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Abstract

In this work a series of Er2O3 and Yb2O3 doped and Er2O3±Yb2O3 co-doped low silica calcium aluminosilicate

glasses have been melted at 1470°C under vacuum conditions. Measurements of optical absorption coe�cient, mass

density, refractive index, Vickers micro-hardness, glass transformation temperature (Tg) and crystallization temperature

(Tx) have been carried out. The results showed that these glasses dissolved �1.5 mol% Er2O3 and �1.1 mol% Yb2O3 in

their structure without devitri®cation and also that only small changes (�10%) have been measured in their thermal,

mechanical and optical properties. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Recently, the emission of light at 2.8 lm from
an oxide glass has been successfully observed [1].
The glass was low silica content calcium alumi-
nosilicate glasses doped with erbium and ytterbi-
um. The idea behind the use of rare earth (RE)
co-doping is to take advantage of the fact that
Yb3� acts as sensitizer for Er3�, a mechanism
which has been known for a long time [2]. Light
sources in the 2.8 lm region are of particular in-
terest for medical applications due to the water
absorption in this spectral region [3], as well as for
communications and chemical sensor device [4]. In
the case of high power laser applications in hostile

environments, restricting limitations are usually
imposed on the glass host material to be used [5,6].
The hosts should have high thermal conductivity,
high glass transformation temperatures (Tg), good
thermal shock resistance, good chemical durabili-
ty, high ¯uorescence quantum e�ciency and low
phonon energies. Amongst the several glass sys-
tems, low silica content calcium aluminosilicate
glasses have been shown to ful®ll most of these
restricting requirements [7±11], besides being non-
toxic that is important for surgical laser applica-
tions [12].

Despite such properties, only recently to our
knowledge, RE doped low silica calcium alumi-
nosilicate glasses attracted the attention of several
investigators [1,10,13±20], probably due to the
tendency of these glasses towards devitri®cation,
since they are formed with non-network formers
CaO and Al2O3 [9]. The addition of small amounts
of alkali and alkaline earth elements enlarges the
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glass forming region, and samples of about 5.5 kg
can be produced [21]. Several calcium aluminate
glasses compositions containing silica, magnesium
and barium oxide have been investigated by Davy
[7] and optimized glass compositions are now
reported in the literature [22±27]. Nevertheless,
few papers to our knowledge have been devoted
to the investigation of low silica calcium alumi-
nosilicate glasses doped with RE ions. And even
so most of them were concerned with the inves-
tigation of spectroscopic properties such as
quantum e�ciency, energy transfer process,
mechanism of up-conversion [1,10,11,13±18,20].
So, little information is available about the a�ect
of RE doping on their optical, thermal and me-
chanical properties.

In this work we investigate the a�ect of RE
doping of low silica content calcium aluminosilicate
glasses on their mass density (q), Vickers micro-
hardness (Hv), optical absorption coe�cient �a�,
refractive index, glass transition temperature (Tg)
and glass crystallization onset temperature (Tx).

2. Experimental

The low silica calcium aluminosilicate glass
samples were prepared from reagent grade powder
CaCO3 (99%), Al2O3 (99.1%), SiO2 (99%), MgO
(97%), Er2O3 (99.99%) and Yb2O3 (99.99%). The
sample compositions are listed in Table 1. A batch
was melted at 1470°C in 30 g quantities under
vacuum conditions (10ÿ3 bar) in a graphite cru-
cible for 2 h for ®ning. The liquid was cooled by
switching o� the heater and then moving the
crucible upward in the vacuum chamber to a
region at room temperature. The sample an-
nealing was carried out at a heating rate of 10°C/
min to a few degrees <Tg, the glass transition
temperature, and remained at this temperature
for 12 h, before cooling to room temperature. All
glasses were examined for crystallinity with op-
tical microscopy and X-ray di�raction. The
samples were cut with a slow speed saw in two
di�erent shapes. 3 mm� 3 mm� 10 mm for op-
tical and mechanical measurements and samples
approximately 150 mg for di�erential thermal
analyses (DTA).

