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The general aim of the research presented in this thesis is to extend the application of 
microstructural and microchemical analytical techniques, with the longer term objective of 
better informing textile conservation. The ability to identify the components of threads in 
historic textiles and characterise their state of degradation is essential when considering 
potential conservation treatments. Three particular constituents are considered here, namely 
metals, and plant and silk fibres. 

Metal threads are found in wide variety of historically important textiles, and their 
composite nature can complicate characterisation and treatment. Examples from a range of 
sources were assessed by a range of microscopic and spectroscopic techniques. It was 
demonstrated that these approaches allowed the determination of the general type, 
composition, state of degradation and likely methods of manufacture of these materials. In 
addition, investigations of metal threads from two specific artefacts were performed: the 
Jesse Tapestry, a 15th century ecclesiastical hanging; and a piece of 19th century 
embroidered artwork, produced in the style of the 17th century. 

Cellulosic fibres can prove difficult to distinguish due to their similarities in composition 
and structure. The work presented here describes the development of an ATR FT-IR 
spectroscopic technique for the characterisation of six species of commonly encountered 
plant fibres, using linear discriminant analysis on peak intensity ratios, to allow 
differentiation on the basis of characteristic lignin and cellulose contents. Further 
investigations using a polarised ATR technique allowed the fibre microstructure to be 
probed, permitting further distinction, for example of hemp and flax, on the basis of the 
characteristic angles and senses of winding of the cellulose fibrils. 

Metal weighted silk fibres, found in many important artefacts, are particularly susceptible 
to deterioration and so are a special area of concern. The research has concentrated on 
developing a micro-methodology to assess these materials, and specifically to idenfify 
spectroscopic signatures that correlate to physical properties. In order to do so, samples of 
habutae silk were weighted, using historically accurate methods, then aged by means of 
either elevated temperatures or intense illumination. Physical properties were assessed by 
measurement of breaking strength and Young's modulus. Subsequently TGA, HPLC, 
UV/Visible and ATR analyses were carried out. A good correlation was found between the 
physical state of the fibres and both the retention time of the major silk peak (measured in 
the H P L C experiment) and an orientational order parameter (derived from the pol-ATR 
data). 



Contents 

Abstract 

Contents 

CD-ROM Appendices 

Acknowledgements ... 

Abbreviations 

2 

3 

6 

7 

8 

Background - Analytical Methods for Textile Fibre Characterisation 11 

1.1 Microscopic Methods 11 

1.2 Spectroscopic Methods ... 20 

1.3 Other Methods 27 

References ... ... ... ... ... ••• ••• 32 

Metal Threads 

2 Background ... 

2.1 The Development of Metal Threads 

2.2 Degradation of Metal Threads 

3 Experimental - The Analysis of Metal Threads 

3.1 Metal Thread Data from the Literature ... 

3.2 Analysis of Metal Threads 

3.3 Case Studies ... ... 

3.3.1 The Jesse Tapestry 

3.3.2 A Comparison of Threads from 17* and 19* Century Textiles 

References ... 

36 

36 

45 

54 

55 

64 

78 

78 

80 

83 

Cellulosic Fibres 

4 Background ... 

4.1 Sources of Cellulosic Fibres 

4.2 Composition of Plant Fibres ... ... 

4.3 Degradation of Cellulosic Fibres 

5 Experimental - The Characterisation of Plant Fibres 

5.1 Assessment of Conventional Methods for Characterising Plant Fibres 

5.1.1 Optical and Electron Microscopy 

5.1.2 Measurement of Fibre Widths 

84 

84 

87 

92 

101 

102 

103 

108 



5.1.3 Chemical Tests ... ... ... ... ... . . . ... 112 

5.2 Characterisation of Plant Fibre by Vibrational Spectroscopy 118 

5.3 Assessment of Spectroscopic Methods ... ... . . . ... 119 

5.3.1 Spectroscopic Methods and Sampling Techniques 119 

5.3.2 Methods of Deriving Data ... ... 128 

5.4 Characterisation of Plant Fibres by ATR Spectroscopy ... ... 134 

5.5 An Examination of Plant Fibres by Pol-ATR Spectroscopy 148 

5.5.1 Identification of Dichroic Bands ... ... ... ... ... 150 

5.5.2 Characterisation of Plant Fibres by Pol-ATR Spectroscopy ... ... 153 

5.6 Additional Investigations into Spectroscopic Characterisation of Plant Fibres 165 

5.6.1 Assessment of Nitrogen Flushing Equipment... ... ... ... 165 

5.6.2 Investigation of Sample Damage Caused by ATR Pressure ... ... 170 

References ... ... ... ... ... ... ... ... 174 

Proteinaceous Fibres 

6 Background ... 

6.1 Wool and Hair. . . 

6.2 Silk 

6.3 Silk as a Textile Fibre 

6.4 Degradation of Silk 

7 Experimental - The Investigation of the Deterioration of Silk 

7.1 The Weighting of Habutae Silks with Metal Salts 

7.2 Assessment of Storage Conditions and Humidity Equilibration 

7.3 Ageing of Weighted Silks by Heat and Light 

7.4 Comparison of Control and Weighted Silk Samples ... 

7.5 Identification of Dichroic Bands 

7.6 Analysis of Weighted and Artificially Aged Silk 

7.7 Applications to Conservation ... 

References 

176 

176 

178 

185 

191 

202 

203 

227 

229 

234 

236 

242 

276 

287 

Experimental Methods 

8.1 Microscopic Methods .. 

8.2 Spectroscopic Methods 

8.3 Physical Methods 

290 

290 

292 

295 



8.4 Sample Preparation Methods ... ... 297 

8.5 Thermogravimetry Calculations 298 

Summary ... ... 300 

NOTE: Experimental procedures that have been employed in numerous aspects of the 
research are given in chapter 8, in order to save space in the text. 



CD-ROM Appendices 

3 The Analysis of Metal Threads 

3.2 Metal Thread Micrographs 

5 The Characterisation of Plant Fibres 

5. J. J Optical and Electron Micrographs of Plant Fibres 

Fluorescence Micrographs of Plant Fibres 

5.1.2 Fibre Width Measurements for Plant Fibres 

Fibre Width Plots for Plant Fibres 

5.4 ATR Spectra of Native and Processed Plant Fibres 

7 The Investigation of the Deterioration of Silk 

7.1 Optical Micrographs of Weighted Silk 

Electron Micrographs of Weighted Silk 

7.6 Optical Micrographs of Weighted and Aged Silk 

Electron Micrographs of Weighted and Aged Silk 

Fracture Surface Micrographs of Weighted and Aged Silk 

ATR spectra of weighted and aged silk. 

Pol-ATR spectra of weighted and aged silk. 

UV/visible spectra of weighted and aged silk. 

HPLC traces for weighted and aged silk. 

TGA-DTA traces for weighted and aged silk. 

Degradation half-lives for weight silks. 

(Pol-)ATR crystallinity indices against ageing time. 

(Pol-)ATR amide band positions against ageing time. 

UV/visible band intensities against ageing time. 

HPLC data against ageing time. 

TGA data against ageing time. 

Data, spectra and plots presented in these appendices are indicated by '(Appendix x, 
CD-ROM)' in the text. 



Acknowledgements 

I would like to thank Dr. Paul Wyeth, my supervisor, for the invaluable support, 
guidance and help he has offered, and Dr. Martin Grossel, who has acted as my adviser in 
this research work. 

I would also like to thank my parents, Peter and Sue Garside, for their constant 
support and encouragement throughout the research. 

In addition I would like to acknowledge the following individuals for providing 
assistance and training, allowing me access to equipment, or providing experimental 
samples: 

Mary Brooks, Nell Hoare and the other members of staff at the Textile 
Conservation Centre, for their assistance in many aspects of this work. 

Dr. Barbara Cressey and Dr. Richard Pearce (Science and Engineering Electron 
Microscopy Centre) for training and assistance with the electron microscopy. 

David Howell (Textile Conservation Studio, Hampton Court Palace) for access to 
the Xenotest Weatherometer' light ageing chamber, and the Perkin Elmer HPLC set-up. 

Penny Hughes (Textile Conservation Centre) for the metal threads associated with 
the piece of 19"̂  century embroidered artwork. 

Dr. Mark Joyce (Materials Research Group, School of Engineering Science, 
University of Southampton) for help with the breaking strength measurements of silk. 

Cordelia Rogerson (Textile Conservation Centre) for the metal threads associated 
with the Jesse Tapestry. 

