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Memory effects of raw materials in glass melts
Raman spectroscopy investigations of glass defects
Heinrich IVlörtel and Wilfried Watzka
Institut für Werkstoffwissenschaften, Lehrstuhl für Glas und Keramik, Universität Erlangen-Nürnberg, Erlangen (Germany)

Robert A. Condrate, sr. and Richard R Hapanowicz
Industry/University Center for Glass Research, Alfred University Alfred, NY (USA)

rhe present work is based on investigations of a luminum oxide containing lead glasses. T h e a im was to decrease the costs in the
)roduction of lead glass by addi t ion of alkalis o ther t h a n potass ium and soda. Fe ldspar a n d nephel ine from different sources were
mployed. D u r i n g the melt ing process inhomogeneit ies, cords, knots and blisters arise the origin of which could be de tec ted by
leans of R a m a n spectroscopic measurement on the glasses. This could be achieved also for very tiny inclusions, where o t h e r
l e thods such as light microscopy fall. Only results which can be generalized are considered in this work . R a m a n spect roscopy h a s
Toven to be an excellent me thod to determine the contents of gas bubbles by m e a n s of the ro ta t ional spectra of the gases o r
ispectively to trace structural changes back from the mineral to the homogeneous glass via the vibra t ional spectra of the solids.
'hus, the development within  a cord can be demons t ra ted and the origin of k n o t s can be explained. T h e use of this m e t h o d in
»cplaining defects, tak ing a luminum oxide conta in ing lead glasses as an example, is presented by var ious investigations. T h e s t ruc-
iral inhomogeneit ies in the glasses may be traced back to their origins. i.e., the glasses "have  a m e m o r y " of their raw mater ia ls .

iedächtnis der Glasschmelzen an ihre Ausgangsrohstoffe
amanspektroskopische Untersuchungen von Glasfehlern

»ie vorliegende Arbei t basiert auf Unte r suchungen an aluminiumoxidhal t igen Bleigläsern. Es w u r d e versucht , d u r c h Z u g a b e a n d e r e r
Ikaliträger als Pot tasche und Soda die Kosten in der Bleiglasproduktion zu senken. Hierfür w u r d e n Feldspat u n d Nephe l in ver-
;hiedener Herkunf t eingesetzt. Beim Einschmelzen ergeben sich Inhomogeni tä ten , Schlieren, K n o t e n u n d Blasen, deren U r s p r u n g
1 Glas mittels Raman-Spekt roskopie ermittel t werden konnte , auch an sehr kleinen Einschlüssen, bei denen andere M e t h o d e n wie
B. Lichtmikroskopie versagen. Es wird hier nur auf die verallgemeinerbaren Ergebnisse mit tels Raman-Spek t ro skop ie e ingegangen .
>ie Raman-Spekt roskopie ha t sich als eine ausgezeichnete M e t h o d e erwiesen, e inmal zur E r m i t t l u n g des Inhal tes von G a s b l a s e n
Ittels der Rota t ionsspektren der Gase und z u m anderen , u m strukturelle Ä n d e r u n g e n v o m Minera l bis hin z u m h o m o g e n e n G l a s
ihand der Vibrat ionsspektren der Festkörper zu verfolgen. So k a n n die En twick lung innerha lb einer Schliere aufgezeigt u n d die
erkunft von K n o t e n aufgeklärt werden. A n h a n d zahlreicher Beispiele wird die A n w e n d u n g dieser M e t h o d i k in der Fehlerauf-
ä rung a m Beispiel der a luminiumoxidhal t igen Bleigläser vorgestellt. In den s t rukturel len Inhomogen i t ä t en der Gläser k ö n n e n
iren Ursachen noch e rkannt werden, die Gläser „er innern sich" an ihre Rohstoffe.

. Introduction
tructural characteristics of bulk solids and inclusions

lat may be present in them can be determined by using

aman spectroscopy. In a R a m a n spectroscopic meas-

rement, a laser beam with a frequency VQ passes

irough the investigated material . Structural species

ich as molecules or ions are per turbed to an excited

ate, and scatter light with the same frequency VQ when

\Qy return to their initial State. Such coherent scattering

called Rayleigh scattering. However, a very small por-

on of hght is adsorbed during the scattering process

hieb is scattered with a frequency vq  Av. Such scat-

Ting produces Stokes-Raman scattering bands . Such

ands are produced because the interacting molecules or

>ns find themselves after scattering light at various ex

ted vibrational or rotational energy states with respect
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to the initial energy State. In conventional R a m a n spec-

troscopy, a R a m a n spect rum is generated when the

intensity of the S tokes -Raman scattered light is m e a s -

ured as a function of frequency shift Av from the Ray

leigh frequency v.

