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rowth behavior of Er3+ doped
oxyfluorophosphate glasses

N. Ojha, *a A. Szczodra,a N. G. Boetti,b J. Masserac and L. Petita

The nucleation and growth behavior of glasses with the composition (75 NaPO3-25 CaF2)100�x–(TiO2/ZnO/

MgO)x, with x ¼ 0 and x ¼ 1.5 (in mol%) is investigated. The glasses possess similar activation energy for

crystallization and Johnson–Mehl–Avrami exponent, with value 2 confirming bulk crystallization of

crystals with needle like shape. The Ti and Mg glasses exhibit broader nucleation curve and higher Tn max

than the x ¼ 0 and Zn glasses due to their stronger field strength. The crystal growth rates were

determined and validated using SEM. Finally, we showed that the nucleation and growth of glasses can

be controlled due to the large difference between onset of crystallization and maximum nucleation

temperature which is crucial when preparing novel transparent glass-ceramics.
Introduction

Addition of rare-earth (RE) ions in glasses has been of great
interest for a wide range of applications in the eld of tele-
communications, light detection and ranging (LIDAR), solar
panels, color sensing, biomedical diagnostics, just to name
a few.1–3 Among the rare earth ions, Er3+ ions have been in the
limelight due to their large number of energy levels and espe-
cially due to the transition from 4I13/2 to 4I15/2 levels which
corresponds to the emission at 1530 nm that makes Er3+ doped
glasses useful for eye-safe laser and optical telecommunications
of the third window.4,5 Oxyuorophosphate glasses in particular
are promising glasses for the fabrication of new lasing glasses
as these glasses combine the properties of both oxides and
uorides. These glasses possess good chemical durability,
thermal stability, mechanical strength and high rare earth ion
solubility.6 Additionally, these oxyuorophosphate glasses can
be engineered with low melting point and so they can be
prepared quite easily as compared to their silica counterparts.

Nowadays, glass-ceramics (GCs) are gaining much more
attention due to their widespread applications in optical, laser
and biomedical elds to name a few.7 Stookey discovered the
rst GCs in 1960 where he dened them as special glasses that
contains nucleating agent and controlled crystallization.8

Transparent RE doped GCs which contain crystals homoge-
neously distributed in the volume of the glass matrix are
considered promising materials for a variety of additional
applications such as optical ampliers, optical electronic chips,
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luminescence labels and 3D displays.9 Indeed, these glass-
ceramics exhibit larger absorption and emission cross-
sections and energy transfer rates compared to their glassy
counterparts when the desirable crystalline phases are gener-
ated around the rare earth ions or transition metal ions.10,11

Auzel et al.12 successfully prepared a partially crystalline mate-
rial having luminescence efficiency double than that of
LaF3:Er

3+, Yb3+ phosphor using lead uoride and several glass
forming oxides. However, those materials lacked transparency
due to the presence of large crystals (�10 mm). For the GCs to be
transparent, the crystals need to have a size smaller than the
incident light wavelength.13 Therefore, the size and size distri-
bution of the crystals as well as the refractive index difference
between the crystals and the glass should be tailored in order to
minimize light scattering. One of the rst transparent glass-
ceramics was successfully prepared with crystalline PbxCd1�x-
F2 cubic uoride phase doped with Er3+ and Yb3+ ions in ref. 14.
Since this achievement, great effort has been made on the
preparation of novel transparent GCs within different glass
systems such as silicate,15–19 tellurite,20–23 germanate24–27 and
phosphate,28–31 just to cite few examples.

When developing novel GCs, it is therefore crucial to
understand the formation of crystals inside the glass matrix in
order to control their size and size distribution in the amor-
phous network. The GCs are usually fabricated using a three (3)
step process: at rst, a glass is obtained. Then, the glass is heat
treated at a specic temperature called the nucleation temper-
ature to form the nuclei and nally heat treated at higher
temperature in order to grow the nuclei into crystals. This
process can result in a glass having crystals that are relatively
uniform in size and dispersed homogeneously within the glassy
matrix.32 The crystallization is typically dened by the activation
energy for crystallization, which is related to the temperature
dependence of the crystallization process and by the Johnson–
RSC Adv., 2020, 10, 25703–25716 | 25703

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra04681g&domain=pdf&date_stamp=2020-07-06
http://orcid.org/0000-0003-3403-2150
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04681g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010043


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 4
:3

1:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Mehl–Avrami (JMA) exponent, which provides the information
on the crystal growth dimensionality.33–35 It is also important to
estimate the growth rate of the crystals as a function of the heat
treatment temperature, in order to fabricate transparent GCs.