Dr. Ian Ross for training in optical and electron microscopy. 

Dr. Simon Smith (Pall Europe, Ltd., Portsmouth) for access to the Perkin Elmer 
'Miiltiscope' IR microspectrometer. 

Dr. Alun Vaughan (Polymer Research Group, School of Engineering Science, 
University of Southampton) for access to the Rheometrics 'RSA IF set-up. 

The research was funded by the Engineering and Physical Sciences Research 
Council (EPSRC). 



Abbreviations 

The following abbreviations and notations have been used in this report: 
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E* - elastic modulus 

El - polarised radiation, with electric vector aligned perpendicular to 
plane of beam path 

Ejj - polarised radiation, with electric vector aligned parallel to plane 
of beam path 

Fv° - alignment of fibre axis, clockwise from nominal alignment 
parallel to plane of beam path 

Ed - Editor 

Eds - Editors 

Edn - Edition 

EDS - Energy Dispersive X-ray Spectroscopy 

ESEM - Environmental Scanning Electron Microscopy 

PEG - Field Emission Gun 

FT-IR - Fourier-Transform Infra-Red (spectroscopy) 

Gin - Glutamine (amino-acid) 

Glu - Glutamic Acid (amino-acid) 

Gly - Glycine (amino-acid) 

h - hour(s) 
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Me 
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min 
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SE 
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Ser 
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Thr 
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Trp 

Tyr 

UV 

UVA^s 

Val 
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z 
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Planck constant (6.626 x 10'̂ '̂  Js) 

radiation 

Histidine (amino-acid) 

Higii Performance Liquid Chromatography 

Infra-Red 

Intensity at wavenumber/frequency x 

Isoleucine (amino-acid) 

Leucine (amino-acid) 

Lysine (amino-acid) 

Methyl ( - C H 3 ) 

Methionine (amino-acid) 

minute(s) 

Phenylalanine (amino-acid) 

Polarised ATR 

Proline (amino-acid) 

anti-clockwise winding 

Secondary Electron 

Scanning Electron Microscope/Microscopy 

Serine (amino-acid) 

specific gravity 

Textile Conservation Centre 

Thermo-Gravimetric Analysis 

Threonine (animo-acid) 

Retention time 

Tryptophan (amino-acid) 

Tyrosine (amino-acid) 

Ultra-Violet 

Ultra-Violet/Visible (spectroscopy) 

Valine (amino-acid) 

crystallinity index 

crystallinity index, perpendicular to fibre axis 

crystallinity index, parallel to fibre axis 

clockwise winding 

heat 

crystallinity parameter 



5 - bending vibration 

V - stretching vibration 

to - winding angle of secondary cell wall (cellulosic fibres) 

O - orientational order parameter 
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1. Analytical Methods for Textile Fibre Characterisation 

A variety of analytical methods are applicable to the study of textile fibres, 
summarised below in three general categories: microscopy, spectroscopy, and other methods 
such staining, bum and twist tests, and the measurement of physical properties. 

1.1 Microscopic Methods 

Microscopy, whether by optical or electron techniques, provides a valuable method 
of fibre identification, and one that is usually employed as a preliminary step even if other 
methods are to be subsequently used. Information about the general structure of the fibre 
can be obtained both from the surface and, if the specimen is correctly prepared, from the 
interior; chemical information can also acquired by employing additional procedures such as 
polarised light or fluorescence microscopy, or energy dispersive X-ray spectroscopy. 

Microscopes can be designed to operate in transmittance or reflectance; this holds 
true for electron as well as optical microscopy. Reflectance is suitable for opaque samples 
or thick sections. Transmittance microscopy requires transparent samples, and is 
particularly suited to specimens prepared as thin slices or sections. 

The resolution and depth of field of an image are dependent on the frequency of the 
radiation used, the convergence angle and the refractive index of the medium between the 
object under study and the objective lens. The means of optimising these factors is 
dependent on the nature of the set-up. 

Light Microscopy 

Light microscopy provides a relatively simple and easily accomplished method of 
studying fibres, and can potentially yield a wide range of information Most optical 
microscopes can be used in either reflectance or transmittance modes, and for both methods 
of illumination either bright-field or dark-field techniques may be used. If bright field 
illumination is employed, the image appears against a bright background. This is useftil for 
the investigation of samples with coloured structures, and will reveal brightness differences. 
The sample is illuminated along the axis of observation. 

Dark-field illumination, on the other hand, provides a greater contrast in the image, 
and is particularly useful when 'line-like' structures are present, such as edges, cracks or 
crystals, which would be less obvious under bright-field illumination due to their lack of 
contrast. However colour resolution is poor, and internal structures are less obvious. Dark 
field illumination is generally achieved by oblique lighfing of the sample. 

As noted above, a number of factors affect the resolution and depth of field 
attainable. The frequency of the incident radiation is dictated by the fact that the light in the 
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visible regions of the spectrum is used - i.e., it falls in the 4.3xl0''^ - 7.5% lO'^ Hz (400 - 700 
nm) range. The convergence angle and the refractive index of the medium between the 
sample and objective lens can be manipulated, however. Both resolution and field depth 
can be improved by reducing the angle of convergence (via the apertuie diaphragm) and 
increasing the relractive index of the immersion medium, by, for example, using oil (see 
below). 

Microscopy allows the identification of fibres based on their distinctive 
morphologies 4,6,9-18 A comparison of general features can be made, such as number of 
fibre cells per bundle, overall shape of the fibre bundles, the dimensions of the fibre cells, 
and, if the sample has not been bleached, dyed or otherwise degraded, colour. Longitudinal 
or transverse sections of fibre can be compared with known fibres. Transverse (cross-
sectional) samples are generally prepared using the plate or acetate sheet methods, or by the 
use of a microtome Longitudinal images can be obtained simply by placing the 
sample on a slide, using an appropriate mounting medium and cover-slip 
Alternatively, samples can be set in a permanent mounting medium, such as a resin, before 
sectioning to reveal the desired fibre aspect In addition to the general morphologies 
of the fibres, there are associated structures - so called 'guide elements' - which may be 
visible under the microscope and these are also of use in the characterisation of the sample 

Examples include the oxalate crystals found in hemp, the spiral vessels of sisal, 
dislocations or nodes found along the length of the fibres (especially hemp and flax), or 
characteristic markings which may be present on the surface of the fibre cells (see Figure 
1.1.1). 

In certain circumstances, light microscopy allows the inner structure of a fibre to be 
studied, if the focal distance is set correctly and a mounting medium with the same 
refractive index as the fibre surface (i.e., the cell wall) is used - media such as paraffin or 
glycerine are particularly appropriate. This will provide information on the lumen, the 
thickness of the cell walls, the presence of distinctive internal structures, etc. 

Figure 1.1.1: Examples of Guide Elements Found in Plant Fibres. 

Cotton 
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Ashing may be used to determine the presence of characteristic crystals, crystal 
clusters or silica particles The sample typically is placed in a furnace at -600 °C tor 
several hours, and the resulting ash is then transferred to a microscope slide and examined. 
Although the lack of crystals in the sample is not necessarily diagnostic, their presence may 
aid with identification (for example, crystal clusters in small chains in hemp, or chains of 
cubic crystals in jute). 

Maceration may also be used in the preparation of plant fibre samples The fibres 
are placed in a mixture of equal volumes of acetic acid and hydrogen peroxide, and heated 
for several hours. The sample is then transferred to water and vigorous shaking is employed 
to separate the fibre into its individual cells. These cells may then be mounted and 
examined as normal. This technique is relatively gentle. 

Surface structures may be revealed more clearly by the use of fibre casts'*''^. These 
are typically made by the use of a thin layer of thermoplastic material deposited on a 
microscope slide, onto which the fibres are laid. This is then covered by another slide, and 
gentle pressure is applied, along with sufficient heating to soften (but not melt) the polymer. 
The specimen is then allowed to cool, before the fibres are carefully removed, leaving an 
impression suitable for study in transmission. This technique is particularly useful in the 
study of animal fibres (wool and hair) in which dyeing has obscured the pattern of surface 
scales, but is also applicable to any fibre with distinct surface features. 

Dyes and stains may be employed to highlight certain features or structures within 
the fibre cells The choice of dyes would depend on the nature of the sample and the 
features under examination. Examples include the use of phloroglucinol and hydrochloric 
acid, which will selectively stain lignin, or the Herzberg reagent (zinc chloroiodide), which 
has the effects both of highlighting structures within fibre cells and characteristically 
staining cellulose, lignin and lignified cellulose (see section 1.3). 

