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Metall ic silicon inclusions in glasses ob ta ined f rom different Container glass c o m p a n i e s and f rom l abora to ry mel t s by a d d i t i o n of 
metallic cutt ings (a luminum, magnes ium) were examined using l ight and Scanning e lectron m i c r o s c o p y T h e c o m p o s i t i o n of t h e 
formed silicon spheres is always similar. T h e metall ic inclusions are c o m p o s e d of silicon wi th a very small p a r t of fmely d i s t r i bu t ed 
i ron -S i l icon alloys. In amber and green glass ch romium, manganese and c o p p e r are addi t ional ly enr iched as fur ther m a i n e l emen t s 
in these alloying phases. Differences in the composi t ion of silicon spheres are due t o the dwell t ime a n d the c o n c e n t r a t i o n o f 
polyvalent ions in the melt . 

Vergleich von metallischen Siliciumeinschlüssen in industriellem Hohlglas und Laborschmelzen 

Metall ische Siliciumeinschlüsse in G la sp roben aus verschiedenen Behäl te rg lasbe t r ieben und aus Labor schme lzen m i t M e t a l l s p ä n e n 
(Aluminium, Magnes ium) wurden mi t der Licht- und Ras te re lek t ronenmikroskopie un te r such t . D ie Z u s a m m e n s e t z u n g der meta l l i 
schen Einschlüsse ist ähnlich. Die metal l ischen Siliciumkugeln bes tehen aus Sil icium m i t e inem sehr ger ingen Ante i l von feinvertei l ten 
Eisen-Si l ic ium-Legierungen . In Braun- und Grüng las reichern sich a u ß e r d e m C h r o m , M a n g a n und Kupfer als wei tere H a u p t e l e 
mente in diesen Legierungsphasen an . Unterschiede in der Z u s a m m e n s e t z u n g der Si l ic iumkugeln werden d u r c h die Verweilzeit und 
die Konzent ra t ion der polyvalenten Ionen in der Schmelze hervorgerufen. 

1. Introduction 
In general, it is known that in the Container glass indus
try by metallic contaminat ions of recycled cullet metals 
enter the furnace and lead to the formation of spheres 
of elementary silicon in the melt [1 to 4]. The main con-
stituent of the caps, rings, foils and metallic paper is 
a luminum contaminated by small concentrat ions of 
magnesium, iron, manganese, t i tanium, silicon. The per-
missible quant i ty of a luminum impurities in recycled 
cullet is 5 g/t glass [5]. 

In industry product ion losses of O.Ol to 0 . 5 % are 
at tr ibuted to silicon spheres. The metallic inclusions oc
cur more often in flint glass t han in green and amber 
glass. In this paper the results of the examinat ions of the 
Silicon spheres from the product ion process and from 
laboratory melts with added a luminum and magnesium 
cuttings are presented. Fur the rmore , it is shown that the 
composi t ion of Silicon spheres obta ined from a l k a l i -
- l i m e - s i l i c a glass is similar. Thus , the metallic in
clusions are formed by the same reaction mechanism. 

2. Silicon spheres from industrial melts 
A b o u t 1200 flint glass samples containing metallic Sili
con spheres from Ober land Glas AG, Bad Wurzach 
(Germany) , Wiegandglas, Großbre i tenbach (Germany) , 
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Vetropack, Bulach (Switzerland), a n d Vet ropack Aus t r i a 
G m b H , Kremsmüns te r , were examined c o m p a r i n g a p 
pearance , size a n d compos i t ion of the silicon spheres. 

2.1 Light microscopy 
Using the light microscopes Citoval 2 (Car l Zeiss, Obe r 
kochen (Germany) ) and In t e rphako (Jenapol , Zeiss, 
Obe rkochen (Germany) ) , the metall ic inclusions in Con
ta iner glass were examined. Accord ing t o their appea r 
ance, the Silicon spheres were subdivided in to three 
groups : 

first g roup : simple Silicon spheres, 
second g roup : silicon spheres with bubbles and , 
th i rd g roup: silicon spheres with stress cracks. 