Crystalline materials exhibit sha rp Raman-sca t t e red

bands at well-defmed frequencies which cor respond to

optically active vibrat ions of the crystalline lattice. Such

bands will only be observed in the R a m a n spec t rum if

there is a change in polarizabili ty dur ing the Vibration.

In contrast , glass mater ials p roduce b road bands (which

are usually fewer in number ) due to the lack of long

range order developing from the shor t - range order t ha t

is present in the glass network. The locations and in ten-

sities of the vibrat ional R a m a n b a n d s can be ana lyzed

in terms of the nature of the related glass or crystall ine

structure. G a s molecules can also produce rota t ional R a

man spectra consisting of many sharp b a n d s due to t r a n -
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Figure 1. R a m a n spectra of the reference samples (O2, CO2,
and air) . T h e spec t rum at the t o p is tha t of an u n k n o w n gas
bubble in a glass specimen. Α c o m p a r i s o n with the reference
spectra shows the u n k n o w n to be most ly O2, with some CO2.

sitions between excited rota t ional energy states. These
latter bands can be used to de termine the nature of the
gas componen t s tha t are present and their concen-
tra t ion.

R a m a n spectroscopy, therefore, can be used to ident-
ify the gas componen t s present in bubbles in glass or the
crystalline phases included in glass. Also, the resulting
R a m a n spectra for the bulk glass at different sample lo
cations can show cor responding spectral characteristics
of the shor t - range order of the precursor crystalline
materials. This possibility allows cords in glass to be
traced back to the appropr ia te s tar t ing raw materials.

T h e examples described in this work will demon-
strate the capabilities of R a m a n microprobe analysis
with respect to var ious glass problems. The presented
results were ob ta ined as par t of the AiF-sponsored re
search project "AI2O3 and Z n O in lead crystal glass".
Spectra l /s t ructural results will be presented to illustrate
the de terminat ion of gas contents in bubbles in glasses
a long with the spectroscopic investigation of surface
crystallization, s tone and cord formation, and spectral
analysis for unders t and ing the development of structural
inhomogenei ty in glass. The title for this study is meant
to indicate that one can unambiguous ly trace glass de
fects in the form of stones, cords and gas bubbles back
to their origins by using the R a m a n microprobe tech-
nique. Obviously, this capability has extreme impor tance
for identifying defects, and removing their sources (i.e.,
for guarantee ing p roduc t quali ty) .

16.00 32.00 64.00 80.00 96.00
Wave numbers in cm ̂  

Figure 2. R a m a n spectra of gas bubbles in unfmed lead cryst;
glass; the bubbles are mostly CO2. Spect rum 1: 1.0 m o l % AI2C
added as nepheline, spectrum 2: 1.5 m o l % AI2O3 added as m 
pheline, spectrum 3: 1.5 m o l % AI2O3 added as feldspar.

2. Experimental set-up
Α R a m a n microprobe that is equipped with a micn
scope at tachment [1] can be used to investigate u 
clusions as small as several micrometers which are i 
much as 1 m m below the glass surface. In this set-u
the laser beam source is passed into the optics of tl
microscope by reflecting on a beam splitter, and the
focussed on to a given position of the investigated spec
men. The resulting beam from the sample position
back-scattered into the optics of the microscope, ar
then passed through the beam sphtter on to the entran<
slit of a spectrometer so that a R a m a n spectrum ca
be measured for the given sample posit ion. The Rama
microprobe technique can be classified as a nondestru«
tive technique, as long as the investigated sample can l 
posit ioned in the beam path without breaking it up. T h
technique is especially powerful for investigating noi
destructively the gas contents in bubbles in glass.

3. Gas contents of bubbles in glass
Figure 1 illustrates the rotat ional R a m a n spectrum of
bubble in an industrial Silicate glass in comparison 1 
spectra of bubbles with air and pure gas components : 
Standard glass specimens. Different gases produce spei
t ra containing R a m a n bands at different band location
The air spectrum is dominated by the bands of N2, as
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shown by its comparison with the spectra of the pure
gas components in bubbles. The rotat ional R a m a n spec-
t rum of the gas bubble shown in figure 1 corresponds
closely with that of a bubble containing mostly O2 along
with some CO2.

