
InternaƟonal Journal of Pure and Applied Science Research 

arcnjournals@gmail.com                                                       Page | 162  
 

 
 

 

The Effect of Alkaline Earth AddiƟon on the Structural, 
Mechanical and Thermophysical Behaviour of Sealing 

Glasses for SOFCs ApplicaƟons 
 

L.U. Grema and M.B. Ngawaitu1 
*1 Department of Mechanical Engineering, Ramat Polytechnic Maiduguri, Nigeria 

  
  

Abstract: A single series of SOFC glass sealants of composiƟons (15+x)BaO, 15La2O3, 5ZnO 5Al2O3, 20B2O3, and 
(40-x)SiO2 with x= 0, 2.5, 5, 7.5, 10 mol% were characterised for their structure property relaƟonship at increasing 
BaO and decreasing SiO2 down the series. The presence of BaO as a modifier indicates a dominant role in the 
glass structure by inducing structural changes. As BaO is added an increase in density, TEC and decrease in Tg as 
well as hardness and Young’s modulus was observed, while indentaƟon fracture toughness fluctuates by 
exhibiƟng iniƟal increase followed by a decrease. 
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1. IntroducƟon 
Solid oxide fuel cells (SOFCs) are devices which convert chemical energy into electrical energy 
through chemical reacƟons with higher efficiency than convenƟonal thermal energy 
conversion systems [1, 2]. SOFCs have a self-reformaƟon ability  coupled with fuel flexibility 
[3, 4], such as the use of hydrocarbon and municipal waste [5] and environmentally friendly  
[6].  These parameters therefore can potenƟally be an opƟon to help achieve CO2 reducƟon 
targets [7]. SOFCs operate at high temperatures (600-1000oC) [6, 8, 9], in an oxidizing, 
reducing and humid environment [10]. The required minimum service life for mobile and 
staƟonary applicaƟons are 5000 h and 50000 h respecƟvely [11]. Recent reports indicates that 
more than 75000 h service can be exceeded for staƟonary applicaƟons [12]. There are two 
popular designs named according to the cell stacking arrangement; planar or tubular [1, 2, 6, 
8, 9, 13]. Planar SOFCs are preferred over tubular ones due to a simpler manufacturing process 
and higher current outputs as planar SOFCs have a shorter current path [10, 13].  The problem 
with the design of planar SOFCs is that it requires hermeƟc sealing to funcƟon [8, 9] and the 
hermeƟc sealing of the electrodes, electrolytes and metallic interconnects remains a key 
challenge for pSOFCs [14]. CriƟcal sealing posiƟons in a pSOFCs are the inlets and outlets of 
both anode and cathode to prevent the fuel and oxidants mixing [3, 15]. To generate high 
voltages cells are stacked in series [16]; a single cell consists of a dense electrolyte, porous 
anode and cathode made of nickel zirconia cermet and doped lanthanum manganite 
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perovskite [17]. The commercializaƟon of pSOFCs depends on the reliability of the sealants [1, 
2], which must meet a set of requirements such as gas Ɵghtness, high temperature stability, 
chemical stability and compaƟbility, mechanical integrity, electrical insulaƟon and thermal 
expansion tailored to match that of other components of the SOFCs [3, 18, 19]. Glass and 
glass-ceramics are the most commonly used sealing materials because glass based sealants 
are cheaper and much beƩer than metallic sealants in terms of resistance to dual atmospheres 
and can be tailored composiƟonally to meet most of the sealing requirements with glass based 
sealants also having the advantage of beƩer weƫng to sealing interfaces [1, 2, 20]. Seals used 
in the SOFCs are produced by tape casƟng or screen prinƟng and can also be applied in form 
of a paste containing dispersed powder [1, 2].  

           Two important criteria for the selecƟon of a sealant are the glass transiƟon temperature 
(Tg) which must be below the operaƟng temperatures of the SOFCs [1, 2, 21], and the thermal 
expansion coefficient (TEC) which must closely match the TEC of other cell components to 
avoid thermal stresses due to mismatch [21]. The Tg must not be higher than the operaƟng 
temperature of the fuel cells as this will subject the other components of the fuel cells to 
thermal degradaƟon or burnout of substances during sealing and because the glass will not 
soŌen below its Tg it is suscepƟble to cracking as a result of TEC mismatch which is more 
pronounced below the Tg [17, 22]. Other relevant thermal properƟes include the glass 
viscosity during sealing of about 106 Pa.s to avoid wicking and the soŌening temperature Ts 