In table 1, the results of a compar i son of silicon 
spheres in samples from different Container glass c o m 
panies are summar ized . F u r t h e r m o r e , some typical sih
con spheres are shown in figures 1 to 5. 

Simple silicon spheres occur very rarely (figure 1). 
M o s t frequently, metall ic inclusions are s u r r o u n d e d wi th 
bubbles. There were found spheres su r rounded by m a n y 
small bubbles a n d spheres su r rounded by a few big 
bubbles. T h e big bubbles are long-st re tched a n d vert i
cally a r r anged to the addi t ional ly observed co rds (fig
ures 2 a n d 3). Smaller spheres are formed very often at 
the surface of the silicon spheres. 

By polar ized light a s t rong refraction is observed 
a r o u n d the spheres, which is due to stresses be tween 
glass a n d metall ic inclusion. D u r i n g the cool ing process 
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Table 1. Resul ts o f Classification o f sil icon spheres observed in industrial f l int glass samples 

sample series 1 sample series 2 sample series 3 sample series 4 

simple Silicon sphere 
Silicon sphere w i th bubbles 
Silicon sphere w i th stress cracks 
sphere diameter in mm^^ 

6 . 7 % 
5 9 . 5 % 
3 3 . 8 % 

0.87 ± 0.2 

2 .0% 
5 5 . 3 % 
4 2 . 7 % 

0.75 ± 0.2 

2 .8% 
68 .6% 
28 .6% 

0.62 ± 0.2 

2 .8% 
58 .3% 
38.9% 

0.93 ± 0.2 

M e a n value w i th Standard deviation. 

5 0 0 μ m 

Figu re 1. Simple silicon sphere wi th a smal ler sphere at the 
surface (investigated u n d e r reflected-light mic roscope) . 

I 1 500 μ m 

Figure 3. Silicon sphere with cords a r ranged radially and 
bubbles a r ranged verdcally (investigated unde r reflected-light 
microscope) . 

400 μ m 

Figure 4. Silicon sphere with radial and elliptical stress cracks 
(investigated unde r reflected-light microscope) . 

I 1 5 0 0 μηη 

Figure 2. Silicon sphere wi th a long-s t re tched bubb le (investi
ga ted u n d e r reflected-light microscope) . 

these stresses are built u p a r o u n d the metal l ic inclusions 

due to different t he rma l expans ion coefficients (asi = 

= 2.5 · 1 0 - ^ K - i , ttgiass = 9 · 1 0 - 6 K - i ) . In figure 4, 

radial and elliptical stress cracks formed a round the Sili

con spheres are shown. 

The cords observed were examined using the Schear-

ing me thod at the In te rphako Jenapol microscope. The 

refraction difference measured between glass and cord is 

negative. Thus , the cords consist of Silicon oxide. 



Η 625 μ m 

Figure 5. Oval silicon sphere (investigated unde r reflected-
light microscope). 

500 μ m 

Figure 6. Silicon sphere wi th m a n y small bubbles ob ta ined in 
amber glass (investigated unde r reflected-light microscope) . 

The Silicon spheres from product ion processes have 
a mean size of (0.80 ± 0.20) m m . This uniform sphere 
size is assigned to a long residence time of Silicon spheres 
in the glass melt. However, the time was too short for 
complete dissolution of the metal . Figure 5 shows an 
oval Silicon sphere. This shape is at tr ibuted to the liquid 
State of the metallic sphere in the melt. The silicon 
spheres did no t dissolve at a higher melting tempera
ture either. 

In the case of green and amber glasses the silicon 
spheres formed were also examined, however, no t so 
thoroughly. The Silicon spheres have a mean size of 
(0.80 ± 0.37) m m . In figures 6 and 7 typical silicon 

Η 5 0 0 μ m 

F i g u r e 7. Silicon sphere wi th rad ia l stress c racks o b t a i n e d in 
green glass ( investigated u n d e r reflected-light mic roscope) . 

