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Precursor glass and glass-ceramics with molar composition 2Na; G - 1Ca0 - 35i0; are
studied by infrared, conventional, and microprobe Raman techniques, The Gaussian
deconvoluted Raman spectrum of the glass presents bands at 625 and 660 em™!,
attributed to bending vibrations of Si-Q~8i bonds, and at 860, 920, 975, and 1030 cm™',
atiributed to symmetric stretching vibrations of Si0, tetrahedra with 4, 3, 2, and 1
nonbridging oxygens, respectively. The Raman microprobe spectrum of a highly

erystallized sample presents two narrow and intense bands at about 590 and 980 cm™!
associated with vibrations of SiOy tetrabedra with two nonbridging oxygens, in agreement
like structure of crystalline metasilicates. Scanning electron

with the predicted chain-

microscopy shows that the crystals distributed in partially crystallized samples have a
spherical shape, built up by radially oriented needle-like single crystals. The Raman
microprobe spectra of these spherulites show that they still contain residual amorphous
material. A comparison of Raman and infrared spectra of amorphous and highly

crystallized samples is presented.

I. INTRODUCTION

Raman and infrared spectroscopic techniques are
widely used to investigate vibrational modes of crys-
talline and amorphous solids. However, there is no way
to determine the structural arrangement of solids directly
from the measured vibrational spectra.

The structure of glasses is characterized by a lack of
long-range order due to a distribution of the bond lengths
and bond angles.! Consequently, there is a breakdown
of Raman scattering selection-rules? known for single
crystals and isolated simple molecules.? The correlation
of the different types of interatomic bond vibrations
with the respective frequency of the infrared and Raman
bands needs some knowledge about the nature of these
bonds and the structural arrangement of the atoms in the

material.

The present paper deals with Raman spectroscopy
of glass and glass ceramics with molar composition
2Ng,0 - 1Ca0 + 35i0,, called hereafter N;CS;. With
additional measurements of infrared spectroscopy and
x-ray diffraction, and scanning electron microscopy ob-
servations, we were able to correlate the microstructure
of these materials with some of their vibrational modes.

Section II presents some relevant data about the
nucleation and crystal growth in N,CS; glass and com-
menis on scanning electron microscopy observations.
The experimental procedures, like sample preparation,
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employed equipment, and experimental techniques are
presented in Sec. III. Section IV is dedicated to the
exposure and discussion of the resulls obtained with
x-ray diffraction, infrared, conventional, and microprobe
Raman spectroscopy measurements; it also presents a
discussion about surface composition of the glass
through a comparison of Raman spectra of other simple
meiasilicate plasses. Section V is devoted to the con-
clusions of this work.

Il. THE 2Na,0-1Ca0 - 3Si0, GLASS
AND GLASS-CERAMICS

The N,CS; glass investigated belongs to the meta-
silicate class and can be transformed in glass-ceramics
by controlled thermal treatment. Quantitative studies of
the nucleation and crystal growth have been performed
by Fokin et al*® The glass undergoes homogeneous
nucleation between 440 and 570 °C, with a maximum
nucleation rate at 505 °C.

Table I lists the activation enthalpies, AH, for
steady-state nucleation, crystal growth, viscous flow,
and glass transition, and the temperature range of these
thermal processes which occur in the glass.

Scanning electron microscopy observations of par-
tially crystallized samples show that the crystals grown
in the glass matrix are spherical [Fig. 1(a)]. They are
built up by needle-like crystals mainly radially oriented.
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various thermal processes occurting in NzCSy glass.

TABLE 1. Temperature manges ond activation enthalpics, AH, of TR

Process Tempcerature range ("C) AH (kcal/mol)
4

146
Steady-state nucleation® 450-498 poed
Crysta) growth® 527-586 e
Viscous fiow* alewmm 4
Glass transition” 462~
*Refs. 4-6.

bRef. 7 [from measurements of differential mnu.znm__m calorimetry
(DSC) with heating rates ranging from 5 to 30 C/min].

These spherical crystals are called murn:._:ﬁm.mm After
prolonged thermal treatments, n..n samples become
highly crystallized, as shown in Fig. 1(b). .

