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Introduction

Glass has been a part of human society for almost 5000 y&&asnous account of the origin of
man-made glass is found in an ancient encyclopeditew by the well-known Roman scholar,

Pliny the Elder. In this work, he states:

There is a story that once a ship belonging to some traders in nitrum pte {thieecoast
of Lebanon] and that they scattered along the sioopeepare a meal. Since, however,
no stones for supporting their cauldrons were tahing, they rested them on lumps of
nitrum from their cargo. When these became heateldvere completely mingled with
the sand on the beach a strange liquid flowedréasts; and this, it is said, was the

origin of glass.

However, recent archeological evidence has sugyéisae in fact glass was first produced in
Mesopotamia, or modern-day Syria, sometime arobed? millennium BC. While the exact
circumstance regarding the invention of glass is notiggcknown, the fact that it has been a
part of many cultures throughout history is well documenté@m crude cast beads found in
Egyptian tombs to the highly regarded crystal wine glasskgi@ano (Venice), glass has played

a role in almost every major civilization during almost every timeopan history.

Initially the full potential of this material was natalized and the first glass pieces were
simple cast beads or other small objects. In tkiteenth century BC, a technique called core-
forming, where molten glass was shaped around ancade of clay and attached to a rod,
allowed for the creation of the first glass vesséihis technique made it possible for a much
greater variety of shapes to be created, however tiselgasade by core-forming were
necessarily of limited size and their walls werawmidably somewhat thick. Nonetheless, it was
the preferred method of manufacturing glass pieces for over 1500 years. The practice of blowing
glass did not come about until the first century, B@Gere it was invented by the Phoenicians
around the region now known as Palestine. Althaudid not come into practice until
relatively late in the history of glass, it would complgtethange the industry and remained the
foremost method of producing glass objects untilitlvention of a power-driven machine for
glassmaking in the early 1800’s. To this day it ptays a large role in glass production and is

the method of choice for making glass by hand.



The Glassblowing Process

The basic process for creating a simple open végsglowing glass is as follows. First the
glass is gathered onto a metal pipe by submergmdgip about 1 in into a pool of molten glass
that is housed in a furnace (figure 1). The pgo#hen spun until a blob of glass (called a
“gather”) has formed at the tip. Then the gathehigped by rolling it across a metal table called

a marver (figure 2). This serves to chill the algsof the glass and center the pipe within it.

Figure 1: Glass being gathered from furnace Figure 2eiGmimg rolled on marver

Credit: http://www.tropicalglassdgsicom/ Credit:_http://www.seekersglassic

Next, air is blown through the end of the pipe artslibble of glass is formed (figure 3). This
bubble is then shaped using a variety of metaktffajure 4). As the glass is being cooled by
the air and by the tools, throughout this entire processuhble is periodically reheated by

being exposed to the hot air of the furnace.

Figure 3: Glass being blown into a bubble Figure 4: Glasg lshaped with jacks

Shet " > \

Credit: http://www.tropicalglassaescom/ Credit: http://personal.ee.syme.uk/




Once the desired shape has been achieved, a metabhed @ “pontil”) with a small amount of
glass on the end is attached to the bottom of the bybgure 5). The bubble is then broken off
the blowpipe and remains attached to the pontil. The openmouthed vessel can then be
manipulated using metal tools, wooden blocks, wet papeven gravity. Finally, when the
desired shape has been achieved, water is placdxd gomint and the piece is broken off the

pontil and placed in an annealing oven.

Figure 5: Bubble being attached to pontil Figur¥éssel being shaped on the pontil

Credit;_http://www.edmondson.se Credit:_http://www.stanford.edu/

Glass as a Noncrystalline Material

Glass, in the scientific sense, refers to an amorphous or noncrystalline $otitly $peaking,

the term ‘solid’ is a misnomer as glass materialsiot solidify in the same sense that crystalline
materials do. A glass becomes increasingly viscous in @aoons manner as temperature
decreases. There is no definite temperature athvithe liquid transforms to a solid as with
crystalline materials. A typical curve illustragithe temperature dependence of viscosity in
glass can be seen in figure 9. The fact that iseosity of glass can be adjusted by changing the
temperature is of principal importance to the practice of glassblowing. As is indicated on this
figure, there is a temperature range within which the géassnsidered workable. Throughout
the glassblowing process, it must always be ensured thpiette being worked on is kept

within this range or it will break. This is accomplishedit@guent reheating at the furnace.
However, if the piece becomes too hot, then thesghall become more fluid, which may make

it difficult to control or even ‘erase’ details th@ave been created on the piece. Thus, the
process of glassblowing relies heavily on accurately nodatipg the viscosity of glass using

temperature control. In addition, this figure destosites another thermal property that is



important to glassblowers -the annealing point. Afteaagpiece has been created, it's stored
in an annealing oven for several hours so that the intetresses caused by rapid cooling don’t

cause it to break.

