
International Academic Journal of Information, Communication, Technology & Engineering 

          www.accexgate.com | papers@accexgate.com                                                        1|page 
 

 

 Effect of Alkali and Alkaline Earths on the Mechanical 
Properties of Soda Lime Silica Glasses for Structural 

Applications 

L.U. Grema1*, S. A. Umar2, M.L. Madugu3, A. Gujja1, M.B. Ngawaitu1, 
A.A. Kuri1 

1Department of Mechanical Engineering, Ramat Polytechnic Maiduguri, Nigeria 
2Department of physics, Faculty of Science, Federal University Lafia, Nigeria 
3Department of physics, Faculty of Science, Gombe state University, Nigeria 

*Corresponding author’s email: lawangrema@yahoo.com    

 

Abstract: An improvement in the mechanical and structural properties of commercial soda-lime-silica 
glass can be obtained within a small window of compositional modifications; and  this systematic approach 
has been used potentially as route that enables the glass community including researchers, scientists and 
technologists to manufacture a commercially viable, stronger and at the same time light weight soda-lime-
silica glass products. In this study, two series of soda-lime-silica glasses have been produced; the two 
series one with MgO and the other CaO glass are produced by swapping the lithia/soda ratio respectively. 
Mechanical properties of these glasses such as Vicker’s hardness and fracture toughness were measured 
by using indentation method. Differential thermal analysis was used to determine the glass transition 
temperatures of these glass series. It was observed that lithia and soda act as network modifiers when they 
were substituted for each other in the two series, and therefore they reduce connectivity in the glasses 
produced. Elastic moduli were measured by acoustic means, and Young’s moduli of these glasses plotted 
against composition. It was also found in this study that the replacement of soda by lithia lead to increase 
in fracture toughness of soda-lime-silica glasses, and this increase in fracture toughness can be connected 
to the reduced stiffness and to the ease with which plastic deformation of silicate polymer backbone occurs 
during indentation. Furthermore, glasses that exhibit more resilience to sharp contact loading possess 
lower fracture toughness values; whereas, those glasses that have larger packing densities and Poisson’s 
ratios favour easier shear flow deformation and show larger fracture toughness values.   
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1. Introduction 