In our previous study,36 Er3+ doped glasses with the compo-
sition (75NaPO3–(25 � x)CaO–xCaF2) were prepared and heat
treated. We showed that the transparent GC can be obtained
from the glass with x ¼ 25. CaF2 crystals were found in the
volume of the glass and doped with Er3+.37

In this study, we present a complete study on the nucleation
and growth behavior of the glass with x ¼ 25. We also investi-
gate the impact of the addition of TiO2, MgO and ZnO in this
glass on the precipitation of the Er3+ doped CaF2 crystals in the
volume of the glass during heat treatment. We report rst the
study of the impact of the glass composition on the thermal,
optical, structural and luminescence properties of the newly
developed glasses. The activation energy for crystallization, the
Johnson–Mehl–Avrami exponent, the nucleation-like curves
and the growth rates of the glasses are presented and discussed
as a function of the glass composition.

Experimental

Oxyuorophosphate glasses with the composition (100-x-0.25)
(75NaPO3–25CaF2) – x(TiO2/ZnO/MgO) (in mol%), doped with
0.25 mol% Er2O3, with x ¼ 0 and x ¼ 1.5 were prepared using
standard melting procedure in air using platinum crucible. The
glass with x ¼ 0 is labelled as Ref and the glasses prepared with
1.5 mol% TiO2 as Ti glass, with 1.5 mol% ZnO as Zn glass and
with 1.5 mol% MgO as Mg glass. The chemicals used for the
glass preparation were NaPO3 (Alfa-Aesar, technical grade),
CaF2 (Honeywell-Fluka, 99%), Er2O3 (Sigma-Aldrich, 99.9%),
MgO (Honeywell,$99%), TiO2 (Sigma-Aldrich, 99.8%) and ZnO
(Sigma-Aldrich, 99.99%). The glasses were melted for 5 minutes
between 900 and 1025 �C depending on the composition of the
glass. Aer melting, the glasses were quenched and annealed
for 6 h at 40 �C below their respective glass transition temper-
ature to release the stress from the quench. The glasses were
polished and nally heat treated for 17 h at 20 �C above their
glass transition temperature Tg and then at �Tp for upto 6
hours.

The glass transition temperature (Tg) as well as the onset of
the crystallization (Tx) and the crystallization temperature (Tp)
of the glasses were determined by differential thermal analysis
(DTA) (TA instruments SDT Q600) using various heating rates
(5�, 10�, 15�, and 20 �C min�1) using glasses crushed into
powder with a 125–250 mm particles size. The measurements
were performed using platinum pans in N2 atmosphere. The
glass transition temperature was taken at the inection point of
the endotherm, as obtained by taking the minima of rst
derivative of the DTA curve. Tp was taken at the maximum of the
exothermic peak and Tx at the onset of the crystallization peak.
All measurements were performed with an accuracy of �3 �C.

Electron Probe MicroAnalyzer (EPMA) (CAMECA, SX100)
equipped with 5 wavelength dispersive X-ray analyzers (WDX)
was used to determine the uorine content with an accuracy of
�0.1 at%. The EPMA was operated at 15 keV and 40 nA.
25704 | RSC Adv., 2020, 10, 25703–25716
Quantitative analyses were performed using the Cameca
QUANTITOOL analytical programme, calibrated with ErF3
reference standard, applying a PAP matrix correction. A scan-
ning electron microscope (Carl Zeiss Crossbeam 540) equipped
with Oxford Instruments X-MaxN 80 EDS detector was used to
image and analyse the composition of the crystals. The error of
composition is�1.5 mol%. For the EPMA and SEM analysis, the
glasses and GCs were polished and coated with a carbon layer to
prevent charging.

The activation energy for crystallization (Ec) was determined
by measuring Tp at different heating rates of powdered sample
of size 125–250 mm and then applying the Kissinger equation:34

ln

 
b

Tp
2

!
¼ � Ec

RTp

þ constant (1)

where ß is the heating rate, Tp is the maximum of the crystal-
lization peak measured with heating rates of 5�, 10�, 15�, and
20 �C min�1, and R is the gas constant. The accuracy of the
measurement was �30 kJ mol�1.