[23]. The soŌening point is viscosity dependent and depicts the flow characterisƟcs of the 
glass [22]. The viscosity at Tg and Ts are 1012 and 109 Pa.s respecƟvely and to provide effecƟve 
hermeƟc sealing at the operaƟng temperature the viscosity of sealing glasses must be > 109 
Pa.s [24]. Majority of the glass and glass ceramic composiƟons are alkali or alkaline earth 
containing aluminosilicates, borosilicates, borate and phosphate based glasses [25, 26]. 
ComposiƟons based on alkali silicates are not suitable due to reacƟon of the alkalis with the 
SOFC components as they form volaƟle species (oxides) and also some stable hydroxides and 
carbonates leading to chromium poisoning [22, 27]. A lot of researchers have focused on 
aluminosilicate glasses with high barium between 30-35mol% with the well-known 
consequences of deleterious BaCrO4 formaƟon especially with the chromium containing 
metallic interconnect and this phase have high TEC compared with other SOFC components 
and hence leading to seal separaƟon[28]. Glass composiƟons with boron as the sole network 
former is prone to weight loss of about 20% in humid environment of the fuel cell and equally 
reacts with SOFC parts in both oxidizing and reducing condiƟons [25].  P2O5 based glasses also 
are not suitable for use as sealing glasses due their volaƟlity at the fuel cell operaƟng 
condiƟons[26]. AddiƟves in glasses play a specific role for example, both Tg and Ts can be 
influenced by the presence of alkaline earth oxide in the glass [6]. Alumina controls 
crystallizaƟon in the glass [29]. A small amount of boron oxide B2O3, a lower-temperature glass 
former,  reduces the viscosity of glasses, Tg and Ts  and improves the weƫng ability while SiO2 
is a high temperature network former [29]. La2O3 has been used as a viscosity modifier and 
long-term CTE stabilizer [24]. In addiƟon, BaO reduces Tg, Ts and raises TEC while SrO is a 
crystallizaƟon sƟmulant and modify Tg, Ts and TEC. ZnO reduces Tg, Ts and sealing temperature, 
improves flux and reducing agent [13, 24, 29].  
In this study, a correlaƟon is drawn systemaƟcally in terms of composiƟon structure and 
properƟes for barium swapped for silica sealant obtained through melt quench technique. 
FTIR and Raman spectroscopies are used for the determinaƟon of structural changes as a 
funcƟon of composiƟon and correlated with the basic physical properƟes of the glasses. While 
XRD and DTA were used for studying phase change and Tg of the glasses.  
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2. Experimental 

2.1 Sample preparaƟon 

Glasses were prepared via melt quench technique using (15+x)BaO, La2O3(15), ZnO(5) 
Al2O3(5), B2O3(20), and (40-x)SiO2 with  x= 0, 2.5, 5, 7.5, 10)(mol%). In making the glass, SiO2, 
Al2O3, ZnO and La2O3 were used as oxides. While boric acid (H3BO3) was used as the source for 
B2O3, and BaCO3 for BaO. Batches to produce 300 g of glass were batched using SiO2 (99.8%) 
from Glassworks Services), B2O3 (99.5%) from Sigma-Aldrich, UK, Al2O3(99.5%), BaO (99%), 
and ZnO(99.8%) from Fisher chemical, UK. 
The well mixed batch was transferred to a zirconia stabilized plaƟnum crucible and heated to 
1330 °C in an electric furnace for a total of 5 h. AŌer allowing 1 h to achieve a batch free melt 
a Pt sƟrrer was inserted into the melt and the melt was sƟrred during the remaining 4 h of 
melƟng during which refining and homogenizaƟon occurred. Finally the molten glass was cast 
into a pre-heated stainless steel mould. AŌer demoulding the sƟll hot glass was transferred to 
an annealing furnace for removal of thermal stresses during formaƟon, where it was held at 
650 °C for 1 h and then cooled to room temperature at a rate of 1 °C/min. 
2.2 Sample characterisaƟon 
Fourier transforms infrared (FTIR) spectroscopy of glass samples were carried out using 
Perkin-Elmer instrument via the KBr pellet technique method in the range of 400–4000cm-1. 
Approximately 2 mg of each sample and 200 mg of KBr was mixed using agate mortar and 
pressed into pellets of 13 mm diameter using a hydraulic press (Specac®). Spectra in the range 
400-4000cm-1 were immediately measured. Prior to measurement background scanning was 
undertaken. Both transmiƩance and absorbance data were collected aŌer which peaks were 
assigned different bonds using data in the literature.  