The increasing demand for high strength glasses and the needed reduction in weight of 
such products are on the rise to produce significantly lighter products for use in 
applications such as containers, automotive and structural glasses [1], display panels and 
cover glasses [2], halogen lamps and parenteral packaging [3]. Furthermore some 
incredibly imaginative suspended structures such as the Sky deck at the Sears Tower in 
Chicago was built from such structural glasses which people have been using to walk on 
its floor and look down through at the ground below from a great heights. In line with this 
demand the effect of Lithia on the mechanical properties of two series of soda lime 
silicate glasses were examined to identify the significant benefits of improving the 
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strength of the silicate glasses without causing changes to some useful properties such as 
transparency [1, 4]. The variation in mechanical properties after lithia was swapped for 
soda in both series is evidently seen however the fixed amount of alkaline earth MgO and 
CaO may have little effect on the E and B modulus as similarly reported by [5]. The 
increasing ratio of Li2O/( Li2O +Na2O) in mol% indicated an increase in E and B moduli. 
In contrast to the mixed alkali effect (MAE), the mixed modifier effect (MME) that is the 
alkali and alkaline earth oxides in a glass, has not received proper attention in the field of 
glass research. However, the effect of MME on glass properties is similar to that of MAE, 
it is expected that the MME has a more remarkable effect on nonlinear glass properties 
[6, 7]. And this depends largely on the difference in field strength of single charged alkali 
and double charged alkaline earth ions in glass network [7]. Although, in theory, glass is 
listed as one of the strongest man-made materials with  ultimate tensile strength of SiO2 
glass is approximately 26 GPa [8]; but the presence of microscopic surface defects and 
flaws leads to its brittleness and low resistance to surface damage which tremendously 
reduced the strength of glass and renders glass one of the most easily broken solid 
material[9, 10]. Research is on-going to meet the ever increasing need for lightweight 
glass products including  flexible displays, touch-screen products [8], container glasses 
for soft drinks and pharmaceuticals [9] and window glasses for structures [11]; for 
instance, efficient energy consumption can be obtained using lighter glass windows in the 
transport industries [11], and the production of lighter glass products can lead to 
improved market competition amongst  the glass companies because of reduced raw 
material in-flow and energy costs effectiveness [8]. The manufacturing of thinner [9] but 
intrinsically high strength glasses [1] could potentially reduce the weight of glass 
products and still maintain important mechanical properties, especially the strength and 
transparency of glass products. For example Corning incorporated has produced Gorilla 
Glass which is a thin sheet of glass with improved mechanical strength for use in display 
panels. The compositions of the Gorilla glass is made of alkaline earth doped 
aluminosilicate glass. And these thin sheets of glasses are chemically strengthen by 
dipping into a molten potassium nitrate (KNO3) solution at temperature below its 
annealing point, and ion exchange takes place between the larger potassium in the molten 
salt container and small size alkali ions such as sodium in to near-surface of glass sheet 
initially incorporated into the parent glass during batching and melting stages. As the thin 
sheet of glass cooling process starts, the bigger potassium cation than penetrates on the 
near surface of the glass  and generates compressive stress layer greater than 80 µm [12], 
and by this step the surface damage resistance tremendously improves by controlling 
existing crack growth rate and propagation [13]. However, the production costs of Gorilla 
glass are high and not economically viable to be used in the mass manufacturing of glass 
products such as container and tableware. As the dipping time into the molten KNO3 to 
get a 25 microns compressive layer on the surface of soda-lime-silica is 16 hours [13], 
which means the ion exchange process takes longer time and therefore not economical 
for large production of containers or window glasses. So to improve on the efficiency and 
the rate of ionic-exchange process, high amount of alumina is added into Gorilla Glass, 
and this tends to increase the melting temperature, and the rate of formation of molten 
glass, and so the high freezing rate of high alumina containing molten glass is also not 
suitable for the conventional soda lime silicate glass shaping and forming machines. 
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The manufacturing of soda-lime-silica (SLS) glass accounts for 90% of all glass 
produced on a global scale [12]. And many glass scientist have studied the variation of 
mechanical properties of SLS glasses with respect to composition and observed 
significant changes in mechanical properties of these system [14-16]. In addition to the 
above studies , some theoretical models have attempted to give a clear insight into the 
variation of mechanical properties with compositions; and one of such models is the 
Makishima and Mackenzie who in the early 1970s suggests a linear correlations between 
elastic moduli and glass composition [17, 18]. Sellappan et al, recently reported the 
remarkable role of Poisson’s ratio and composition with regards to deformation 
behaviour and cracking pattern of glasses during indentation by sharp contact loading 
was reported by [19]. Additionally, Rouxel et al, pointed out in refs [11, 20, 21] the effect 
of Poisson’s ratio on the generation of various types of stress components which may 
provide additional insight on the effect of composition on crack propagation in glasses. 

MgO and CaO alkaline earth oxides are common ingredients added into soda-lime-silica 
glasses, and induce changes to and as well determine the mechanical properties of silicate 
glasses. It was also reported in refs [1, 14] that the substitution of CaO by MgO at fixed 
SiO2 and Na2O contents greatly improves the indentation fracture toughness of silicate 
glasses. Furthermore the effective ionic size of Mg (IV) and Mg (VI) are significantly 
smaller compare to the ionic radii of eight-fold coordinated Ca. And so the observed 
higher fracture toughness of high MgO containing glasses are attributed to the enhanced 
plastic deformation at the crack tip due to high mobility of the small sized Mg cation [1]. 
And on one side the coordination number of Mg in silicate glasses and melts has been 
debated and results of  29Si NMR indicates that, addition of MgO in place of SiO2 
increases the amount of non-bridging oxygens, and therefore the role of Mg in silicate 
glasses can be said to a network modifier [14]; and of course the  network forming ability 
of Mg has been reported in some MgO rich silicate glasses [22, 23]. High SiO2 (80 mol 
%) containing silicate glass has been reported to exhibit larger fracture toughness and 
reduced brittleness [9] however, high silica glasses requires high temperature for melting 
and refining. As reported in [16] the indentation fracture toughness increased up to ~1.5 
MN m-3/2 in silicate glasses when alkali cations are mixed in silicate glasses, and this 
value of toughness is very much higher than the traditional values (~ 0.72 MN m-3/2) for 
silicate glasses.  