Figure 9: Typical Curve illustrating Temperature-Depemdeof Viscosity in Glass

Glass Viscosity as a Function of Temperature
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In addition to the temperature-dependence of viscobigyspecific volume of glassy
materials does not change with temperature in the se@ay as crystalline materials. The
contrast between the dependence of specific volume on temperature between these two types of
materials can be seen in figure 10. For cryswalimaterials, the decrease in volume that occurs
with decreasing temperature becomes discontinuous atefiegpoint (T,) as the material
freezes into a crystalline solid. However, thigslmot occur with glassy materials where
specific volume decreases continuously with decreasing temperature except for astiggdel
in the slope of the curve that occurs at the giasssition temperature gJ. As this name

implies, below this temperature, the material isstdered to be a glass.



Figure 10: Dependence of specific volume on temperaturgldesy and crystalline materials
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Glass Composition

Although glass can be made from a variety of materialdpthes of this paper will be glass
comprised primarily of silica, as this is the typattivas historically used in artistic glass
blowing -a fact that still holds true today. In adulitito silica, a fusing agent was used -either
soda or potash, as well as a stabilizing compound -limdalliteoxides were also incorporated
to add or remove color and reduce bubbles in thxtumd. The proportions of these compounds
varied greatly from region to region. It is even pdssibr archeologists to determine where a
glass piece was made based entirely on its compositioth tiB® purity of the ingredients and
their exact proportion had a major effect on the qualithefglass produced. The exact recipe
for a certain batch of glass was often a highlyrded secret and there are still glassmakers in
Venice today who refuse to reveal their recipe. In ggna typical mixture would contain 60—
70% silica, 10-20% soda or potash, 5-10% lime and up toth&s oxides.



To prepare the glass, the raw materials woulddagdal to reach a certain standard of
humidity. Then the ingredients would be treated to olataianiform a granule size as possible
and carefully weighed and mixed to form a homogenous blehi. blend would then be
poured into a heat-resistant crucible and placékinvthe fusing furnace. Historical furnaces
could not reach much above 1000 °C which producezhafrothy melt due to the carbon
dioxide released from the compound ingredientsaanttapped within the mixture. Modern
glass-making is done in furnaces at 1500 to 160@&f@hich temperature the glass is very fluid

and the larger bubbles can rise to the top.

Silicon Dioxide: Silicon Dioxide (SiQ), also known as silica, is one of the most abundant
compounds on earth, making up nearly 44 perceriteoéarth’s mantle. The structural

arrangement of this molecule is based off of a silicon-oxy§eéd;*) tetrahedron (figure 11).

Figure 11: Silicon-Oxygen (Sifh) Tetrahedron  Figure 12: Crystalline and Amauh Silica

Crystalline SiO4 Amorphous SiOy
(Quartz)

(Glass)

Credit:_http://www.enigmatic-consatiicom/ Credit:_http://www.ndt-ed.org/

This arrangement is formed by strong directional covdlentls. Four oxygen atoms located in
the corners of the tetrahedron are bonded tocosilatom in the center. In the three-
dimensional silica network, each oxygen atom in the carheach tetrahedron is shared by
adjacent tetrahedra. While the tetrahedra must toaci @ther at their corners, they can do so
at drastically varying angles. The flexibility inese bonds is what allows silica to form both
crystalline and non-crystalline structures. Thesedtmactures are compared in figure 12.

The structure that silica will form varies with tparature and pressure as shown in figure

13. At atmospheric pressure, pure silica will crystalinto three mineral structures with



increasing temperature: quartz, tridymite or criate. Quartz is the most thermodynamically
stable form and is the one most often used in glastuption. As the diagram illustrates, the
melting point of pure silica is over 1700 degrees °C, muchdbfoh the furnaces in antiquity.
So while glass can be formed from silica alone, historically ibleas produced with the

addition of other materials, as will be discussethore depth later in this paper.

Figure 13: Pressure-Temperature Phase DiagramlicorEDioxide (SiQ)
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Silica is obtained primarily by harvesting sand. Howetler composition of sand varies
greatly depending on the local rock sources and conditions. The presence of other suobkrals
as limonite (hydrated iron oxide), ilmenite (Fe@3J), rutile (Ti0,), and magnetite (©,) can
cause impurities or unwanted coloring of the glass. In ptess, the sand used in the highest
quality glass comes from quarries in Fontainebleau, EraBdica can also be harvested directly
from quartz rocks. At one time, the preferred sewtsilica was powdered river pebbles rich in
guartz because it resulted in a more even, cologless. The Ticino River in Italy is a famous

source for these stones and is still used today byléisstjowers in Venice.