To verify the Kissinger equation, Ec was also determined
using the Friedman method using the equation:35

ln

�
dai

dt

�
¼ �Eca

RTi

þ constant (2)

where dai is the transformation rate at a temperature Ti.
The Johnson–Mehl–Avrami (JMA) exponent, which is related

to the dimensionality of the crystallization (surface vs. bulk
crystallization), was determined using the equation proposed by
Augis and Bennett:38

n ¼ 2:5

DTFWHM

Tp
2

Ec

R

(3)

where n is the JMA exponent, DTFWHM is the full width at half
maximum of the DTA peak, Ec is the activation energy for
crystallization, and R is the gas constant. The accuracy of the
measurement was found to be �0.1.

n was also obtained using the Ozawa method from the
fraction of glass crystallized at various heating rates at
a constant temperature using the following equation:33�

dðlnð�lnð1� aÞÞÞ
dðlnðbÞÞ

�
T

¼ �n (4)

where ß is the heating rate and a volume fraction of glass
crystallized at a xed temperature T. Based on this equation, the
plot ln(�ln(1 � a)) ¼ f(ln(b)) yields a straight line with a slope
equals to �n. The accuracy of the measurement using this
method was �0.5.

The temperature of maximum nucleation (Tn max) was
determined from the nucleation-like curve using the method
described by Marotta et al.39 In this method, the glass powder
was subjected to an isothermal hold, inside the DTA, at various
temperatures T (between Tg and Tx) near the suspected
temperature of the maximum nucleation (Tn max). The temper-
ature was then reduced to 200 �C and nally increased to
a temperature T, above the crystallization temperature. The
nucleation like curve was obtained from the plot of
This journal is © The Royal Society of Chemistry 2020
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Table 1 Density and thermal properties of the investigated glasses. Also included is the F quantification using EPMA

Glass label

Quantication using EPMA/WDX

Tm (�C)
r

� 0.02 (g cm�3)
Tg �
3 (�C)

Tx �
3 (�C)

Tp �
3 (�C)

DT
� 6 (�C)

Expected F
at%

Measured F at%
(�0.1 at%)

Ref 11.1 9.2 900 2.63 269 323 338 54
Ti 11.0 8.9 1025 2.65 286 350 370 64
Mg 9.4 900 2.66 279 345 365 66
Zn 9.1 1000 2.65 276 334 350 58

Fig. 1 DTA thermogram of the investigated glasses.
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ð1=T �
p � 1=TpÞ ¼ f ðTÞ, (where Tp and T

�
p are the maximum of the

exothermal peak with and without the nucleation thermal
hold). The maximum of the obtained curve gives Tn max.

The phases present in the heat treated glasses were analyzed
using the Panalytical EMPYREAN multipurpose X-ray Diffrac-
tometer (XRD) using nickel ltered copper K-Alpha radiation.
The spectra were obtained using the Bragg–Brentano geometry
and by rotating the sample holder around the Phi-axis at
a constant speed of 16 revolutions per minute.

The absorption spectra were measured using a UV-Vis-NIR
spectrophotometer (UV-3600 Plus, Shimadzu) from 200 to
1800 nm with 0.5 nm interval. Samples were polished and their
thickness were measured using a digital caliper with an accu-
racy of �0.05 mm. The absorption cross-section s (in cm2) was
calculated using the following equation:

sðlÞ ¼ 2:303

NL
log

�
Io

I

�
(5)

where N is the number of ions per cm3 absorbing at the specic
wavelength (l), I/Io is the absorbance and L is the thickness of
the sample (in cm). The accuracy of the measurement is
�10%.

The glass samples, crushed into powder, were excited using
a TEC-cooled ber-coupled multimode laser (II–VI Laser
This journal is © The Royal Society of Chemistry 2020
Enterprise). The center emission wavelength (lexc) of the laser
was �975 nm and its incident power at the sample surface was
�23.5 mW. The resulting normal photoluminescence (PL) and
up-conversion spectra were measured using a Spectro 320
optical spectrum analyzer (Instrument Systems Optische Mes-
stechnik GmbH, Germany) at room temperature. The spectrum
analyzer was equipped with a photomultiplier tube capable of
measuring wavelengths between 350 and 850 nm and an InGaAs
detector for wavelengths ranging from 800 to 1700 nm. The
luminescence light was collected from the samples to the
spectrum analyzer using a lens and a liquid light guide.

The lifetime of the Er3+:4I13/2 energy level was measured
using a ber pigtailed laser diode at 976 nm. The signal was
recorded using a digital oscilloscope (Tektronix TDS350) and
the decay traces were tted using single exponential. The
detector used for this measurement was a Thorlabs PDA10CS-
EC. The accuracy of the measurement was �0.20 ms.

