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 Introduction

In this module of the course in Glass Technology you will be introduced to a wide range of topics in chemistry, physics and materials science.  The areas covered are all related to glass and their relevance to the glass industry will become clear as you work through the later modules.  It would be impossible to include all the science you’ll ever need for a full comprehension of glass melting, forming and finishing processes in one module.  The main aim of this module is to provide you with a basic reference which you can refer back to when you encounter the scientific terms in later modules. 
1. Basic Chemistry

1.1. The Atom

The atom can be considered the basic building block of all matter: atoms combine together to form everything around us (including us).  The word ‘atom’ comes from the Greek for indivisible and it was thought, up until the start of this century, that atoms could not be broken down into smaller particles.  We now know that the atom has a structure: it consists of a positively charged, very dense core called the nucleus surrounded by negatively charged particles called electrons.  A typical atom can be thought of as a sphere with a diameter ~ 1 x 10-10 m.

Nucleus: The nucleus of an atom contains positively charges particles called protons and neutral particles called neutrons.  The masses of both particles are very similar - of the order of 1.66 x 10-27 kg.  This mass is referred to as the atomic mass unit (a.m.u.) and is the basic unit of mass measurement in the atom.  The diameter of the nucleus is roughly 1/10 000 th of the diameter of the atom itself.

Electrons carry an electrical charge of - 1.  They orbit the nucleus and have a mass of approximately 1/1840 a.m.u..

From the above it should be clear that the atom is mostly empty space with electrons orbiting a tiny, dense positively charged nucleus at the centre of the atom.  The simplest atom is that of hydrogen and this is represented in Figure 1.  The hydrogen atom has 1 electron orbiting a single proton.  (The role of the neutrons in a nucleus is to hold the positively charged protons together - as hydrogen has only one proton in the nucleus, there is no need for any neutrons)







  electron






nucleus



   (containing 1 proton)

Figure 1 - Electronic structure of hydrogen atom (nucleus not to scale)

Atoms are generally electrically neutral which means the number of protons in the nucleus (positive charges) equals the number of electrons orbiting the nucleus (negative charges). If the number of electrons in the atoms changes, then the atom has an electric charge, and is called an ion - we will discuss ions in more detail later.

Elements and Isotopes

All atoms of the same element have the same number of protons. For example, all atoms which contain one proton are atoms of the element hydrogen.  This number uniquely defines the element and is called the atomic number, Z.  There are some 110 different elements which are arranged in the Periodic Table according to their properties.  Of these elements, approximately 20 have been made by man, some of which only exist for fractions of a second because they are unstable.  The remaining 90 or so can all be found, to a greater or lesser extent, on earth.


          atomic number, Z
= number of protons in nucleus 





= number of orbiting electrons (in neutral atom)

As mentioned previously, the atoms of an element must all contain the same number of protons.  This does not mean that they then must all be exactly the same.  The number of neutrons in the nucleus of an atom is not a fixed number for each element.  This can vary from atom to atom.  Atoms of the same element which contain different numbers of neutrons are called isotopes. It is found that many elements exist as mixtures of isotopes.  Because electrons are much lighter than protons or neutrons, the mass of the atom can be taken to be concentrated in the nucleus.  The atomic mass number, A, is equal to the number of protons plus the number of neutrons in the nucleus. 



atomic mass number, A = number of protons + number of neutrons

The element chlorine, for example, has two isotopes chlorine-37and chlorine-35, the isotopes being identified by their different atomic mass numbers.  Chlorine has an atomic number of 17, hence a nucleus of a chlorine atom must contain 17 protons.  Chlorine-37 has an atomic mass number of 37 which equals the sum of its protons and neutrons and so it follows that nucleii of this isotopes must contain 20 neutrons.  By similar reasoning, it can be deduced that atoms of chlorine-35 must contain 18 neutrons.  Overall, the element chlorine is 75 % chlorine-35 and 25 % chlorine-37 with the result that the average atomic mass of chlorine is 35.5 a.m.u.. 

1.2. Electronic Structure

The science of the nucleus is the domain of the physicist and advances in this area have yielded atomic power (and nuclear weapons).  However, in glass making, we are more interested in how elements form compounds and the reactions between the elements and compounds involved.  The nature of these reactions and the chemical properties of the element are determined by the electrons, and their distribution, in the atom.

Electrons can only orbit the nucleus in certain allowed orbits, also called shells, and each shell has a limit on the number of electrons it can take (see Table 1)

	Shell 
	Electron Capacity

	1
	2

	2
	8

	3
	8

	4
	18


Table 1 - Maximum number of electrons per shell.

Electrons fill the lowest available shell first.  We have already seen the electronic structure of the hydrogen atom (Figure 1). We will now look at a few more examples

Helium (He) Z = 2
It has 2 electrons orbiting nucleus - both of these can fit in shell 1.




Figure 2 - Electronic structure of helium atom
Lithium (Li) Z = 3
It has 3 electrons orbiting nucleus - from Table 1 only 2 can fit in shell 1, third electron goes into shell 2.







 shell 1




shell 2

Figure 3 - Electronic structure of a lithium atom.

Oxygen (O) Z = 8
It has 8 electrons - 2 electrons in shell 1 and 6 in shell 2 (second shell can hold up to 8 electrons)

Silicon (Si) Z = 14
It has 14 electrons - 2 in shell 1, 8 in shell 2 and remaining 4 in shell 3



shell 1, 2 electrons (full)



shell 2, 8 electrons (full)



shell 3, 4 electrons 

Figure 4 -  Electronic structure of a silicon atom.

1.3. Periodic Table

As mentioned previously, there are approximately 90 different elements on earth.  It was recognised early in the development of Chemistry that some elements exhibit similar properties and that the elements could be better arranged to reflect this rather than simply listing them in order of atomic number.  After a number of attempts by different chemists to organise the elements according to properties, the Russian chemist Mendeleev published his version in 1869.  This was the forerunner of our modern Periodic Table (see Appendix).  Mendeleev organised the elements so that elements with similar chemical properties occupied the same vertical column, or Group, in the table.  Many years later, it was discovered that these elements also shared similar electronic structures which was the basis for their properties.  The horizontal rows of elements are called Periods and on crossing any period the properties of the elements change in a similar manner.