\ 4 0 μ m 

Figu re 8. B S E mic rograph of a Silicon sphere. 

spheres are shown. T h e appea rance of the meta l l ic in
clusions is also domina t ed by m a n y very small bubbles , 
cords , stress cracks a n d smaller silicon spheres at the 
surface of the spheres. 

T h e Silicon spheres formed in the Container glass 
melt are easily fissionable, bu t stick strongly t o the sur
rounding glass. 

2.2 Scanning electron microscopy 
T h e glass samples con ta in ing silicon spheres were p re 
pa red for studies using the Scanning electron mic roscope 
D S M 900/Zeiss , Oberkochen ( G e r m a n y ) . W i t h the a id 
of X-ray analyses, the compos i t ion of the silicon spheres 
was de te rmined . T h e compos i t ion of silicon spheres in 
samples from different Container glass c o m p a n i e s is 
similar. As shown in figure 8, the silicon spheres in flint 
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Table 2. C o m p o s i t i o n (element c o n c e n t r a t i o n in wt%) of the da rk phase conta ined in silicon spheres from flint glass de te rmined 
wi th X- ray analysis 

e lement sample series 1 sample series 2 sample series 3 sample series 4 

Si 96.2 ± 2.41) 95.5 ± 1.9^) 96.4 ± 1.3») 97.7 ± 0.7») 
Ο 0.6 to 6.5 0 t o 5 . 2 - -
Ti 0 t o O . 3 - 0 to 0.4 -
Fe 0 t o 2.5 - - -
Sn 0 to 0.6 - - -
N a 0 to 0.2 0 to 0.3 0.2 ± 0.04»> 0.3 ± 0.05») 
Ρ 0 t o 0.2 - - -
Z n 0 t o 1.2 - - -
F - 0 t o 2 . 3 - -
C u - - 0 to 1.0 -
S - - - 0 t oO .2 

M e a n value wi th Standard devia t ion . 

Table 3. C o m p o s i t i o n (element concen t r a t i on in wt%) of the light phase conta ined in silicon spheres from flint glass de te rmined 
wi th X-ray analysis 

e lement sample series 1 sample series 2 sample series 3 sample series 4 

Si 49.8 ± 7.0^) 47.7 ± 5.6»> 41.3 ± 2.2») 40.4 ± 4.0») 
Ο 0.2 t o 2.3 - - 0 to 1.2 
M g - - - -
Al - - - -
Ti 0.1 t o 5.8 0 to 6.3 6.2 ± 4.2»> 5.7 ± 3.0») 
M n 1.5 to 29.8 3.2 ± 1.2^) 1.4 ± 0.4») 9.0 ± 4.2») 
Fe 35.0 ± 9 . 4 1 ) 42.4 ± 3.3^> 4.2 ± 1.6») 40.8 ± 2.9») 
Sn 0 to 0.5 - - -
C r 0.3 to 0.6 0 to 1.5 2.2 ± 1.27») 0.7 ± 0.07») 
Ρ 0 t o 0 .4 0 toO.5 0 t o O . 5 0.4 ± 0.1») 
C u 0 t o 5.2 0 t o 2 . 4 38.0 ± 4.2») 0 t o 5 . 5 
Z n 0 t o 2.2 0 t o 2 . 4 4.0 ± 1.2») 0 to 8.0 
P b 0 t o 5.0 - 0 to 1.8 0 to 0.4 
F 0 t o 7.9 0 to 1.9 0 to 1.0 0 to 0.8 
N a 0 t o 0.3 0 to 0.4 0 to 0.3 0 to 0.3 
S 0 to 0.5 - - 0 t o O . l 

») M e a n value w i th Standard deviation. 

glass consist of a d a r k mat r ix phase in which a lighter 
phase is embedded . T h e light phase in t u r n is composed 
of different phases . However, these phases could not be 
analyzed separately due to their small size (<5 pm). 