The IR spectra of the powder glasses were measured using
a Perkin Elmer Spectrum FTIR2000 spectrometer with Attenu-
ated Total Reection (ATR) mode between 600 and 2000 cm�1

with a resolution of 2 cm�1 and 8 scan accumulation.
Results and discussion

The thermal and physical properties of the glasses are shown in
Table 1. DTA thermogram of the investigated glasses can be
Fig. 2 Normalized IR spectra of the investigated glasses.

RSC Adv., 2020, 10, 25703–25716 | 25705
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Fig. 3 Absorption spectra (a) and normalized absorption band at 1500 nm (b) of the investigated glasses.

Table 2 Absorption coefficients and cross-sections of the investigated glasses

Glass
label

Er3+ ions/
cm3 (1019)
� 5% aabs at 975 nm (cm�1) sAbs at 975 nm (10�21 cm2)� 10% aabs at 1532 nm (cm�1) sAbs at 1532 nm (10�21 cm2)� 10%

Ref 8.19 0.16 2.01 0.52 6.32
Ti 8.27 0.19 2.34 0.52 6.23
Mg 8.35 0.15 1.82 0.47 5.61
Zn 8.27 0.18 2.16 0.53 6.41
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seen in Fig. 1. The changes in the glass composition leads to
a slight increase in the density, Tg, Tx and Tp, the addition of
TiO2 being the most effective in these changes. As seen in Table
1, the increase in the melting temperature decreases the F at%
in the glass as measured using EPMA in agreement with our
previous study.19 Therefore, the increase in Tg may be related to
the different F at% in the glasses but it may also indicate that
Fig. 4 Normalized emission spectra centered at 1.5 mm (a) and normalize

25706 | RSC Adv., 2020, 10, 25703–25716
the changes in the glass composition increases the strength of
the network and the bond strength as reported in ref. 40. The
changes in the glass composition increases slightly DT (DT ¼ Tx
� Tg) conrming that the addition Ti, Mg or Zn can be used to
increase slightly the resistance of the glass towards crystalliza-
tion. However, one should point out the DT of the investigated
glasses still remains lower than 90 �C.
d upconversion spectra (b) of the investigated glasses (lexc ¼ 975 nm).

This journal is © The Royal Society of Chemistry 2020
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Table 3 Er3+:4I13/2 Lifetime values of the investigated glasses before
and after heat treatment at (Tg + 20 �C) for 17 h and at Tp for 1 to 6
hours

Glass label
As-prepared
glasses

Duration of the heat
treatment at Tp for

1 h 3 h 6 h

Ref 8.2 8.9 8.9 8.8
Ti 8.4 8.7 8.6 8.9
Mg 8.2 8.7 8.6 8.7
Zn 8.3 8.6 8.8 8.7
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The IR spectra of the glasses are presented in Fig. 2. They are
normalized to the main band at�1130 cm�1. Consequently, the
intensity changes are expressed relatively to the main band. The
IR spectra of the new glasses are similar to those reported in ref.
36 where a detailed attribution of the bands can be found. The
addition of ZnO and MgO leads to a small decrease in intensity
of the bands at about 700, 950, �1000 and 1250 cm�1 and to
a slight increase in the intensity of the shoulder at 1100 cm�1 as
compared to the main band whereas the addition of TiO2

increases the intensity of the bands at around 880 and 950 cm�1

and decreases the intensity of the band at 1250 cm�1. One can
also notice that the position of the bands at 880 and 1250 cm�1

shis towards smaller wavenumbers when adding TiO2 due to
the strong eld strength of the Ti ions. These changes in the IR
Fig. 5 Pictures of the glasses heat treated at Tg + 20 �C for 17 h and at

This journal is © The Royal Society of Chemistry 2020
spectra can be related to a decrease in the Q2 units and to an
increase in Q1 units as expected from the change in the O/P ratio
when adding ZnO, MgO and TiO2.41 In agreement with,42 Mg, Ti
and Zn are expected to cross-link the phosphate chains by
creating P–O–Mg/Ti/Zn bonds at the expense of P–O–P bonds
associated with a reduction in the number of Q2 units.41,43

Therefore, the addition of ZnO, MgO and TiO2 is suspected to
cause distortion of the glass network which is in agreement with
the increase in Tg seen in Table 1. Similar results were reported
in ref. 44. Due to the higher eld strength of Mg compared to
Zn,45 the changes in the IR spectra are more visible when adding
MgO than ZnO in the network.