The first vertical column of elements in the periodic table is usually labelled Group I and includes the elements lithium, Li, sodium, Na, and potassium, K which are collectively called the alkali metals.  These metals are all highly reactive and all atoms of these elements have one electron in the outer most shell (see Figure 2).

The next column is usually labelled Group II and includes the elements beryllium, Be, calcium, Ca, and magnesium, Mg.  All the elements in this group are referred to as alkaline earth metals.  These metals are all reactive but not as reactive as those in Group I. All atoms of these elements have two electrons in their outer shells.

Skipping across the table, the elements in the block which runs from scandium, Sc to zinc, Zn, are called the transition elements.  Boron, B, and aluminium, Al, in Group III, each have 3 electrons in the outer shell of their atoms.  Carbon, C, and silicon, Si, in Group IV, have four outer electrons.  (Note: Compounds which contain a significant portion of carbon are termed organic while all other compounds are called inorganic)

At this point the properties of the elements now depend on how many electrons the atoms need to attain a complete outer shell of electrons.  Group V elements (nitrogen, N, phosphorus, P, arsenic, As, etc.) are all composed of atoms that are 3 electrons short of complete outer shells.  Group VI elements (oxygen, O, sulphur, S, etc.; collectively known as the chalcogenides) are all two electrons short of complete outer shells.

Group VII are also known as the Halogens and include fluorine, F, chlorine, C, bromine, Br etc..  The atoms of these elements are all one electron short of a complete outer shell and are extremely reactive.  In contrast the Group O elements (the noble gases:- helium, He, neon, Ne, etc.), are completely inert: they don't react with other elements and they are the only elements which can exist as single independent atoms.  These properties result from the fact that the atoms all have full outer shells.

1.4. Bonding

We have seen in the last section that the reactivity of an element depends on the electronic structure of its atoms and more specifically the number of electrons in the outer shell.  A complete outer shell of electrons confers a stability on an element which is the case with the noble gases.  The other elements do not exist as single atoms because they are unstable. These elements must form structures which provide a complete outer shell, even if this means sharing electrons with other atoms, in order to achieve stability.  In this course we will consider two types of bonding


(i) ionic


(ii) covalent.

Ionic bonding is characterised by the transfer of electrons from an atom that needs to lose electrons to form a complete outer shell, to an atom that requires additional electrons to form a complete outer shell.

Covalent bonding involves the sharing of electrons between atoms so that each has a share in a complete outer shell.

1.4.1. Ionic Bonding

Ionic bonds are generally formed between atoms that need to lose 1 or 2 electrons to gain a complete outer shell and atoms that need to gain 1 or 2 electrons to complete their outer shell. As an example we will take the compound formed between the alkali metal, sodium, Na, and the halogen, chlorine, Cl.  

Sodium has an atomic number of 11 and so has 11 electrons.  Its electronic structure will then be: 


2 electrons in shell 1 (full)


8 electrons in shell 2 (full)


1 electron in shell 3.

All alkali metals have a single electron in the outer shell and if they lose this electron, they then have only full shells.  As a consequence of losing the outer electron, the sodium atom will then have an electrical charge of +1 as the number of protons in the nucleus is still 11 giving a charge of + 11 while the number of electrons (negatively charged) has fallen to 10.  The atom is now referred to as an ion with the symbol, Na+.  (If the sodium atom loses two electrons, it will have an overall charge of +2 and would be represented as Na2+.)

 

shell 1 (2 electrons)



shell 1 (2 electrons)


shell 2 (8 electrons)



shell 2 (8 electrons)



shell 3 (1 electron)


        lost



         sodium atom (Na)



         sodium ion (Na+)

Figure 5 - Electronic structures for a sodium atom and a sodium ion.

Chlorine has an atomic number of 17 which means it has 17 electrons arranged as:


2 electrons in shell 1 (full)


8 electrons in shell 2 (full)


7 electrons in shell 3 - one electron short of a complete shell.

In combination with sodium, chlorine atoms will take up the electrons given up by sodium atoms in order to have a complete outer shell.  The chlorine ions formed will then have 18 electrons (negative charges) orbiting a nucleus containing 17 protons (positive charges) and so the ions each have a charge of -1 and are represented as Cl-.


shell 1 (2 electrons)


shell 1 (2 electrons)


shell 2 (8 electrons)


 shell 2 (8 electrons)



shell 3 (7 electrons)


shell 3 (8 electrons)



         chlorine atom (Cl)



chlorine ion (Cl-)

Figure 6 - Electronic structures for a chlorine atom and a chlorine ion.

As can be seen from the above, one atom of sodium provides the electron necessary for one atom of chlorine.  This means that the compound formed will contain the same number of sodium ions and chlorine ions and will have the chemical formula






NaCl

This compound is called sodium chloride and is better known as common table salt. The ionic bond itself is formed between the negatively charged chlorine ions and the positively charged sodium ions - opposite charges attract.  In the structure formed, every Cl- is surrounded by 6 Na+ ions and every Na+ is surrounded by 6 Cl- ions.

Ionic materials useful in glass making include sodium oxide (Na2O), potassium oxide (K2O), calcium oxide (CaO) and magnesium oxide (MgO).  Just a quick word about the chemical formula for sodium oxide, Na2O.  Each atom of sodium gives up a single electron, but each atom of oxygen requires two electrons to form a complete outer shell. Hence for every atom of oxygen, two atoms of sodium are required.  Note that the ions formed in this case are two Na+ ions for every O2- ion.

1.4.2. Covalent Bonding

In covalent bonding, there is no transfer of electrons from one atom to the other.  In this case, the atoms share the available outer electrons in order to provide each of the atoms with a share in a complete outer shell.  In this type of bonding, a bond refers to a pair of shared electrons with each of the bonded atoms providing one of the electrons.  The number of bonds an atom can form depends on which group of the periodic table it belongs to.  Table 2 gives the appropriate number of bonds for each group.

	Group
	I
	II
	III
	IV
	V
	VI
	VII
	O

	No. of bonds
	1
	2
	3
	4
	3
	2
	1
	0


Table 2 - Number of bonds formed by elements in each group.

We will use this table to determine the structure of silica, SiO2, which is the main glass forming oxide.  

Silicon, Si, is in group IV and so forms 4 separate bonds per atom.  It has an atomic number of 14 which means its electrons are arranged 2 : 8 : 4 and so has four electrons in its outer shell.  If one electron must be committed for each bond formed, then it is clear that the silicon shares all of its outer electrons.