Figure 2 illustrates the rotat ional R a m a n spectra of
some gas bubbles formed during the early stages of the
melting process in lead-containing crystal glasses that
were investigated in the earlier ment ioned A i F project.
AI2O3 was placed into the lead-containing glass by the
addit ion of either nepheline or feldspar. These addit ions
into the initial crystal glass caused foaming in the re
sulting glass, and sometimes led to different melting be
havior. The rotational spectra of the gases present in
such bubbles in these glasses could be easily investigated
by using the R a m a n microprobe technique. The R a m a n
>pectra of glass specimens which were melted with 1.0
)r 1 .5mol% AI2O3 added in the form of nepheline of
lifferent sources (see the two upper spectra in figure 2)
)r with 1.5mol% AI2O3 added as feldspar (see lower
pectrum in figure 2) indicate bubbles which are domi-
lated by the presence of CO2. Presumably, such CO2
v̂ as produced from organic species which were intro-
uced during the processing of the raw materials. Such
ubbles are only detected dur ing a very early stage of
le melting process, and, as a general rule, are associated
dth batch stones (i.e. with remnants of the raw mate-
als). These bubbles were found near stones.

However, the vast majority of all of the analyzed
ubbles exhibit spectra such as the one shown in figure
, which, in turn, is similar to the upper spectrum in
gure 1. The investigated bubbles, therefore, contain
lostly oxygen. The following Interpretation seems to be
likely explanation: The oxygen solubility of the glass

Dt containing nepheline or feldspar is changed by the
Idit ion of the natural raw material . The oxygen con
nts of the resulting glasses are no longer in equilib-
um. As a consequence, reboiling occurs which causes
•rmation of oxygen bubbles.

. Melting behavior studies
xperiments relating to melting behavior were conduc-
id with all raw materials in the research project. Glass
lelts were quickly cooled from 1300 C by pour ing them
ut, in order to evaluate the dissolution of the grains
sing a microscope. As a result, it was concluded that
le minerals first began to dissolve on cleavage surfaces
i d at inhomogeneities. The grains were observed to
:eak up into finer chunks, which led to cords and
'hlieren in the glass, if insufficient time was available
»r melting and reaching homogenei ty (figures 4 and 5).

. Structural nature of stones in various
ivestigated glass samples
tones originating from raw materials that are used for
>rming glasses can be readily identified by R a m a n

18.00 36.00 54.00 72.00 90.00
W a v e numbers in cm'^

Figure 3. R a m a n spec t rum of bubbles in lead crystal glass; these
bubbles are most ly O2, with some CO2.

I 1  1 mm

Figure 4. S tones a n d bubbles with schlieren in an early stage of
melting investigated u n d e r t ransmi t ted polar ized light.

1 mm

Figure 5. Break ing u p of nephel ine in to fmer pieces wi th t r ans -
format ion to carnegiei te (investigated u n d e r t r ansmi t t ed po la r -
ized l ight); no t e dissolut ion on the cleavage surfaces a n d the
format ion of cords or schlieren.
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Figure 6. R a m a n spectra of solid silica inclusions quar tz and
cris tobal i te [1].

1
I 1 0.5 mm

Figure 7. Nephe l ine r e m n a n t close to the surface of a crystal
glass surface investigated unde r t r ansmi t t ed polarized light.

microprobe analysis as long as their location in the
glasses are within the working distance of the objective
lens in the microscope. One good example is the Identifi-
cat ion of crystalline silica r emnan t s present in Silicate
glaze glasses after firing porcelain bodies. Even though
some of these sihca stones are t oo small to be clearly
defined in the light microscope, they can be clearly iden-
tified by their R a m a n microprobe spectra. The presence
and composi t ion of such problemat ic inclusions are in
fluenced by the glaze firing condi t ions. Incomplete reac-
t ion of the raw materials in the glaze can cause the reten-
t ion of crystalline remnants in the glaze material . It has
been observed a R a m a n microprobe spectrum of a solid
inclusion that was found in the giassy matrix of such a 
glaze specimen which had been fired in a no rmal firing
a tmosphere [1]. This inclusion was in a long distance
from any bubbles in the glass. T h e Observation of the

I 1 0.5 mm

Figure 8. Carnegieite remnant in a crystal glass melt investi
gated under t ransmit ted polarized light.