Raman spectra were obtained using a Renishaw InVia Raman Spectrometer. Before 
each test the instrument was calibrated using a Si wafer reference standard. ExcitaƟon of the 
polished and annealed glass surfaces was undertaken using a 514.5 nm laser at a laser power 
of 20 mW. The laser beam was magnified 50× and focused at a depth just beneath the polished 
surface. The exposure and acquisiƟon Ɵmes were both 10 s. The raw data were transferred to 
wire 3.4 soŌware and a baseline fiƩed by linearly connecƟng four points where the spectra 
goes to zero following the method of Colomban et al.[30]. The deconvoluƟons of the Raman 
data were performed with wire 3.4 soŌware and Gaussian fiƫng using the solver rouƟne in 
Excel in the region 800-1200cm-1 which is the region for the Si-O stretching vibraƟons. Before 
fiƫng the curves to the spectra the data is corrected for temperature and frequency 
dependent scaƩering intensiƟes using the Long (1977) correcƟon method [31]. First the 
background were subtracted by selecƟng the mulƟple spline curve opƟon in the wire 3.4 
soŌware and the mulƟplied by Long correcƟon factor (Long 1977) and finally the corrected 
spectra is normalized.  AŌer which the deconvoluted spectra were fiƩed with Gaussian bands. 

Powder X-ray diffracƟon (XRD) was used to verify if the samples were amorphous or 
contained some crystalline phases. Both crystalline and glass samples were crushed to fine 
parƟcles less than 150µm in size and room temperature measurement was carried out using 
a Siemens D5000 XRD machine with Cu Kα (λ=1.54056Å) radiaƟon. The radiaƟon source was 
operated at 40 kV and 40 mA.  The samples were scanned from 15-70 o 2θ with a step size of 
0.04 at a scan rate of 4.8 s per step.  
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To evaluate the physical properƟes, the densiƟes of glass samples were 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. 
A DTA curve records thermal reacƟons of samples on heaƟng or cooling by comparison with 
an inert reference undergoing idenƟcal thermal treatment. DTA and TGA curves were 
recorded simultaneously in a Perkin Elmer STA8000 using plaƟnum crucible in staƟc air flow. 
Approximately 40 mg (balance sensiƟvity 0.2 μg) powders with equivalent weight of alumina 
as the inert reference were measured from room temperature to 1000 °C (temperature 
precision ±0.5 ºC) at 10 °C min–1. No cooling curves were acquired for the samples. The glass 
transiƟon temperature (Tg) was esƟmated from the onset of first endothermic peak in a DTA 
curve. For borosilicate glasses this peak appears at 500~600 ºC whereas for aluminosilicate 
glass it normally is between 700 and 800 ºC. The crystallisaƟon peak, which is exothermic and 
expected to appear at higher temperature than the glass transiƟon peak, is apparent in all 
samples studied here, thus an esƟmaƟon can be obtained of the glass crystallisaƟon 
temperature (Tp) for all samples.  

The thermal expansion coefficients (TEC) were measured using thermo mechanical analyser 
TMA for all of the glass samples. The samples were sliced into rectangular shapes of size 
approximately 10×6×6 mm and heated from RT to 650oC at 1oC/min. Samples were re-
measured aŌer crystallizaƟon of the samples at 800oC for 50 h to assess the effects of any 
induced crystal phases on the TEC. A typical DTA plot of these glasses is shown in Fig. 1 and 
displays a glass transiƟon temperature (Tg), two exothermic peaks assigned to be 
devitrificaƟon temperatures (Tp).  