Oxygen is in group VI and forms 2 bonds per atom.  It has an atomic number of 8 and its electronic structure is 2 : 6.  Again, if it commits one electron to each bond formed, it is using 2 of its 6 outer electrons in bonding and retains the other 4 wholly to itself.

The formula of silica, SiO2, results from the need for 2 oxygen atoms for every silicon atom in the structure, as silicon forms 4 bonds and each oxygen only forms 2.




           O
         O




O        Si         O         Si         O 




           O
         O




 O       Si         O         Si         O




           O
         O

Figure 7 - Structure of silica.

The diagram shows that silica forms a network structure.  This is a two dimensional representation but in reality, the structure extends in three dimensions.  You should note that each Si atom is surrounded by 4 bonds - remembering that each bond represents two shared outer electrons, this means each Si atom has a share in a complete outer shell (8 electrons).  The O atoms take part in two bonds each and as mentioned above each O atom retains 4 outer electrons to itself.  Hence, O has a share in four outer electrons in the bonds plus the four it retains to itself, giving it a complete outer shell.

1.4.3. Comparison Between Covalent and Ionic Bonding.

The properties of a glass are heavily dependent on the nature of bonding of the different components in the glass.  Covalent bonds are generally stronger and harder to break than ionic bonds.  The covalent bond is also much more directional than the ionic bond.  Any covalent bond directly links two specific atoms whereas a positively charged ion attracts any negative ion in its neighbourhood and so acts simultaneously in all directions.  As a result of this directionality, many covalently bonded molecules are gases or liquids while ionic materials tend to be solid at room temperature.  However, when covalent materials form network (three dimensional) structures, the materials formed are usually quite hard and stiff e.g diamond, glass.

1.5. Reactions and Chemical Equations

Different compounds can react with each other to form other chemical compounds.  These reactions usually happen more quickly and vigorously as the temperature rises.  A similar effect may be obtained by using a catalyst which is a substance that doesn't change during the reactions but whose presence causes the reaction to proceed more quickly.  Chemical equations are the chemists shorthand technique of describing what happens during a reaction.  We will take the burning of natural gas (methane) in air as an example.  In this reaction methane (CH4) reacts with the oxygen (O2) in the air to form carbon dioxide (CO2) and water (H2O). 



CH4  +   O2  ------>   CO2   +   H2O



  reactants   ------>   products

It is important that the chemical equation for this reaction is balanced.  By this we mean that the number of atoms of each element before the reaction (left hand side of equation) must equal the number of atoms of each element after the reaction (right hand side of equation).  For example, in the above equation there are 4 atoms of hydrogen on the left but only 2 on the right; there is a similar problem with the number of oxygen atoms.  This equation can be balanced to give



CH4   +   2 O2  ------>  CO2   +   2 H2O

This equation now gives more information than simply the names of the reactants and the products.  From the balanced equation using the numbers in front of each chemical formula, we can say that 2 molecules of oxygen react with one molecule of methane to give one molecule of carbon dioxide and 2 molecules of water.  Or that 200 molecules of oxygen react with 100 molecules of methane to give 100 molecules of carbon dioxide and 200 molecules of water.  These of course are unrealistic quantities as measurable amounts of any material are likely to contain billions of billions of atoms.  The basis of measurement in this situation is the mole.  The mole is a number (= 6.023 x 1023) of atoms and the mass of this number of atoms is equal to the atomic mass of the element, as given in the periodic table, in grammes.  Hence the above equation can also be read as one mole of methane reacts with two moles of oxygen to give one mole of carbon dioxide and two moles of water. In the combustion of natural gas or oil, the correct amount of oxygen/air must be supplied along with the fuel for efficient combustion, so an appreciation of this sort of equation is very important.

1.6. Compound Ions

As we have already seen, individual atoms can gain or lose electrons to form ions. The same is true of particular groupings of atoms and the common ions which pop up most frequently in glass technology are:

Carbonates - CO32- 

Nitrates - NO3- 

Sulphates - SO42- 

Silicates - SiO32- 

Phosphates - PO43- 

These ions bond ionically to form compounds such as sodium carbonate (Na2CO3, soda ash), potassium carbonate (K2CO3, potash) and potassium nitrate (KNO3, saltpetre).

Oxidation and Reduction

The valency of an atom is the effective charge on the atom in a compound.  For example in sodium chloride, the sodium is in the form of Na+ ions which have a valency of +1 and the chlorine is in the form of Cl- ions which have a valency of -1.  Obviously, O2- has a valency of   -2 and Fe2+ has a valency of +2.  You should note that the valency of an element (i.e. neutral atoms) is 0.  Some ions can, depending on circumstances, have different valencies.  Such ions are called polyvalent or multivalent.  Iron is a multivalent ion and can exist as either Fe2+ (called ferrous ion or iron (II)) or Fe3+ (ferric ion or iron (III)).  The difference in these two ions is simply in the number of electrons they have, as the number of electrons on an ion falls the higher its positive charge.  To form the Fe2+ ion from atomic iron requires that the atom lose two electrons.  Where atoms lose electrons the element is said to be oxidised.  To convert the Fe2+ back to atomic iron, the ion needs to gain two electrons.  Where atoms gain electrons the element is said to be reduced.  A compound which promotes the oxidation of another element by removing electrons from it is called an oxidising agent and one which produces a reduction of another element is called a reducing agent.

Oxygen gas, O2, commonly acts as an oxidising agent.  For example



4 Fe2+  +   O2  ----->  4 Fe3+  +   2 O2- 

In this reaction, the iron ions have each lost an electron and so been oxidised.  You should note that as a result of acting as an oxidising agent, oxygen itself has been reduced.

Carbon, C, often functions as a reducing agent.  For example



4 Fe3+   +  C  ----->   4 Fe2+  +  C4+ 

In this case the iron ions have each received one electron and so are reduced.

A reaction which involves both oxidation and reduction is referred to as a redox reaction.

1.7. Acids, Bases and the pH Scale

Water is found to contain a small proportion of ions as some water molecules dissociate according to




H2O <-----> H+ + OH-
In water, the concentration of the H+ and OH- ions are, of course, the same and measurement has shown them to be equal to 10-7 moles per litre.   However in other solutions, their relative concentrations vary. A solution which possesses a high concentration of H+ ions (greater than 10-7)  is called an acid and one which possesses a high proportion of OH- ions (greater than 10-7) is termed an alkali.  It is found that the product of the concentration of H+ and OH- ions is always equal to 10-14 moles per litre.