However, the fact is that glasses still remains extremely brittle material, and so the 
determination of fracture toughness is not an easy task [14].  

The rate of crack propagation in glass fundamentally depends on the stress and humidity 
in the moist air around the crack tip [24], and stress intensity factor can assists  the rate of 
hydrolysis reaction of the silicate rings near the crack tip and can result in crack growth 
and subsequent material failure [25], and this can simply be referred to as the stress-
corrosion mechanism in silicate glasses. The report of  [24], has elucidated the role of 
stress-corrosion on the fracture stress of soda-lime-silica glasses and some researchers 
have attempted to give more insight into stress-corrosion mechanism of some generic 
glass compositions in relation to their crack growth rates [14, 24]. 

In summary, the variation of physical and mechanical properties of silicate glasses is 
solely compositions dependent and the compositional adjustments and variations might 
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potentially be useful in developing industrially viable soda-lime-silica glasses that would 
have improved fracture toughness values which in turn could potentially leads to increase 
in strength the glass products. 

Hence, in this current study, the effects of substitution of lithia for soda; in two series 
having a fixed MgO and CaO contents on the mechanical properties of a simplified 
commercial soda-lime-silica glass composition were investigated. And in addition to 
these, indentation experiments were carried out to study the mechanical properties of 
these glasses.  

Furthermore, the sample preparations, and the techniques used for mechanical properties 
measurements such as Vicker’s hardness, indentation fracture toughness and elastic 
moduli are detailed.  

2. Experimental procedures 
Two similar compositions of soda lime silicate glasses with formulation, (65SiO2.(25-
x)Na2O.(xLi2O)-10MgO)(in mol%), and (65SiO2.(25-x)Na2O.(xLi2O).10CaO)(in mol%), 
where x=0,5,10,15,20,25 respectively were prepared by mixing reagent grade Loch Aline 
sand (SiO2), sodium carbonate (Na2CO3) from Sigma Aldrich, UK, while lithium 
carbonate (Li2CO3), and magnesium carbonate (4MgCO3MgOH25H2O) were used for the 
first series and in the case of the second series (4MgCO3MgOH25H2O) was replaced by 
CaCO3 all supplied by Fisher chemical UK and were all melted in a platinum crucible 
placed in an electric furnace and operated at a temperature of 14500C for 5 hrs, with 1 hr 
to achieve a batch free melt and 4 hrs with stirring using a platinum stirrer that rotated at 
a speed of 60rpm to ensure bubble free and homogeneous melt. At the end of the 5 hrs 
the melt was ready for casting and was poured into a pre-heated carbon steel mould to 
produce the required rectangular shaped glass sample. After casting the new glass was 
held for a very short time to allow for solidification and was then quickly taken to the 
annealing furnace which has already been set at 5000C and kept at this temperature for an 
hour and then cooled to room temperature at the rate 2oC /min. The glass compositions in 
(mol %) and the physical and mechanical properties of the glasses are presented in Table 
1 and 2. 
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                              Table 1: Glass composition in mol% 
       

 
Table 2: Physical and Mechanical Parameters of the Glasses in this Study 

  

2.1 Density measurement 
The density of powdered glass samples was measured using an AccuPyc II 1340 
pycnometer gas displacement system. The system uses helium (99.995% pure) as its 
medium to measure volume of the glass powder by measuring the pressure change of the 
helium in a calibrated volume. If the weight of the sample is known then the density is 
automatically worked out by the system. The measurement is done in two steps: 

1) Purging helium into the chamber to clean the sample and the chamber of air and 
moisture and this is done by selecting 25 cycles of cell filling and expulsion using the 
helium gas. 