T h e results of X-ray analyses of these phases are 
summar i zed in tables 2 a n d 3. T h e d a r k phase contains 
Silicon a n d small concent ra t ions of o the r elements. The 
m a i n elements of the light phase are silicon and iron. 
Only in the samples from Vetropack Aust r ia a high con
tent of copper was found. T h e concen t ra t ions of manga
nese, copper , zinc, lead, f luorine a n d t i t an ium in this 
phase f luctuate strongly, which is a t t r ibu ted to the differ
ent phases con ta ined . Consequent ly for these elements 
the m e a n value wi th Standard deviat ion could not be 
calculated. Α high concent ra t ion of these elements as in 
the case of m a n g a n e s e (see table 3, sample series 1) is a 
runaway. Often the S i : Fe mole rat io was 1 : 2 , accord
ingly a FeSi2 phase has been formed. 

C o r r e s p o n d i n g to studies by light microscopy, 
smaller silicon spheres were observed a r o u n d the silicon 

spheres. Figures 9 and 10 show that the smaller spheres 
are sometimes connected with the initial sphere or they 
are already separated. These spheres contain a higher 
quant i ty of light phase as well as more different phases. 
Fur thermore , the composi t ion of the alloys differs from 
sphere to sphere. 

Beside these spheres of 50 to 100 pm in diameter also 
many spheres smaller than 5 pm were formed. As shown 
in figures 8 and 9, these very small particles are a r ranged 
circularly a round the silicon spheres in a distance of 
about 5 pm. 

The amber and green glass samples examined also 
contain silicon spheres composed of a silicon-rich matr ix 
phase and a phase appear ing lighter. The main consti tu
ents of the light phase are Silicon, iron and chromium. 
Otherwise, some samples contain manganese and copper 
as further main const i tuents in this phase. The quant i ty 
of the light phase in the matr ix phase of silicon differs 
from sample to sample. This result confirms that the 
composi t ion of this phase depends on the concentrat ion 



20 μ m 

Figure 9. BSE m i c r o g r a p h of a s m a l l e r silicon sphere at t h e 

s u r f a c e o f t h e i n i d a l S i l i c o n s p h e r e . 

4 0 μ m 

F i g u r e 10. BSE mic rog raph of two smaller silicon spheres bes ide 
the init ial silicon sphere. 

of polyvalent ions in the melt and on the diffusion of 
the reduced elements to the metalhc spheres. Fur ther 
more, the melting time as well as the melting tempera
ture influence the structure of the silicon spheres. 

3. Silicon spheres produced in laboratory 
melts 
3.1 Silicon spheres fornned by aluminothernny 
For the compar ison with the results from the industrial 
samples, silicon spheres have been produced by a lumino-
thermic reduct ion of silicon oxide. The reaction was car
ried out corresponding to the Instruction in [6], 

3Si02 + 4 A 1 2AI2O3 + 3Si (1) 

The Silicon spheres obta ined have a mean size of 1 cm. 
By means of X-ray diffraction method, it could be 
shown that the spheres are composed of two phases. 
These phases are a pure silicon phase and an alumi
n u m - s i h c o n phase with a composi t ion of 0.87 mol Al 
and 0.13 mol Si. Using electron microscopy a further 
a luminum-Si l icon- i ron phase was found. In table 4 the 
results of the E D X analyses are given. As shown in fig
ure 11, the main phase is an a l u m i n u m - s i l i c o n alloy, in 
which a Silicon phase (smooth phase) and an alumi
n u m - s i l i c o n - i r o n phase (needle phase) are embedded. 
Such structures appear when a luminum can no t dissolve 
and therefore, a local surplus of a luminum occurs. The 
composit ion of the a l u m i n u m - s i l i c o n phase fluctuates 
between the following composi t ions (in wt%): 

a) 67.3 Al, 30.6 Si, 2.6 Ο and 
b) 95.4 Al, 2.8 Si, 1.6 O. 

