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ABSTRACT

This scientific analysis of evidence excavated from glass-making sites, Blunden’s
Wood (c. 1330 AD), Knightons (c. 1550 AD) and Sidney Wood (1600 — 1620 AD),
has provided further understanding of the technology used to produce ‘forest’ glass in
England between the fourteenth and seventeenth centuries. The influx of immigrant
glass-makers into England during this time, especially during the sixteenth century,

had a large impact on the English glass industry.

The production of “forest’ glass used ash and sand as the raw ingredients in the glass
batch. This work demonstrated that it was  possible to determine the correlation
between certain components in the glass, and therefore, determine which components
entered the batch from the sand, and those that entered from the ash. This work

hinted that oak ash was used in preference to beech. In addition to this, it appeared

that fntting did take place, from the evidence from Blunden’s Wood, at a temperature

in the region of 900 °C. This frit was then melted at a temperature that may have

Ilphmh'

been as high as 1300 °C.

The changes in glass technology began to take place during the middle of the

sixteenth century, and in the first quarter of the seventeenth century the “forest’ glass

industry ceased. The move to coal-fired furnaces, the higher demand for glass and

the improvement in quality of glass all contributed to the expansion and migration of

the industry that was seen at the start of the seventeenth century.
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CHAPTER ONE

AIMS

The primary aim of this work is to investigate the technology of medieval English
glass production. The techniques that the medieval glass-makers were using to
produce glass needs to be understood. The techniques have been observed in
historical documentary sources, which will be discussed in chapter 2, or from
evidence obtained from excavated sites, which will be discussed in chapter 3. The
purpose of this work is to attempt to add some substance to the information, in the
form of compositional analysis of fragments excavated from a number of sites. The
dates chosen for this work are between 1200 and 1620 AD. These dates relate to an

era when wood 1s the source of fuel in the furnaces.

This Medieval period of glass production is dominated by the making of ‘forest’
glass, a technique that uses plant ash from trees and sand as the main raw ingredients

in the production of the glass. The starting date is taken as 1200 AD, which relates

to the beginning of a period when glass was being manufactured in the ‘forest’ glass

tradition.



The end date of 1620 AD is generally taken to be post-medieval, so this work deals

with the transition from medieval technology into what could nearly be termed pre-

industrial.

The region of most importance to ‘forest’ glass production is the Weald in Surrey and
Sussex, which forms the basis for this study. The English manufacture of ‘forest’

glass is seen to be predominantly in this area, where over forty glass-making sites are

thought to have been in operation between 1200 and 1620 AD.

The sites chosen for this work date from the earliest record of an excavated site in the
Weald, Blunden’s Wood (1330 AD), to one of the latest operational sites, Sidney
Wood (1610-1620 AD). A third site, Knightons, fits into these dates, 1550 AD, and
has been chosen to represent the time when the influx of immigrant glass-makers may

have been taking place. Blunden’s Wood and Knightons have been excavated in the

last forty years, and the recording of material was extensive. However, Sidney Wood
was not investigated to the same standard. Therefore, the reliability of the matenal

from Sidney Wood is harder to guarantee. Having said this, the importance of

Sidney Wood, within the context of the manufacture of ‘forest’ glass cannot be

=
underestimated. It is believed to be one of the last glass-making sites in the Weald

that used the techniques of manufacture which were similar to those in 1200 AD.

The archaeologist needs to understand the glass-making technology at a particular
time, to compare differences between periods. Technology may progress very slowly

before a great advance takes place.



The aim of this work is to ascertain if the technology changes from the beginning of

‘forest’ glass production in England, to the end.

The possible origin for my observed changes in technology will be discussed. The
influx of immigrant glass-makers in the middle of the sixteenth century may be a
major cause for changes in methods of glass production. However, this needs to be
clarified by comparing the result of the compositions of glasses from the three sites of
Blunden’s Wood, Knightons and Sidney Wood to other sites. These other sites will
be in Lorraine, Normandy or northern Europe, the ongin of the immigrant glass-
makers. In addition to these comparisons, data from different sources, such as
cathedrals and churches will be compared from vanous regions, again to study similar

compositions. This latter comparison may be useful, as the ‘forest’ glasshouses are

seen as the main source of material for ecclesiastical window glass.

Other factors that contribute to the change in glass-making technology will be
discussed in chapters 7 and 8. These may include the types of raw matenals
available, though the location of the exact sources of matenals 1s difficult to

determine.