S/N                  composition 
1 65SiO2-0Na2O-25Li2O-10MgO 
2 65SiO2-5Na2O-20Li2O-10MgO 
3 65SiO2-10Na2O-15Li2O-10MgO 
4 65SiO2-15Na2O-10Li2O-10MgO 
5 65SiO2-20Na2O-5Li2O-10MgO 
6 65SiO2-25Na2O-0Li2O-10MgO 

7 65SiO2-0Na2O-25Li2O-10CaO 
8 65SiO2-5Na2O-20Li2O-10CaO 
9 65SiO2-10Na2O-15Li2O-10CaO 

10 65SiO2-15Na2O-10Li2O-10CaO 
11 65SiO2-20Na2O-5Li2O-10CaO 

              12 65SiO2-25Na2O-0Li2O-10CaO 

Glass 
code 

density/gcc Hv/GPa KIc 

(MN m-3/2) 
Brittleness/ 
µm-1/2 

E/GPa G/GPa v K/GPa Tg/
oC 

SLSMg1 2.42±0.001 5.51±0.13 0.93±0.02 5.9±0.18 91.6±2.4 37.8±0.5 0.21±0.004 52.8±0.36 495 
SLSMg2 2.441±0.001 5.72±0.07 1.01±0.02 5.7±0.17 79.9±1.9 31.3±0.37 0.27±0.006 59.1±0.4 480 
SLSMg3 2.459±0.001 5.62±0.19 1.02±0.02 5.5±0.17 80.5±1.5 32.5±0.3 0.24±0.005 51.6±0.35 475 
SLSMg4 2.472±0.001 5.34±0.22 1.01±0.04 5.3±0.16 77.5±1.5 31.1±0.29 0.24±0.005 50.5±0.34 480 
SLSMg5 2.474±0.001 5.18±0.37 0.91±0.02 5.7±0.17 78.8±1.5 31.2±0.29 0.26±0.005 55.5±0.38 495 
SLSMg6 2.486±0.001 4.71±0.21 0.73±0.01 6.5±0.19 66.8±1.3 26.9±0.27 0.24±0.005 43.2±0.29 520 
SLSCa1 2.462±0.001 6.1±0.07 0.86±0.01 7.1±0.21 89.0±2.5 36.7±0.5 0.21±0.006 51.3±0.4 495 
SLSCa2 2.485±0.001 6.1±0.07 0.84±0.01 7.3±0.22 85.8±2 35.0±0.4 0.23±0.006 52.1±0.41 485 
SLSCa3 2.507±0.001 5.8±0.13 0.81±0.01 7.2±0.22 86.1±2 35.5±0.4 0.21±0.006 49.9±0.39 470 
SLSCa4 2.527±0.001 5.49±0.07 0.79±0.01 6.9±0.21 79.4±1.9 31.9±0.38 0.24±0.007 51.9±0.4 485 
SLSCa5 2.542±0.001 4.77±0.09 0.79±0.01 6.1±0.18 75.6±1.9 30.2±0.37 0.25±0.007 51.0±0.4 495 
SLSCa6 2.549±0.001 4.4±0.17 0.68±0.01 6.5±0.19 71.2±1.4 29.0±0.28 0.23±0.007 43.8±0.34 596 
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2) The sample volume is measured by filling the sample cell with the gas medium to the 
required filling pressure. The final pressure (Pf) at equilibrium was recorded as the gas 
expands in the expansion cell. The volume of the sample was determined using: 

Vs= Vsc-
  

 ( / ) )
                                                                      (1) 

where Vs is the volume of sample and Vsc is the volume of sample cell and Vex c is the 
volume of expansion cells all in cm3. The Pr and Pf are the run fill pressure and final 
pressures respectively. The Accupyc 1340 was accurate to approximately 0.03% of the 
reading plus 0.03% of nominal full-scale cell chamber volume. 

2.2 Indentation measurements 
To carry out mechanical testing glass samples were cut into 20×20×10 mm sections using 
a Secotom cutting machine with water-cooled diamond blade. The broad faces of the 
samples were then successively ground and polished using SiC 400/600/800/1200 grits 
under running water and 6/3/1µm diamond pastes. Cleaning and drying of the samples 
follows immediately before annealing at Tg to remove residual stresses developed during 
cutting, grinding and polishing. After annealing a Durascan micro/macro Vickers 
hardness tester with extended load range up to 10 kg was used to measure the indentation 
hardness from the indent size and indentation fracture toughness was calculated from the 
crack length measured.  