T h e compos i t ion of the a l u m i n u m - s i l i c o n - i r o n p h a s e 
is dominated by the Compound Al3FeSi2. 

T h e a luminothermica l ly formed spheres a re also 
stable in the Container glass melt a n d only d e c o m p o s e 
when mel t ing tempera tures exceed 1200°C for a long 
t ime. 

3.2 Silicon spheres fornned by adding metallic 
cuttings 
T h e mel t ing condi t ions of the labora tory mel ts wi th ad 
ded a l u m i n u m and magnes ium cut t ings are a l ready de
scribed in a previous publ ica t ion [3]. Mel t s were ca r r ied 
o u t varying the a m o u n t of meta l as well as melts va ry ing 
the mel t ing volume, the quan t i ty of refining agent , the 
mel t ing t ime and the mel t ing tempera ture . T h e s tudies 
have shown tha t the format ion of Silicon is due t o the 
in t roduc t ion of the meta l a n d can be described by the 
following reaction (2) in the Container glass mel t . 

N a 2 C a 3 S i 6 0 i 6 + 2A1 + I/2O2 -> Al2Si05 + 

+ Si + N a 2 C a 2 S i 3 0 9 + CaSi03 . 
(2) 

A t mel t ing tempera tures of 1100 a n d 1200°C as well as 
at quant i t ies of a l u m i n u m over 0 . 5 g / 1 0 0 g glass a n d 
Short mel t ing times, s t rong gray-black colora t ions of the 
glass melt were observed. These colored glass reg ions 
also con ta in silicon, however, these particles a re n o t 
comparab l e with the silicon spheres from indus t ry d u e 
to their small size. In this pape r the results of investi
ga t ions of the Silicon spheres p repared at mel t ing t em
pera tures of 1400 a n d 1500°C are presented. 
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100 μ η 

Figure 11. BSE micrograpii of phases in a silicon sphere formed 
by aluminothermy 

3.2.1 Light microscopy 

T h e Silicon spheres ob ta ined in l abora to ry melts are 
similar to the silicon spheres in samples from the indus
trial p roduc t ion . T h e spheres are also sur rounded with 
many bubbles, stress cracks and cords. Fur the rmore , 
smaller spheres were also found at the surface. Bubbles 
especially were observed in a m b e r glass melts and at 
long annea l ing times. 

In con t ras t to flint glass samples from industry the 
Silicon spheres from labora tory mel ts containing flint 
glass cullet are often su r rounded wi th b r o w n cords. Fur 
the rmore , a gray-colored glass region a r o u n d the me
tallic inclusions was observed in a m b e r glass melts. 

3.2.2 Scanning electron microscopy 

It was found by Scanning electron microscopy that the 
Silicon spheres ob ta ined are ei ther homogeneous or 
composed of two phases , which appea r in the Scanning 
electron micrograph as a da rk a n d a light phase. The 
compos i t ions of the d a r k a n d the light p h a s e are similar 
t o those of the samples of the p roduc t ion process. 

The gray-colored glass region formed a round the Sili
con spheres in amber glass melts was examined by line 
scan analyses. The main const i tuent of the gray-colored 
region is silicon. Coppe r and iron are also enriched at 
some positions. 

4. Results and discussion 
The studies of silicon spheres using hght and electron 
microscopy confirm that independent of the introduced 
metal always silicon spheres with a similar structure are 
formed in a l k a h - l i m e - s i l i c a glass. 

In contras t to the Container glass samples from dif
ferent companies, the glass melts prepared in laboratory 
are often gray-black colored. F r o m this result it is con
cluded that the metals added dissolve better due to a 
higher glass volume and stronger currents in a melting 
tank. However, the silicon spheres formed dissolve very 
slowly. 