The microprobe Raman specira Were measure on
the same samples shown in Fig. 1. Conventional Raman
and infrared measurements were made on amorphous
samples. Highly crystallized samples, En.n :z:. mucém
in Fig. 1(b), were submitted to x-ray diffraction an
infrared measurements.

lil. EXPERIMENTAL PROCEDURE
A. Sample preparation

ent prade solidum carbonate (Riedel-deHagn),
nanm_”mnﬁu%:m”n (Merck), and washed quartz mm.sn_ _wm
90BTF (Mineragdo Jundy, Brazil) were weighed E.w e-
quate proportions 0 give the N;CS3 ﬂﬁm n.uEvom“ _a_.m
The starling reagents were .uoEo@nnﬁmn in a nnwn
glass vessel via manual shaking. The .EEn:m._ was _ﬁ~ en
transferred to a platinum crucible which was placed in
an electrical heated Globar furnace. .H.ju _manaquﬁn
was raised from 800 to 1350 °C, and Bm:_:m_uaa at this
temperature for 2 I Mechanical homogenization was
performed with a platinum stirrer (50 rpm). The ..ﬂ:qn_.
was removed from the liguid 1/2 h before casting _w
allow the diffusion of possible ccc.o_nm. to the w%ﬁ
surface. As soon as the cracible was withdrawn from
the furnace, 40-50 g of the ump.nw was cast on an
g mm thick iron plate and mBEnn.maE pressed _.m_m_nn.
ally with a 10 mm thick, 100 mm diameter m,wm_._ nmw
steel disk, This disk was maintained on the hardene
~4 mm thick glass plate until the temperature reaches
about 300 °C. Using this protocol the cooling rate EPM
higher than 400 °C/min and fast enough to Eamman
crystal nucleation which takes place between 57 )
and 440 °C*5 us verified by visual and x-ray diffraction
inspection. Detailed studies” indicate that cooling rates
higher than 225 °C/min are in fact fast .nuccmr to
prevent crystallization in the N,CS; metasilicate Emmmm
The resulting glass was Rmnmuwunnr.u:vd_n mnnw N%
slightly greenish. This slight mn_oB:c: was pro m.%_
due to very small amounts of iron or nE.aBEB Mﬁ e
impurities, but no specific optical absorption band was

w it
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FIG. 1. SEM microgm

(b)

phs of N2CS3 samples thermally treated in

air at () 590 °C for 15 min and ?u.ﬂu °C ma.q 16 h. The %Hn_._uwm
surfaces of both samples were previously polished, etched in
solution, and costed with a 10 nm sputtered Au film.

found between 350 and 1500 nm. Table =. .m?.nm the

\heoretical and chemically analyzed nnamoﬂzomm.
Thermal treatments for nJ..ﬁE:.Huﬂaz were pet-

formed in a horizontal tubular electrical furnace, with

temperature stabili

ty better than *1 °C.

TABLE 11, Theoretical and chemical determination of the composi-

tion of NzCS; glass.

Oxide

Na;0 34,43
Ca0 1535
5i0; 50.22

Theoretical (wt. ) Chemical (wt. %)

Method

34.83 + 0.001  Flame pholomelry
15.54 ¢ 005 EDTA titulometry
48.01 = 0.05 Gravimetry
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Samples were ground with several grade SiC pow-
ders on plane iron matrices, and then polished to an
optical degree with 1.0 um size Ce,0; on a pitch tool.

B. Equipment

X-ray diffraction data have been obtained for mono-
lithic and powder samples with a Philips and a Rigaku
Rotaflex diffractometer using the CuK,, radiation and a
Ni filter (A = 1.5418 A).

The microstructure of the glass-ceramic samples was
observed with a Zeiss DSM 960 scanning electron mi-
croscope. The polished samples were previously etched
for 10's in an aqueous solution of 0.05 vol.% HCI
and 0.02 vol. % HF. The surface to be observed was
metallized with a 10 nm thick spultered Au or Pd fim.

Infrared spectroscopy was performed on a Nicolet
FTIR 55XC spectrometer. Reflectance spectra were ob-
tained for monolithic polished samples having thickness
and diameter of about 1.2 mm and 12 mm, respectively,
using a Spectra Tech Inc. Diffuse Reflectance Unit,
mod. 0030-001. Transmiltance spectra were measured on
powder samples pressed in KBr pellets under a uniaxial
pressure of about 20000 psi.

Unpolarized Raman spectra were obtained through
two different experimental arrangements: (1) conven-
tional 90° scattering and (2) the microprobe back-
scattering technique. In the 90° scatiering arrangement
the samples were excited with the 4880 and 5145 A lines
of a Spectra Physics 171 argon ion laser, and power of
about 400 mW, The scattered light was analyzed with
a Spex 1402 double spectrometer, in which diffraction
gratings of 1200 grooves/mm and blaze at 5000 A were
mounted. The widths of the entrance and exit slis
of the spectrometer were fixed at 200 pm, giving a
spectral resolution of about 1 em™!, The analyzed light
was detected by a Products for Research C31034-RF
water-cooled photomultiplier. The electrical signal was
processed digitally.