s trong R a m a n band at —463 cm~^ demonstrates the
this sohd inclusion is essentially composed of a - q u a r t
There is no indication for any of these types c 
inclusions that any transformation occurs from th
a-quar tz phase to the a-cristobalite phase, which woul
be expected for fired specimens involving sufTicienf
higher firing temperatures and /o r longer firing period
In contrast , the R a m a n microprobe specta (figure 6) f(
solid inclusions found on the surface of bubbles in tl:
same glaze specimens indicated that bo th a -quar tz a r
a-cristobali te were present. R a m a n bands at 127, 22
413, 780 and 1081 cm ^ were associated with the a-cri
tobalite phase. Slight shifts in their wave numbers mi
be due to stress effects on the polycrystalline inclusior
Analysis of the R a m a n spectra of the glaze specimei
fired at higher temperatures and longer periods of tirl
indicated larger a-cr is tobal i te /a-quar tz concentrati^
ratios for solid inclusions found either embedded on tl
surfaces of bubbles or immersed in the giassy matr
than were indicated for the specimens that were fin
under previously described conditions. Optimizat ion * 
the firing condit ions for the glaze materials generati
giassy glaze matrices into which crystalline Si02 hc
completely dissolved so that no R a m a n microprol
spectra could be obtained for any solid inclusior
Similar spectra are found of remnants relating to undi
solved quar tz in glasses or of stones from silica refra
tories.

Ano the r good Illustration of conveniently identifyii
stones in glass by R a m a n microprobe analysis involv
the investigation of solid inclusions formed in cryst
glasses using nephehne as a starting material [2]. F(
instance, the observed R a m a n microprobe spectra of i]
vestigated crystalline inclusions either sitting on the su
face of the glass or embedded in the glass (figures 7 ar
8) indicate that they originate from a carnegieite pha;

= 

~ 

-



NaAlSiO^ (Ne)

nepheline

carnegieite
crystal

nepheline
crystal

500 1000
 Wave numbers in cm'̂

igure 9. R a m a n spectra of nepheline crystal, carnegieite crys-
il and nepheline glass [2].

ither than a nepheline phase (figure 9). There are slight
ifferences in their band locations with respect to those
Γ the pure phase due to differences in cation substi-
ition. Apparently, nepheline crystals converted to the
irnegieite form under the füll cycle of heat t reatment
)nditions for this investigation.

, Structural/spectral relations between
7 S t a l s and glasses with similar compositions

many cases, the average short-range order of glasses
id crystals with the same elemental composi t ion is
Tiilar. It is well known that this similarity causes inter-
lations between the R a m a n spectra of related h o m o -
ineous glass and crystalline phases. In other words,
mnan t effects of the short-range order of the crystal-
le phase is seen in the R a m a n spectrum of the related
ass. One fmds that the R a m a n spectrum of the glass
rms usually a broad envelope spectrum of the R a m a n
»ectrum of the related crystalline phase. This relation
)lds for glass composi t ions of interest in this paper.
gures 9 to 11 illustrate the R a m a n spectra for anor-

 ite, orthoclase and nepheline composit ions, respec-
/ely [3]. Figure 9 illustrates the spectra of nepheline,
jnegieite (the high-temperature modification) and ne
leline glass. Figure 10 shows the spectra for the potas-
am-rich side of the feldspars, i.e., sanidine (the iso
lemical high-temperature modification of orthoclase),
id orthoclase glass, additionally the potass ium ho
ologon of nepheline, leucite. Figure 11 illustrates the

KAISisOe (Gr)

KAISJaOe (Lc)

orthoclase
glass (Or)

leucite
crystal (Lc)

sanidine
crystal

500 1000
 Wave numbers in cm

1500

Figure 10. R a m a n spectra of sanidine crystal , leucite crystal
and or thoclase glass.

 Wave numbers in cm^

Figure 11. R a m a n spectra of anor th i t e crystal and c o r r e s p o n d -
ing glass.

spectra for the calcium-rich corner of the feldspars (an-
orthite and anor th i te glass). In general , mos t of the Ra
man b a n d s of the related phases can be interrelated to
each other. Fu r the rmore , there is usually a systematic
change in the R a m a n spectra as one proceeds from one
glass composi t ion to another , indicating a systematic
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500 1000

Wave numbers in cm ^

Figure 12. C o m p a r i s o n of the R a m a n spectra of nepheline glass
a n d or thoc lase glass.