[H+] [OH-] = 10-14 

In hydrochloric acid, HCl, the molecules completely dissociate in solution




HCl -----> H+ + Cl-
with the result that the concentration of H+ ions increases above 10-7 and the concentration of OH- ions decreases.  Sodium hydroxide is a base and forms an alkaline solution in water.  It too completely dissociates in solution.  Note: any base which dissolves in water will form an alkaline solution.




NaOH -----> Na+ + OH- 

This increases the concentration of OH- ions and reduces the concentration of H+ ions.

The pH of a solution is a measure of the concentration of H+ ions present in a solution.




pH = - log [H+]

For example, the concentration of H+ ions in water is 10-7 moles per litre; this gives a pH for water of




pH = - log (10-7) = - (-7) = 7

Higher concentrations of H+ ions result in lower pH values and so all acids have pH lower than 7, and the stronger the acid, the lower the pH.  Similarly all alkalis have pH higher than 7 and the higher the pH, the more alkaline the solution.  The normal range of pH is from 0 to 14.  The pH of any acid or alkali depends on its concentration, and on the extent to which the acid or base dissociates in solution.

The alkali metals, Group I, and the alkaline earth metals, Group II, are so called because they react with water to form alkaline solutions.

Basic Physics

1.8. Solids, Liquids and Gases

We will start the physics section of this module with a brief discussion of the differences at the atomic level between the three states of matter: solid, liquid and gas.

Solids
In a solid material, the atoms are fixed in place.  They cannot move around relative to each other but they do vibrate back and forth about this fixed position.  The degree of vibration increases with temperature.  If the arrangement of atoms is regular and repetitive then the material is crystalline e.g. metals.  A solid with a random arrangement of atoms is referred to as amorphous e.g. glass. The structure of an amorphous solid resembles a frozen liquid (see Figure 8).

Liquids
In a liquid the atoms/molecules that make up the liquid can move around relative to each other.  The liquid will tend to take the shape of its container but its volume is fixed at constant temperature. The speed with which the atoms/molecules move around increases with temperature.

Gases
In a gas the atoms/molecules move around in a random fashion.  The gas always occupies the volume of the space available to it.








(a) Crystalline solid

(b) Liquid (or amorphous solid)

(c) Gas

Figure 8 - Atomic representations of the solid, liquid and gaseous state.

1.9. Diffusion

Diffusion is an important process in the melting of batch and in refining the glass melt.  Diffusion is the spreading of a substance from a region of high concentration to regions of low concentration, the process continuing until the concentration is the same everywhere.  An example of this is the spreading of the smell of perfume, which is a volatile liquid, throughout a room.  A volatile liquid readily forms a gas phase below its boiling point.  Hence, in a perfume bottle there is a certain amount of the perfume in the gas phase.  If the top of the bottle is removed, the concentration of gas near the liquid is high while, far from the bottle, there is practically zero concentration and so no smell at all.  The perfume gas will now diffuse, from close to the liquid, to regions of low concentration which leads to the smell spreading throughout the room; the smell acting as an indicator of perfume concentration.  

There is an additional effect due to the diffusion of perfume.  Perfume, like all volatile liquids, has to maintain a certain concentration of perfume gas at the liquid surface, and if some of this gas diffuses away, more perfume must come out of the liquid to maintain the concentration in the gas phase.  As the concentration at this point will always be higher than elsewhere in the room, perfume will continually diffuse away, causing more perfume to leave the liquid.  Ultimately the liquid will disappear (evaporate) and the smell will be the same at every point in the room.  This process is actually very similar to the way in which sand dissolves in the glass melt and this will be discussed in more detail in module 5.

Another example which can be used to demonstrate diffusion is the addition of a dot of dye to water.  Initially most of the water is clear, and a tiny region has the intense colour of the dye.  After a few minutes, diffusion has ensured that the colour is uniformly spread throughout the liquid.

The rate of diffusion depends on a number of factors including:


(i) the differences in concentration


(ii) the rate at which the diffusing atoms/molecules can travel through the medium


(iii) temperature.
1.10. Density
50 kg of steel and 50 kg of balsa wood  have the same mass but the balsa wood will take up a much bigger volume.  It is common practice to refer to balsa wood as a lighter material than steel but it is more correct to say that the density of balsa wood is lower than that of steel.  The density of a material is the mass of a unit volume of that material usually the mass in kg of 1 m3 of material.  Density can be calculated using the formula






 = m/V

where 



 = density measured in kg per m3 (kg m-3)



m = mass of material in kg



V = volume of material in m3
Typical density values for some common materials are given in the Table 3.

	Material

	 / kg m-3

	steel
	7 800

	soda-lime glass
	2 500

	crystal glass
	3 000

	water
	1 000

	balsa wood
	180


Table 3 - Density values for common materials.

From the table it is apparent that crystal glass has a higher density than soda-lime glass, and so an article made from crystal will be significantly heavier than a similar item made from soda-lime glass.

Note: If two fluids, of different density, are mixed together, the lower density fluid will float to the top.
Heat and Temperature

1.10.1. Introduction

Walking around any glass factory you very quickly become aware of the importance of heat and temperature in a variety of situations e.g. the controlled heating of the annealling lehrs, the cooling water on the cutter’s wheel, and, of  course, the high temperature of the glass furnace itself.  Temperature needs to be monitored closely and be well regulated to ensure consistency of product.   

The title for this section is heat and temperature - for most people these two terms mean the same thing.  However, it is important that you are clear that they are different, though related, quantities.  Very briefly heat is a form of energy whereas temperature is a measure of  how hot something is.  Hence, we can talk of supplying heat to a material which results in a rise in temperature of the material.  There are also situations where supplying heat to an object produces no change in temperature e.g. when boiling vegetables, heat energy is supplied to the boiling water but the temperature of the water remains fixed at 100 oC while the food is cooking.  From this discussion it should be clear that heat and temperature are not the same thing.

1.10.2. Temperature Scales

For any temperature scale two fixed temperatures are required and all other temperatures are measured relative to these.  The most commonly used temperature scale in Europe is the Celsius scale which is based on assigning the value of 0 to the temperature at which pure ice melts and 100 to the temperature at which pure water boils.