The Raman spectra of microregions in the sam-
ple surfaces have been measured with a DILOR Con-
focal Laser Raman, Ref. 1.XY.00.C, using the 5145 A
line of an argon ion laser, operating with o power of
100 mW. The microregions to be analyzed were defined

with the help of an optical microscope coupled to the
spectrometer,

IV. RESULTS AND DISCUSSION
A. X-ray diffraction

Our studies have shown that the N,CS; amorphous
samples can be transformed continuously into a poly-
crystalline material by increasing the thermal treatment
time at 2 fixed temperature.” Powder and monolithic
polycrystalline samples present the same x-ray diffrac-
tion pattern for heat treatment up to 586 °C. This tem-

perature is slightly above the upper limit of nucleation
rate curve,*® and below it no crystalline phase transfor-
mation was observed,

Figure 2 shows a typical x-ray diffraction pattern,
obtained for a monolithic sample heat-treated at 480 °C
for 24 h and subsequently at 520 °C for 3 h.

This x-ray diffraction pattern has no similarities
with that of other sodium and calcium metasilicates,
such as Na;O-Si0;,"" CaO-Si02,"'? and INa,0-
2Ca0 - 38104, for which the crystalline structure
has been determined,

Wyckoff and Morey! concluded that the N>CS;
crystal does not have a cubic symmetry. Kroger and
Bliimer'® reach the same conclusion and affirm that jts
diffractograms “have a preat number of peaks which
incapacitate its fitting in the hexagonal, tetragonal, or
thombic systems, as long as higher lattice parameters
are not taken into account”.

B. Infrared spectra

Infrared spectra of amorphous and polycrystalline
N2CS; samples are shown in Fig. 3. The polycrys-
talline samples [spectra (b) and (d)] have different
thermal treatments, but their x-ray diffraction patterns
were identical, showing no indication of remainder
amorphous phase.

The peaks at 703 and 881 cm™! of spectrum (@)
are due to anhydrous NayCOj;, which presents bands at
697, 726, and 878 cm™!, and CaCOs, in which bands
occur at 710 and 878 cn~." The presence of these
carbonates in the samples is due to surface adsorption
of atmospheric CO; molecules on the large surface area
of the finely ground samples. Atmospheric CO; presents
an active infrared band at 664 cm™," which appears in
the spectrum (c) of Fig. 3.

Water adsorption also occurs, and reacts easily with
sodium and calcium ions forming hydroxides. However,

intensity (a,u}

1 L 1 ! 1 ' 1
[0 60 ao
28 [°}

FIG. 2. X-ray diffraction pattern of a monolithic NyCS; sample
thermally treated at 480 °C for 24 h plus 520 °C for 3 h.
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FIG. 3. FTIR speetra of amorphous, (a) and (c), m_a._ polycrystalline,
(b) and (d), N2CS;y samples measured in transmissian, (a) m.nm (b),
and reflection, (c) and (d). The polycrystalline samples have diffcrent
thermal treatmeats: (b) 513 °C, 16 h, and (d) 480 °C, 24 h plus
520°C, 3 h.

the infrared absorption bands due to OH™ and H,0 occur
in the 3400-3700 cm™* range.'s

Based on literature dealing with infrared spectra of
glasses with composition close to sodium disilicate,'®>
the bands observed for the NCS; amorphous sample
are tentatively attributed to bending of c..m,.ummnm oxy-
gens (BO) at 480 em™, symmetric stretching n.;. .mo
at 630—740 cm™!, symmetric stretching of sosw:nm_:.m
oxygens (NBO) at 800-1050 cm™", and asymmetric
stretching of BO at 1100 em™!,

The bands observed for N,CS; polycrystalline sam-
ples at these frequencies are marrower, and their fine
structure is resolved mainly in the 400730 cm™! range
of the transmission spectra (b) and between 420 and
540 cm™! in the reflection spectra (d).