The migration of the glass-makers from the Weald at the beginning of the seventeenth
century is to be looked at briefly in chapter 7, by comparing the glass compositions

from sites throughout England around this date.



The comparison may highlight the movement of glass-making technology and any
differences in the raw materials used to produce the glass. The impact of the change
from wood to coal as the source of fuel will be made by comparing glass

compositions from different sites.

The quality of the glass will be looked at, firstly subjectively, and secondly by
compositional analysis. The quality of the glass is difficult to assess because the
material from a particular site may not be representative of the glass which was
produced there. Also, the comparisons made between material from glasshouses and
windows may only be valid if the material is of similar quality, and if the window
glass is from a known source. Reasons for the variability of the' quality of the glass

will be investigated, and where possible, attempts will be made to show which

components enable the formation of a highly durable material.

The material that is to be studied has been taken from collections at The Guildford
Museum in Surrey. Samples from the stores were made available, and therefore,
may not include the best fragments of glass and crucibles. However, the fragments
were chosen on the basis that they bestw:;epresented the types of glass that were

produced on each of the sites. There was a large quantity of glass that had been

excavated from Blunden’s Wood and Knightons, which allowed for a selection of
fragments. As mentioned previously, the recording of samples from Sidney Wood
has been more sporadic, and this can be seen in the amount of material available for

Investigation. A small number of glass fragments were chosen.



Crucible fragments from all three sites were chosen to-represent the matenal from the

collection. Where possible crucible fragments with glass adhering to the crucible were

cho§en.

\

The glass-from Blunden’s Wood 'that is-available for amalysis-consists of fragments-of.
vessel glass. It 1s unclear where many of the fragments come from in terms of the
vessels, as-there appears to be no distinctive shape to the fragmeénts: A-more détailed

description of the glass fragments will be discussed in chapter 4.

The Knightons-glass-making site-appeared-to have been producing window-glass; se. |
the fragments of glass from this collection consisted of a number of centres from the \
‘crown’ glass-pieces> A more-detailed- description "of the glass- fragments will be

discussed in chapter 4.

Sidney- Wood vessel glass is of great importance to archaeologists; as the quality N
superior to most other ‘forest’ glass. In addition to this the material that is kept in
store-at- Guildiord Museum is-limited. 'Therefore; the-glass fragments-that were taken
for study consisted of a few off-cuts of vessel glass, which showed signs of working.
T

Sctentific analysis- of- glass-and- crucible fragments from-the aforementioned- glass-
making sites in England will be carried out. The techniques used will include visual
inspection; a-scanning-electron mieroscope, an electron probe micro-analyser,a-x-ray_

fluorescence spectrometer and a x-ray diffraction spectrometer.



The main tool for compositional identification will be using an energy dispersive

spectrometer attached to a scanning electron micrescopy, but this form of analysis will -
be supplemented with the more accurate method of a wavelength dispersive
spectrometer within an electron- probe-micro-analyser.  X-ray fluorescence will-be
used on the glass fragments to determine the composition, which is to confirm the
results obtained using-both forms- of electron microscopy, and to allow the analysis of

A

larger fragments of glass. X-ray diffraction will be used on the crucible materials to
identify -the phases present in-the fired- clay, which- give- an- indication- of -the.

temperatures wood-fuelled furnaces could reach.

In addition to-this-a sample-of frit- from Blunden’s- Wood ‘will* be- examined for its.
phases, partly to determine the validity of the visual identification of fiit, but also, to
ascertatn the-fritting temperature.

\
Scanning electron microscopy will be used to investigate the interaction zone between

the glass-and-the crucible clay, in-order to discover-the transfer of components from.

one materal to another. This may allow a view of the suitability of the clay for the
purpose of glass-making; a-prediction-of the process-temperatures and-may-enable a.
greater understanding of the aggressive attack the glass has on the clay. All of this
may show-the complexity of themedieval glass-making process,-and highlight the skilll

of the glass-makers. |

The compositions-of glass may allow™ many -details- of the medieval glass-making.

process to be understood better than has previously been seen.



The production of ‘forest’ glass uses certain raw ingredients, and the analysis of the

glass fragments may allow some of the important observations to be made concerning

these raw ingredients.