Sodium carbonate: Sodium carbonate (M@0s), also known as soda ash, is a key component
in glass production. Adding sodium carbonate, which meB8Hh°C, lowers the necessary

production temperature to around 1500 °C and thus acts.a flux



Before modern manufacturing, one of the primarymsez obtaining sodium carbonate
was from natron, a naturally occurring mixture of saditarbonate decahydrate g€€;-10
H,0), sodium bicarbonate (NaHGQsodium chloride (NaCl) and sodium sulfate {81@).
Natron can be harvested as a salt from dry lake beatsd®environments such as Egypt, where it
was used in the mummification process. In additeonatron, sodium-rich plant ashes were also
used to supply sodium carbonate. Suitable plant varsiigs as the sea-marsh plant, barilla,
grew in abundance along the Mediterranean coast and wargartant part of glass production

in Venice.

Potassium Carbonate: Potassium Carbonate {803) was used in place of soda as an
alternative flux agent, mostly by Northern Europeans. phistice started in the $@entury

due to the difficulty of importing raw materials. Sirmetassium carbonate could be obtained
from the ash of burnt wood, it was easier and less exetsiuse. Forests near beaches that
were used to obtain high quality sand were oftdiedaglass forests’ for their use in this
purpose. Although potash glass was comparatively easieotluce, it had less clarity than
soda glass and it was more subject to disintegratnal severe surface weathering due to water.
Thus it was forbidden to be used by the glassblgwilds in Venice as it was viewed as a

source of impurities.

Calcium Carbonate: Calcium Carbonate (CaG})also known as lime, acts as a stabilizing
agent in the process of glass production by lowetiegemperature at which the mixture fuses
and increasing the chemical resistance of thelfedglass. It was introduced into the mixture
by accident due to the contamination of sand fraomstoed sea shells and other objects.
However it is necessary as a stabilizer becausedoalluim and potassium carbonate are very
hygroscopic so water from the moisture in the air cause sodium and potassium ions to leech
out. These ions get replaced with hydrogen ions which weaken the structure of the silicon
dioxide network. This can cause cracking and gives the glass a frosty appearance.

Color

Color has been a part of glass ever since it was first crdagetb the presence of iron in the
sand that was used to produce it. Although this colorirggdusa to contamination, intentional
coloring was a large part of glass production. In ailizations up to Rome, and in all other
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civilizations outside western Eurasia, glass was chieflyed in its colored and opaque forms,

particularly as an imitation of precious stones.

The color in glass is caused by valence-shell elastabsorbing different wavelengths of
light. Which wavelength is absorbed depends on the properties of the atony teaalinide
variety of possible colors. Color was added byingpdifferent metal oxides in with the glass.

Table 1 shows a variety of the compounds that weeel and their resulting color.

Table 1: Compounds used to color glass

Copper Oxide Turquoise

Pure Metallic Copper Opaque Dark Red

Cobalt Deep Blue

Manganese Amethyst

Antimony Opaque Yellow, Pale Orange
Iron Pale Blue, Bottle Green
Selenium Red

Nickel Blue, Violet, Black
Chromium Dark Green, Black

Titanium Yellow-Brownish

Metallic Gold Ruby

Uranium Fluorescent Yellow or Green
Silver Nitrate Orange-red to Yellow

Tin Oxide w/ Antimony and Arsenic Opague White

Cadmium + Sulfur Deep Yellow

Cadmium Sulfide + Selenium Ruby

Sulfur + Carbon and Iron Salts Amber

Chromium + Tin Oxide + Arsenic Emerald Green

In addition to using compounds to color glass, some comgonack also added to cause
decoloration. It was the Romans that first statiedtirend towards seeing clear glass as both
useful and beautiful. In order to appreciate the colors of wine, a @WRwinan drink, it was
necessary to see through the glass and thus it was importamnable to produce perfectly-clear
glass. Of course the perfecting of clear glass manufagtbad many long-term consequences
on the future uses of glass as is evident today with applisalike mirrors, lenses and windows.

Many of the same compounds that were used to ctdes @lso had a decoloration effect if used

11



in smaller quantities. Manganese reacts with icocatuse decoloration and was one of the first
compounds used to produce clear glass. Antimaignsim, cobalt and nickel were also used

as decoloring agents, as were purified raw ingredients.

One of the most famous forms of clear glass is crystals tJpe of glass was first
invented in Venice during the $%entury. The first type of crystal, known as cristallo, was
made using vegetable ash rich in potassium oxidensagnesium. The glass salts extracted
from the ash were used as the fluxing agent in the meltinggsa@nd this mixed with powdered
qguartz produced a sodium-potassium based glass thakimasely clear and had a higher index
of refraction than normal glass, making it ‘sparkle’. & type of crystal, lead-crystal was
invented in the 17 century in England. As its name would suggess, tiipe of glass is made by
adding lead-oxide during the melting process, up3%. Adding lead oxide raises the refractive
index and lowers the working temperature and viscosity ofldes by increasing the density.
This allows the glass to be worked at a much loesperature and makes it easier to create
clear pieces that don’t have bubbles or other flaws im the bubbles are caused when the
temperature of the glass isn’t high enough. Cistahd lead-crystal have similar properties
except cristallo is much lighter than lead-crysta do the fact that lead has a high molecular
weight (207.2 g/mol).