The absorption spectra and the normalized absorption
spectra are shown in Fig. 3a and b respectively. As seen in
Fig. 3a, the addition of TiO2 leads to a shi of the band gap to
longer wavelength most probably due to the presence of Ti3+

according to ref. 46. The change in the position of the band gap
can also be related to the formation of Ti–O–P bonds as dis-
cussed earlier. Due to the decrease in the connectivity of the
phosphate network, the bandgap is shied to longer wave-
lengths when adding MgO and ZnO, the shi being more visible
when adding MgO. The shape of the absorption band centered
at �1532 nm is similar in all glasses (Fig. 3b).

The absorption coefficients and the absorption cross-
sections at 975 and 1532 nm are presented in Table 2. Within
the accuracy of the measurement, the changes in the glass
composition have no impact on the absorption cross-sections at
Tp for 1, 3 and 6 hours.

RSC Adv., 2020, 10, 25703–25716 | 25707

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04681g


Fig. 6 Transmittance spectra of the Ref (a), Ti (b), Mg (c) and Zn (d) glasses heat treated at Tg + 20 �C for 17 h and at Tp for 1, 3 and 6 hours
(thickness of the glasses was �1mm).
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those wavelengths. Therefore, the site of the Er3+ ions is sus-
pected not to be strongly impacted by the changes in the glass
composition; Ti, Mg and Zn are not suspected to participate to
the second coordination shell around Er3+.

The spectra presented in Fig. 4a exhibit the typical broad-
band Er3+ emission (4I13/2 / 4I15/2) in glasses.3 The glasses
exhibit similar intensity (within � 10%) and shape of the
emission centered at 1.5 mm conrming that Ti, Mg and Zn have
no noticeable impact on the site of the Er3+ ions. Similarly, the
relative intensity of the upconversion was found not to be
affected by the change in the composition (within 10%). As seen
in Fig. 4b, the upconversion spectra exhibit the typical green
and red emissions from Er3+ ions in amorphous site aer
pumping at 975 nm. These green and red emissions correspond
to 2H11/2 (525 nm) 4S3/2 (550 nm) / 4I15/2 and 4F9/2 / 4I15/2
transitions of Er3+, respectively.47 No noticeable changes can be
seen in the shape of the emission band at 550 nm, which can be
associated to a hypersensitive transition48 with the changes in
the glass composition conrming that the site of the Er3+ ions is
not strongly modied by the addition of TiO2, MgO and ZnO.
The addition of ZnO has no impact on the ratio of the intensity
25708 | RSC Adv., 2020, 10, 25703–25716
of the green to red emissions while the intensity of the red
emission increases slightly as compared to the green emission
when adding TiO2 and MgO probably due to their strong eld
strength.

The lifetime values of the Er3+:4I13/2 level in the investigated
glasses are listed in Table 3. Within the accuracy of the
measurement, the change in the glass composition has no
impact on the lifetime value conrming that the sites of Er3+

ions are similar in the glasses. One should point out that the
lifetime values are similar to those reported in ref. 37 but longer
than the lifetime values reported inref. 36 although the Er2O3

concentration is larger in the investigated glasses than in ref.
36. It is possible that the glasses used in ref. 36 contain a larger
amount of OH groups, known as quenchers of Er3+ ions lumi-
nescence,49,50 than the glasses used in this study and in ref. 37.

As performed in ref. 36 and 37, the glasses were heat treated
at Tg + 20 �C for 17 h and then at Tp for 1 to 6 h. The glasses were
polished prior to the heat treatment and were heat treated in air
on a Pt foil to avoid contamination from the sample holder. The
pictures of the glasses prior to and aer heat treatment are
presented in Fig. 5. All the investigated glasses exhibit bulk
This journal is © The Royal Society of Chemistry 2020
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crystallization. The Ref and the Zn glasses are still transparent
while the Ti and Mg glasses become opaque aer 6 h at Tp.

The transmittance spectra of the glasses prior to and aer
heat treatment are presented in Fig. 6. They clearly show losses
in the transparency of the glasses aer heat treatment especially
for the Ti and Mg glasses. The large decrease in the trans-
mittance of the Ti and Mg glasses can be related to the presence
of a larger amount of crystals and/or larger crystals inside these
glass matrices than in the Ref and Zn glass matrices causing
stronger scattering.51
Fig. 7 XRD patterns of the Ref (a), Ti (b), Mg (c) and Zn (d) glasses prior to a

Table 4 Estimation of the mean crystalline sizes (nm) of CaF2 crystals in t

Glass label
Heat treated at Tg +
20 �C for 17 h and then at Tp for 1 h

Heat trea
20 �C for

Ref 17 19
Ti 24 31
Mg 24 24
Zn 14 17

This journal is © The Royal Society of Chemistry 2020
The XRD pattern of these HT glass were measured to verify if
CaF2 crystals precipitate in all glasses during heat treatment.
The XRD pattern of the glasses prior to and aer heat treatment
are shown in Fig. 7.