To measure the hardness using Vickers indentation, the polished surfaces were indented 
with the standard load of 9.81 N for 15 seconds.  The number of indentations made on 
each composition was between10 and 15. Fig. 1 is an example of indentation image 
obtained by using Mitutoyo HM-101 during Vickers hardness test. Vicker’s hardness can 
be calculated using 









2
8555.1

d

P
Hv                                                                   (2) 

where P is indentation load  and d is average diagonal length of the indents. 

Fig. 1: Representative photographs of (a) 5kg (b) 10kg Vicker’s hardness indent  

(a) (b) 
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The indentation fracture toughnesses of six samples for each series of the glasses were 
measured immediately after making the indent for 6 indentation loads namely 0.3, 0.5,1, 
2.5, 5 and 10kg. In each case the length of the median-radial cracks (2c) originating from 
the corners of the indents was measured (see Fig. 1). The indentation fracture toughness 
was then calculated using 

       𝐾 =
.

/
                                                                                   (3) 

where P is the applied load in (N) and c is half crack length and 0.0824 was proposed by 
this refs [26, 27] and reported that more consistent indentation fracture toughness values 
can be obtained by using this constant 0.0824.  

Brittleness was then calculated using: 

           B=                                                                                          (4) 

 

An estimate of  surface energy was calculated from the measured fracture toughness and 
the modulus using: 

         
 2 2

Ic 1

2

K

E





                                                                              (5) 

2.3 Acoustic measurement of elastic moduli 
Elastic moduli of the glass samples were measured using the ultrasonic pulse echo 

technique.  Both the longitudinal ( LV ) and the transverse ( TV ) ultrasonic wave velocities 
were measured using an Olympus Epoch 6000. 20 MHz longitudinal and 5 MHz 
transverse transducers were used. To facilitate proper contact of the transducer onto the 
surface of the samples and to aid transmission of sound waves glycerol and a coupling 
gel were used. 

The ultrasonic pulse-echo technique is commonly used to determine elastic moduli of 
materials. The ultrasonic vibration travels in solid media in the form of a wave, and in 
order to transmit sound waves the material is required to be an elastic medium. This is a 
non-destructive testing method which conventionally uses longitudinal and transverse 
waves. The ultrasonic equipment sends high frequency waves through transducers into 
the test samples, and then the time of flight (t) is determined (Olympus technical notes, 
2006). 

The wave velocity (v) for the test sample was calculated as follows. 

           
t

l
V

2
                                                                               (6) 

where l stands for the thickness of sample. The shear modulus, G, was obtained using 

          
2

TVG                                                                              (7) 
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where  is density, and TV  is longitudinal velocity. The Young’s modulus, E, was 
obtained using 

          
 
 22

22
2 43

TL

TL
T VV

VV
VE




                                                          (8) 

Poisson’s ratio (v) and the bulk modulus (K) were also calculated from the longitudinal 
and transverse wave velocities to reduce the cumulative error. 

                     
 
 

2 2

2 2

2

2

L T

L T

V V

V V






                                                                (9)  

and 

                    
2 23 4

3



 L TV V

K                                                              (10) 

2.4 Thermal analysis 
In order to study the thermal properties of the prepared samples a differential thermal 
analyser (Perkin Elmer TG/DT thermal analyser) was used. Properties such as Tg and Tc 
were determined. Small amounts of glass powder approximately 40mg±0.2µg in a 
platinum crucible were heated from room temperature to 1000 oC (±0.5 oC) at a heating 
rate of 10 oC /min in air alongside alumina as an inert reference subjected to similar 
heating profile. 