A further refinement of light microscopy can be achieved using polarised light 
7̂.14,19 basically, the use of polarised light will simply increase the contrast of the 

image. However, it also allows the use of considerably more sophisticated techniques, the 
foremost of which for fibre characterisation being the determination of birefringence. Due 
to their structure, fibres are optically anisotropic, possessing two principle refractive indices, 
one parallel to the fibre axis («||) and the other perpendicular to it (« L). 

For a given fibre, these indices may be determined in a number of ways. A simple, 
though time consuming, method involves mounting the fibre in a series of media of known 
refractive indices (see Table 1.1.1). The sample is then illuminated with light polarised 
along the fibre axis; when a medium is found in which the fibre becomes invisible, then the 
refractive index parallel to the fibre axis (n\\) is equal to that of the medium. By illuminating 
the sample with light polarised normal to the fibre axis, the other index {n±} can then be 
found This process can be facilitated by the Becke line test, which can be used to 
determine whether a given medium has a refractive index higher or lower than that of the 
sample. If the sample is defocused by moving the objective lens away from the sample, 
then the Becke line (the bright fringe around the sample when it is slightly out of focus) will 
move towards the material with the higher index, and the strength of the line is dependent 
on the difference in the two indices. 
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Table 1.1.1: Refractive indices of common mounting media. 

Medium n 
Water 133 
n-Heptane 1.39 
«-Decane 1.41 
Glycerine 1.45 
Paraffin 1.47 
Olive Oil 1.48 
Cedarwood Oil 1.51-1.52 
Canada Balsam 1^3 
Methyl Salicylate 1.54 
o-Dichlorobenzene 1.55 
Bromobenzene 1.56 
1 -Bromonaphthalene 

Diiodomethane 1.74 

The refractive indices of the fibre can also be determined by the use of a chart of 
polarisation colours (the Michel-Levi chart), wave plates and compensators The 
thickness of the fibre must be known - this will generally be the diameter for cylindrical 
specimens - and the characteristic colour of the sample under polarised light can then be 
compared to the Michel-Levi chart, to determine an optical path difference (OPD). This, in 
turn, can be used to calculate the refractive indices. If the colour occurs at very high or low 
orders, then compensators and wave plates can be used to shift it to a more readily analysed 
range. This procedure is more complex and requires greater practice before it can be used 
reliably, but it is also more rapid. 

Once the refractive indices are known for a sample, the birefringence (A„) can be 
calculated from the difference between the two values; 

A. 

Birefringence tends to fall within characteristic ranges for given fibre types, so this 
value can be used to aid identification (see Table 1.1.2). 

Table 1.1.2: Fibre Birefringences 

Fibre nil ni An liso 
Cotton 1.577 1.529 &048 1.545 
Flax L590 1.525 0.065 1.547 
Silk 1.591 1,539 0.053 1.556 

Wool L557 1.547 0.010 1.550 

Another characteristic property of the fibre which can be calculated is the isotropic 
refractive index, Mjgu. This is given as: 
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Mil + 2«J_ 

[f the fibre is examined in non-polarised light, and tested against various mounting 
media using the Becke line test, then it is this value, n\̂ o, which is found. 

Phase contrast microscopy utilises the phase changes undergone by incident 
radiation as it interacts with a sample; these changes are then converted to differences in the 
light intensity of the observed image This will result in those structures within the 
fibre capable of causing phase changes to become visible. An artefact of this technique is 
that the specimen is observed as a pseudo-three dimensional image - despite its appearance, 
it contains no depth information 

Fluorescence microscopy utilises the ability of certain compounds to absorb 
radiation of one energy (excitation) and to then subsequently release radiation of a lower 
energy (emission) The information obtained by this method contains a 
combination of structural and chemical data, based on factors such as the presence or lack of 
regions of fiuorescence, the energies of excitation and emission, and the intensity of the 
tluorescence. The colours of the fluorescence and phosphorescence of a sample (and the 
duration of the latter) may also be used qualitatively in the identification of the fibre This 
technique is particularly useful in the identification of chemical modifications to the fibre, 
including dyes, brightening agents and the like, and of the effects of ageing; fibre blends are 
particularly easy to identify by this technique. The addition of fluorescent dyes 
(fluorochromes) to the sample can also aid the investigation of the fibres, particularly when 
specific compounds or structures within the fibre are of interest. 

Problems with characterisation by microscopy can arise from several sources, 
namely differences in the methods and conditions of production of the raw fibres; treatment 
and processing of the material; subsequent processing, such as spinning, weaving, bleaching 
and dying; and finally degradation and other damage which accumulates over time. All of 
these factors can reduce or alter the potential information which can be learnt about the 
fibre, often to the point where the sample can only be identified in general terms, such as 
'bast' (thus including flax, hemp, ramie, and others). 

Electron Microscopy 

Scanning electron microscopy (SEM) allows the fibre surface to be studied in great 
detail, and can also be used to give an indication of elemental composition and distribufion 
4,3,7,11,12.21-23 a result of the very short wavelength of the electrons, when compared to 
that of visible light, far better resolution (and hence greater levels of magnification) and a 
better depth of field are achieved (see below). 

15 



Specimens can be prepared in much the same way as those for examination by 
optical microscopy - for example, by resin mounting and sectioning to reveal desired 
aspects of the sample. A variety of different microscopic techniques can be employed in the 
study of the sample, each of which will yield different information; those most useful for the 
general study of fibres are secondary and backscattered electron imaging, and energy 
dispersive X-ray spectroscopy (see Figure 1.1.2). 

Figure 1.1.2: Emission of Secondary and Backscattered Electrons, and X-Rays. 

Characteristic 
X-Rays 

Penetration 
Depth 

(~ l̂ m) 

Back-
Scattered 
Electrons 

Secondary 
Electrons 

Secondary 
Electron 

Escape Zone 
( -10 nm) 

An image derived from the secondary electrons (SE) will provide information about 
the topography of the fibre surface The image is generated from low-energy electrons 
emitted from the upper layer of the sample. An incident electron collides with an electron 
in the outer shell of an atom in the specimen, which is ejected as a result (a secondary 
electron). As these secondary electrons are of a relatively low energy (in comparison to 
those in the incident beam), only those emitted from the upper layer of the sample (of the 
order of several nanometers) can escape and be detected, the remainder being absorbed by 
the bulk of the specimen. The resolution is ~5 nm for secondary electron micrography, and 
-100 nm for back-scattered electrons. 

Back-scattered electrons (BSE) yield images which give information on the 
elemental composition of the surface (regions containing the heaviest elements provide the 
greatest level of contrast), as well as data on phase boundaries and some topographical 
information They are generated when an incident electron collides with an atomic 
nucleus, and is elastically scattered as a result. Typically an electron will undergo multiple 
scattering events before it reaches the surface, escapes from the sample, and is detected. 
The back scattering effect increases rapidly with increasing atomic number, so regions 
containing heavier elements will appear brighter. The electrons are of relatively high 
energies (up to those comparable to the incident beam), and as a result can originate from 
deeper within the sample than can secondary electrons. 

The incident electrons may cause the promotion of a sample atom core electron to a 
higher state; its subsequent collapse back to the ground state results in X-ray emission (or 
the ejection of an Auger electron) radiation is emitted at energies 
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characteristic of the element from which it is generated, and as a result can be analysed to 
determine the elemental composition of the sample - a technique known as energy 
dispersive X-ray spectroscopy (EDS or EDX). However, this is not particularly useful in the 
identification of natural fibres, as the detection of low atomic mass elements (i.e., those of 
which natural cellulose- or protein-based fibres will be composed: C, H, N, O, etc.) is poor. 
The technique is useful, however, if heavier elements are present (for example, in dyes, 
especially metallic dyestuffs; iron, lead and other salts used for the weighting of silks; or 
metal strips used in the construction of metallic threads). 

Despite the advantages of the technique, it does possess several inherent problems. 
Unlike light microscopy, scanning electron microscopy only provides surface information -
internal structures, such as the lumen, cannot be seen. 

A greater problem arises from the conditions under which the examination must be 
performed A high vacuum is required, which can result in dehydration and damage to 
the specimen; the specimen can also be damaged by charging effects and heating by the 
electron beam. Certain fibres, such as flax and silk, are particularly susceptible to beam 
damage, and charging, where it occurs, will result in a poorly focused, 'smeared' image (due 
to the movement of the sample), along with excessively bright regions. 