The infrared activity observed between 580 and
750 cm™! is more evident in the transmittance spectra
than in the reflectance spectra. These differences are
more pronounced for the polycrystalline samples spec-
tra. This behavior can be attributed to the differences
between bulk and surface vibration modes. The trans-
mittance spectra give information about the bulk bond
vibrations, as the spectra for thin glass films and n.ﬂ.:.
finely ground glass powder are essentially the same. This
can be seen in the spectra of the Na,O-25i0; glass
film presented by Park and Chen (Fig. 1 in Ref. 19)
and Na,0-2.0225i0, glass powder m=m_unnnn_ by the
KBr pellet presented by Sweet and White (curve 3 of
Fig. 3 in Ref. 23). On the other _._E..a. the reflectance
spectra give essentially the frequencies of surface u.sa
near-surface vibrational modes. The optical penetration
depth for silicate glasses, though varying significantly
with composition and wavelength, is of the order of at
least 1 gm.** In this way it can be asserted that the
structural units responsible for the transmittance bands in
this frequency range (S80-750 cm™!) are either absent
at the surface, or their number is very low. Additionally,
the Si—O bond lengths at the surface are shorter than
in the bulk, with the surface layer in compression due
to absence of attractive electronic forces above the
surface,” despite the adsorbed moisture. This results
in more distorted surface tetrahedra with respect to the
bulk ones, and in changes in the force constants of
the chemical bonds. As a consequence, frequency shifts
occur in a manner which is characteristic to each surface
mode,?® which are clearly observed for amorphous and
polycrystalline spectra in Fig. 3.

C. Conventional Raman spectrum and its
deconvolution

Figure 4 shows the Raman spectrum of an mEE.“
phous N3 CS; sample obtained with the conventional 90
scattering geometry.

._.rn_umnm\ m_.nn.”w_:nu. bands at 70 cm™? in the Stokes
side and at 66 cm™" in the anti-Stokes side of the spec-
trum are the “boson peaks” due 1o thermal phonons.*?
As the temperature is lowered, the vov..;wmn_.m of Em_d._m_
phonons in the sample is reduced, and the intensity of
the anti-Stokes boson peak is reduced practically to zero
at very low temperatures.?

In silicate glasses the bands between m.uc and
1200 cm™! are gencrally attributed to icnm:o:m.cm
bonds in SiOy tetrahedra and Si—0-Si bonds linking
the tetrahedra.® More precisely, the high-frequency
bands (800-1200 cm™') have been attributed to sym-
metric stretching vibrations of SiO, tetrahedra with
different numbers of NBO,*' and the asymmetric band
in the midfrequency range (500-700 cm™') have Unnum_
attributed to bending vibrations of Si-NBO bonds.
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FIG. 4. Csu..u_ulﬁun_ Raman spectrum of the N,CS, plass sample
measured with conventional 90° scatlering geometry (A = 4880 A
scanning speed: 2.3 cm™!/s). '

The weak band around 350 cm™" is usually related
to vibrations of the bonds linking the glass modifier
cations and the NBD.3

Wun_.ms Spectra of silicate glasses can be decon-
voluted in mmcmmmmn curves, as shown by Mysen and
nc.éc:.nnqm..u-u; Based on these works the spectrum
m_._os..n in Fig. 4 was deconvoluted using the Gaussian
distribution function:

A Ly — )2
a Ms,nxv MA o v ! £
where » = w/2qc is the Raman shift inem™, o is
m:n E_m:_m_,. frequency of the scattered radiation, c is the
__mE. ,..n_on_s_.H ¥ is the Raman shift at which I(v} is
maximum, & is the halfwidth at the inflection points, and

A is the area under the curve and also a magnification
parameter defined by:

A= aV2ri(y) @

The parameters of the six Gaussians obtained by de-
convolution are listed in Table II1. The individual Gaus.
sians and the sum of them are drawn in Fig. 5(a) and
compared with the experimental spectrum in Fig. 5(b).

_.munz Gaussian should represent a structural unjt per-
w.o_.m.:_:m a specific vibrational motion with frequencies
inside an interval represented by the base length of the
comresponding Gaussian,

At this point, however, no relation can be made
between the frequencies of the deconvoluted bands, the
type of vibration, and the glass structure. The E_m.._s._.
edge of the glass structure gives information about the
structural units and, consequently, about the vibrational

I(v) =

220

TABLE IIl. Parameters of the individual Gaussians, f;, indicated

in Fig. 5(a), obtained by deconvalution of th i
apecicon oh eSS e experimental Reman

I; Vi (cm™!) a; {em™) A ()
I 625 26 278.8
/] 660 50 3489
I 860 20 129.0
I 920 22 1195
Is Y75 23 409.8
s 1030 45 4429

motions which anyone can perform. An important aspect
to be considered is that only those vibrations that are
accompanied by change in the polarizability of the
structural units during the motion contribute substantially
to the Raman intensity.3

Silica glass is formed by S8i0Q; tetrahedra joined
together by the oxygens at the comers, Since the Si-0O
bond lengths and the Si-O-Si and 0-5i-0 bond

intensity {a.u.)