The XRD pattern of the as-prepared glasses exhibit a broad
band conrming that the as-prepared glasses are amorphous
prior to the heat treatment. The XRD patterns of the heat treated
glasses show sharp peaks which correspond to the precipitation
of CaF2 (ICDD PDF #00-035-0816) indicating that the change in
the glass composition has no impact on the crystal phase
nd after heat treatment Tg + 20 �C for 17 h and at Tp for 1, 3 and 6 hours.

he glasses heat treated at Tg + 20 �C for 17 h and then at Tp for 1 to 6 h

ted at Tg +
17 h and then at Tp for 3 h

Heat treated at Tg +
20 �C for 17 h and then at Tp for 6 h

19
56
38
20
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precipitating in the glass. The size of the CaF2 crystallites can be
estimated from the XRD pattern using the Scherrer's equation:52

D ¼ Kl/b cos q (6)

where K ¼ 0.9 is the numerical factor, l ¼ 0.154056 nm repre-
sents the wavelength of the X-ray (Cu Ka) radiation, ß is the full
width at half maximum of the X-ray diffraction peak in radians
and q is the Bragg angle. Here, the strongest diffraction peak at
2q¼ 47�, which corresponds to the (220) crystal plane, was used
for the calculation.

The Table 4 summarizes the mean crystalline sizes of CaF2
crystals in the heat treated glasses.

As seen in Table 4, the large decrease in the transmittance
observed in the Ti and Mg glasses (Fig. 6) is probably due to the
presence of large crystals of CaF2 in the glasses. It is interesting
to point out that the mean crystalline size of the CaF2 crystals in
the Ti and Mg glasses seems to be highly dependent on the
Fig. 8 Normalized emission spectra of the Ref (a), Ti (b), Mg (c), and Zn (
then at different temperatures and durations. Spectra were obtained usi

25710 | RSC Adv., 2020, 10, 25703–25716
duration of the heat treatment while the CaF2 crystals are ex-
pected to grow slower in the Ref and Zn glasses when heat
treated at their respective Tp. The crystal volume fraction was
estimated by calculating the ratio of integrating area of the
peaks to total integrated area of the XRD patterns as in ref. 15,
53 and was found to be about (3.4� 0.1)%, independently of the
glass composition. One should point out that this crystal
volume fraction is small compared to other glass-ceramics.15

Similar to previous report,36 a decrease in the intensity of the
emission centered at 1.5 mm and an increase in the intensity of
the upconversion and in the lifetime values of the Er3+:4I13/2
level (Table 3) were observed aer heat treating all the investi-
gated glasses. We also noticed for all the investigated glasses
that the shape of the emission centered at 1.5 mm and of the
green emission, known to be a hypersensitive transition and so
sensitive to changes in the environment of Er3+ ions, changed
post heat treatment (Fig. 8 and 9) conrming that the CaF2
crystals precipitating in all the investigated glasses contain Er3+
d) glasses prior to and after heat treatment at (Tg + 20 �C) for 17 h and
ng lexc ¼ 975 nm.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Normalized upconversion spectra of the Ref (a), Ti (b), Mg (c), and Zn (d) glasses prior to and after heat treatment at (Tg +20 �C) for 17 h and
then at different temperatures and durations. Spectra were obtained using lexc ¼ 975 nm.
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ions. One should point out that no noticeable impact of the
glass composition on the reduction of the intensity of the
emission at 1.5 mm and on the increase of the upconversion
intensity (within � 10%) was seen indicating that the glass
composition has no signicant impact on the sites of the Er3+

ions; Er3+ ions are suspected to be located in similar (amor-
phous and CaF2) sites in the investigated glasses.
Table 5 Activation energy for crystallization, nucleation temperature an

Glass label

Activation energy (Ec) JMA ex

Kissinger method
�30 kJ mol�1 Friedman method kJ mol�1

Augis–
metho

Ref 190 182 � 10 2.1
Ti 185 226 � 20 1.7
Mg 158 186 � 11 1.8
Zn 206 199 � 6 1.9

This journal is © The Royal Society of Chemistry 2020
In order to better understand the impact of the glass
composition on the crystallization process, the activation
energy for crystallization (Ec), JMA exponent nucleation curve
and crystal growth rate of the glasses were calculated. The
activation energy for crystallization of the glasses was calculated
using two methods and the Ec's are listed in Table 5. The acti-
vation energies reported using the Kissinger method appeared
d JMA exponent of the investigated glasses

ponent (n)