These latter problems can be remedied by coating the sample with a material which 
possesses good electrical and thermal conductivity, such as gold or carbon. This will enable 
any heating or charge build-up to be dissipated to the stub (usually aluminium) on which the 
sample is mounted. If an elemental analysis of the sample is to be performed, for example, 
by EDS, care must be taken to choose a coating which will not interfere with the analysis; 
for example, gold would not be a good coating material if metal threads containing varying 
quantities of gold were to be examined. 

A further refinement of scanning electron microscopy is provided by the low 
vacuum or environmental scanning electron microscope (ESEM) ' . The sample is 
located in a chamber under a much lower vacuum than is required by a conventional SEM, 
and does not require coating or drying before it can be examined. Collisions between the 
electron beam and the gas in the specimen chamber result in the formation of cations which 
then act to dissipate any build up of charge on the sample, even if it is non-conducting. As a 
result the morphological changes associated with the exposure to high vacuum are limited, 
and significant surface features are not obscured by a conductive coating. Dimensions can 
also be measured more accurately as the fibre is less susceptible to shrinkage due to 
dehydration. These considerations mean that the specimen can be observed in a condition 
closer to its 'natural' state than is possible using a conventional SEM system. 

An additional advantage of the technique is found in the fact that dynamic 
phenomena such as wetting and heating can be observed The relatively higher pressure 
of the sample chamber allows the specimen to be treated with solvents in situ, allowing the 
observation of wetting effects, as well as heating or cooling of the sample by the 
introduction of water (or another appropriate liquid) at a suitable temperature. 

The main disadvantage of the technique is that it tends to produce images of lower 
resolution than those obtained from a conventional system - whilst this is not overly 
important at low magnifications it becomes increasingly more noticeable as higher levels ot 
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magnification are used. However, this problem can be avoided by the use of recently 
developed ESEM secondary electron detectors, capable of producing images of a similar 
resolution to conventional SEM. 
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Resolution and Depth of Field 

The resolution and depth of field achievable with microscopic equipment are related 

by the following formulae: 

Resolution, R: 

^_(0 .61 )X 

p.. sin a 

Depth of Field, h\ 

h •• 
(0.61)1 

p.. sin a. tan a 

R 

t a n a 

Where: 

X = wavelength of incident radiation (nm). 

p = refractive index of medium between object and objective. 

a = convergence semi-angle (rad). 

For electron microscopy the wavelength under consideration is significantly smaller 

than for optical microscopy (approximately 0.007-0.010 nm as opposed to 400-700 nm), as 

is the convergence angle. The overall effect is to allow both a greater resolution and a 

greater depth of field. 
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1.2 A Review of the Spectroscopic Methods of Identification of Natural Fibres 

Infra-Red and Raman Spectroscopy 

Infra-red (IR) and Raman spectroscopy are valuable analytical techniques, which can 
afford information on the molecular structure, bonding and chemistry - and, to some extent, 
the longer range structure - of a sample, as well as providing a spectral 'finger-print' which 
can be compared to the spectra of other, known specimens. The techniques exploit the 
promotion of vibrational modes within a molecule by incident radiation. 

The two techniques (IR and Raman) yield complementary information - although 
both methods exploit vibrational modes within the molecular structure of the specimen, they 
have different selection rules and therefore yield different spectra. Bands are observed via 
IR spectroscopy for those vibrational modes in which the dipolar character of the system 
changes; Raman bands are observed for vibrational modes that result in a change in the 
polarisability of a bond (see Figures 1.2.1(a) and 1.2.1(h)). Infra-red spectroscopy can 
employ either transmitted or reflected radiation, whilst Raman spectroscopy relies on 
radiation scattered from the sample. 

Figure 1.2.1(a): Vibrations leading to an infra-red band (involving a change in the dipolar 
character of the system). 

J 5+ t i 

i 
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Figure 1.2.1(b): Vibration leading to a Raman band (involving a change in the 
polarisability of a bond). 
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A number of different methods can be used to generate IR spectra; the two most 
commonly employed are transmission and absorbance, as discussed below. 

Transmission spectra record the percentage of incident radiation passing through the 
sample at a given wavelength (or frequency). The spectra are generated from the sample 
spectrum and a background spectrum as follows: 

Sj -
f \ 

' xlOO% 
J 

Where; S j = transmission spectrum 

Ss = sample spectrum 

Sb = background spectrum 
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Absorbance spectra record the absorption of incident radiation, proportional to the 
concentration of species contributing to a particular vibrational mode at a given wavelength 
(or frequency). The spectra are generated from the sample spectrum and a background 
spectrum as follows; 

= - l o g 

Where: Sa = absorbance spectrum 

These two types of spectra are related as follows: 

5"̂  = log 
100 

Sj. 

Absorbance can be related to concentration and path-length by the Beer-Lambert 
Law: 

A = 

Where: Ax = absorption (at wavelength A.) 

sx = extinction co-efficient (at wavelength X) 

c = concentration 

/ = path-length through sample 

So, although exact concentrations and path-lengths are difficult to define for the 
spectra of complex, multi-component solid materials (such as natural fibres), it can be seen 
that: 

cc c 

So the intensities of bands in an absorbance spectrum are directly related to the 
proportion of the component in the fibre (cellulose, lignin, etc.) from which the bands arise. 
As a result, absorbance spectra will be more suitable for studies in which the proportions of 
fibre components, or changes in these proportions associated with physical changes such as 
degradation, are to be assessed. 

The wide range of information provided means that these techniques are potentially 
useful in the study of fibres and textiles, especially when microspectroscopic approaches are 
employed. Spectroscopic characterisation is of particular use in the study of archaeological 
specimens which have undergone surface degradation or wear to the point where 
examination by optical or electron microscopy provides little or no useful information . 
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There are three main areas in which spectroscopic techniques may be of use: in the 
characterisation of fibres themselves; in the identification of dyes, pigments and other 
treatments; and in the assessment of the state of degradation of a sample. 

The Application of Spectroscopy to Textile Conservation 

Vibrational spectroscopic methods have been variously employed for the study of 
textile fibres, not only to identify the fibres themselves and their state of deterioration, but 
also to confirm processing, dye treatments, weighting and the like 

These approaches have been widely used to distinguish the broad categories of 
cellulosic, proteinaceous and regenerated natural fibres and the many different types of 
synthetic fibre marked chemical differences between these groups of 
materials means that they are often readily distinguished. In general, however, it is more 
difficult to differentiate the fibres within these groups as they are chemically and 
structurally similar - all cellulosic fibres, for example, are composed of cellulose, along with 
hemicelluloses, pectin and lignin, and adopt a cellular structure; similarly hairs and wools 
are all proteinaceous, cellular fibres. In spite of this, characterisation can potentially be 
achieved by exploiting the differing proportions of these components and their distributions 
throughout the fibre. There are two general approaches to this: either by the identification 
of vibrational bands arising from specific constituents, and the subsequent correlation of 
this data with known properties of the materials (for example, by linear discriminant 
analysis); or by the comparison of the spectrum of an unknown material against a library of 
known spectra, to identify the fibre by its characteristic 'finger-print'. 

Raman spectroscopy has been employed to differentiate untreated plant fibres 
(ramie, jute, flax, cotton, kapok, sisal and coir) on the basis of peak ratios derived from the 
associated C-H stretches and glycosidic C-O-C stretches Similar studies have also 
investigated silk fibres from various sources and at various stages of processing ^ , 
including spider silk and wool, subjected to treatments such as bleaching and to physical 
changes induced by stretching However, the Raman technique is not routine for many 
conservation science laboratories and, in any case, luminescence can prove problematic, 
particularly with historic materials. Infrared spectroscopy would seem the more appropriate 
choice, but, to date, a similarly comprehensive analysis of cellulosic materials has not 
appeared, although there have been several reports in which band assignments are presented 
for the various constituents and in which degradation has been assessed. Here, the loss 
of identifiable chemical components and the accumulation of distinctive degradation 
products (such as carbonyl containing species produced by oxidative processes) have been 
followed, and changes in microstructure deduced from spectroscopically-derived 
crystallinity indices 25 40,54-56 assignments for both cellulosic and silk fibres are 

presented in Tables 5.4.1 (pi39) and 7.5.1 (p239). 