10 T T T T T
-

1] @
T

»

intensity (a.u.}

1000
Raman shift [em=1)

0
1200

FIG. 5. Unnu:«.c_::.c.: of the experimental Raman spectrum  of
Znﬂmm glass (see m_m., 4} in six Gaussian curves. (a) Individual
Om_._mmmmnm. Ii, and their sum; (b) superposition of the sum of the
Gaussians and the measured spectrum.

J. Mater, Res., Vol, 8, No. 1, Jan 1994

E.C. Ziemath and M. A. Aegerter: Raman and infrared invesligations of glass and glass-ceramics

angles are not constant, but have a distribution about
mean values, silica glass has a random three-dimensional
network. The addition of modifier cations into this
structure breaks some of the Si—O-S5i bonds, and NBO,
Si—0O~ bonds are formed. The modifier cations are
coordinated by these oxygens for charge compensation,
turning the glass electrically neutral®

In a metasilicate glass, 50 mol % of its composition
is constituted by modifier oxides, and all SiO, tetra-
hedra have, on average, two NBO. The structure of
those glasses is therefore mainly constituted of SiO,
chains, joined by the modifier cations. But due to its
random nature, SiQ; tetrahedra with 1, 3, and 4 NBO
are also present. Consequently, the main Raman bands of
metasilicate glasses have been attributed to vibrations of
structural units built up by Si0, letrahedra with different
numbers of NBO: §i0}~ monomers (4NBO), Si,0%~
dimers (3NBO), Si;O" chains and rings (2NBO), and
Si;03~ sheets (INBO).** During melting those units are
in equilibrium. When the melt is quenched, the reactions
stop due to the increase in viscosity. A decrease in
the polymerization of the network occurs in glasses
containing an increasing amount of modifier oxides, and
Si0; three-dimensional structural units have a lower
probability to be formed during the melt quenching.

In a metasilicate melt the equilibrium of the anionic
units can be represented by a reaction of the type:

281,08 5 8ih0§” + Si,0%" 3

Si0}~ monomers are involved in the reaction of
dimers and chains which can be written as:

28i;05” &5 28i0}” + Si,0f" @

If, during the quenching, the glass retains these
anionic units, the four high frequency Gaussian bands
of the deconvoluted Raman spectrum of Fig. 5 can be
related to vibrations of the four anionic units involved
in reactions (3) and (4). The correspondence is shown
in Table IV.

The data in Table IV agree well with the proposals
of Mysen et al.,*'3? who studied the Raman spectra of
the wollastonite glass, CaO - SiO;, a simpler metasilicate.
In Sec. IV.E it will be shown that the Raman spectra

TABLE IV. Correspondence of the anionic structures and the fre-
quencies of the Gaussian bands, I;, in the Raman spectrum of the
N:CS; glass.

Anionic structures Symmetric stretching vibration (em™') I

§i0;”, monomers B6O h
§i20§", dimers 920 I
§i,03", chains or rings 975 Is
5i303", sheets 1030 s

of this plass, like other metasilicate glasses, have some
similarities with that of N,CS; glass.

The frequency range between 80D and 1200 cm™
is where the infrared spectra [Figs. 3(a) and 3(c)] and
Raman spectra (Fig. 4) have higher uactivity, Indeed,
important information can be obtained through a
conscientions comparison between these spectra. The
most intense Raman band at 972 cm™ has no distinct
comresponding infrared band; therefore, the streiching
vibration of SiQ4 tetrahedra in the chain structural
units (2NBO), associated with the /s Gaussian (Fig. 3),
is symmetric, as assumed early. On the other hand,
the infrared bands located at about B850, 920, and
1030-1060 cm™" have a cormespondence with the
bands of the deconvoluted Raman spectra located at
860 (1), 920 (J4), and 1030 cm™" (f¢), respectively. This
means that the assumed symmetric stretching vibrations
of sheets, dimers, and monomer units are slightly
perturbed by some asymmetric vibration, probably due
to coupling between stretching and bending vibrations
of the bridging oxygens. Asymmetric vibrations of
tetrahedra molecules present generally a change in
the dipole moment of the molecules and are therefore
infrared active.