Maximum nucleation
temperature Tn max (�C) Tx � Tn max (�C)

Benett
d (�0.1)

Ozawa–Chen
method

2.0 � 0.5 276 � 5 47 � 8
1.5 � 0.4 295 � 5 55 � 8
1.6 � 0.4 285 � 15 60 � 23
1.9 � 0.5 280 � 5 54 � 8

RSC Adv., 2020, 10, 25703–25716 | 25711
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Fig. 10 SEM image of CaF2 crystals found in the glasses heat treated at Tg + 20 �C for 17 h and then at (Tp + 60 �C) for 2 h for the Ref glass (a), at Tp
for 2.5 h for Ti glass (b), at (Tp + 30 �C) for 3 h for the Mg glass (c), and (Tp + 40 �C) for 4 h for the Zn glass.
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to be similar regardless of the glass composition. The standard
deviation in Ec calculated using the Friedman method, for each
glass composition, is less than 10% indicating that only one
crystallization mechanism is involved throughout the entire
crystallization process. The low standard deviation also vali-
dates the Kissinger method which is oen used to further
calculate the JMA exponent. The similarity in Ec between glasses
and the low standard deviation measured for each Ec using the
Friedman technique tend to indicate that the crystallization
process is nucleation and growth and the primary crystal eld is
similar in all the investigated glasses.34,54
Fig. 11 Nucleation curve of the investigated glasses.

25712 | RSC Adv., 2020, 10, 25703–25716
The JMA exponent of the glasses was calculated using two
methods (Augis–Bennett and Ozawa–Chen) and the n values can
be found in Table 5. The n values from both techniques are in
close agreement. The crystal growth dimensionality in the
glasses is �2 within the accuracy of the measurement indi-
cating that the glasses, independently of their composition,
have a dominant bulk crystallization with needle like crystals
when subjected to heat treatment.55 The shape of the crystal was
checked using SEM (Fig. 10) and their composition was
Fig. 12 Crystal growth rate as a function of temperature.

This journal is © The Royal Society of Chemistry 2020
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conrmed to be CaF2 using EDS. The crystals exhibit similar
shape than needle like shape: they grow preferentially in one
direction.

The nucleation like curve were determined using the method
proposed by Ray et al.56 and Marrota et al.39 The nucleation
curve of the glasses is shown in Fig. 11. The maximum nucle-
ation temperature (Tn max) was taken from the maximum of the
nucleation-like curve.
Table 6 Comparison of the crystal size expected from the crystal grow

Glass Label
Heat treatment at Tg + 20 �C for 17 h
and

Ex
fro

Ref Tp + 60 �C (400 �C) – 2 h 72
Ti Tp (370 �C) – 2.5 h 11
Mg Tp + 30 �C (395 �C) – 3 h 11
Zn Tp + 40 �C (390 �C) – 4 h 72

Fig. 13 XRD patterns of the Ref (a), Ti (b), Mg (c), and Zn (d) glasses prior
temperatures and durations [peaks correspond to *CaF2, +NaPO3, and �

This journal is © The Royal Society of Chemistry 2020
The maximum nucleation temperature varies between
276 �C to 295 �C depending on the glass composition. The Tn
max of the glasses is summarized in Table 5. The Mg and Ti
glasses exhibit similar nucleation like curve, which is shied to
higher temperature and is broader than that of the Ref and Zn
glasses. Therefore, the formation of nuclei occurs at higher
temperature and is less dependent on the temperature when
adding ions with strong eld strength in the phosphate
th rate curve and from the SEM images

pected crystal size
m the growth curve (mm)

Measured crystal size from
SEM images (Fig. 10) (mm) �5 mm

86
16

7 125
50

to and after heat treatment at (Tg + 20 �C) for 17 h and then at different
Na2Ca2(P2O7)F2].

RSC Adv., 2020, 10, 25703–25716 | 25713
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network. Also shown in Table 5 is the temperature difference
between onset of crystallization (Tx) and maximum nucleation
temperature (Tn max) of the glasses indicating that the nucle-
ation and growth can be controlled in the investigated glasses
and so a heat treatment using tailored temperature and dura-
tion can be used for the fabrication of transparent GCs with
small crystal size distribution.

The crystal growth rate curves were calculated from the slope
of measured crystal size as a function of duration of heat
treatment performed at different temperatures. The crystal
growth rates as a function of temperature are shown in Fig. 12.