Spectroscopy is also of use in the identification of dyestuffs and pigments, as well as 
other treatments such as optical brightening agents or flame retardants Traditionally 
this is achieved by a series of specific chemical tests, a procedure which is both time 
consuming and results in the destruction of the sample; in most cases relatively large 
samples are also required, which does not pose a particular problem for industrial 
specimens, but is a distinct problem in the study of archaeological samples. IR spectroscopy 
provides a solution to this problem, when combined with a library of known dye types. This 
allows for the semi-automated analysis of samples, and will distinguish dyes if several have 
been used on a single specimen. It has the advantages that it is a relatively rapid procedure, 
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it requires only small samples of fibre, and it is non-destructive. A final benefit of the 
technique results from the fact that the dye is not removed from the fibre substrate, so some 
indication of dye distribution, penetration and dying processes can be obtained. However, 
despite these advantages, the spectroscopic identification of dyes can be problematic and is 
highly dependent on there being a significant content of dyestuff in relation to the substrate. 

Microspectroscopy 

Microspectroscopy is particularly usefiil in the study of fibres and has several 
advantages over conventional spectroscopic techniques One significant disadvantage 
with standard spectroscopic techniques, particularly with IR, is that in general the sample 
must be extensively processed before examination - for example, ground down and prepared 
as a mull, or encased within a KBr disc. Not only does this destroy the specimen, which is 
undesirable in the case of archaeological artefacts, but also results in the loss of information 
about the fibre structure, the distribution of fibres in blends, the dispersal of dyes, etc. 

A typical microspectroscopy set-up combines a spectrometer (either Raman or IR) 
with a microscope, although the latter usually employs reflective rather than refractive 
optics, as glass is largely opaque to infrared radiation. This enables the specimen to be 
examined as in a conventional microscope, then a spectrum may be recorded from a region 
with an area of the order of square micrometers. The advantage of this is that relatively 
small samples can be examined and spectra can be taken from specific regions of larger 
specimens, rather than as average spectra from the bulk sample. Conversely, however, it 
must be remembered that the region under examination is not necessarily representative of 
the whole sample, so for inhomogeneous samples a suitably large number of fibres must be 
examined if this technique is to be used. The technique requires relatively little preparation 
and is non-destructive, which may be of particular importance when studying historical or 
archaeological specimens. 

However, a significant problem encountered when studying fibres with this 
technique (in transmission mode) arises due to the generally cylindrical nature of the 
specimens, which can lead to internal reflection and scattering of the incident radiation, 
which in turn results in exceptionally noisy spectra. Silk fibres, whilst roughly triangular in 
cross-section rather than cylindrical, are particularly problematic in this regard. This can be 
avoided by flattening the fibres, which also has the advantage of allowing transmittance 
spectra to be recorded from thicker samples. 

In order to obtain a good spectrum, the sample may require scanning many times, 
due to the small sample region, and this could take up to several hours to achieve. Over the 
course of this scanning period the sample may undergo heating, due to the incident infra-red 
radiation, which in turn may lead to a disruption of the signal from thermal expansion and 
loss of focus, or result in thermal degradation of the sample. Both of these effects will result 
in poor spectra. 

As transmission IR spectroscopy relies on the radiation passing through the sample, 
the fibres under examination must be sufficiently thin to allow this to occur. Pulped 
samples or those pressed between KBr discs, examined by standard spectroscopic 
techniques, do not generally present a problem in this regard, but if microspectroscopy is to 
be used then difficulties can occur with large fibres or fibre bundles. In general, fibres with 
a diameter of I5p.m or less are suitable for use without additional preparation, but those of 
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greater diameter will probably require either sectioning or compression (for example, using 
a diamond cell) before they can be examined. 

Reflectance IR and Raman spectroscopy, on the other hand, utilise reflected or 
scattered radiation, and as a result the thickness of the sample is unimportant. 
Consequently, samples are relatively easily prepared for analysis, and, in addition, a sample 
set up for transmittance IR spectroscopy can be used without further preparation. 

Ideally the region under examination would be comprised purely of the fibre, with 
no other substances present. However, in some cases it may be necessary to ensure that the 
specimen is adhered to the surface to prevent movement and thermal expansion during the 
analysis. In this case adhesives which will result in the minimum interference with the 
spectrum are required. Two suitable adhesives are rubber cement (diluted with 50% 
cyclohexane) or 'water-glass' (an aqueous solution of sodium silicate); the latter method is 
only appropriate for Raman spectroscopy, however, as the medium exhibits a strong infra-
red absorption. 

Attenuated Total Reflection 

Attenuated total reflection (ATR) spectroscopy represents another refinement of IR 
spectroscopy, in which the sample is pressed against a crystal 'window' (typically diamond 
or germanium) the beam interacts with the sample at the interface with the crystal via 
the evanescent wave phenomenon. The radiation undergoes total internal reflectance at the 
interface, but the evanescent wave penetrates the sample to a shallow depth (roughly of the 
order of the wavelength of the radiation - that is, a few microns). A typical ATR set-up is 
illustrated in Figure 1.2.2. 

Figure 1.2.2: Schematic of a typical ATR set-up. 
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Samples in a variety of states can be examined by the technique: solids are pressed 
against the ATR window by the anvil head; for liquids, a droplet can be placed directly on 
the window; solutions can either be treated as liquids or, with an appropriate solvent, 
allowed to evaporate depositing the solute onto the window. For the examination of fibres, 
the technique has the advantages that relatively small sample sizes can be employed, little 
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preparation is required, and, due to the controlled presentation of the sample to the radiation 
by the ATR anvil, the data is highly reproducible. 

The actual depth of penetration of the sample is dependent on a number of factors, 
including the wavelength of the incident radiation, the refractive indices of the sample and 
the crystal and the angle of interaction: 

^ 

Where: 

dp = depth of penetration. 

A, - wavelength of incident radiation. 

ric = refractive index of ATR crystal. 

«s = refractive index of sample, 

(j) = angle of incidence. 

The variation in depth of penetration across the typical wavelength range of a 
spectrum is presented in Figure 1.2.3, assuming a diamond ATR crystal («c = 2.4 at 1000 
cm"'), a nominal organic specimen (% = 1.6) and an angle of incidence of 45°. 

Figure 1.2.3: ATR depth of penetration. 
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Other Spectroscopic Techniques 

A variety of other spectroscopic techniques exist which are of use in the study of 
fibres, though in general these are more appropriate for the analysis of specific species (for 
example, dyes, weighting agents, degradation products, and the like) than for the 
characterisation of bulk fibre samples. These methods include UV-visible spectroscopy, 
mass spectrometry (particularly the pyrolysis techniques), NMR and ESR spectroscopy. 

26 



1.3 A Review of Other Methods of Identification of Natural Fibres 

Although microscopy and infra-red spectroscopy are probably the most useful 
techniques available in the study of fibres, providing a wide range of chemical and structural 
information, there are several other techniques which are also of value, though these are 
generally somewhat more limited in their scope. These methods principally include 
chemical analyses, burn tests, the measurement of physical properties, and the like. 

Chemical Analyses 

Chemical analysis of fibres relies on the fact that different fibres will react in 
different ways when subjected to certain reagents these will either stain 
the fibre (or structures in the fibre) a specific colour, or will cause the dissolution of the 
fibre, relying on differences in solubility to aid identification. 

The foremost disadvantage with using chemical methods to identify fibres is that 
specific tests are required for specific fibres, unlike infra-red spectroscopy, for instance, 
where the test procedure is the same regardless of the fibre type. For example, completely 
different protocols are required for fibres of synthetic, plant and animal origins, and the less 
is known about the sample initially the greater the number and range of tests required, which 
can become extremely time consuming. Furthermore these tests are, in general, destructive 
or will at least modify the sample in some way, and will also require relatively large fibre 
samples. 

Some typical chemical test methods for plant fibres are outlined below 

Phloroglucinol and hydrochloric acid will stain lignin (the colour varying from pale 
pinks to deep reds and browns with increasing lignin content), and thus provide an indicator 
for the presence of this substance. 

Zinc chloroiodide (the Herzberg reagent) has the effects of both highlighting 
structures within fibre cells, and in causing general colour changes in the fibre, both of 
which can aid identification. Pure cellulose becomes violet (possibly with red or blue tints) 
in colour when treated with the reagent, whilst lignified cellulose is stained yellow. Certain 
structural features, such as dislocations and surface markings, pick up the stain more readily 
than other regions. 

Cuprammonium hydroxide (Schweitzer's reagent) causes the swelling and 
dissolution of cellulose; since the percentage content of cellulose varies between species, as 
does the distribufion of cellulose and other structural components, the pattern of swelling 
and dissolution is distinctive, as, to some degree, is the speed with which the process occurs. 