The detailed nature of the vibrations responsible for
the 625 cm™' Raman band is not yet well established
in the literature. In Fig. 5 this band was deconvoluied
into two Gaussian curves. The insertion of a third
Gaussian would result in a better fit of this band. The
same band is also present in the Raman spectra of
xNa1,0 (1 — x)Si0; glasses, 40 as well as in other
glasses with ternary composition closc to the disilicate
and trisilicate. Its origin is related to the decrease in
polymerization of the SiO, network due to an increase
in the concentration of modifier cations. The band shifts
to higher frequencies as the concentration of modifier
cations is increased, ™%~ but its asymmetric shape
changes little. The low depolarization ratio of this band
in Na;O - Si0; gluss® indicates that the vibrations giving
rise to it are symmetric.

The 625 cm™ Raman band has different assign-
ments in the literature. Mysen et al 3 attributed it to
symmetric bending of NBO, while Furukawa er al.*!
consider it as stretching plus bending of Si—0-Si bands.
According 1o the infrared band assignments (Sec. IV. B),
this band is due to symmetric streiching of BO. However,
the stretching motion of the Si—O bond is coupled
to that of adjacent Si-O bond, where the oxygen is
common to both bonds. McMillan®™® shows that the
out-of-phase stretching of two adjacent Si—O bonds
gives a high frequency resultant oxygen motion paral-
lel to the Si-Si line, while the in-phase stretching of
these adjacent bonds gives a low frequency resultant
oxygen motion in the direction perpendicular to the
Si-8i line. The in-phase stretching produces a change
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in :._m Si—0-5i bond angle, which can be viewed as a
ua:.m:_m motion. This agrees with the above-mentioned
assignment for the infrared band and that made by
Furukawa ef al®! for glasses with compositions near
that of the metasilicate in the Na;0-8i0; glass system

D. Microprobe Raman spectroscopy

) The microprobe Raman spectra of partially and
._m_mnw_;. nd..msz_wmna NaCS3 samples are shown in Fig. 6
y were obtained with the o
o iy confocal laser Raman
. Spectrum (a) was measured with the exciting laser
light nm._::m on the amorphous phase of the partially
crystallized sample. It shows small differences with re-
spect to :._n. spectrum of the amorphous sample obtained
E conventional Raman spectroscopy (Fig. 4): (i) a 25%
..SEM.. reduction of the 980 cm™' band, (ii) a smaller
um_.EEn intensity of the bands at 856 and 617 cm™, and
(iii) a shift of about 8 cm™ to lower frequencies o.m the
617 cm™! band. These differences can be attributed to
the scattering of surface and near-surface bond vibrations
of the amorphous phase in the partially crystallized
sample, while the conventional Raman spectrum is es-
mnEmmm_J.. due to bulk bond vibrations.

_Spectrum (c) in Fig. 6, obtained for the hij -
tallized sample, is typical of a _uo_wném_m_::”umﬁw_mmm_
as nmm be seen in the spectra presented by Zm_mnm
et n.h * for cesium and rubidium disilicates, Brawer and
iEmum for alkali meta- and disilicates, and Sharma
et E_ 3 for some polymorphism of SiO,. The two pre-
vailing bands in this spectrum are narrower than those of
spectrum (a)- The band at 982 cm™! is slightly shifted to
higher frequencies, and the band at 592 cm™! is shifted
by 25 cm™! to lower frequencies with respect to the
waw_ﬁrucm .ﬁ:umn spectrum (a). The low intensity bands
M”EMH_MW_%_E below 550 cm™' have a more complex

) As shown earlier, a distribution of SiO4 te
with 1, 2, 3, and 4 NBO is responsible ».oMEn:M”M._QM”
bands observed in the frequency range between 800
and 1200 cm™' of bulk N,CS; glass (Fig. 4). During
Em glass crystallization the number of SiO, tetrahedra
E_E.H. 3, and 4 NBO is reduced, and according to
reactions (3) and (4) the number of tetrahedra with
2NBO should increase, until all tetrahedra have 2NBO
E”E are rearranged in chains. As the symmetric stretching
vibration of tetrahedra with 2NBO was attributed to
::.w deconvoluted fs band with maximum at 975 cm™"
[Fig. 5(a)], it can be inferred that the band at 982 cm™"
of the polycrystalline N,CS; sample in Fig. 6(c) is due
to the same tetrahedra vibrational mode. The weak
band at 910 cm™! and the shoulder at 1025 em™' can
be E..:._Ennn to symmetric stretching vibrations of the
remaining tetrahedra with 3 and 1 NBO, respectively.
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FIG. 6. Z_.namacn Raman spectra  of (a) amorphons  and
(b) crystalline phases of a panially cryswallized NaCSy sample
thermally treated at 580 °C for 15 min, and of a Eme crystallized
sample {c) with thermal treatment a1 513 *C for 16 h.