When heat is supplied to a solid its temperature will rise.  What is happening to the atoms in the solid?  It is found that the atoms in a solid cannot move around the solid but they can vibrate back and forth over extremely small distances.  As more heat is supplied to the solid the atoms vibrate more and this is observed as an increase in temperature.  The reverse process also occurs.  If heat energy is continually removed from the solid, the vibration of the atoms decreases and, eventually, so much heat energy will have been removed that the motion of the atoms stops.  It is therefore impossible to cool the material any further and this is the lowest possible temperature (= -273 oC).  (This temperature can never be achieved though scientists have managed to get within a few millionths of a degree.)  It was decided to make this fundamental barrier the basis of a new scientific temperature scale - the Kelvin scale (K)


-273 oC = 0 K   (known as absolute zero)

To convert from the Celsius scale to Kelvin simply add 273.

1.10.3. Specific Heat Capacity

The specific heat capacity, c, of a material is the heat energy required to raise the temperature of 1 kg of material by 1 K.  The higher this value is the more energy required to raise the temperature of a specified mass of material.  Some typical values are given in Table 4.

	Substance
	c / J kg-1 K-1

	Water
	4200

	Ice
	2100

	Glass (20 oC)
	840

	Iron
	460

	Air (50 oC)
	1050


Table 4 - Specific heat capacity values for a number of materials.

The value in the table for water is five times that for glass.  This means that if the same heat energy were supplied to 1 kg of water and to 1 kg of glass, then the temperature rise experienced by the glass would be five times that of water.  The exact change in temperature can be calculated using 

Q = mcT

where
Q = heat supplied (J)


m = mass of material (kg)


c = specific heat capacity of material (J kg-1 K-1)


T = change in temperature of material (K)

This relationship also indicates the amount of heat given out as an object cools.  

1.10.4. Specific Latent Heat

When heat is supplied to water its temperature rises.  This heat is referred to as sensible heat i.e. heat which produces a change in temperature.  This continues until its temperature reaches the boiling point.  Continued heating of the water doesn’t result in any further increase in temperature.  The heat supplied at the boiling point of a liquid doesn’t change the temperature of the liquid but changes its state from liquid to gas.  Heat which is used to change the state of a material is called latent heat.  

The specific latent heat of vaporisation of a material, Lv,  is the heat required to change the state of 1 kg of liquid, at its boiling point, to gas with no change in temperature.

The specific latent heat of fusion of a material, Lf,is the heat required to change the state of 1 kg of solid, at its melting point, to liquid with no change in temperature.

The heat required to change the state of a material at its melting or boiling point is given by:





Q = mL

where 


Q = heat energy (J)


m = mass of material (kg) 


L = specific latent heat of fusion/vaporisation (J kg-1)

For water, the specific latent heat of fusion is 3.3 x 105 J kg-1 and the specific latent heat of vaporisation is 2.25 x 106 J kg-1.

In the glass furnace, the batch contains a small amount of water.  When first introduced to the furnace, the temperature of the water quickly rises to 100 oC, the water is then converted to steam and the steam rises in temperature to the furnace temperature (~ 1400 oC).  In determining the heat efficiency of the furnace it is important to account for the sensible and latent heat involved in raising the temperature of the materials involved to the furnace temperature.

1.10.5. Thermal Expansion

When the temperature of a rod of material rises, we have already seen that the vibration of the constituent atoms increases.  This tends to result in an increase in the length of the rod.  This effect is called thermal expansion.  In general, materials expand with rise in temperature and contract on cooling.  In most situations the effects of thermal expansion are not visible to the naked eye but with glass, thermal expansion can give rise to problems of thermal shock.  Thermal shock occurs in glass when one part of a piece of glass suddenly becomes significantly hotter, or cooler, than the surrounding glass.  Ordinary glass such as soda-lime glass, which is used in bottles, has quite a large coefficient of thermal expansion and so the hot (cold) glass wants to expand (contract), however the remainder of the glass piece is at its original temperature and will not change - this sets up stresses in the glass and if these are  sufficiently large the glass will shatter.  Borosilicate glass (trade names include Pyrex and Duran), on the other hand, has a much lower coefficient of thermal expansion and so is much less likely to undergo thermal shock.
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Figure 9 - Thermal expansion of a rod of material.

The relationship between the change in length produced and the change in temperature is given by:





L = LoT

where 


L = change in length (m)


Lo = original length (m)


 = thermal expansion coefficient (K-1)


T = change in temperature of rod (K)

	Material
	 / K-1

	Brass
	18.7 x 10-6

	Iron
	12.0 x 10-6

	Soda-lime glass
	9.0 x 10-6

	Borosilicate glass
	3.2 x 10-6

	Fused quartz
	0.42 x 10-6


Table 5 - Typical values for thermal expansion coefficient, .

1.11. Heat Transfer

There are three main ways in which heat can be transferred from one place to another.  These are



1)
Conduction



2) 
Convection



3)
Radiation

All three are extremely important in the melting and forming of glass.

1.11.1. Conduction

Conduction is the only way that heat can travel through opaque solids.

A solid can be thought of as made up of atoms which act like hard spheres attached to each other by spring-like bonds (see Figure 15).  At any given temperature all the atoms are vibrating to the same extent.  If one part of the solid is now heated, the atoms at this point vibrate more (they are now at a higher temperature) and as they are linked to their neighbours by spring-like bonds, neighbouring atoms also vibrate more. These atoms then pass on this vibration to their neighbours and so, in this way, the heat is passed through the solid.  Note that in conduction heat travels from hot to cold.  The thermal conductivity, k, of a material is a measure of how good a conductor of heat it is.  Typical values are given in the table

	Substance
	k / W m-1 K-1

	Copper
	390

	Iron
	46

	Concrete
	1.3

	Glass(typical)
	0.84

	
	

	Water
	0.57

	
	

	Air
	0.024


Table 6 - Thermal conductivities, k, of a range of materials.
From the table it is clear that metals are good conductors of heat while glass has quite a low thermal conductivity.  This is another factor which contributes to thermal shock in glass - if one part of the glass suddenly becomes hot, the heat cannot move through the glass quickly enough to ensure that all of the glass rises to the same temperature which would result in an even thermal expansion throughout the glass and no problem with thermal shock.  