The refractive index measurements were per-
formed using a Pulfrich refractometer (JENA
DDR) at six di�erent wavelengths: mercury H
band (404.7 nm), mercury g band (435.8 nm), hy-
drogen F band (486.1 nm), mercury e band (546.7
nm), helium d band (587.6 nm) and hydrogen C
band (656.3 nm). The density measurements were
carried out using the Archimeds buoyancy method
with CCl4 (density 1.594 g/cm3 at 20°C) as the
immersion liquid. Vickers micro-hardness were
performed using a micro-hardness tester (Leitz
Wetzlar) with 200 g load during 15 s. To minimize
experimental errors, at least 15 indentations were
recorded. DTA analysis was performed using an
equipment (Netzsch, STA 409 ± EP), at a heating
rate of 10°C/min until 1400°C, in an alumina
crucible. Optical absorption spectra were recorded
on a spectrophotometer (Perkin±Elmer Lambda 9)
at room temperature.

3. Results

For the doped glasses the limit of vitri®cation
was found at a maximum of �1.5 mol% of RE
oxide. In the samples so obtained, observed by
optical microscopy, we detected no bubbles striae,
as well as no evidence of crystallization in the X-
ray di�ractograms. The optical absorption spectra
of a Yb3� and Er3� doped sample are shown in
Figs. 1(A)±(C), in which the assignment of the
typical Er3�and Yb3� transition [28] are indicated.
Density (q), Vickers micro-hardness (Hv), glass
transition temperature (Tg), glass crystallization
onset temperature (Tx), mean molecular mass M
calculated from the relation M �Pi xiMi, where xi

is the mole fraction of the glass constituents and
Mi is the molecular mass of the glass constituents
and the molar volume, V � M=q, are summarized
in Table 1. The a�ect of composition on the den-
sity is shown in Fig. 2. The density increased lin-
early as the RE oxide replaced alumina, from
2.928 � 0.005 g/cm3 for undoped sample to
3.123 � 0.005 for the 1.48 � 0.05 mol% Er2O3

doped one. The refractive index (�2 ´ 10ÿ5) as
function of RE oxide concentration and wave-
length are shown in Figs. 3(A) and (B), respec-
tively. The refractive index increased linearly as
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RE oxide replaced alumina. The refractive index
decreased with increasing wavelength. In Table 2,
the refractive index as function of wavelength,
average dispersion, nF ÿ nC, Abbe number, md �
�nd ÿ 1�=�nF ÿ nC�, and molar refraction are sum-
marized for the samples.

The molar refraction was calculated using
Lorentz±Lorenz equation [29]

MRg � n2 ÿ 1

n2 � 2

M
q
;

where n � nd is the refractive index. It follows
from Table 2 that MRg remained approximately
constant at 8.6. The dependence Hv on the RE
oxide doping was such that Hv decreased as Al2O3

was replaced by the RE oxide, as shown in Fig. 4.
Furthermore, this change in Hv is independent of
the RE doping, which we suggest is due to the
alumina which we assume has the largest a�ect on
Hv. Fig. 5 shows the DTA curves for four samples,
namely, undoped, 0.09 mol%, 0.73 mol%, 1.48
mol% Er2O3 doped samples. Increasing the RE
oxide doping shifts the exothermal peaks and Tg

towards smaller temperatures. This shift was ob-
served for all samples. The dependence of Tg and
Tx on the RE oxide doping concentration are
shown in Fig. 6, which shows that both Tg and Tx

decrease as the RE oxide doping concentration
increases. Finally, Figs. 7(A) and (B) show the
dependence of Tg as function of speci®c volume
and of Hv as function of density, respectively.
Data for Tg(1/q) and Hv(q) can be ®t by linear
functions with correlation coe�cients, RTg � 0:95
and RHv � 0:87.

4. Discussion

It is well-known that RE ions can act either as a
network former (as in the case of ¯uorozirconate
glasses) [30] or as a modi®er (as in the case of
¯uoride glasses) [31,32].

The above results indicate that the addition of
Er, Yb and Er±Yb ions in amounts <1.48 mol% to
low silica calcium aluminosilicate glasses changes
by <10% the glass properties. The density increase

Table 1

Composition and properties of low silica content calcium aluminosilicate glasses

Sample Composition (mol%) q
�g=cm3�
�0:002

M
�g=mol�
�0:05

V
�mol=cm�
�0:05

Hv

(kg/mm2)