It is possible to devise a series of solubility tests, which will systematically 
categorise the fibre based on its chemical nature, using readily available reagents For 
example, the test protocol devised by the Textile Conservation Centre (TCC) (see Scheme 
1.3.1 (p30)) will distinguish secondary acetate, triacetate, silk, nylon, wool, polyester and 
natural and regenerated cellulose. However, as plant fibres are chemically similar (i.e., 
primarily composed of cellulose), as are wool and hair samples (composed of keratin 
proteins), tests of this type will generally not allow a more detailed level of identification. 
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Some commercial analytical stains are also available, such as the Shirlastain range 
These are comprised of mixtures of dyes designed to stain certain fibre types specific 

colours. Each stain is designed for specific categories of fibres - for example, distinguishing 
between individual cellulosic fibres, or determining the general origin of a sample 
(synthetic, animal or plant). The problem with using these stains as a method of 
identification is that the categorisation of the resulting colour tends to be somewhat 
arbitrary, and will be affected by pre-existing dyes and surface treatments, as well as 
discoloration due to ageing or damage. 

Stains and dyes are of limited use when dealing with aged or heavily degraded 
samples; in general, age will tend to darken fibre specimens, thus obscuring the results of 
these techniques. It is possible to bleach, or otherwise treat, samples before analysis, but 
this in turn may result in damage or other undesired effects. 

One area in which chemical tests are particularly useful is in the assessment of 
damage to fibres; reagents which stain regions of damage will highlight features which may 
not be apparent simply by examination with an optical or electron microscope. Examples 
specific to cellulosic fibres include Fehlings solution (which precipitates red copper' 
oxide in regions of acid damage); the Clibbens and Geake test (which causes damaged 
regions to darken); the Turnbull Blue test (which stains regions of acid or oxidation damage 
dark blue); and the Congo Red test (which will stain the interior of the fibre more strongly 
than the exterior, thus revealing areas where the fibre had swollen or split). 

Burn Tests 

Burn tests rely on the differing ways in which fibres undergo pyrolysis when 
subjected to a flame (see Scheme 1.3.2 (p31)) Various factors are taken into 
consideration, including whether or not the specimen melts, whether it continues burning 
when removed from the flame, the resultant smell, the final appearance of the material, etc. 

In general synthetic fibres melt whilst natural ones do not. Cellulosic fibres 
generally burn with a smell akin to burning grass or paper, protein fibres (wool or silk) are 
similar to the smell of burning hair, whilst synthetic fibres have an acrid or 'chemical' 
smell. See below for an overview of the properties of various fibres under these conditions. 

Several refinements of the bum test are possible, most of which involve the analysis 
of the gases resulting from pyrolysis This can range from simple pH measurements, 
through to gas chromatography or spectroscopic analysis. 

Twist Test 

The twist test relies on the naturally helical arrangement of the micro-fibrils 
(specifically those in the 'S2' secondary wall) which comprise certain textile fibres - it is 
only applicable to those fibres derived from plant sources The test is performed by 
immersing a sample of the fibre in water, allowing it to swell slightly, then removing it, 
fixing one end to a support and observing the direction which it twists on drying (clockwise 
or anti-clockwise). In the examples given below, the direction of observation is from the 
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free end of the fibre; if it is examined from the fixed end instead then the directions will be 
reversed. 

For bast fibres, both flax and ramie will exhibit a clockwise rotation, whilst hemp 
and jute rotate in an anti-clockwise direction. In the case of non-bast plant fibres, manila 
and sisal both exhibit anti-clockwise rotation, whilst with coir it is clockwise; for Java 
kapok and Indian kapok (actually two distinct species), the former rotates in a clockwise 
direction, whereas the latter does not rotate at all (see below). 

Cotton is a special case, as the rotation exhibited when examined by this method is 
variable. This is due to the fact that the fibre does not have a defined long range twist, but 
instead has differing localised twists which depend on the direction in which the hollow 
fibres collapse as they dry. 

This test has several limitations. These include the fact that it is only applicable to 
certain plant fibres and even then will only give limited information; in addition, variations 
in the length, thickness, processing and degree of degradation of the sample may lead to 
ambiguous results. Animal and artificial fibres exhibit no twist on drying, so cannot be 
distinguished by this method. 

Mechanical and Physical Properties 

These tests measure specific physical properties of fibres or fibre cells which 
can include: 

Physical dimensions of fibre cells, usually measured by maceration of the sample to 
separate individual cells, then measurement under the microscope The dimensions of 
individual species tend to fall within certain ranges, which can thus aid identification. Care 
must be taken, however, that a sufficiently large number of samples are examined, in order 
that the possibility of anomalous cells distorting the result is reduced. 

Strength, toughness and elasticity are generally measured by mechanical means 
As with cellular dimensions these properties fall within certain limits depending on the 
origin of the specimen. 

Flotation relies on the fact that certain fibres will float in specific liquids, whereas 
others will sink Examples include the fact that kapok will float in alcohol, whilst all 
other cellulosic fibres sink, or that in methyl salicylate coir floats and jute sinks. 
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Scheme 1.3.1: Solubility Test Protocol (TCC)' 
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Scheme 1.3.2: Bum Tests 
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2. Metal Threads 

Metal decorations, and especially metal threads, have been used to embellish textiles 
for thousands of years and so constitute an important field of study when considering 
archaeological and historical fabrics. It is necessary that a conservator is able to identify the 
materials and techniques used to construct these threads, and is aware of the various ways in 
which they can deteriorate, in order to develop techniques for their preservation. 

An outline of the technology, materials and conservation issues associated with 
historic metal threads is presented below, as a prelude to Chapter J in which a description of 
the analysis of historical metal threads is given, including the presentation of two case 
studies. Illustrative figures of metal threads throughout the review are taken from the 
author's experimental work. 

2.1 The Development of Metal Threads 

The techniques used to construct metal threads have increased in sophistication since 
they were first used several thousand years ago, as the technologies available improved and 
new methods were introduced. 

The information available on these materials is derived from two main sources, 
namely surviving artefacts and contemporary records. As a result there are inevitably 
uncertainties and gaps in the evidence available - textile artefacts are inherently prone to 
deterioration over time, especially in the case of items of clothing, and many of the 
techniques used in the fabrication of the materials would tend be passed down through 
families or businesses and not preserved in a written form. 

The threads themselves can be loosely categorised as follows 

1. Pure metal 
i. Strip 
ii. Wire 

II. 
Metal on 
substrate strip 

i. Leather/gut 
ii. Paper 
iii. Synthetic 

III. 
Metal wound 
about a fibre 
core 

Strip 

ii. Wire 

a Pure metal 
b Metal on leather/gut substrate 
c Metal on paper substrate 

IV. Combined Thread 
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Figure 2.1.l: Typical forms of metal threads. 

Wire Metal Strip 
Wire Wound Strip Wound 

Fibre Core Fibre Core 
Combined Threads 

The technology of metal threads developed primarily in Europe and the Orient. In 
these two regions the techniques for the construction of the threads appear to have evolved 
more-or-less independently, though with some exchange of materials and methods. 

The first known examples of metal threads simply consist of metal filaments which 
would be interwoven with a fabric (I.i and I.ii) This practice almost certainly dates 
back several thousand years, possibly as far as the S"' millennium BC. Mention is made in 
the Bible of a garment apparently ornamented in this manner: And he made the ephod 
[priestly garment] of gold, bhie, and purple, and scarlet, andfine twined linen. And they did 
beat the gold into thin plates, and cut it into wires, to work it in the blue, and in the purple, 
and in the scarlet, and in the fine linen, with cunning work. {Exodus, 39:2-3). The 
technique was relatively widespread in the Middle East and Eastern Mediterranean regions 
by the 5̂ ^ century BC and was used by both the classical Greek and Roman civilisations 
The practice of winding metal filaments about a fibre core (typically silk) also came into use 
at about this time (Ill.i.a and Ill.ii). This had the advantages of improving the ease with 
which the thread could be woven, increasing its durability and reducing the stiffness of the 
fabric into which it was incorporated These spun or wound threads can be classified as 
having either an 'S ' (anti-clockwise) or 'Z' (clockwise) twist, depending on the direction of 
winding of the strip or wire (see Figure 2.1.2). In general, the fibres of the core would be 
dyed or bleached to complement the colour of the metal - yellow or red for gold, and white 
for silver. The Romans subsequently introduced these wound threads into Western Europe 

Figure 2.1.2: S and Z winding in metal threads. 