Note: The thermal conductivity of glass depends on a number of factors such as temperature and the glass composition.

The thermal resistivity of a material is a measure of the materials resistance to heat flow by conduction.  It is numerically equal to 1/k.  A lot of heat energy is used in getting batch materials to the glass melt temperature, so it is important that the construction of the tank furnace is such that the glass melt is well insulated.  This is achieved by lining the tank with a number of layers of refractory brick which contain a high percentage of air-filled voids.  Air is a very poor conductor of heat so the presence of these voids helps increase the thermal resistivity of the bricks and so reduce the heat lost from the furnace structure.

1.11.2. Convection

Convection is the main way that heat can travel around in liquids and gases.

In the table for thermal conductivities, it was clear that the values for air and water were very low.  These figures deal only with heat transfer by conduction, it is obvious that heat can be easily dispersed in the air in a room or in the water in a kettle.  Heat must be able to  travel through gases and liquids by other means.

A simple experiment (see Figure 10) - 


(1) A piece of ice is floated on water in a test-tube and the tube is heated from the bottom.  



Very soon the ice melts as expected. 


(2) A piece of ice is now weighed down so that it sinks in water and the top of tube is heated.



The water at the top of the tube boils before the ice melts??




(i)

ice

(ii)








Heat





       Heat

Figure 10 - Experiment demonstrating heat flow in liquids.

This may surprise you.  Heat transfer in liquids and gases occurs by a different process to that for solids and this process makes use of the fact that the molecules in a gas or liquid can themselves move around unlike in solids.  

If heat is supplied to the bottom of a beaker of water, the water at the bottom, nearest the heat source, takes in the heat resulting in a temperature rise.  This causes the water in this region to expand which reduces its density (remember :  density = mass / volume, if the water expands its volume increases and so its density must fall).  Lower density liquids always float on higher density liquids e.g. oil on water.  The warmed water rises as its density falls to be replaced by the cooler water from the top.  This water is now next to the heat source and so its temperature will increase, expand, density falls and it will rise up.  This repetitive process sets up continuous movement of liquid in the beaker and eventually all the liquid is heated in turn by the heater.  This circulation is called a convection current.  This process explains why in any liquid or gas, the hottest material is to be found at the top - heat rises.







      (1)
    (2)







(1) warm water, which is less dense, rises







(2) denser, cold water falls to replace (1)







       Heat

Figure 11 - Water circulation in a convection current.

The results of the experiment mentioned above can now be easily explained.


(1) The heat delivered to the bottom of the test-tude heats the water here - this water rises to the top and transfers the heat to the ice cube melting it.


(2) The heat delivered to the top of the test-tube heats the water at the top reducing its density.  Because its density is lower than the cooler water below it, the hot water will remain at the top receiving more and more heat until it boils.  The ice eventually melts because the test-tube glass itself heats up and passes the heat around the tube by conduction which is then conducted into the ice.

As a result of convection, heaters used to heat liquids or gases (including the water in a kettle or the air in a room) are generally located at the bottom of the container.  An exception is the immersion heater used in a domestic hot water boiler which only heats the top portion of a quantity of water when small amounts of hot water are required.  

As we shall see convection currents are extremely important in the glass-melting furnace both for transferring heat through the molten glass and in mixing up (homogenising) the melt.

1.11.3. Radiation 

Radiation is the only way that heat can be transferred through a vacuum such as outer space and as such is the only way we can receive heat from the Sun.  Conduction and convection both require atoms/molecules to carry or pass the heat on.

All objects above 0 K radiate heat in the form of electromagnetic waves.  This radiation travels in straight lines at the speed of light in whatever medium it is travelling.  The nature of this radiation depends on the temperature of the object.  For example the human body has a temperature of approximately 300 K and as a result radiates heat in the form of infra-red (IR) radiation which is invisible to the human eye but which can be detected using IR cameras.  An object which is considerably hotter, e.g. an electric bar heater, glows ‘red hot’ when the temperature reaches approximately 1000 K and an object approaching 2000 K will glow ‘white hot’ (e.g. the filament in a bulb).  As well as the type of radiation changing with temperature, the intensity of the radiation also increases very strongly with temperature.  The exact dependence is given by Stefan’s Law which states that the intensity of the radiation is proportional to the fourth power of absolute temperature.  In mathematical form, we have



Q/t  T4 
or
Q/t =  AT4  

where


Q/t = rate at which heat is radiated from object, measured in Watts


 = emissivity


 = Stefan’s constant (= 5.67 x 10-8 W m-2 K-4)


T = absolute temperature of object in Kelvin

The fourth power dependence on absolute temperature is extremely significant in the melting of glass.  Heat transfer from the flame in a glass furnace to the batch and melt is mainly via radiation.  Small changes in temperature have a major impact on the heat radiated to the melt.  For example if the flame temperature rises from 2000 K to 2100 K this results in a 22 % increase in heat transferred.

( Q/t  T4, ratio of heat transferred at the two temperatures given would be 21004 / 20004  which equals 1.22)

Another important factor in Stefan’s law, which we haven’t discussed, is the emissivity, .  A dull black body is considered to be the perfect radiator and has an emissivity of 1.0.  A very shiny metallic white coloured object would be a poor radiator and have an emissivity close to zero.  In heating a glass furnace it is found that an oil flame has a higher emissivity than a gas flame which means that an oil flame will transfer more heat by radiation to a glass melt than a gas flame burning at the same temperature.

1.11.4. Conduction, Convection and Radiation

It is important to note that while there are three separate heat transfer processes, it is quite normal for all three to be occurring simultaneously.  For example consider the case where a piece of glass is left on a table to cool.  

Glass will cool by conduction - heat will flow from the hot glass into the cool material of the table, the rate of cooling depends on what the table surface is made from.  In fact if the material is a metal with a good thermal conductivity it may take heat from the glass too quickly causing one part of the glass to cool significantly more than the bulk which could result in thermal shock.

Glass will cool by convection - the air around the glass will be heated by the glass and rise taking heat away.  Cooler air will then come in contact with the glass surface, taking heat away from the glass as its  temperature increases and it rises.  Heat loss to surrounding air will be enhanced if the glass is placed in a draught.

Glass will cool by radiation - glass radiates heat in the form of light and, if it is hot enough, this light will be visible.