Tg

�°C�
�3

Tx

�°C�
�3

CaO Al2O3 MgO SiO2 Er2O3 Yb2O3

CASM 58.11 27.11 6.89 7.89 ± ± 2.928 67.75 23.14 865� 25 841 1058

CAYB1 57.77 27.15 6.95 7.96 ± 0.17 2.960 68.33 23.08 837� 18 813 1029

CAYB3 58.35 26.06 7.02 8.04 ± 0.53 3.007 69.04 22.96 814� 29 803 993

CAYB5 58.94 24.97 7.09 8.12 ± 0.88 3.057 69.63 22.78 807� 24 788 982

CAER05 59.33 27.72 4.75 8.25 0.09 ± 2.946 68.75 23.34 852� 21 821 1038

CAER1 57.94 26.99 6.94 7.95 0.18 ± 2.957 68.27 23.09 831� 23 817 1035

CAER2 57.83 26.94 6.83 8.03 0.37 ± 2.973 69.93 23.52 824� 19 822 1018

CAER4 58.69 25.54 6.94 8.10 0.73 ± 3.027 69.50 22.96 815� 15 798 1000

CAER6 59.30 24.42 7.01 8.18 1.00 ± 3.076 70.02 22.76 800� 20 791 979

CAER7 59.54 23.84 7.16 8.21 1.25 ± 3.099 70.30 22.68 793� 19 787 958

CAER8 59.83 23.26 7.20 8.24 1.48 ± 3.123 70.95 22.72 781� 23 782 955

CAER2YB3 58.93 24.96 7.09 8.12 0.37 0.53 3.053 69.74 22.94 785� 10 794 979

CAER2YB4 59.23 24.40 7.13 8.16 0.37 0.71 3.075 70.08 22.79 776� 22 790 976

CAYB2ER05 58.20 26.34 7.00 8.02 0.09 0.35 2.992 68.86 23.01 815� 14 807 1006

CAYB2ER1 58.34 26.06 7.03 8.04 0.18 0.35 3.002 69.02 22.99 811� 14 798 1006

CAYB2ER2 58.63 25.52 8.08 7.06 0.36 0.35 3.027 69.15 22.84 808� 11 792 983

CAYB2ER3 58.92 24.96 7.09 8.12 0.55 0.35 3.036 69.72 22.96 804� 17 798 969

CAYB2ER4 59.23 24.39 7.13 8.16 0.74 0.35 3.074 70.08 22.80 798� 10 791 972

CAYB2ER5 59.53 23.81 7.17 8.21 0.93 0.35 3.099 70.42 22.72 795� 13 785 969
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as a function of RE oxide concentration is
explained by the relative masses of RE ions
in comparison with Al, which it replaces. The
increase of the refractive index, between the
un-doped sample and the 1.48 mol% Er2O3 doped
sample was of the order of 1%, in accordance with
previously reported results [25,26]. As discussed in
previous works [25,32] the ratio Al2O3/CaO a�ects
the structural properties of these glasses. Accord-
ing to this structural model [25,32] non-bridging
oxygen (NBO) occurs when the Al2O3/CaO ratio is
less than 1. In the case of the sample undoped this
ratio is 0.466 and 0.388 for 1.48 mol% Er2O3

doped one, i.e., as alumina is replaced by the RE
oxide there is a decrease of about 20% in the

Fig. 3. (A) Refractive index at 546.07 nm as a function of RE

oxide concentration; (B) refractive index as a function of

wavelength for Yb2O3 doped samples.

Fig. 1. Visible and IR optical absorption spectra: (A) 0.53

mol% Yb2O3 doped sample (2.6 mm); (B) 0.73 mol% Er2O3

doped sample (3.0 mm); (C) 0.73 mol% Er2O3 doped sample

near infrared.

Fig. 2. Mass density as a function of RE oxide concentration.
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Al2O3/CaO ratio. As a consequence there is an
increase of the NBO in the samples, which, in turn,
entails an increase of their polarizability. As a re-
sult of this increase in polarizability the refractive
index should also increase [33].

The decrease of Hv was of the order of 10%.
This decrease is explained assuming that the RE
ions disrupt the tetrahedral network, thereby de-
creasing the network connectivity. We explain the
decrease of Tg by about 59°C in the 1.48 mol%
Er2O3 doped one by assuming that the RE±O

Table 2

Refractive index dependence of RE doping in low silica calcium aluminosilicate glasses