The maximum growth rate increases from (385 � 15) �C
(Ref glass) to (400 � 10) �C when adding TiO2 and to above
400 �C when adding MgO and ZnO probably due to the
changes in the glass network as discussed earlier. It should be
pointed out that the Mg and Zn glasses could not be heat
treated above 410 �C due to excessive viscous ow. The crystal
growth rate curves are in agreement with the transparency of
the heat treated glasses. Indeed, according to Fig. 12, the
crystals are expected to be �3, 4, 21 and 21 mm in the Ref, Zn,
Mg and Ti glasses, respectively, aer heat treatment at Tg +
20 �C for 17 h and then at Tp for 6 h indicating that larger
crystals are present in the Mg and Ti glasses aer such heat
treatment. This is in agreement with the losses in the trans-
parency of the Mg and Ti glasses aer heat treatment seen in
Fig. 5. The sizes of the crystals depicted in the SEM images
(Fig. 10) are in agreement with the sizes estimated from the
crystal growth rate curves (Fig. 12) as shown in Table 6.

Finally, the XRD spectra of the glasses heat treated at
temperatures higher than Tp are shown in Fig. 13. All the XRD
spectra exhibit the peaks associated with CaF2 (ICDD PDF #04-
035-0816) but new peaks appear in the XRD pattern of the
glasses heat treated at higher temperatures. In the XRD pattern
of the Ref and Mg glasses, these peaks can be related to NaPO3

(ICDD PDF#04-011-3120). When the temperature increases,
Na2Ca2P2O7F2 (ICDD PDF#04-012-1844) precipitate in the Ref
and Mg glasses. The additional peaks found in the XRD pattern
of the Ti glass could be related only to Na2Ca2P2O7F2 (ICDD
PDF#04-012-1844). NaPO3 (ICDD PDF#04-011-3120) is sus-
pected to precipitate in the Zn glass. Therefore, although the
change in the glass composition has no impact on the precip-
itation of CaF2 at Tp, it leads to the precipitation of different
crystals when heat treating the glasses at higher temperatures.
One should mention that the NaPO3 and Na2Ca2P5O7F2 crystals
could not be seen using SEM probably due to their small size
and/or low number. One should also mention that the precip-
itation of these different crystals has no impact on the intensity
and shape of the emission at 1.5 mm (Fig. 8) and of the
upconversion (Fig. 9) conrming that the Er3+ ions are thought
to be mainly located in the CaF2 crystals.

Conclusion

Novel oxyuorophosphate glass with composition (100-x-0.25)
(75NaPO3-25 CaF2) doped with 0.25 mol% of Er2O3 were
prepared by adding TiO2, MgO and ZnO. The change in the
glass composition increases the glass transition and
25714 | RSC Adv., 2020, 10, 25703–25716
crystallization temperatures and increases the number of Q1

units at the expense of Q2 units leading to a shi of the bandgap
to longer wavelength. We suspect also the formation P–O–Ti/
Mg/Zn bonds at the expense of P–O–P bonds. The change in
the glass composition has no impact on the crystallization of
the glasses when heat treated at their respective Tp; volume
precipitation of Er3+ doped CaF2 crystals occurs in all the
glasses aer nucleation at Tg + 20 �C for 17 h and then crystal
growth at Tp for 1 to 6 h leading to an increase in the intensity of
the upconversion. However, multiple crystals, the composition
of which depends on the glass composition, were found to
precipitate in the glasses when heat treated at higher temper-
ature than Tp.

The calculation of the activation energy for crystallization
using twomethods allowed one to conrm that the crystallization
process is a nucleation and growth process in all the glasses. All
glasses exhibit similar Ec and JMA exponent which was found to
be �2 conrming the bulk crystallization of crystals with needle
like shape. The Ti and Mg glasses exhibit a broader nucleation
curve and higher Tn max than the Ref and Zn glasses due to their
strong eld strength. A large difference between Tg and Tn max

was found for all the glasses conrming that it is possible to
control the size and size distribution of the crystals during heat
treatment which is crucial for the preparation of transparent
glass-ceramics. The crystal growth rate of the glasses was deter-
mined and was in agreement with the size of the crystals found in
heat treated glasses measured using SEM.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

Academy of Finland (Flagship Programme, Photonics Research
and Innovation PREIN-320165 and Academy Project -326418) is
greatly acknowledged for the nancial support. This work made
use of Tampere Microscopy Center facilities at Tampere
University. We are also thankful to Dr Alexander Veber for
fruitful discussions.
References

1 M. J. Dejneka, Transparent Oxyuoride Glass Ceramics,MRS
Bull., 1998, 23, 57–62, DOI: 10.1557/S0883769400031018.
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