3. Results and Discussion 

Indentation fracture toughness method is used in this study because it’s faster and 
favourable due to low costs compared to the more standard methods such as chevron 
notch [28]. The values of the Physical and mechanical properties including hardness, 
fracture toughness were measured by micro indentation along with Young’s modulus, 
density, brittleness and Tg for all the glasses studied are given in table 2. In all the two 
glass series Vickers hardness, HV and the Young’s modulus exhibited linear correlation 
with increasing lithia content and measurements were repeated for 9.81N indentation 
loads Fig. 2 (a) and (b). The plot in Fig. 3(a) also shows similar trend for the indentation 
fracture toughness. This is because Li-O bond is electrostatically stronger than Na-O 
bond with which lithia was swapped [29, 30]. It seems therefore that increase in fracture 
toughness was favoured by smaller sized atoms like magnesium and lithium. This may be 
due to the fact that immobile and larger species makes it difficult to form a “plastic” zone 
ahead of the crack tip (such a plastic zone no matter its size must exist even in the most 
brittle materials or else the stresses near the crack tip would be infinite)[1].The trend seen 
in Figs. 2 and 3 depicts some sort of linearity with composition however this is not a 
universal trend as can be seen in Figs. 1 and 2 of Hand et al [1]. However it is important 
to identify some generic trends that can be used as a basis in trying to identify glasses 
with improved mechanical properties. 
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Fig. 2: Variation of Glass (a) Hardness and (b) Young Modulus with Li2O/(Li2O + Na2O) 

 

Fig. 3: Variation of (a) Brittleness, (b) Fracture Toughness and (c) Poisson’s ratio with 
Li2O/(Li2O + Na2O) 
Brittleness increases as lithia content is increased, however magnesium containing glass  
series has lower brittleness compared with calcium containing series in Fig. 3(a) and the 
opposite trend is seen in Fig. 3 (b) in the case of the fracture toughness, Erhan et al, also 
observed increase in fracture toughness as MgO is added [4]. According to Rouxel et al, 
[31] substituting CaO for MgO have not resulted in higher stiffness although the bonding 
energies of Mg-O is greater than that of Ca-O, the same way in this study the two series 
of glasses have similar hardness and Young’s modulus however both H and E increased 
linearly with increasing Li2O as seen in both series Figs. 2 (a) and (b). The increase in H, 
E, K1c and brittleness with lithia  maybe associated with the mixed alkali effect as it was 
swapped with soda in the glasses. As can be seen in Figs. 6 and 11 of Mohajerani et al, 
the E and K1c, decreases with increase in soda against lithia [16] and this supports the 
increase seen in this study with addition of lithia. The Poisson’s ratio Fig. 3 (c) in these 
glasses seems to be decreasing narrowly within the typical values for oxide glasses 0.2 to 
0.3 [16] with increasing lithia content. And so the decrease in Poisson's ratio suggests 

(a) (b) 

(a) (b) 

(c) 
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increase in cross-link density due to probably the decrease in the amount of NBOs after 
adding lithia instead of soda[32]. 
In glasses, a change in Poisson’s ratio can be correlated with corresponding changes in 
dimensionality in the network. The values of 3, 2 and 1 are assigned for the 
dimensionality d for 3D networks of tetrahedral coordination polyhedra,  2D layer 
structures and 1D chains respectively [33]. 
 

Fig. 4: Variation of (a) Density and (b) Tg with Li2O/(Li2O + Na2O) 
In Fig. 4(a) density decreases in the two glass series due to lower weight of lithium oxide 
compared to sodium oxide and the density of Ca containing glass is higher than Mg 
glasses because the atomic weight of Ca is higher compared to Mg and in Fig. 4(b) the Tg 
seems to be decreasing with lithia content and exhibit a slight minimum at 60% Li2O a 
sign of negative deviation from additivity suggest a modifier role of lithia in the glass, 
similar trend for Tg seen in [16] for increasing soda against lithia and in other mixed 
alkali glasses [34].  
 

Fig. 5: Variation of Indentation Fracture Toughness with (a) Hardness and (b) Young 
Modulus 
 
In Figs. 5(a) and (b) the graph suggests some sort of linear correlation between KIc 
plotted against H and E respectively. However, this is contrary to the inverse correlation 
for KIc and E reported by Connelly et al for some glasses used for nuclear waste 
immobilisation [35]. In the two glass series Fig. 5 (a)  a nearly linear correlation  between 
hardness and fracture toughness is seen. Although both hardness and indentation fracture 
toughness are more commonly estimated from the size of indents a and the length of 
radial cracks c [16], there is no simple and straight forward  correlation to  rely on always 
as compositions differ especially bearing in mind the fact that KIc is not all the time 
composition dependent. The resistance to cracking during indentation of glasses is mainly 

(a) 
(b) 

(a) (b) 
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controlled by 3 processes which include elastic deformation, plastic or shear flow, and 
densification [36]. And as also reported by [37] there is no clearly defined correlations 
between crack resistance (that is the loading required to initiate radial cracks) and the 
hardness, however they have suggested a relationship between densification and crack 
resistance  and that samples which  exhibits larger densification around the indent possess 
better cracking resistance during indentation. In a similar way as reported above the 
comparison of KIc and H in this study also shows scattered relationship especially for 
SLSMg and slighly linear correlations for SLSCa glasses. 