'S': 

During this period metal strips would have been made by hammering the metal into 
a foil, then cutting it into narrow strips Short strips would be joined together to produce 
filaments of more useful lengths, although the methods by which this was achieved are 
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unknown The Greeks were capable of producing foils 1 jam in thickness and the Romans 
improved this to 0.2fj,m These strips, known as bright plate, may retain distinctive burrs 
and marks left by the cutting tool, which can be seen by examination via optical or electron 
microscopy Wires, where required, were made by taking metal strips and carefully 
hammering them to the appropriate shape. By the Roman era, wires were also being made 
by beating heated metal rods to the required diameter. 

Throughout this period, the metals chosen for these ornamented textiles would 
generally be the precious or noble metals - gold and silver - being both relatively easy to 
work and resistant to corrosion Copper and bronze would also have been available, 
though due to their lower value they are less likely to have been favoured for decorative 
work. It is also possible that threads made from the non-precious (and, therefore, more 
reactive) metals have simply degraded over time to a point where few examples have 
survived. 

After the fall of the Roman Empire, metal threads continued to be used in Dark-Age 
Europe, especially in brocades produced by the Germanic tribes, though some of the more 
sophisticated techniques available to earlier civilisations appear to have been lost Over 
the same period, the production of the threads also continued in the Middle East. 

It was around this time, perhaps the 5"̂  or 6* century, that metal threads were first 
introduced to the Orient, probably by Middle Eastern or Persian traders 

The next major advances in metal thread technology were made in the mediaeval 
period, during which the majority of threads originated from Italy or the Middle East At 
this time, metal filaments wound about a fibre core were used extensively, but by the 
eleventh century membrane threads also began to appear in textiles These consisted of 
metal coated leather or gut strips (see Figure 2.1.3 (p39)), which would be spun around a 
core (Ill.i.b), and originally appear to have been imported from the East These gilded 
membranes were known as 'Cyprus gold thread' or aiirum Cyprese, though despite 
contemporary references to 'Cyprus cloth' it would appear that only the threads, not the 
finished textiles, were of Cypriot origin In addition to the spun threads, the metal coated 
strips could also be used without a core, woven into a fabric (Il.i). On occasion, paper was 
also employed as a substrate for the metal in a similar manner (Il.ii and Ill.i.c) (see Figure 
2.1.4 (p39)). These types of thread have the twin advantages of being considerably lighter 
than ones constructed of a purely metallic strip and also using significantly less of the costly 
precious metals. They are, however, more prone to damage as the organic substrate 
deteriorates, and they do not possess the same lustre as the thicker metal strips 
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Figure 2.1.2: Electron micrograph of a silvered gut thread, with detail showing surface of 
membrane, from the Jesse Tapestry (15"' Century). 

lOÔ m̂ Silvered Gut 

Figure 2.1.4: Electron micrograph of a gilded paper thread, with detail showing surface of 
membrane, from the Jesse Tapestry (15^ Century). 

lOÔ m Gilded Paper 

During the same period, membrane threads were also being made in China, and, as 
noted above, there is some evidence that the practice may have originated there. Threads 
comprised of metals applied to leather were being used by the 12"̂  century and, by the 14̂ '̂ , 
techniques to apply gold leaf to pigmented mulberry paper had been developed In 
general these membrane threads would be interwoven with the fabric as they were, but on 
occasion they would be used wound about a silk core Tinned threads were being made in 
Japan by the 16̂ ^ or 17'̂  century. 

In addition to the homogeneous metals of earlier periods, composite strips, such as 
silver gilt (see Figure 2.1.5 (p40)), copper gilt and silvered copper, began to be produced 
The techniques for their construction may have been available as early as the 10"* century or 
before, but only became widespread during the 12'̂  and 13'̂  centuries. The use of copper in 
European metal thread construction also appears to have been introduced at about this time 

By the late mediaeval period, membrane threads and silver and copper gilts had all but 
replaced pure gold in Europe. However, membrane threads themselves then seem to have 
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fallen out of favour by the end of the 16 century, possibly because of the rapidity witli 
which they deteriorated 

Figure 2.1.5: Light micrograph of a silver gilt thread, with inset secondary electron 
micrograph details showing gilt surface and corroded silver substrate, from the Jesse 
Tapestiy (15^ Century). 

Exposed Silver Stirface IQpm Undamaged Gilt Surface 

During the mid-14^ century, the process of drawing wires using dies or drawing 
plates was developed ia Europe, though there is some evidence that the technique was 
employed on a small scale in earher centuries . The method was improved in the 15^ 
century with the introduction of water-powered drawing d e v i c e s W i r e s were often used as 
they were, without winding them about a fibre core, and numerous different effects could be 
achieved with different alloys and metals, and by the application of various surface finishes 

Contemporary records suggest that a rod 60 cm long and 5 cm in diameter could 
eventually be drawn to provide up to 650 km of wire; this would mean the final product 
would have a diameter of about 50 jxm Drawn wires frequently possess distinctive 
striations running along their length, as a result of irregularities in the draw-plate 

In turn, the advances in the manufacture of wire made available a far simpler method 
of metal strip production - unlike the previous techniques, where wires would be made from 
strips, the reverse was now true Having drawn the wire, it would be flattened either by 
hammering over an anvil (the earhest method available) or passing through rollers - the 
strips produced by this method were longer, more even in width and thickness, and generally 
without the roughened edges indicative of the use of cutting tools. As these improved 
techniques for metal strip construction became available, wires themselves gradually fell out 
of favour for textile decoration - a thread wound in wire would be both heavier, and more 
costly in terms of metal, than one wound with a strip. For those strips produced by 
flattening wires with the use of rollers, striations running the length of the strip may once 
again be visible 
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The majority of subsequent advances, before the development of synthetic 
substrates, involved the introduction of various new metallurgical techniques. In the 18"̂  
and 19' centuries new alloys, production methods and gilding processes were developed, 
including electroplating, new techniques for the production of wires, and Pinchbeck's 
method for the manufacture of brass 

Modern metal threads (Il.iii) are analogous to the metal coated membrane threads of 
the Middle Ages At the beginning of the 20"' century attempts were made to apply 
metallic powders to threads using adhesives such as casein, gelatine, Bakelite and India 
rubber, but none of these approaches were particularly successful as the materials tended to 
have a low durability and an unpleasantly rough feel. The 1920s saw the introduction of 
gold and silver pigmented rayon threads, shaped to maximise their lustre, and in the 1940s 
thin strips of aluminium/polymer laminates began to be used in textiles. Improvements in 
plastic technology and the introduction of new synthetic materials allowed more versatile 
threads to be produced. During the 1950s techniques to allow the direct metallation of a 
polymer by passing it through aluminium vapour were developed. Currently the majority of 
metallic threads consist of metallised polyester protected by a resin lacquer - although these 
materials are not particularly durable, they are cheap to produce. 

The final category of threads, namely the combined threads (V), consist of two 
distinct components They may, for example, be formed by wrapping one metal thread 
around another larger thread or a second fibre core, twisting two equally sized threads 
together, or wrapping a metal wire around a metal thread. These techniques can be used to 
achieve a variety of different effects, and have existed in a range of forms throughout the 
history of these materials. 

Metals and Alloys 

A number of different metals have been used in the construction of metal threads 
Most commonly for historical and archaeological textiles, gold and silver were employed, 
along with copper Silver gilt, gilded copper and silvered copper were also used and 
tinned threads were produced in Japan. Brass began to come into favour after the 
introduction of Pinchbeck's method of production in the eighteenth century Most 
recently aluminium has been incorporated into threads and textiles. 

Gold, silver and copper were favoured for several reasons, the first and most obvious 
being their value - considerable prestige would be attached to owning an article constructed 
with a large number of these precious threads. Secondly they are both malleable and 
ductile, and so were relatively easy to work, even with fairly primitive technologies. They 
are also reasonably inert, especially in the case of gold, so they did not corrode nor discolour 
particularly rapidly 

The fabrication of composite layered materials, such as silver gilt, silvered copper or 
a gilded or silvered organic substrate (membrane threads), allowed the cost of the metals to 
be offset, whilst still retaining the desired appearance. 

In addition to the pure metals, alloys, especially those of the three most commonly 
used metals - gold, silver and copper - also found use in the construction of metal threads. 
The colour, workability and corrosion properties of the alloy can be adjusted by varying the 
proportions of the metals used With gold/silver/copper alloys, a range of colours from the 
deep red-yellow of pure gold, through reds, yellows and yellow-greens to white can be 
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achieved. These alloys are widely used in a range of decorative work, including metal 
threads and jewellery. 