 

Fig 1 Typical DTA graph for xBa(40-x)Si  

 

3. Results and discussion 
The batch composiƟons used to make these glasses and their corresponding labels are listed 
in Table 1. Table 2 resumes the values of Tg, TEC and density for the glass series xBa(40-x)Si. 
All the samples were casted into rectangular shape, and were transparent and free of bubbles. 
Phase analysis by XRD suggests that the plots exhibits a broad hump appears for each sample 
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which is a clear indicaƟon of the amorphous/glassy nature of each sample. In xBa(40-x)Si 
series the network former SiO2 is parƟally subsƟtuted by network modifier BaO and hence the 
resulƟng behaviour in these glasses is a result of the combined effect of the oxides.  
For structural invesƟgaƟon, the glass samples were characterized using both FTIR and Raman 
spectroscopies; the Raman spectra were deconvoluted and analyzed. It was stated by Manara  
[32] that the structure analysis by Raman indicates two types of network structures in the 
borosilicate glass: the borate structure consists of BO3 and BO4 units and the silicate structure 
in SiO4 units. As the content of BaO increased against SiO2, the connecƟvity of the glass 
network decreases possibly due to generaƟon of more non-bridging oxygens in the glasses. In 
the xBa(40-x)Si series addiƟons of BaO led to depolymerisaƟon of the silicate part of the glass 
network with an  increased polymerisaƟon of the borate part of the glass network (conversion 
of BO3 to BO4) as indicated by both FTIR and Raman (see fig1(a) and (b)) [33]. As BaO is added 
some addiƟonal free oxygen is equally added to the glass structure which help converts BO3 
to BO4 [34] unlike ZnO which may end up in ZnO4 tetrahedra compeƟng for charge balance 
with BO4 and AlO4 and thus reducing the effecƟve modifier concentraƟon [33].  

Glass code                  Glass composition (mol %) 
 BaO ZnO La2O3 Al2O3 SiO2 B2O3 
15BaSi40 15 5 15 5 40 20 
17.5BaSi37.5 17.5 5 15 5 37.5 20 
20BaSi35 20 5 15 5 35 20 
22.5BaSi32.5 22.5 5 15 5 32.5 20 
25BaSi30 25 5 15 5 30 20 

Table 1 glass code and composiƟons in mol% 
 
glass code Tg/oC TEC glass (×10-6oC-1) TEC GC(×10-6oC-1) Density g/cm-3 

15BaSi40 662 8.9 8.9 4.19 

17.5BaSi37.5 655 8.7 8.8 4.26 

20BaSi35 653 9.8 9.8 4.34 

22.5BaSi32.5 652 10.4 11.5 4.45 

25BaSi30 644 10.8 11.2 4.51 

Table 2 Tg, TEC and density of xBa(40-x)Si series, the TEC also for glass ceramic 

3.1 Structural analysis 

3.1.1 xBa(40-x)Si series 
The systemaƟc variaƟons in the Raman and FTIR spectra of xBa(40-x)Si glasses with increasing 
BaO are presented in fig 2(a) and (b). There are about seven visible regions in the Raman 
spectra and five in the FTIR spectra. The intermediate region 800-1200cm-1 from both 
techniques reveals the depolymerising effect of increasing BaO on the SiOSi stretching 
vibraƟons with the peaks being shiŌed to lower wavenumbers and a shoulder appearing 
around 870 cm-1 assigned to Q0 in the Raman spectra. This behaviour has been reported for 
both BaO and CaO subsƟtuƟon (see [35]) and a decrease in the peak intensity of this region 
can be seen more clearly in the FTIR spectra. Peaks assigned to the B-O stretching moƟon in 
BO3 and BO4 are located between 1250 to 1600cm-1 [32, 36, 37] and can be seen in both 
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Raman and FTIR and these peaks shiŌed to lower wavenumbers in the Raman spectra with 
increase in intensity of the 1200cm-1 peak assigned to stretching vibraƟon of BO4 according to 
CeƟnkaya et al in zinc borate glasses [38] and corresponding decrease of the 1400cm-1 peak 
assigned to stretching of B-O of BO3 characterisƟcs for BO3  group as BaO increases. For the 
Raman spectra the top end of the peaks becomes sharper and increase in intensity as it shiŌs 
to lower posiƟons which suggest that BO4 increases with addiƟon of BaO as reported by [39].  

