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The structure, thermal stability and elastic modulus of MgO–Al2O3–SiO2 glasses doped with Y2O3 were studied by using 
XRD, FT-IR, density, DSC, and elastic modulus tests. The results showed that the glass samples remained amorphous with 
the addition of Y2O3. Moreover, the FT-IR results indicated that with an increase in the Y2O3 content, the overall change in 
the degree of polymerisation of the glass network structure showed an increasing trend. The Tg and first crystallisation peak 
Tp1 of the glasses significantly increased, and the thermal stability was enhanced. As the Y2O3 content increased, the densities 
of the glasses increased from 2.59 g∙cm-3 to 2.88 g∙cm-3. At the same time, the elastic modulus of glasses increased from 
98.06 GPa to 107.77 GPa.

INTRODUCTION

	 High-modulus	 glass	 fibre	 is	 an	 important	 reinfor-
cing material in composites. Unlike ordinary alkali free 
E	glass	fibre,	 high	modulus	glass	fiber	has	 the	distinct	
features of having high tensile strength and an elastic 
modulus, good impact resistance, chemical stability and 
high temperature resistance [1], and is widely used in 
large wind blades, cable reinforcement cores, aircraft 
parts, automobile manufacturing, temperature resistant 
materials,	sports	equipment	and	other	fields	[2].
	 Currently,	S-series	fibreglass	 in	 the	United	States,	
Advantex	 fibreglass,	 HiPer-tex	 fibreglass	 in	 Europe,	
T-fibreglass	in	Japan,	R-fibreglass	in	France,	and	BMП	
Glass	fibre	 in	Russia	and	China’s	HS	series	glass	fibre	
are the leading high-strength and high modulus glass 
fibre	 products	 in	 the	 market,	 with	 most	 of	 their	 main	
matrix components belonging to the silicon aluminium 
magnesium series or silicon aluminium magnesium cal-
cium series [3]. However, it should be emphasised that 
MgO–Al2O3–SiO2 glass itself has problems, such as 
a high upper limit of the crystallisation temperature, a fast 
crystallisation	rate,	a	high	melt	viscosity,	and	difficulty	
in clarifying the glass liquid. Therefore, in production, 
it is generally necessary to introduce clarifying agents 
and	fluxes	to	improve	the	process	stability.
 Many studies have shown that adding rare earth 
oxides	 can	 effectively	 reduce	 the	melting	 and	 forming	
temperatures of glasses. Kang Junfeng et al. [4] found 
that doping the rare earth oxides (Y2O3, Er2O3 and La2O3) 

into the boro-aluminosilicate glass helped to decrease the 
melting temperature and viscosity. Wang Mitang et al. [5] 
found that solely doping Gd2O3 or Y2O3 with a content 
of 0.25-1.00 mol. %, and simultaneously doping Gd2O3 
and Y2O3 with a total content of 1.00 mol. % into the 
Na2O–CaO–SiO2	 system	glass	 increased	 the	coefficient	
of thermal expansion and decreased the glass melting 
temperature. Zheng Weihong et al. [6] suggested that the 
introduction	 of	 yttria	 effectively	 decreased	 the	melting	
temperature and viscosity of lithium aluminosilicate 
glasses.
 However, there is relatively little research on the 
rare	earth	elements’	influence	of	on	the	elastic	modulus	
of	 glasses.	 This	 article	 mainly	 studied	 the	 effects	 of	
yttrium oxide doping on the structure, density, thermal 
stability, and elastic modulus of glasses, thus attempting 
to	develop	a	high-performance	high	modulus	glass	fibre.

EXPERIMENTAL

Glass preparation

 In this paper, high modulus aluminosilicate glasses 
doped	with	 different	Y2O3 contents were prepared and 
studied. The glasses chemical compositions are listed 
in Table 1, in which glass samples were numbered as 
Y1 to Y5 with the increasing addition of Y2O3. The raw 
materials were all chemically pure substances. The glass 
batches were uniformly mixed and then placed into 
a platinum crucible, then melted in a furnace with the 
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temperature of 1550-1600 °C for 4 hours. The bubble 
free and homogeneous glassy melt was poured into a gra- 
phite mould to obtain the glass block. Subsequently, the 
formed	glass	was	transferred	to	a	muffle	furnace	at	a	tem- 
perature near Tg for 1 h to eliminate the stress. The 
structure and properties of the obtained parent glasses 
were tested after the sample preparation.

