have. Hence, the final 

porosity of the scaffold can be tailored by varying the fabrication parameters in a controlled way, so 

that the material fulfils the desired mechanical requirements. In general, implementing this model for 

predictive purposes can be useful to save time associated to the otherwise necessary trial-and-error 

optimization approach in several biomedical and industrial applications. 
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Figure legends 

 

Figure 1. XRD patterns of powdered scaffolds after sintering at 900 °C for 3 h. 

 

Figure 2. SEM micrographs showing the pore-strut structure of sintered scaffolds at different 

magnifications: (a) 50× and (b) 1300× . 

 

Figure 3. Fitting of the tensile strength data by applying the model developed in this work (Equation 

(19)). black points – experimental values, blue line – model interpolation. 

 

Figure 4. Fitting of the tensile strength data by applying the Gibson-Ashby model (Equation (20)). 

black points – experimental values, red line – model interpolation. 
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Tables 

 

Table 1. Total porosity of the scaffolds. 

Scaffold batch p 

Solid load = 30 wt.% 0. 75 ± 0.028 

Solid load = 35 wt.% 0.63 ± 0.019  

Solid load = 40 wt.% 0.42 ± 0.026 
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Table 2. Model parameters and coefficients of determination. 

Model type Model parameters R
2
 

Present work (Equation (19)) ξ = 44.4; β = 0.03529 0.88 

Density-power-law (Equation (20)) C = 0.3385 0.82 

 

 