qwn band at mm@ cm™! due to the symmetric stretching
o ﬁ.n:.munn:.m e.<==. 4 NBO has completely disappeared
n__._:z.m nJ_mE_:Nmzan as expected. The infrared activity
..um ”ﬂ_m tetrahedra vibration is also considerably reduced
in the spectra of the polycrystalli
g polycrystalline sample, as shown
.m_.minﬂ., presents a Raman spectrum of a polycrys-
talline sodium metasilicate sample, Na,O -5i0; (NS)
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which shape is very similar to the highly crystallized
N,CS; sample spectrum [Fig. 6(c)]- Apart from the
ditferences in the band positions of both spectra, the base
widths of the Raman bands of the polycrystalline NS are
narrower, as expected for samples of high crystallinity,
although no mention about the crystal morphology and
crystailinity was made by him. Probably the polycrys-
\ailine NS sample has a crystallinity higher than that of
the considered fully crystallized N.CS; sample, which
Raman band base widths are broader. This means that
the polycrystalline N2CS3 sample has some residual
amorphous phase. The x-ray diffraction pattern (Fig. 2)
shows no indication of such residues; this technique is,
however, insensitive for very small volume fractions of
amorphous phase in a crystalline sample. Zanotto and
James® studied the crystallinity, by x-ray diffraction
measurements, of thermally trcated BaO- 25i0, glass,
where the crystals grow as spherulites. They show that
the crystallinity of samples with long-time thermal treal-
ments was 1ol higher than 64%.

Spectrum (b) in Fig. 6 was obtaincd by inciding the
laser light on a spherulite of the partially crystallized
sample. Spectra of other spherulites are essentially the
same. This spectrum shows intermediary characteristics
to that of spectra (a) and (c).

Assuming that spectrum (b} is a linear combination
of spectra (a) and (c), it can be written:

I, = xI, + (1 — 0L, o0<x=1 3

where I, Iy, and I, are the normalized intensities of
spectra (a), (b), and (c), respectively. The spectrum
I, shown in Fig. 7 is obtained for x = 0.45 and has
practically the same shape as the measured spectrum (b)
of a sphemulite (Fig. 6).

Fram this analysis it can be asserled that the
spherulites in the partially crystallized sample are not
completely crystalline, having residues of an amorphous
phase whose composition is probably the same as the
precursor glass.

E. N,CS3 glass surface composition

The Raman microprobe technique gives information
about the surface and near-surface bond vibrations since
the focal cylinder of the incident laser light, formed by
the optical microscope objective, has a typical diameter
and length of about 1 pem and 2.5 um, respectively.
This small volume concentrates the maximum irradiance
of the incident light and is focused at the surface of
the sample.

In Sec. IV.D some differences between the Raman
spectra of N,CS; glass obtained in conventional 90°
(Fig. 4) and in backscattering geometry with the micro-
probe technique [Fig. 6(a)] have been discussed. One
cause of these differences was attributed to the distinct
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FIG. 7. Resulling spectra 1, toking x = 0.45 in Eq. (5), and using
Ihe intensities I, and [, of the spectra (a) and (c) of Fig. 6.

vibrational behavior of bulk and surface bonds, since
bulk and surface structures are not the same. This i5
due to differences in the composition in both regions.*64

Pantano ef al. 6 measured the composition profile of
a commercial soda-lime-silica plass by Auger electron
spectroscopy. The glass studied had 74 mol % of Si0a,
and thus with a high degree of polymerization. An ion-
milled sample exposed to air for 3 min shows a higher
concentration of NayO at the surface than in the bulk.
This is due to reactions of atmospheric water vapor with
the glass surface, resulting in a sodium hydroxide surface
layer. The surface enrichment with sodium gives rise
10 a depleted region beneath the surface, which in tum
hinders the diffusion of additional Na jons to the surface.
As Ca ions are tightly bonded fo the glass structure, their
diffusion to the surface is less pronounced.

The N2CS; glass is less polymerized than the glass
studied by Pantano ef al*® and the surface reactions
with atmospheric water arc faster. This has been ob-
served with optically polished surfaces exposed to air:
afier exposure of some hours or days, depending on
the atmospheric relative humidity, the polished surface
becomes whitish and opaque due 10 formation of small
needle-like crystals, as observed by optical microscopy,
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probably sedium hydroxide. In such a glass the depleted
region is believed to be deeper than in high-silica lasses.

These considerations lead one to suppose that the
Raman microprobe technique is sensitive to surface
composition of glasses.