Characterisation

	 To	confirm	that	the	basic	glass	was	amorphous,	the	
annealed glass powder was analysed by an X-ray dif-
fractometer (XRD, D8-ADVANCE, Bruker, Germany). 
The test was performed with a scanning speed 10 °·min-1 
with	2θ	=	10°	to	80°	using	Cu	Kα	radiation,	under	the	wor- 
king voltage of 60 kV and the working current of 200 mA.
 The glass structure was analysed by the Fourier trans- 
form infrared spectrum (FT-IR, Nicolet iS 10, Thermo 
Scientific,	 the	 United	 States)	 with	 the	 wavenumber	 of	
400-1400 cm-1. The sample preparation method was to 
mix and grind the glass powder and KBr at a weight 
ratio	of	1:100	with	a	particle	size	less	than	2.5	μm.	The	
ground mixture was poured into a mould and pressed to 
a	transparent	sheet	under	15	MPa.	Finally,	the	analyser	
scanned the slice 32 times to obtain the absorption 
spectrum.
 The density measurement was based on Archime-
des’	principle,	using	a	density	analyser	at	 room	tempe-
rature with distilled water. To increase the accuracy, each 
sample was measured three times to obtain the average 
value of the measured density.
 Glass powder was used for the thermal analysis by 
differential	 scanning	 calorimetry	 (DSC,	 DSC	 404F3,	
Netzsch, Germany). The test temperatures ranged from 
200	°C	to	1200	°C	with	a	heating	rate	10	°C∙min-1.
 In this paper, the elastic modulus was tested by an 
intrinsic mechanics measuring instrument (Xuhui Xinrui 
Technology Co., LTD, China). The glass sample was 
fixed	on	the	test	equipment	and	the	size	information	of	
the glass sample was set. Then one end of the sample to 
be tested was tapped to obtain the vibration signal which 
was automatically collected by the instrument, and the 
corresponding software automatically calculated the 
elastic modulus value. The size of the glass sample with 
a polished surface was 60 × 12 × 3 mm. Each group of 
samples was measured three times and the average value 
was adopted.

RESULTS AND DISCUSSION

XRD analysis

 The XRD results of the glass samples with the 
different	Y2O3 content are shown in Figure 1. It can be 
seen	from	the	figure	that	the	diffraction	patterns	for	the	
Y1 to Y5 samples were all dispersion peaks, and no sharp 
characteristic peaks were observed, which indicated that 
the prepared glasses were all in an amorphous state [7].

FT-IR analysis

 The FT-IR spectrum of the Y1-Y5 samples shows 
absorption bands from 400 to 1500 cm-1, as shown in 
Figure 2 From the absorption spectrum, it can be seen 
that	there	were	five	characteristic	absorption	peaks.	The	
first	 absorption	 peak	 located	 at	 450	 cm-1 was caused 

Table 1.  Chemical compositions of the glass samples with the 
different	Y2O3 content (mol. %).

 Sample SiO2 MgO Al2O3 TiO2 Y2O3

 Y1 60 20 15 5 0
 Y2 60 20 15 5    1.2
 Y3 60 20 15 5    2.4
 Y4 60 20 15 5    3.6
 Y5 60 20 15 5    4.8

Figure 1.  XRD results of the parent glass samples with the 
different	Y2O3 content.

Figure	2.		FT-IR	results	of	the	glass	samples	with	the	different	
Y2O3 content.
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by the symmetric stretching vibration of Si–O–Si (b) 
[8], and the absorption peak generally moved towards 
a low wave number direction. Al3+ ions act as a glass 
network	 modifier,	 combining	 with	 the	 non-bridging	
oxygen (NBO) atoms to form [AlO4] tetrahedra or 
[AlO6] octahedra. The vibration corresponding to wave 
number of Si–O–Al connected by the [SiO4] tetrahed- 
ra and [AlO4] tetrahedra was around 668 cm-1 [9]. Since 
Si/Al was not changed in this experiment, it can be seen 
from the optical spectrum that it remained basically 
unchanged. The third absorption peak located at 793 cm-1 
was generated by the symmetric stretching vibration in 
the [AlO4] tetrahedron [10], and it can be seen that its 
absorption peak shifted towards a higher wave number. 

 The relatively wide absorption band at a wavelength 
of 800-1250 cm-1 is the bridging oxygen Qn formed by 
the Si–O bond of the [SiO4]	 tetrahedron	 and	 the	diffe-
rent numbers of [SiO4] tetrahedrons (n	=	0,	1,	2,	3,	and	4) 
[11]. The absorption peaks of 900-950 cm-1 in the spect-
rum corresponded to Si-O-Si stretching vibrations or 
non-bridging oxygen vibrations, while the absorption 
peaks at 1050-1120 cm-1 are connected to antisymmet-
ric stretching vibrations or Si–O–Si stretching vibra- 
tions of the bridging oxygen. To better analyse the 
changes in the glass network structure with the increasing 
Y2O3	 content,	 deconvolution	 fitting	 was	 performed	 at 
800-1250 cm-1. The infrared spectrum of sample Y4 
fitted	with	Gaussian	 distribution	 is	 shown	 in	Figure	 3.	
The frequencies (Vi) and the relative areas (Ai) of the 
FT-IR	 bands	 obtained	 from	 the	 deconvolution	 fits	 are	
shown	in	Table	2.	The	centres	of	the	five	fitted	curves	are	
881, 938, 1065, 1153, and 1199 cm-1, corresponding to 
Q0, Q1, Q2, Q3, and Q4, respectively. As Y2O3 increased, 
the	centres	of	the	five	fitted	curves	moved	towards	lower	
wavenumbers. The relative areas of the peaks located 