12



Bibliography

Callister, William D. Jr.Materials Science and Engineering: An Introductidahn Wiley &
Sons 2003.

Dorigato, Attilia,Murano Island of GlassArsenale Editrice 2003.

Ellis, William S.,Glass Avon Books, Inc. 1998.

Le Bourhis, EricGlass: Mechanics and Technolod¥iley-VCH Verlag GmbH & Co. 2008

Lefteri, Chris,Glass: Materials for Inspiration DesigmRoto Vision SA 2002.

MacFarlane, Alan, Martin, Gerrglass: A World HistoryThe University of Chicago Press
2002.

Rao, K.J. Structural Chemistry of Glasseslsvier Science Ltd. 2002.

Sinton, Christopher WRaw Materials for Glass and Ceramics: Sources, Bsges, and Quality
Control, John Wiley & Sons, Inc. 2006.

Tait, Hugh,Five Thousand Years of Glassniversity Of Pennsylvania Press 2004.

13



Personal Portfolio
Week 1

Picture 1: Paperweight Picture 2: Paperweight

Picture 3: Flower

This week | learned how to gather glass out oftineace and how to shape the glass using the
marver (the color is added by rolling the moltersglan colored powder laid out on the marver)
to make simple, non-blown shapes. To make therpagights | used a wooden tool called a
block to create the spherical shape and to mak#éawer | used tweezers to pull on the glass

and shape.
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Week 2

Picture 4: Bottom Weighted Spheres

This week | learned how to blow a bubble using avighape. | practiced making a shape called
a bottom weighted sphere which is the start to mdsital vessel.

15



Week 3

Picture 5: Cup

This week | learned how to make simple cylindrieaésels such as this small cup.
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Week 4

Picture 6: Cup with colored body wrap

This week | learned how to make different typed@toration. The first is called a wrap where a
separate gather of molten glass is applied to theepon the pontil and then twisted to create the
desired pattern. The second is called a bit and it's madmubfihg down the molten glass to

create a little dot of glass on the piece. The third thing wadles which are made in a similar
manner to wraps.
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Week 5

Picture 7: Vase with body wrap

This week | learned how to make vessels with tear-drop shapes insteaibt stalls like a
cylinder. | like the way this turned out, | thiftkwas a pretty good job for my first vase.
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Week 6

Picture 8: Teapot

Picture 9: Cup with sucked-in bits

This week | learned how to blow out and suck is bit create texture (such as the ‘finger holes’
in the cup) or add structural elements (such as the spthé teapot) to pieces. The teapot is

more of an Alice in Wonderland version as it didn’t turn stuight at all but it was pretty hard
to make so I'm relatively pleased with it.
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Week 7

Picture 10: Pot with bits

This week | learned how to make shapes that aratteglto be shorter. This didn’t really turn
out how | wanted.

20



Week 8

Picture 11: Flower-vase Vessel

This week we were allowed to design and make wieatere wanted. | had an idea to make a
vase that morphed into a flower at the top andwiais my first attempt at making it. It didn’t
turn out that well but | was really just practicitigsee how the concept could work out.
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Week 9

Picture 12: Skinny pitcher Pice 13: Flower-Vase Vessel

This week we were allowed to design and create whatge wanted to make. The first is my
attempt at making a pitcher and the second is my second atempking my flower-vase idea.

| like the way the pitcher turned out but it wasn’t exactly what | envisioned. | wanted the handle
to be more elegant looking and the bits weren’t supposed to be that marshmallowly. The flower-
vase turned out quite well though | was hopingtteewould be a little more flowery. This is

my favorite piece because it was something original thankeasp with and | was able to

implement and | think it looks cool.
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Week 10

Picture 14: Vase with swirled color

This week we were allowed to design and create evieatwe wanted to make. | wanted to try to
make something that used the color swirling techesdghat we learned with paperweights and
try to use it for a blown piece. The picture ddéeshow it well but it turned out how | wanted
and | was really happy with the overall shape efitlece which is exactly what | was going for.
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Week 11

Picture 15: Bowl

This week we learned how to make bowls. Although tloesn’t look that impressive, bowls are
actually a pretty advanced vessel and as this was myfiest think it turned out quite well.

Week 12

This week we were allowed to design and create whaige wanted. | had an idea to make a
strawberry but as this was our final week | haven’'t been algiekaup the finished piece yet.
Before it was put in the oven it looked like it cawut nicely though.
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