The relationship between fracture toughness and Youngs modulus according to 
the fracture mechanics is given by equation (11). 

KIc=[
2Eγf

1-v2] .  

where the symbols v, E, and 𝛾 , represents the Poisson’s ratio, Youngs modulus and 
surface energy of newly created surfaces respectively. The reason for the linear 
relationship between KIc and E is due to the similarity of the character of the glass 
network bonding [38]. 

 As depicted in Fig 5(b), the fracture toughness for all the studied glasses generally show 
an increase with increasing Young’s moduli and this suggest that E and KIc exhibit linear 
dependence and therefore, it could be concluded that the correlation could be generalised 
for oxide glasses. See Vullo et al, for similar comparison [28].  
 

Fig. 6: Variation of (a) Hardness with Young Modulus and (b) Brittleness with Density 
 
The behaviour of H versus E in Fig. 6 (a) is similar to linear correlation reported by Hand 
and Tadjiev[1] and comparing this to Fig. 5(a), one would expect a decreasing trend in 
toughness as hardness increases but that is not the case probably due to limited amount of 
moduli data as stated by Hand and Tadjiev et al. There is also a linear relationship 
between E and H as reported by Yamane et al, [39] refer to the relationship represented in 
equation (12). 

Hv=0.051(
. .

) . 𝐸 

where Cg is the packing density of the glass and α the mean single bond strength with 
respect to Si-O.  Both E and H depends on the bond strength and how closely packed 
atoms or ions are in the glasses, although H may involve some form of plastic 
deformation during indentation.  Generally, both H and  E  are composition dependent. 

(a) 
(b) 

(11) 

(12) 
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For example boron in 4 fold coordination shows increase in H and E due to stronger B-O 
bonds than in 3 fold coordination [40]. 
 As the structure becomes open due to increase in Poisson’s ratio the brittleness of the 
glasses decreases and fracture toughness increases similar behaviour reported by [41]. In 
Fig. 6 (b) density against brittleness is plotted on the Sehgal and Ito plot and the data in 
this study sits on the normal glass line ABDE. And the brittleness of normal glasses along 
this line decreases as density decreases due to the presence of plastic flow and 
densification during indentation [9] see Figs. 1 (a) and (b). Sehgal and Ito reported that 
brittleness increases with density and thus in fig. 6 (b) the glasses in this study alongside 
the data from Sehgal and Ito was plotted. Although some sort of similarity in trend exists 
however the data obtained in this study do not fall exactly on the same pattern with those 
reported by Sehgal and Ito but there is some sort of a generic tendency within the two 
glass series for brittleness to scale with density. 
4. CONCLUSIONS: 
The mechanical properties variation with regards to glass compositions have been 
investigated for two alkali-alkaline earths series of silicate glasses. In both SLSMg and 
SLSCa glasses the increase in the lithia at the expense of the soda results in increased 
hardness, Young’s modulus and indentation fracture toughness of the glasses, this 
behaviour can be ascribed to the high field strength of lithia compared to soda. The 
increase in these parameters is an indication of glass network rigidity as Lithia content 
increased. Both series are mixed alkaline earth glasses and exhibited similar trends in 
hardness, Young’s modulus and brittleness decreasing with fixed magnesia content whilst 
toughness increases. However toughness is lower and brittleness is higher in calcia fixed 
glass series. To reduce the inherently lower strength, brittleness and the flaw sensitivity 
of glasses the energy absorption and plasticity at the crack tips of glasses just before 
failure needs to be increased and the small variations in hardness, Young’s modulus, and 
fracture toughness with composition observed in this studies and in other reports, seems 
promising, but not a significant value that would ensure a consistently stronger bulk 
glasses required for improved mechanical properties of silicate glasses for structural 
applications. 
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