1.12. Light

Light

Visible light forms a tiny part of the electromagnetic spectrum.  Light is a wave and the wavelength, , of the wave is an important property. It is defined as the distance between two consecutive peaks on a wave as shown below.





     


Visible light has wavelengths in the range, 380 nm to 780 nm where 1 nm (nanometre) is equal to one millionth of a millimetre (i.e. 10-9 m).  The different wavelengths correspond to different colours with 380 nm being the violet end of the visible spectrum, next to the invisible ultraviolet (UV) radiation, and 780 corresponding to the red end of the spectrum next to infrared (IR).  White light contains light of all the wavelengths of the visible spectrum.  It is possible to break this light up into the colours of the rainbow - red, orange, yellow, green, blue, indigo and violet.

1.12.1. Refraction

When light travels from one medium into another medium of different optical density, the path of the light beam is deviated.  This process is referred to as refraction and the measure of optical density used is refractive index, n.  The path of a light ray passing from air into glass is shown in Figure 12.  The higher the refractive index of the glass, the smaller the angle of refraction, r, i.e. the more the light is deviated.  Typically, n = 1 for air, 1.33 for water and approximately 1.5 for glass.
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Figure 12 - Refraction of light travelling from air to glass.

Refraction is governed by Snell’s law which can be written as 

n1 sini = n2 sinr

Where


n = refractive index of the materials involved


i = angle of incidence


r = angle of refraction


subscripts 1 and 2 refer to the first and second medium in light path
1.13. Basic Electricity
Electrical current is basically the flow of electrical charge usually in the form of electrons.  Metals are good conductors of electricity because they contain very large numbers of electrons which are free to move.  In any piece of metal electrons are moving around all the time, however this does not constitute a current because the motion of the electrons is completely random with as many moving left as right, as many up as down.  In order to produce an electric current the electrons must be encouraged to all move in the same direction.  This is achieved by applying a voltage to the metal.  A voltage is a form of electrical pressure which forces the electrons to move in a particular direction.  The higher the voltage applied, the greater the flow of electrons, the higher the current produced.

1.13.1. Ohm’s Law  

The relationship between current, I, and voltage, V, is a simple one given by Ohm’s law.





V = IR

where


V = voltage measured in volts (V)


I = current measured in amps (A)


R = resistance measured in ohms ()

The resistance of a piece of material depends on temperature, shape and resistivity of the material.  The resistivity, , of a material is a measure of its opposition to the flow of charge.  Electrical conductors, such as copper have resistivities of the order of 1 x 10-7 m whereas an electrical insulator such as glass would have a resistivity of the order of 1 x 1012 m at room temperature.  As the temperature of glass rises its resistivity falls dramatically, so much so that in the molten state it is quite a good conductor of electricity.  This, in fact, is used in many furnaces as a method of heating the molten glass.  A current in an electrical conductor produces a heating effect called Joule heating given by-



P = I2R

P = V2/R
P = VI

where 


P = power given out which is the heat emitted per second (W)


V = voltage (V)


I = current (A)


R = resistance ()

All three of these equations are equivalent.  It is this heating effect which is the basis for the operation of heating elements used in the electric kettle, electric toaster, electric iron etc..

1.13.2. DC and AC Current

There are two basic types of electrical power supply: direct current (dc) and alternating current (ac).  With a direct current supply the electrical pressure is always acting in the same direction around the circuit.  This has the effect that dc electrical current is always in the same direction and the power source always has identifiable positive and negative terminals.  (Oddly enough, the current direction is always taken as the opposite to the direction in which the electrons actually flow.  In Figure 13 (a), the current is shown as flowing from the positive side of the battery around to the negative whereas negative electrons will always flow from negative to positive.) 

In the case of an ac supply, the direction of the current changes many times per second.  It is as if the positive and negative terminals on the battery swap over continuously; first pushing the electrons in one direction, then pushing them in the opposite direction.  Mains electricity is always ac.
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Figure 13 - Electrical circuits showing (a) dc current, (b) ac current.
1.14. Pressure
The pressure acting on a surface is defined as the force acting per unit area and can be calculated using the formula






p = F/A

where



p = pressure measured in Pascals (Pa)


F = force measured in Newtons (N)


A = area measured in square metres (m2)

In a liquid, such as molten glass, the pressure increases with depth in the liquid.  The pressure in a liquid can be calculated using the formula






p = gh 

where



p = pressure at a point in liquid (Pa)


 = density of liquid (kg m-3)


g = 9.81 ms-2

h = height of liquid above the point in question (m)

1.15. The Gas Laws

The behaviour of gases, in response to changes in temperature, pressure or volume, is given by the three gas laws:-

Boyles Law - at constant temperature, the volume of a fixed mass of gas is inversely proportional to pressure






V  1 / p


T constant
Charles Law - at constant pressure, the volume of a fixed mass of gas is directly proportional to absolute temperature






V    T



p constant

Pressure Law - at constant volume, the pressure in a fixed mass of gas is directly proportional to absolute temperature






p    T



V constant

These three laws can be combined to give the general relationship when a gas undergoes a change in p, T or V

p1V1 / T1 = p2V2 / T2 

where


p = gas pressure (Pa)


V = volume of gas (m3)


T = absolute temperature of gas (K)


1 = initial conditions (before change)


2 = final conditions (after change)

Mechanical Properties of Materials

In this section we will look at the basic mechanical properties of materials which are of particular importance to glass.

1.16. Force and Extension

A stretching force applied to a material is called tensile, while a squeezing force is termed compressive.  A tensile force applied to any material will cause that material to extend in length.  It is possible to plot graphs of force versus extension for most solid materials.  However the exact shape of the curve would then depend on the shape of the sample piece used.  To remove the effect of sample shape, quantities which include aspects of sample shape are used.  Quite obviously the degree to which the material extends depends on the cross sectional area and length of the piece in question.  The quantities stress, , and strain, , are introduced to reduce the effect of sample shape.  Stress is defined by


stress = force / cross sectional area

 = F / A

As the unit of force is the newton, N, and the unit of area is m2, the resulting unit of stress is the N m-2 (newton per sq. m.).  This same unit is given the name Pascal (Pa)





1 N m-2 = 1 Pa

Stresses are generally much greater than 1 Pa and it is more usual to see the terms kPa (kilo Pascal), MPa (Mega Pascal) and GPa (Giga Pascal), where :





1 kPa = 1 000 Pa





1 MPa = 1 000 kPa





1 GPa = 1 000 MPa

Strain is defined as


strain = change in length / original length 
 = e / L

The unit of both change in length and original length is the metre with the result that strain has no units as it is simply a ratio of two lengths.