at 881 and 938 increased from 5.2 % and 20.0 % to 
7.6 % and 24.5 %, respectively. At the same time, the 
relative areas of the 1065 cm-1 peak corresponding to 
Q2 decreased from 62.9 % to 42.8 %. The relative area 
changes of the corresponding peaks for Q3 and Q4	first	
decreased from 8.9 % and 2.9 % to 8.3 % and 2.8 %, 
respectively,	and	then	significantly	increased	to	18.0	%	
and	7.1	%,	respectively.	Through	the	peak	fitting	results,	
it is clear that with the increase in the Y2O3 content, Q2 
transformed into Q3 and Q4,	first	leading	to	a	decrease	in	
the degree of polymerisation of the glass network and 
then an increase. At the same time, combined with the 
overall trend of the changes, the degree of polymerisation 
of the glass network showed a general increasing trend. 
In addition, the increasing amount of Y2O3 in some alu-
minosilicate glasses has promoted the creation of more 
BO in the glassy matrix [12]. Shakeri and Rezvani 
considered that the Y3+ ions played the  role of network 
forming ions in the presence of tetrahedrally coordinated 
Al3+ ions [13]. Therefore, with the increase in the yttrium 
oxide content, the degree of network polymerisation of 
the glass network increased.

DSC analysis

 Figure 4 displays the DSC curves of the Y1-Y5 
glass samples. From the results, it shows that the glass 
transition temperature Tg increased from 755 °C to 
774 °C as the Y2O3 content increased. The Y1 sample 
had two crystallisation peaks, at 904 °C and 1169 °C, 
respectively. With the increase in the Y2O3 content, the 
first	 crystallisation	 temperature	Tp1 increased from 904 
to 999 °C,	 while	 the	 second	 crystallisation	 peak	 first	
showed a decreasing trend and then an increasing one, 
reaching a minimum value of 1064 °C in the Y4 sample. 
Different	concentrations	of	Y2O3	can	lead	to	differences	
in the glass structure and crystallisation energy barriers. 
During the crystallisation process, the rearrangement 
of atoms must overcome the energy barriers, ultimately 
leading	 to	 the	 different	 crystallisation	 abilities	 of	 the	
sample,	 which	 are	 reflected	 in	 the	 crystallisation	 tem-

Figure 3.  Deconvoluted IR spectrum at 800-1250 cm-1 of the 
glass	doped	with	the	different	Y2O3 content.

Table 2.  Frequencies (Vi) and the relative areas (Ai) of FT-IR 
bands	obtained	from	the	deconvolution	fits.

Sample Y1 Y2 Y3 Y4 Y5

V0 (cm-1) 884.3 882.7 881.2 881.5 875.7
V1 (cm-1) 933.2 934.1 936.0 938.3 930.8
V2 (cm-1) 1076.3 1073.0 1069.3 1065.3 1041.6
V3 (cm-1) 1170.4 1167.6 1160.1 1153.1 1128.7
V4 (cm-1) 1208.9 1206.8 1203.6 1199.6 1192.3
A0 (%) 5.2 6.1 7.1 7.4 7.6
A1 (%) 20.0 22.4 24.7 25.9 24.5
A2 (%) 62.9 60.4 54.19 50.5 42.8
A3 (%) 8.9 8.3 10.0 11.4 18.0
A4 (%) 2.9 2.8 4.1 4.7 7.1
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perature.	 The	 first	 crystallisation	 peak	 became	 more	
moderate, indicating the increasing thermal stability of 
the glass. Based on the infrared spectroscopy testing 
results, it can be seen that the overall degree of the 
glass network aggregation increased with the addition 
of Y2O3, and the connections in the [SiO4] tetrahedra 
became better. Moreover, due to the Y3+	ions’	large	field	
strength, it can strengthen network structure to improve 
the integrity of the glass structure. This ultimately leads 
to an increase in the glass viscosity. 
 In many cases, the nucleation and growth of crystals 
were	closely	related	to	the	diffusion,	which	depended	on	
the	 viscosity.	 The	 Stokes-Einstein	 equation	 can	 effec-
tively	 reveal	 the	 relationship	 between	 the	 diffusion	
coefficient	D and the viscosity η: D	=	kBT/6πrη, where kB 
is the Boltzmann constant, T is the absolute temperature, 
and r is the moving article radius [14]. In summary, as 
the content of yttrium oxide increased, the viscosity 
of the glass gradually increased, which hindered the 
orderly arrangement of atoms and, thus, inhibited the 
precipitation of crystals. Therefore, the intensity of the 
first	crystallisation	peak	significantly	decreased.	