Sample H

404.7 nm

g

435.8 nm

F

486.1 nm

e

546.07 nm

d

587.6 nm

C

656.3 nm

nF ÿ nC

��10ÿ3�
�0:02

md

�0:03

MRg

�cm3�
�0:06

CASM 1.70073 1.68562 1.68088 1.67015 1.66647 1.66100 19.87 33.53 8.61

CAYB1 1.70121 1.68620 1.68266 1.67075 1.66708 1.66381 18.85 35.39 8.59

CAYB3 1.70647 1.69113 1.68605 1.67545 1.67342 1.66644 19.61 34.35 8.61

CAYB5 1.71071 1.69568 1.69158 1.67992 1.67609 1.67264 18.94 35.70 8.57

CAER05 1.70121 1.68586 1.68239 1.67056 1.66673 1.66337 19.03 35.04 8.68

CAER1 1.70159 1.68639 1.68257 1.67093 1.66732 1.66399 18.58 35.92 8.60

CAER2 1.70258 1.68739 1.68302 1.67375 1.66838 1.66455 18.46 36.20 8.77

CAER4 1.70763 1.69248 1.68797 1.67829 1.67458 1.66761 20.36 33.14 8.62

CAER6 1.71203 1.69679 1.69292 1.68264 1.67669 1.67327 19.65 34.43 8.57

CAER7 1.71573 1.70047 1.69506 1.68422 1.68225 1.67518 19.88 34.33 8.59

CAER8 1.71900 1.70396 1.69720 1.68763 1.68398 1.67689 20.30 33.69 8.62

CAER2YB3 1.71090 1.69582 1.69167 1.67996 1.67587 1.67242 19.25 35.11 8.59

CAER2YB4 1.71099 1.69564 1.69274 1.68018 1.67676 1.67322 19.52 34.67 8.58

CAYB2ER05 1.70601 1.69094 1.68471 1.67523 1.67293 1.66589 18.82 35.75 8.63

CAYB2ER1 1.70647 1.69136 1.68578 1.67572 1.67422 1.66716 18.62 36.20 8.63

CAYB2ER2 1.71003 1.69472 1.68708 1.67882 1.67467 1.66769 19.38 34.81 8.58

CAYB2ER3 1.71026 1.69522 1.69194 1.67948 1.67604 1.67255 19.38 34.88 8.64

CAYB2ER4 1.71231 1.69702 1.69292 1.68277 1.67732 1.67377 19.14 35.38 8.59

CAYB2ER5 1.71591 1.70070 1.69515 1.68444 1.68222 1.67518 19.96 34.17 8.61

Fig. 4. Vickers micro-hardness for di�erent RE oxide concen-

tration.

Fig. 5. DTA curves showing the shift of thermal events (Tg and

Tx) towards smaller temperatures.
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bonds are weaker than aluminum±oxygen bonds.
As discussed by Shelby and Slilaty [25] the re-
placement of Al2O3 by Ga2O3 causes a decrease of
Tg based on smaller strength of Ga2O3 bonding
compared to Al2O3. As RE cations have smaller
®eld strength as compared to Al, we assume that
the connectivity of the glass structure decreases,
requiring less thermal energy for the movement of
the less connected structural units and decreasing
viscosity. Although the temperature range, be-
tween Tx and Tg (in which the case of our samples
is around 190°C), as discussed in previous works
[27,32], this parameter is not entirely reliable for
predicting glass stability, since the sample com-
positions investigated are in the range close to a
phase diagram limit. Finally, from linear ®tting
Tg�1=q� and Hv(q) we conclude that the changes in
the glass network induced by RE doping a�ects Hv

and Tg in a similar manner.

5. Conclusion

The results showed that these glasses allowed
the inclusion of a considerable amount of RE
oxide (<2.0 mol%) without devitri®cation and had
only small changes in properties such as mass

density, refractive index, micro-hardness and Tg.
There was an increase of density by approxi-
mately 7%, and refractive index of the order of
1%. In contrast, the Vickers micro-hardness and
Tg decreased approximately 9% and 7%, respec-
tively, from undoped to the 1.48 mol% Er2O3

doped sample. Based on our results we suggest
that RE3� ion act as modi®ers in the structure of
the low silica calcium aluminosilicate glasses in-
vestigated in this work. Since the changes in the
main physical properties of these glasses was
<10%, we suggest they should be considered as
candidates for active media in the development of
glass lasers.

Fig. 6. Thermal parameters Tx and Tg as Al2O3 is replaced by

RE oxide.

Fig. 7. (A) Tg as a function of speci®c volume; (B) Vickers

micro-hardness as a function of mass density. Solid curve rep-

resents linear regression.
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