The exact source of the raw materials may be beyond the scope of this study, partly
due to the possibility that there may have been a great deal of disturbance and
alteration to the ground and vegetation between the date in which the glass-making
sites were in operation and today. However, the composition of the glasses from the

sites may provide information about the raw ingredients, which will allow the

suitability of various sands and ashes to be discussed.

The main aims can be summarised as:

o Investigate the technology of "English “glass production-during- the Medieval-to™ Post-medievah
Period, defined as 1200 to 1620 AD *
What were the raw materials? )
What temperature was glass melted at?
- Did fritting-take place? ~ -
What temperature did fritting take place?

Can the-zone between theglass and the crucible infornr us about the transfer of components from
one to another?

o~ - What impact-did immigrant glass-makers have-on the technology?.
e Make comparisons with English sites of similar dates_

e« Make comparisons between various sources of window glass -
e Did the change from wood to coal have any impact on the glass?

o—- Can the-quality of the glassbe linked to the compesition of the-glass and/or thetechnology of glas&
production?

*.?..



GLASS AND ITS RAW MATERIALS

2.1 The nature of glass
The nature of glass causes problems for definition, due to the question of whether it 1s

a super-cooled liquid, or not. Fundamentally, glass is a material that will result from
rapidly cooling certain liquids. The crystals are unable to nucleate and grow,

therefore an ordered structure is not produced.

One definition shows the unique nature of glass (Brill p129-131, 1962).  This

definition 1s;

‘glass is a substance in the glassy state, a state in which the molecular units have a

disordered arrangement, but sufficient cohesion to produce over-all mechanical

rigidity.”



A glass is an amorphous solid, which is lacking a long range, periodic atomic

structure. In addition to this a glass exhibits a glass transformation region, where the
glass undergoes a time-dependent behaviour over a temperature range (Shelby p3,

1997).

The glass transformation region can be secen when enthalpy is plotted against
temperature (fig. 2.1). A liquid can be cooled to a temperature below the melting
temperature, T,, Normally, this would result in a large drop in enthalpy, and the
formation of a crystalline material with long range order. However, if the liquid can
be super-cooled without crystal formation, and taken below the melting temperature,
the atomic structure will continue to rearrange itself as the temperature decreases.
Therefore, there will be a gradual reduction in the enthalpy, over the ’glass
transformation range’, where the rearrangement of the atomic structure will continue

until the increase in viscosity fixes the atoms in place, producing a glass matenal

(Shelby p4, 1997).

It is essential to understand the physical properties, the chemical structure, and most
importantly, the method of manufacture, of glass before attempting to study the
history of its production. It is only when the nature of the glass, and many of its

special properties, is understood, that questions concerning the location of

glass-making sites, sources of raw materials, and a more detailed analysis of glass

production, can be answered.
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Figure 2.1 — Effect of Temperature on the Enthalpy of a Glassforming

Melt (Shelby p4, 1997)
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2.1.1 Physical Properties

Glasses exhibit properties, which in many respects are unique. When hot glasses are

viscous liquids, but when cold they are brittle and liable to fracture when subject to a

sudden change in temperature.

These properties can often be related to the transformation range, where the time-

temperature behaviour will affect the final properties of the glass. Glass exhibits a
trait where by it can have knowledge of its structure prior to solidification (Hall and

Leaver p178-185, 1961).

The Melting Temperature

The melting temperature of silica, in the form of quartz, is 1607 °C (Tennent p8S,
1971), a temperature which makes commercial glass production difficult. However,
the addition of a material which combines with silica, and one that can lower the
melting temperature (fluxing agent), does make silica viable as a material for glass
manufacture.  Glasses are made by reacting stlica with fluxing agents, such as
sodium carbonate, or potassium carbonate, and then dissolving the rest of the silica in

W

the melt produced by the reaction. The addition of the fluxing agents can greatly

reduce the melting temperature of silica. Depending on the ratio of sand to soda, or
potash, the temperature of melting can be in the region of 1100-1200 °C, a more

practicable temperature for melting in ancient, wood-fuelled furnaces.

11



Viscosity

The rigid nature of glass at room temperature is slightly misleading. This 1s because
glass, whilst maintaining the same chemical composition, can behave plastically
when heat is applied. =~ Many types of glass may behave as a viscous liquid at

temperatures in the region of 900 °C, allowing the glass to be worked into shape.