          The FTIR peaks intensiƟes follow the same paƩern as the Raman ones but the peaks in 
FTIR moved to slightly higher wavenumbers. The decrease in intensity of the 1400 cm-1 peak 
indicates depolymerisaƟon which means that  BO3 in the borate groups  and NBOs in the glass 
structure are reducing according to [39]. The peaks between 600 and 800 cm-1 splits into two 
weak bands in the Raman spectra only; the first weak band at 648-624 cm-1 increased in 
intensity and shiŌed to lower wavenumbers with increasing BaO. This might be associated 
with obstructed bending vibraƟon of ring type metaborates groups or the breathing mode of 
danburite-like rings  [35].  The other weak band at 709 -717 cm-1 has been idenƟfied in FTIR 
spectra as symmetric stretches in Si-O-(Si, Al) in aluminosilicates [40] and can also be assigned 
to B-O or B-O-B bending vibraƟon modes of BO3 units in borosilicate glasses [15]. This band 
has moved to higher wavenumbers with increasing BaO but the decrease in intensity suggests 
that the BO3 group is decreasing with possible conversion into the danburite like structure 
[B2Si2O8]2- since the peak intensity around 624 cm-1 has increased [41]. As also explained by 
Manara this band around 630 cm-1 could be the breathing mode of danburite like ring 
structure including  two tetrahedra of both  SiO4 and  BO4 and charge balanced by Na2O 
instead of CaO [32], the presence of medium range order structures such as danburite have 
been reported for borosilicate glasses using Raman spectroscopy [41]. The peak between 400 
and 600 cm-1 is also seen in both Raman and FTIR with a decrease in intensity and 
disappearance in the Raman spectra with increasing BaO while in the FTIR it slightly shiŌs to 
higher wavenumbers; similar behaviour has been reported by [39]. In general a decrease in 
intensity and width of these bands is associated with decrease in the bond angles of the SiOSi 
linkages which determines the frequency of this bending vibraƟon [42, 43]. The lowest 
wavenumber peak around 250 cm-1 in the Raman spectra may be assigned to the bending 
mode of ZnO4, however; according to CeƟnkaya et al, the 400 to 550 cm-1 band in FTIR has 
also been assigned to the ZnO4 tetrahedra in  borate glasses [38] which suggests that the 
presence of ZnO4 unit is indicated by the data from both techniques. 

  
Fig 2 Raman (a) and (b) FTIR spectra for xBa(40-x)Si series  

 

(a) (b) 
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3.2 Thermophysical properƟes   

The glasses are stable up to temperatures above Tg before the emergence of crystallizaƟon 
peaks during the measurement. The glasses have endothermic peaks and exothermic peaks, 
the onset of the former used to determine the glass transiƟon temperature Tg and the 
crystallizaƟon peak Tc from the later peak.  There is a decrease in Tg of about 18 oC from 662 
to 644 oC as the BaO increased against SiO2 in these glasses. There is no significant decrease 
in the Tg as BaO is increased, a similar behaviour to this is reported in ref [44]. Tg decreases 
with BaO addiƟon because it creates NBOs in the glass as menƟoned in [45]. The decrease in 
Tg may suggest that the energy needed for structural relaxaƟon of the glass network is also 
reduced. There are two crystallizaƟon peak temperatures in these glasses which may be an 
indicaƟon of phase separaƟon as reported by Lahl et al. [46], or the presence of two different 
phases in the glass [47]. Usually the TEC of the electrolytes (YSZ, GDC, LSGM) lies between 9.5 
to 12×10-6K-1 while for the cathode the values 12 to 14×10-6K-1, for anode it is 10 to 14×10-6K-

1 and for the interconnectors it is 11 to 15×10-6K-1  [48].  In pracƟce, TECs ranging from 10.0×10-

6K-1 to 12.0 ×10-6K-1 is considered opƟmal for SOFC applicaƟons, because under this condiƟon, 
the thermal stress generated is smaller than the strength of the glass, and the cell can work 
stably at high temperatures [49]. 
The TECs of all composiƟons of seal glass are measured from room temperature (RT) to glass 
transiƟon (Tg) and are presented in fig 3. 

 
Fig 3 (a) TEC of glass in blue line and glass ceramic in red line, (b) Tg of for xBa(40-x)Si series  

The large size of BaO expands the network and weakens the structure leading to decrease in 
Tg and increase in TEC of the glasses. [50, 51]. There is not much difference between the TEC 
of the glass and glass ceramics except for BaO/SiO2 raƟo around 0.7 where the TEC for the 
glass ceramic is higher and at 0.83 slightly higher than that of   the glass sample. 