 The glass thermal stability can be qualitatively un-
derstood	by	Dietzel’s	thermal	stability	(∆T	=	(Tp1	−	Tg) 
[15]. It can be calculated from the correlation tempe-
ratures obtained in the DSC results in Figure 5, which 
can	effectively	reflect	the	ability	of	the	material	against	
crystallisation.	The	 higher	 value	 of	 ∆T means that the 
greater the thermal stability, which may due to the 
delay	of	the	nucleation	process.	From	the	figure,	 it	can	
be seen that with the increase of Y2O3	 content,	 the	∆T 
value increased from 149 °C to 225 °C, indicating the 
significant	 enhancement	 of	 the	 thermal	 stability	 of	 the	
glass	samples	[16].	In	addition,	when	∆T is greater than 
100; The glass has greater thermal stability and can be 
used	in	the	fibre	drawing	process	[17].

Density analysis

 The density is a fundamental parameter that cha-
racterises the macroscopic structure of glass, and its 
influencing	factors	mainly	depend	on	 the	atomic	molar	
mass of the glass and the network structure of the glass. 
Figure 6 displays the density of magnesium aluminium 
silicate	glasses	with	the	different	Y2O3 content. The re-
sults showed that the densities of the samples increased 
from	 2.59	 to	 2.88	 g∙cm-3.	 Fundamentally,	 firstly,	 the	
relative atomic mass of Y is larger than that of other 
atomic	masses	in	the	glass,	which	significantly	increased	
the density of the glass as its content increased. At the 
same time, from the infrared spectrum, it can be seen 
that the overall polymerisation degree of the silicon 
oxide network in the glass structure increased with the 
increasing Y2O3 content, and the integrity of the network 
showed an increasing trend. The increase in the relative 
molecular weight of the glass combined with the increase 
in the polymerisation degree of the glass network led to 
a linear increase in the glass density with the increase in 
the Y2O3 content.

Figure	4.		DSC	results	of	the	glass	samples	with	the	different	
Y2O3 content.

Figure 5.  Thermal stability of the glass samples with the 
different	Y2O3 content.

Figure	 6.	 	 Densities	 of	 the	 glass	 samples	 with	 the	 different	
yttrium oxide content.
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Elastic modulus analysis

 Figure 7 shows the elastic modulus of the Y1-Y5 
glass samples. It is clear that with the increase in the 
Y2O3 content, the glass elastic modulus (E) increased 
from	98.06	to	107.77	GPa.	The	E	is	directly	connected 
to the strength of the chemical bonds in the glass struc-
ture. Glass samples with stronger chemical bonds have 
a	larger	elastic	modulus.	Due	to	the	large	field	strength	
of the Y3+ ions, they accumulated free oxygen outside 
the network, which greatly promoted the improvement 
in the elastic modulus. In addition, with the increase 
in the yttrium oxide content, the degree of network 
polymerisation of the glass network increased, which led 
to the elastic modulus gradually increasing.

CONCLUSIONS

 In this work, the structure, thermal stability, and 
elastic modulus of MgO–Al2O3–SiO2 glasses doped 
with Y2O3 were systematically studied. From the expe-
rimental results, it is clear that after adding Y2O3, all 
the glass samples remained amorphous. Moreover, the 
FT-IR results indicated that with the increase in the 
Y2O3 content, the overall change in the degree of poly-
merisation of the glass network structure showed an in-
creasing trend. With the increase in the Y2O3 content, 
the Tg	 and	 first	 crystallisation	 peak	Tp1 increased from 
755 °C and 904 °C to 774 °C and 1169 °C, respectively. 
Furthermore,	 the	values	of	 the	parameter	∆T increased 
from 149 °C to 225 °C, which indicated the thermal 
stability of the glass samples was enhanced. As the Y2O3 
content increased, the densities of the glasses increased 
from	2.59	g∙cm-3	 to	2.88	g∙cm-3. Meanwhile, the elastic 
modulus	 of	 the	 glass	 increased	 from	 98.06	 GPa	 to	
107.77	GPa.
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