Corresponding to Weiser et al. [2] and Wohlleben et 
al. [7] the metallic inclusions consist of a silicon-rich 
main phase in which a light phase is embedded. The 
light phase is composed of different phases. The main 
elements are silicon and iron. Fur the r elements such as 
t i tanium, manganese, chromium, zinc, lead, copper in 
very small concentrat ions were found in flint glass. In 
amber and green glass chromium, manganese and cop
per are also enriched in these phases. 

The composi t ions of obtained alloys depend on the 
concentrat ion of polyvalent ions in the melt, melting 
temperature and melting time. If silicon spheres stay for 
a long time in the melt, then they always contain al
loying phases. 

The viscosity of the melt is decreased by high ad
ditions of a luminum. Thus, the reduced metallic el
ements can not diffuse in to the silicon spheres and ac
cordingly homogeneous Silicon spheres are found in 
these flint glass melts. Metall ic spheres containing an 
aluminum-Silicon matr ix phase can also be formed, 
when a local surplus of a luminum exists. This case is 
observed in a gray-black colored sample from the bot
t o m of the crucible [3]. Weiser et al. [2] also found simi
lar inclusions in some dip samples taken out of a melt
ing tank. 

Table 4. Composi t ion of aluminothermically formed Silicon spheres determined with E D X analysis 

sample no. composi t ion (element in wt%) 

rough main phase smooth phase light needle phase 

Ο Al Si Fe 0 Si Al Si Fe 

1 2.2 69.8 27.8 _ 2.0 98.0 42.4 26.7 30.9 
2 1.7 96.2 1.6 0.4 2.1 97.8 55.3 16.5 28.2 
3 2.0 64.7 33.3 - 1.6 98.4 54.4 17.0 28.7 
4 1.6 96.3 2.0 - 1.2 98.8 - - -
5 1.5 93.6 4.7 - 0.9 99.0 54.2 17.1 28.6 
6 1.8 67.3 30.8 - 1.2 98.5 41.9 27.2 30.9 



The sihcon spheres obtained from industry are in

clusions which have been for a long t ime in the Container 

glass melt. However, from the spherical shape, it is con

cluded that the temperatures in the melt are in general 

higher t han the melting temperature of the elementary 

Silicon. Dur ing the anneal ing process the silicon spheres 

split off smaller spheres. The composi t ion of these me

tallic spheres fluctuates strongly due to different forming 

condit ions such as the size of the start ing metallic 

sphere, the quant i ty and composi t ion of alloys con

tained, and the temperature. 

The deformation of the spherical shape, the appear

ance of smaller spheres and of bubbles indicate the dis

solution process of the metallic inclusions. The disso

lution behavior of silicon spheres was also investigated. 

The results will be reported in a further pubhcat ion . 

5. Conclusions 
These investigations have shown that metallic silicon 

spheres occur in the Container glass melt if metals such 

as a luminum enter the melting tank. The silicon spheres 

obta ined have a similar structure in the a l k a l i - l i m e -

- s i l i ca glass. The polyvalent ions in the melt are re

duced. The reduced metallic elements diffuse into the 

Silicon spheres and form further phases in the silicon-

rich matr ix phase. 

These invest igat ions were c o n d u c t e d wi th the k ind s u p p o r t of 
the Arbe i t sgemeinschaf t industr ie l ler F o r s c h u n g s v e r e i n i g u n g e n 
(A iF ) , Kö ln ( A i F - N o . 9395B) u n d e r the auspices o f t he 
H ü t t e n t e c h n i s c h e Vere in igung der D e u t s c h e n G l a s i n d u s t r i e 
( H V G ) , F r a n k f u r t / M . , ud l iz ing resources p rov ided by t h e B u n 
desminis te r für Wir t schaf t , B o n n . T h a n k s a re d u e t o all these 
i n s d t u t i o n s a n d t o t he C o n t a i n e r glass compan ie s , w h i c h p r o 
vided glass samples for the e x a m i n a d o n s . 
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