Figure 8 shows a comparison of bulk Raman spectra
of some metasilicate glasses with those of bulk and
surface spectra of the N2CS; glass, where the differences
between both of the latter spectra become meaningful.

The bands of the CS spectrum have higher inten-
sity than the others. It seems to be exagperated below
800 cm™, but such behavior has also been observed by
Virgo et al® and Yin et al®

N2:C8; glass has an inlermediate composition be-
tween that of the NS and CS glasses, As Na,O is
added to CS glass, the Raman relative intensity of
the glasses decreases. The lower relative intensity is
attained for the NS glass. For a glass with composition
IN2,0-2Ca0 . 38i0,, the Raman spectrum intensity lies
between those of the CS and N2CS; glasses.” The
intensity of the N,CS; surface specirum is intermediary
to that of the NoCS; and NS bulk spectra. This is a clear
indication that the surface and near-surface of the N, CS,
glass have different composition from that of the bulk,
and that it has a higher Na ion concentration, This result

is mnaumanansn with the results presented by Pantano
et al.*

T T T 17 7T T T 7

—— N,CSy surfaoce
=== N3CSy bulk
=~ N5 bulk

=== €5 bulk

intensity

1 ] 1 1 |
1200 1000 800 600 400 200

Raman shift {cm-1)

FIG. 8. Superposition of Raman spectra of some metasilicate plasses:
amorphous phase of partially crystallized N:CS; [from Fig, 6(a)], bulk
N;CS; glass (from Fig. 4), bulk Nax0 - 5i0, (NS} glass,™ and bulk
€a0-5i0; (CS) plass.™® The spectra are normalized with respect 1o
the maximum of the 980 cm~' band,

224

An increase in the sodium concentration at the
glass surface can be attributed to the occumence of a
diffusional process of those ions from the bulk to the
surface, as a result of superficial reactions. Dunken™
and Doremus™ discussed some characteristic reactions
that can take place at glass surfaces, and their influence
in the diffusion of specific fons through glass-solution
and glass-vapor interfaces.

Since the preparation of the N;CS; samples to the
Raman measurements, several processes took place with
some type of surface reaction, of more or less intensity:
(i) leaching during grinding (lapping) and polishing;
the final slurry became highly alkaline; (ii) etching
for 10's in acid solution; (iii) a long time (6 weeks)
elapsed between etching and Raman measurements;
(iv) weathering  occurred during this time, although
the samples have been conditioned in a recipient with
silica-gel. A diffusional process promoted by reactions
involved in some of those situations could have produced
the surface and near-surface increase in the Na ions
concentration,

In order to verify if such diffusion can actually
happen under the situations exposed above, systematic
experimental measurements are needed to determine the
compositional profile of such less polymerized glasses,
where it is to be expected that the variations of compo-
sition extend decper than for high-silica glasses.

V. CONCLUSIONS

The increasing crystallinity of the N.CS; glass with
thermal treatments was observed by x-ray diffraction,
infrared and microprobe Raman Spectroscopy measure-
ments, and scanning electron microscopy observations.
The x-ray diffractograms of highly erystallized sam-
ples show no evidence of reminiscent amorphous phasc
which leads us to conclude that the sample is poly-
crystalline and has 100% crystallinity. Infrared measure-
ments and scanning electron microscopy observations
are insensitive to lead to such a conclusion, but the
microprobe Raman measurements show that highly crys-
tallized samples have, as a matter of fact, a very low
coneentration of a residual amorphous phase embedded
in the crystal phase. This was established by the obser-
vation that the basis of the Raman bands is broader than
for full crystalline materials.

The microprobe Raman spectra show clearly that the
spherulites are constituted by crystalline and amorphous
phases. The degree of crystallinity of these spherulites
could be determined if the actual fully crystallized sam-
ple spectrum is known.

The densities of N2CS; glass and of maximum
crystallized samples are (2.661 = 0.003) and (2.759 +
0.009) g/cm’, respectively.” This means that the Si—0
(BO and NBO) bond lengths are shoriened with increas-
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ing crystallinity. The strengthening of these bonds also
increases, where the Si—-NBO bonds are stronger than the
Si-BO bonds.*! These considerations probably account
for the low shift of the 970 cm™' Raman band and of the
main high frequency infrared bands to higher frequencies
as the crystallinity increases. )

The structural changes which accompany the in-
creasing crystallinity may be the reason for the shift of
the 620 cm™' Raman band to lower frequencies.

An interesting feature observed in the comparison
of the metasilicate plasses Raman spectra is that the
microprobe Raman technique seems to be able to give
information about the compositional changes and bond
vibrations at the materials surfaces.
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