A force versus extension curve is now more generally plotted as a stress versus strain curve as shown in Figure 14.
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(a)  Ductile




(b) Brittle

Figure 14 - Stress-strain curves for (a) ductile and (b) brittle materials.

Elastic and Plastic Deformation

When a material undergoes elastic deformation, the material returns to its original shape on removal of the applied force (stress).  This behaviour is similar to that of an elastic band which returns to its original shape after stretching.  Most materials exhibit elastic deformation at low levels of stress.  It is found during elastic deformation that the extension produced is proportional to the applied force (also known as Hooke’s law)  i.e.




extension    applied force

or


      strain    stress  

  

This can be expressed as 




stress / strain = constant

where this constant is a property of the material.  The constant is given the symbol, E, and is called the modulus of elasticity (or Young’s modulus) of the material.  It is also commonly referred to as the stiffness of the material as it is a measure of the resistance of the material to extension.  The units of stiffness are the same as those of stress.





 = E

where
 = stress (Pa)


 = strain


E = modulus of elasticity (Pa) 

On a stress-strain curve, elastic deformation corresponds to the initial linear part of the curve.  In Figure 14, the brittle material exhibits elastic deformation up to near fracture point whereas the ductile material undergoes plastic deformation after the initial elastic deformation.

When a material undergoes plastic deformation due to an applied stress, this deformation remains after the stress is removed.  An example of this type of deformation would be a plastic bag which has been overloaded with groceries - the plastic hand grip stretches under the stress and remains stretched even after the groceries have been removed from the bag. Plastic deformation is not confined to plastic materials but also occurs in metals.  For example, a metal wire can be bent, using a force, into any shape which it will retain after the force is removed.  A stress-strain curve for a plastic material is shown in Figure 14 (a) .  Note that the stress-strain curve is no longer linear during plastic deformation.

We will now look at the atomic origins of elastic and plastic deformation.  As you have already seen, a solid material can be represented as an arrangement of atoms connected by spring-like bonds.  If a tensile force is applied to the material as shown in Figure 15 the bonds which are in line with the applied force will stretch and so the material lengthens.  If the applied force is now removed, the spring-like bonds pull the atoms back to the original structure shape.  This quite readily explains elastic deformation.  Plastic deformation is slightly more complicated.  During plastic deformation, the atoms actually move relative to each other (see Figure 16).  A significant stress is generally required to produce the slippage of atoms shown in the diagram and so plastic deformation only occurs at higher stresses. 
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Figure 15 - Atomic model of solid showing spring like bonds.





(a)
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Figure 16 - Atomic model showing plastic deformation under applied stress.

All materials show elastic deformation to a greater or lesser extent.  However, not all materials have a mechanism to allow plastic deformation.  For example, structures where atoms are bonded strongly to each other in an irregular pattern, such as in a glass, cannot undergo plastic deformation.

Materials which cannot undergo plastic deformation generally fail at very low strains (~ 0.001) and are called brittle.

Materials which can undergo plastic deformation, fail at much higher strains (0.1 - 5.0) and are called ductile.

1.17. Mechanical Properties

There are a number of measures of the mechanical properties of a material.  Many of these can appear confusing at first as terms such as toughness and strength are used to describe properties which many people consider to be the same but which to the materials expert are quite different.  Typical values for each of these measures are listed in Table 7.

	Property
	Stiffness / GPa
	Strength / MPa
	% Elongation to break
	Toughness, Gc / J m-2
	Hardness, Hv

	Steel
	200
	750
	20
	40 000
	400

	Polythene
	0.8
	28
	50
	10 000
	7

	Ceramic
	400
	170
	0.1
	60
	2 500

	Glass
	72
	80
	0.1
	3
	550

	Glass fiber composite
	56
	1640
	3
	45 000
	45


Table 7 - Mechanical properties of a series of representative materials

1.17.1. Stiffness

We have already considered stiffness.  It is a measure of the resistance of a material to extension and is denoted by E, the modulus of elasticity.  In the region of elastic deformation it can be determined from





E =  

and it is equal to the slope of the stress-strain curve at that point. 

1.17.2. Strength

The strength of a material is defined as the maximum stress a material can withstand without failing.  It is generally taken to be the maximum stress on the stress-strain curve.  The final figure is a stress value and so has the same units as stress (Pa).  For brittle materials, the strength is also called the fracture stress denoted in Figure 17 by F.

Toughness

This is a measure of the material’s ability to withstand impact.  Most techniques for determining toughness, rely on cutting a sharp notch on a sample and then allowing a large weight to fall on the notched area.  This type of test measures the resistance of the material to crack growth under impact.  There are a number of measures of toughness, including simply determining the area under the stress strain curve for the material, but in Table 7 values for fracture toughness Gc are included to enable comparison between materials.  It should be clear from the figures that brittle materials have much lower fracture toughness than do ductile materials.

1.17.3. Microhardness

This is measured by pressing a shaped indenter  into the surface of the material under investigation.  A force is applied to the indenter and the resulting size of the impression in the material is measured.  Obviously the harder the surface, the smaller the impression made.  There a number of different techniques used which are basically similar but use different shaped indenters.  The figures quoted in Table 7, were obtained from the Vickers hardness test in which the indenter tip is a pyramid shaped diamond.  The Vickers hardness number, Hv, is determined by dividing the force applied to the indenter by the surface area of the impression made on the surface.

1.17.4. Ductility

This is a measure of the total strain achievable in a material before failure.  It is given as the percentage elongation at break.
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Figure 17 - Stress - strain curves for (a) brittle and (b) ductile material.

We can compare the mechanical properties of the materials whose stress-strain curves are shown in Figure 17.  

Stiffness: (a) is stiffer than (b), stress-strain curve (a) has the steeper initial slope.

Toughness: (b) is tougher than (a), (b) has the larger area under the stress-strain curve.

Ductility: (b) is ductile and (a) is brittle, (b) has the longer elongation to break.

Strength: (b) is stronger than (a), (b) has the higher maximum point on stress-strain curve.

The strength of material (a) is also known as the fracture stress, F.
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