3.3 Density and molar volume 
The composiƟonal variaƟon of density is shown in fig 4(a). Density increases with increasing 
BaO in the studied glasses. For all glass composiƟons, the density increases approximately 
linearly with the modifier addiƟons. Since SiO2 were subsƟtuted for BaO changes in the 
average molar mass of the glasses occurs. In the xBa(40-x)Si series an increase in density is 
evident and the molar volume fluctuates in increase and decrease paƩern with BaO addiƟons 
due to the higher molecular weight of barium 153.3g/mol and high ionic radius of Ba2+ (1.49Å) 
which expands the glass structure  and decreases the glass compactness [3, 36, 52]. The 
observed unusual behaviour where both density and molar volume increase in the same 
direcƟon have been previously reported for RO-Al2O3-B2O3 (RO = Mg>Ca>Sr) containing 
glasses [53]. The molar volume of xBa(40-x)Si increased and then decreased at a BaO/SiO2 

(a) (b) 
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raƟo of 0.57 and then increased again. This type of anomalous drop in molar volume have 
been reported by Bourgel et al, and is associated with the tendency of the network to densify 
its structure in barium borosilicate glasses at  25<x<48 mol% of BaO [54].  

 

fig 4(a) Density and molar volume  

3.4 X-ray DiffracƟon (XRD) 

As indicated earlier the absence of sharp peaks in the as made glass samples suggest that 
there are no crystalline phases, and the broad hump at low angles around 28o (Bragg angle) 
indicates amorphous nature,  as well as long range structural disorder in these glasses 
regardless of composiƟonal differences (see fig 5(a) and (b) for xBa(40-x)Si series). AŌer 50h 
isothermal heat treatment of xBa(40-x)Si series, the XRD paƩern indicates that glass (glass 
ceramic) contains crystalline lanthanum borosilicate phase with PDF card number no (04-010-
1343). The intensiƟes of the dominant peaks around 30o seem to decrease with increasing 
BaO and the peak heights are smallest for 25mol% BaO because decreasing silica removes one 
major consƟtuent of the phase.  As reported by  [55] 7 out of 10 phases in the SiO2-B2O3-La2O3 
ternary contains silica as part of the phases formed; the three phases observed in this study 
all contained silica. The lanthanum borosilicate single phase shown in fig 5 (b) was also 
reported by [56] who claimed that it was the first La-borosilicate to be synthesized and its 
structure solved [56]. Lanthanum and neodymium are reported to be able to form single 
crystal phase in soda lime borosilicate glasses and the amount of the phase is heat treatment 
dependent [57]. 
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Fig 5 XRD xBa(40-x)Si (a) glass (b) glass ceramic 

  

Glass code Vicker’s  
Hardness, 
Hv(GPa) 

Young’s 
Modulus 
E(GPa) 

Bulk  
Modulus 
K(GPa) 

Shear  
Modulus, 
G(GPa) 

Poisson’s 
Ratio, (v) 
 

Indentatio
n 
fracture 
toughness, 
KIC(MNm-

3/2) 

Glass  
transition 
temperat
ure, 
Tg(oC) 

15BaSi40  
5.7 ± 0.3 87.3 ± 1.4 

75.9 ± 
0.51 33.4± 0.24 0.308±0.007 0.77± 0.01 662± 10 

17.5BaSi37.5 6 ± 0.7 86.2 ± 1.4 74.8 ± 0.5 33.0± 0.24 0.307±0.007 0.78± 0.02 655± 10 
20BaSi35 

5.4 ± 0.3 85.7 ± 1.1 
74.6 ± 
0.55 32.7± 0.15 0.308±0.007 0.80± 0.02 653± 10 

22.5BaSi32.5 5.2 ± 0.3 84.6 ± 1 77.3 ± 0.5 32.1± 0.14 0.317±0.007 0.74± 0.01 652± 10 
25BaSi30 

5.2 ± 0.3 81.2 ± 1 
78.5 ± 
0.51 30.6± 0.14 0.327±0.007 0.69± 0.01 644± 10 

 

  

Results III: Mechanical properƟes  

  

(a) (b) 

(a) (b) 
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Figure 6: Hardness of glass blue line and glass ceramic red line (a) IndentaƟon fracture 
toughness (b) Young’s modulus (d) BriƩleness and (e) Poisson’s raƟo of xBa(40-x)Si versus 
BaO/total network formers 