CaAl^SIAiAn)  Na^AI.SIAiNe)
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20Ne- 80An
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Figure 13. R a m a n spectra of feldspar glasses having different
compos i t ions a long the nephel ine  anor th i t e join [3].

change in its glass structure. Figure 12 compares the
spectra of nepheline and or thoclase glass. Figure 13
illustrates this systematic change with the R a m a n spectra
for the n e p h e l i n e - a n o r t h i t e series [3] and figure 14 the
analogous change for the o r t h o c l a s e - a n o r t h i t e glass
series.

Nephel ine raw materials had been employed from
C a n a d a and N o r w a y in the AiF-sponsored research
project. T h e R a m a n spectra of these two raw materials
are shown in figure 15, and it can be seen that they are
clearly different. M o r e detailed analyses showed that
addi t ions of feldspars in paragenesis with the nepheline
occur in b o t h raw materials ; these addit ions determine
the Propor t ion of alkali in the raw materials. Fur ther
more, one could determine that the R a m a n spectra of
different crystal lographic or ientat ions of the same min-
eral differed from one another (i.e., the anisotropy of
the lattice was clearly reflected in the spectra).

I
i
(D

KAISi30e(0r)  CaAl̂ SiPaiAn)

40 Or-60An

20 Or 80 An

100 An

60 500 1000
Wave numbers in cm

Figure 14. R a m a n spectra of feldspar glasses having differer
composi t ions a long the o r t h o c l a s e - a n o r t h i t e join [3].

Nepheline

Wave numbers in cm

Figure 15. R a m a n spectra of nepheUnes from different sourct

7. Structural nature of cords and schlieren in
various investigated glass samples
Cords or schlieren appear in glass due to variations
the glass composi t ion or structure at the associated loc
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tions in the glass (see figures 4 and 5). R a m a n micro-
probe spectra can be obtained for such glass defects by
focussing the microprobe on the defect and running its
spectrum. Analysis of these spectra with that of the bulk
glass will generate glass structural information con-
cerning the defects.

The vibrational R a m a n microprobe spectrum of a 
cord in a Silicate glass along with that of the bulk glass
in which it resides are illustrated in [4]. Only subtile dif-
ferences may be seen between these spectra. Significant
differences can only occur in the spectra if there are
significant differences in the related structures. One may
note that  a broad band at about 800 cm ^ becomes less
intense in the spectrum of the cord with respect to that
of the bulk glass. Bands appearing in this region may
be due to vibrational modes involving bridging oxygens.
Brawer et al. [5] showed that the intensity of a R a m a n
band at about 800 cm~^ for alkah Silicates decreased
vvith increasing alkali content, indicating  a decrease of
bridging oxygens with respect to non-br idging oxygens.
This spectral difference is probably due to more network
nodifiers being present in the cord region than in the
)ulk glass. The network modifiers could be introduced
)y corrosion of refractories in the glass melting tank,
^he variations in the relative intensities of vibrational
>ands in the R a m a n microprobe spectra can change
epending upon which location on the cord is focussed
uring the microprobe measurement .

Schlieren can appear in a glass a round  a crystalline
iclusion due to incomplete dissolution of the crystalline
hase. This glass defect is due to incomplete and in
omogeneous dissolution of the crystalline phase into
le glass a round itself One should see progressive
langes in the R a m a n microprobe spectra/glass struc-
ire when one measures the spectra at various short dis-
inces from the inclusion if this schlieren effect is appar-
i t . Figure 16 demonstrates the spectral development of
cord from  a carnegieite crystal when measurements

i e taken at 40 pm intervals until the end member is
iached. The homogeneous glass contains  1 m o l % AI2O3
lat was introduced by using nepheline. Clearly, there is
change in the spectra as one moves the focussing spot
yvay from the inclusion. Figure 12 illustrates the R a m a n
Vectra for nepheline and orthoclase glass. Clearly, com-
arison of the spectra in figures 12 and 16 indicates that
lere is a change in the glass composi t ion approximately
long the nephe l ine -o r thoc lase jo in as one moves away
o m the crystalhne inclusion.

Analysis of the vibrational spectra from the R a m a n
:)ectrometer enables the recognition that the glass struc-
ire of the schlieren depends upon the long-range order
f the dissolving crystals. Tha t means that the form of
le spectrum approaches that of the lead glass with in-
*easing distance away from the nepheline relic. The
lange in the intensity of the band in the wave number
;gion between 800 and 1000 c m  ^ (the location of the
i - O stretching vibrations) verifies the change in the
ΐ2θ3 content as the crystal is approached. Therefore, a 

cord analysis using R a m a n microprobe spectroscopy can
give informat ion about the a luminum supplier (i.e.,
about the a luminum-conta in ing mineral) . In o ther
words, by investigating  a glass cord, it is possible to
determine whether feldspar, nepheline or a n o t h e r a lumi-
num conta in ing mineral was the source of the cord. This
would no t be possible th rough chemical analysis alone.
The shor t - range order of the glass develops from the
long-range order of the crystalline mineral , as long as
homogenei ty has been reached.