On cooling, the viscosity will increase. = The wviscosity is therefore temperature

dependent, defined by the Fulcher equation;

logn =-A+(Bx10°)
(T-To)

where 1 1s the viscosity, A is a constant, B 1s a defined vanable and T, 1s a

temperature well below the glass transformation temperature, T,

Viscosity curves can be measured for glasses to determine the various temperatures at
which glass can be worked, softened and annealed. The viscosity of the glass duning

various processes is as follows (Shelby p109, 1997);

working: 1 x 10° Nsm?,
softening: 1 x 10°to 1 x 10°N s m™,
annealing: 1 x 10> N s m™, and

the strain point: 1 x 10° Nsm™

12



Optical Properties

The optical properties of glass are most important, and one reason why glass is held
in such high regard. The optical properties of glass make it suitable for many
objects, from decorative jewellery, to beakers, goblets and windows. Glass can be
made transparent (transmission of visible light), coloured or opaque, with relatively

small alterations to the internal structure of the base material.

Light 1s able to pass through transparent glass in the same way as it does in a liquid,
without the collisions with crystal boundaries that will scatter the light.  One
measurement of the optical properties of glass is the refractive index, which for glass
lies between 1.48 and 1.96 (Tennent p71, 1971). However, for this work the optical

property has been measured as a function of clarity, and included in an assessment of

the quality of the glass.

2.1.2 The Structure of Glass

Glass 1s similar to a liquid, cooled into a solid form without crystals being able to

nucleate. The structure of the liquid has no long range order in the atomic structure.
A glass can be considered as a material that contains small blocks (with an ordered

" -

atomic arrangerrient) connected together into larger units. Thus, there is a more

ordered structure than random connection (Shelby p75, 1997).

If vitreous silica is used as a model for the structure of glass, it is seen that the silica

tetrahedra join together in a slightly irregular arrangement (fig. 2.2).
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Figure 2.2 — Diagram of Glass Network, based on Silica Tetrahedra

(Newton and Davison p5, 1989 (From model by Zachariasen))
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The addition of alkali ions into the glass will result in the interstices sites being filled
(fig. 2.3), where sodium and calcium ions can be seen in the network (Shelby p78-81,

1997).

Glasses require a base network, which can be modified when other ions (such as

alkali metals) place themselves into the network (fig. 2.3).

Glass networks have three components (Shelby p9, 1997);
1/ formers

2/ modifiers

3/ intermediates

The proportions of these three components are varied to produce the glass of required
properties, whether chemical or physical. The network formers are the basic
constituents of glass, acting as the base structure. The network former in medieval

glass 1s silica (S10,), though other formers exist in modem glasses.

The modifiers sit within the interstices of the glass structure, causing changes in the
"5

glass, both physical and chemical, as a result of the disruption. Network modifiers
include the alkali oxides of Lithium (Li,0), sodium (Na,0), potassium (K,0), and the

alkali earth oxides of calcium (CaO), magnesium (MgO) and bannum (BaO).
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e Network-forming atom
® Network-modifying ion
O Bridging oxygen

® Non-bridging oxygen

Figure 2.3 — Diagram of Modified Glass Network, based on Silica Tetrahedra

(Newton and Davison p5, 1989 (From model by Zachariasen))

16



Other ions appear to act as partial replacements for the silicon 1on, to produce a
network that consists of various tetrahedra. These ‘intermediate’ ions are
predominantly network formers, and include the oxides of titanium (Ti0,),

aluminium (Al,03) and zirconium (ZrO,).

A final category of ion can act as a former or modifier, depending on the

circumstance. This group is often associated with the changing of colour of a glass.

A detailed analysis of the contribution of certain ions, and their position within the
glass structure has been dealt with in some detail (Pollard and Heron, 1996). The
oxides in question are often multi-valent, group D metal oxides, such as those of iron

(Fe*" and Fe**), copper (Cu* and Cu?*), manganese (Mn** and Mn™") and cobalt (Co?*

and Co™ ).

The nclusion of ions into the network or between the network (fig. 2.3), may alter the |
properties of the glass. One such alteration concerns the amount, or type, of light

that can be transmitted by the glass, and thus, may cause a change in the colour of the

glass. Some of these changes in colour caused by the incorporated ions can be seen

below in Table 2.1.
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Colour as network | Colour as network
former modifier

e A W I
Il A O
I A N

-

Table 2.1 — Additional Ions that alter the Colour of Glass
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2.2 Raw Materials in Medieval Glass
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