The addiƟon of BaO into xBa(40-x)Si leads to a decrease in hardness and Young’s modulus as 
E is linearly proporƟonal to field strength and bond strength of the oxides in the glass, so 
increasing BaO with lower field strength decreases the E of the glass [45] (fig 6(a) and (c)) 
while  indentaƟon fracture toughness (fig 6(b)) exhibits an iniƟal increase and then decreased 
at a raƟo of BaO/total network formers of ~ 0.3 in these glasses. The hardness is slightly higher 
for the glass ceramics aŌer crystallizaƟon  as compared with the parent glasses. The reason 
for the decrease in hardness and modulus is because BaO, which has a low field strength is 
less aƩracted to the network anions and thus is less well bonded into the glass. BaO containing 
glasses were reported by Hand and Tadjiev to have lower hardness [58]. There is no structural 
evidence to support the iniƟal rise in indentaƟon fracture toughmess seen in fig 6(b) as the 
polymerisaƟon index (fig 7) indicates decreases with BaO addiƟons. This would suggest that 
the behaviour of the indentaƟon fracture toughness is dependent on other factors including 
energy dissipaƟon process such as plasƟc deformaƟon, crack branching and blunƟng occuring 
at the crack Ɵp and not associated only with energy required to fracture bonds as explain by 
Yoshida et al, for Vickers indentaƟon of sodium borosilicate glasses [59]. A similar effect on 
mechanical properƟes of lanthanum borosilicate glass by all the alkaline earths modifiers 
depending on their field strength was given in the order (Mg2+ > Ca2+> Sr2+>Ba2+ ) was reported 
by [36] and found Mg2+ with the highest field strength improves mechanical properƟes and 
that Ba2+ having the lowest field strength just like in this study has decreasing effect with the 
lowest hardness and fracture toughness in the glasses reported. 

      BriƩleness in xBa(40-x)Si fig 6 (d) exhibits a similar trend to the molar volume fig 4 with 
similar drop at the same composiƟonal raƟo 0.33, where briƩleness decreased by 1µm-1/2 and 
then increases linearly with increasing BaO. BriƩleness although less oŌen reported is a good 
parameter to esƟmate the suscepƟbility of a material to external mechanical loads; lower 
briƩleness tends to correspond to higher fracture toughness as B = H/KIc. Poisson’s raƟo in fig 
6(e) increases roughly linearly with BaO addiƟon in xBa(40-x)Si glass which can be explained 

(c) (d) 

(e) 
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on the basis of structural depolymerisaƟon induced by the BaO which acts as a modifier (see 
fig 7) on the degree of polymerisaƟon calculated using the Manara method. Poisson’s raƟo 
exhibits inverse correlaƟons with the indentaƟon fracture toughness in xBa(40-x)Si series as 
presented in fig 6-8 

 

fig  7  PolymerisaƟon index as a funcƟon of BaO/SiO2 content 

 
CONCLUSION 
In the xBa(40-x)Si series  increasing the alkaline earth content at the expense of the silica 
content resulted in increased network depolymerisaƟon, it was also found that the moduli 
and hardness reduced as the network became more depolymerized. Thus BaO act as network 
modifier and enhance the depolymerisaƟon of the glass network. The fracture toughness 
measurements show peculiar behavior as it first increases and then decreases with BaO 
content. Some discrepancies do ocurr between E and fracture toughness. Such discrepancies 
can be explained based on the fact that fracture toughness is not associated only with energy 
required to break or fracture bonds but also with energy dissipaƟng process such as plasƟc 
deformaƟon, crack branching and blunƟng occuring at the crack Ɵp.  For example borate 
glasses are known to exhibit large inelasƟc dissipaƟon energies, the magnitude of which 
depends on the modifier content. Another way to explain difference between E and KIc is to 
consider the ease of plasƟc deformaƟon. The density linearly increased with BaO however 
molar volume exhibited a drop and then rise again. This type of anomalous drop in molar 
volume have been reported to be associated with the tendency of the network to densify its 
structure in barium borosilicate glasses at  25<x<48 mol% of BaO. Although the mechanical 
properƟes of sealing glasses are not given a parƟcular targeted value, however, sealing glasses 
must be able to maintain sufficient mechanical strength to ensure adhesion and gas Ɵghtness 
during sealing and  operaƟon at high temperatures and therefore, the values of  E, H and 
indentaƟon fracture toughness in this study are comparable to those reported in the 
literature. The E moduli of all the glasses are higher than or comparable to most normal 
borosilicate glasses with 60 to 85GPa ([45], [60]) and the hardness are higher than or 
comparable to many sealing glasses in the literature [12]. AŌer 50h isothermal heat treatment 
of xBa(40-x)Si series the glass ceramic contains lanthanum borosilicate phase with PDF card 
number no (04-010-1343). This parƟcular phase was first reported by [56] and then here we 
further confirm its presence in the La2O - B2O3- SiO2 phase diagram. 
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