The fact that nepheline was observed to t ransform
into carnegieite before melt ing explains why nephel ine is
especially difficult to melt. Tha t is, why m o r e energy is
required for melt ing and for reaching homogeneity.
Theoretical formulat ions of melt ing behavior mus t also
take in to account this phase t ransi t ion.

8. Surface crystallization of Silicate glass
samples
Finally, R a m a n microprobe techniques can be used to
analyze the na ture of inclusions formed on glasses due
to surface crystallization resulting from different types
of surface t reatment . Figure 17 illustrates the R a m a n
microprobe spect rum which was obta ined for a b l o o m
that was formed u p o n heat treating  a s o d a - l i m e Silicate
glass specimen in an S02-containing a tmosphere [6]. Fo r
all cases of the applied treatments, the result ing R a m a n
spectra were similar. The part icularly investigated
specimen was heat- treated at 700 °C in an a tmosphere
containing  2 vol .% SO2 and 2 vol .% moisture. T h e com-
parison a n d analysis of the spectral features indicate tha t
the b loom on the treated specimen probably conta ins a 
sodium Sulfate phase in which other cat ions such as
Ca^^ or Mg^^ are also possibly subst i tuted for N a ^ ^
ions. Similar R a m a n microprobe spectra were no ted for
crystalline coatings on the surfaces of bubbles in
s o d a - l i m e Silicate glasses prepared with sod ium sulfate.
It is also interesting to note that when the b l o o m is
wiped from the surface of the glass, and the specimen is
reheated in an air a tmosphere ,  a b loom re turns to its
surface whose R a m a n microprobe spect rum is similar to
that of the earlier formed b loom, indicating tha t the
bloom conta ins  a sulfate phase that is similar to the one
which was observed in the b looms after earlier t reat-
ments. These results suggest tha t some SO3 (or SO2)
must have dissolved into the glass dur ing the initial
t reatment of the glass in the S02/H20 / a i r a tmosphere ,
and mus t have diffused back to the glass surface a long
with Na20 dur ing the further heat t rea tment of the
wiped glass in the air a tmosphere to form fresh b loom.

9. Conclusions
Düring the melt ing of glass, the raw materials lose their
mineral s tructure, their s tructural long range order a n d
are dist inguished by a shor t - range order which has
characteristics of the former long-range order. Gases are
either t r apped in bubbles or are set free dur ing mel t ing.
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Figure 16. Development of the R a m a n spectra of cords and
schlieren start ing from carnegieite and ending with the h o m o -
geneous lead crystal glass. (NSN: Nephel ine Syenite from
Norway)
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Figure 17. R a m a n spectra of surface devitrification on a floc
glass which was exposed to flowing SO2 gas [4].

R a m a n spectroscopy enables composi t ional and/c
structural analysis of gases, using rotat ional spectra, an
solids, using vibrational spectra. Thus, R a m a n micrc
probe spectroscopy can be applied to the identificatio
of crystalline particles in glass (i.e., a mineral analysis
Any phase conversion of the crystalline inclusions ca
be determined from the microprobe data . The melts di;
play the corresponding characteristics of the short-ran^
order, whereby cords in glass can be related to the star
ing materials, and gas bubbles can be analyzed wit
respect to their form and composi t ion. The so-calle
R a m a n microprobe apparatus, equipped with a micrc
scope, can be used to examine inclusions as small ί
several micrometers which are u p to 1 m m below t t
surface of the glass. The R a m a n microprobe techniqi
is classified as a nondestructive technique, as long as t t
specimen can be placed in the laser path. It is especial?
useful that the content of closed bubbles can be dete
mined nondestructively, at the very least on a qual
tative level.
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(HVG), Frankfur t /M. , utilizing resources provided by the Bun-
desminister für Wirtschaft, Bonn. This suppor t is gratefully
acknowledged. T h a n k s are also due to the Indust ry/Univers i ty
Center for Glass Research at the N Y S College of Ceramics at
Alfred Univers i ty Alfred, N e w York (USA) , and especially to
its Director, L. David Pye, for generous suppor t and mak ing
the R a m a n microprobe appara tus available.
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