Silver/copper alloys are also used in the production of metal threads. The addition 
of 10-20% copper to silver will have the effect of hardening the metal and lowering its 
melting point, whilst retaining the white appearance of silver. 

Brass, a copper/zinc alloy, has the colour and lustre of gold, yet is considerably 
cheaper, so is an attractive alternative to pure gold or silver gilt. It has been known since a 
few centuries BC, though during this period it was made somewhat haphazardly from 
copper and zinc bearing ores (zinc had not been isolated as a metal), and its use was not 
widespread. The alloy was first made from the isolated metals in the sixteenth century, and 
the Pinchbeck method introduced in the eighteenth century, provided a relatively 
simple method of production: a copper object, for example a wire or strip, is passed through 
zinc vapour - the metals then react, forming a layer of the alloy at the surface. 

Silver Gilt and Other Composites 

Silver gilts, consisting of a thin layer of gold over a thicker silver substrate, were 
widely used in the construction of metal threads as they enable the distinctive hue and lustre 
of gold to be achieved whilst avoiding the expense of working with pure gold strips 
They are resistant to corrosion at the gilded surface if the gold layer is continuous and 
undamaged, or if the surface is an alloy with a sufficiently high gold content. In the case of 
single-sided gilts, the lower surface may also exhibit a lower degree of degradation if the 
strip has been wound around the fibre core tightly enough to protect it from the atmosphere. 

Silver gilt threads were constructed by a variety of methods, and the technique used 
can help identify the date of the specimen. There are four reported methods of fabrication 
for silver gilt, namely: 

• Gilding a silver rod, which is drawn into a wire and hammered flat. This results 
in a double-sided gilt strip; that is, one in which the silver substrate is 'sandwiched' between 
two layers of gold 

• Gilding one side of a silver block or ingot, which is hammered to a foil and then 
cut. This method produces a single-sided gilt strip 

• Gilding a silver substrate with gold powder. If the sample is well preserved, the 
technique is characterised by a distinctively granular surface morphology 

• Electroplating a silver wire, which is then hammered flat. This technique was not 
available until the nineteenth century 

The methods of actually attaching the two layers also vary: 

• The metals can be soldered together, using a soldering material such as copper. 
In this case a copper residue would be expected to be found at the interface of the two layers 
3.6 

• The gold can be applied by using a gold amalgam (gold/mercury alloy), a 
technique known as fire-gilding or water-gilding. The mercury is then evaporated by 
heating the sample in a furnace - before it is lost, it will dissolve some of the silver from the 
underlying surface, which will then be redeposited as an alloy with the gold. This method 
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of preparation would be expected to leave a relatively high residual level of mercury in the 
alloy at the interface; however this will be concentrated in a very narrow region, so may be 
difficult to detect 

• The two layers can simply be welded together by heating in a furnace until the 
metals begin to alloy at the interface. This would result in a distinctive composition 
gradient, from a high gold content at the surface through to pure silver lower down 

• A silver ingot can be covered with gold leaf and secured - this is then heated and 
rubbed heavily with a wire brush, resulting in firm adhesion between the layers 

• The metal can be electroplated, as mentioned above - this will result in a very 
thin, uniform layer of metal on the surface, which should contain none of the substrate metal 
2,7 

Similar methods were used for producing other composite strips, such as copper gilt 
and silvered copper, in which a thin layer of gold or silver would be applied to a copper 
substrate. 

Silver gilts and similar composites can be examined by studying a cross-section of 
the strip via SEM-EDS This can reveal the depth and composition of the gilt layer, and 
will potentially allow the method of construction to be identified (by the presence of an 
alloy, or other metals such as copper or mercury, at the interface). However, these 
techniques are limited by resolution, the subtle changes which occur in alloys, and the 
relatively low concentrations of additional metals. 

Membrane Threads 

As with the composite metal strips, several different techniques have been employed 
in the construction of the various types of membrane thread. The gilding process can be 
performed with either gold leaf or powder. If leaf is used it can be applied using either oil 
or water gilding. 

• Oil gilding uses an oil-based resin adhesive (known as 'size') to fix the leaf to the 
substrate. The technique is fairly simple, but does not yield the same lustre as a water 
gilded surface. 

• Water gilding employs a mixture of clay and gesso (a protein based glue) to 
achieve the adhesion of the leaf, and, though it is a more complex procedure, tends to 
produce the most brilliant finishes. The nature of the adhesive also means that it is 
relatively resistant to damage caused by flexing. It should be noted that this is a different 
procedure to the gold amalgam technique also known as water gilding, mentioned above, 
used for the production of silver gilt. 

• Powder gilding uses a powdered metal bound to the substrate with an appropriate 
adhesive, and usually burnished (hammered or vigorously rubbed to consolidate the surface) 
to improve the finish. Even so, materials prepared in this manner tend to have a grainy 
appearance, less brilliant than that given by the previous two techniques. It is relatively 
simple to apply but is not particularly durable. 
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Of course, the same techniques can be used to apply other metals such as silver or 
copper, and even leaf made of silver gilt and the like. 
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2.2 The Degradation of Metal Threads 

When considering the degradation of metal threads, it must be borne in mind that 
these materials consist of two distinct components - namely the metal filament and the fibre 
core - and that each of these will deteriorate in different ways. However, the two will also 
have some effect on each other, and the presence of one can easily act to accelerate 
degradation in the other. 

The deterioration of the organic fibre components is considered in sections 43 and 
6.4\ the corrosion of the metal component is discussed below. 

Corrosion 

'Corrosion', in general, refers to the reactions in which a metal is converted to a 
compound of some description, such as an oxide or sulphide, which then remains on the 
surface - if the products do not persist on the metal then the process is termed erosion. Pure 
metals are generally thermodynamically unstable (hence they are usually encountered in 
nature as ores and require energy to be refined) and thus have the potential to undergo 
corrosion reactions gold is an exception, being found in a pure metallic state in nature 
and resistant to corrosion. 

The nature of metal threads can make them very susceptible to corrosion. The metal 
strips or wires involved are generally thin, so extensive corrosion can easily consume the 
filament entirely. In addition the manufacturing techniques often leave surface features, 
such as the striations from rollers or draw-plates, which can act to promote deterioration, 
and the organic components of the threads may act as a source of corrosive reagents. 
However, the metals used - primarily gold, silver and copper - are generally fairly resistant. 

Sources of Corrosion 

Corrosive agents may come from a variety of different sources. Oxygen and 
moisture irom the atmosphere are the most obvious. The metal may also come into more 
direct contact with water, either through exposure to rain or damp conditions, or sweat, or 
by washing. In these cases, dissolved salts may also attack the artefact - this can be a 
particular problem in coastal regions where the metal may be exposed to chloride ions, as 
will also be the case with sweat. Perhaps the most significant threat comes from modern 
(that is, from the industrial revolution onwards) levels of atmospheric pollution - carbon 
oxysulphide (and, to a lesser extent, hydrogen sulphide) and the oxides of sulphur and 
nitrogen can all lead to rapid and extensive corrosion. 

Mechanisms of Corrosion 

There are two main mechanisms by which corrosion in metals such as silver and 
copper can occur The first involves the adsorption of a corrosive gas, typically oxygen, 
onto the surface of the metal, followed by reaction to form a film or tarnish - this is 
sometimes referred to as 'simple' oxidation. The second involves the electrochemical 
oxidation of the metal and requires the presence of an electrolyte, typically oxygenated 
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water in which other corrosive reagents may be dissolved. These are explained in greater 
detail below. 

'Simple' oxidation (also known as dry corrosion) takes place at the metal/gas 
interface. Atmospheric oxygen (or water) is adsorbed onto the metal surface, where an 
electrochemical reaction occurs, leading to the formation of the oxide (or hydroxide) as a 
layer or scale on the substrate. This oxide layer will grow if electrons can be conducted to 
the oxide/gas interface (with a corresponding oxidation of the metal), and if metal ions can 
diffuse away from the metal/oxide interface and/or oxide ions can diffuse towards it (see 
Figure 2.2.1). In this manner, the oxide acts as both electrolyte (allowing the migration of 
the ionic species) and electrical circuit (permitting the conduction of electrons). If these 
processes carmot occur, then the corrosion layer will not grow. The predominance of one or 
other of the ionic diffusion processes will lead to an unstable film which is likely to break 
away from the metal surface; if only metal migration occurs, then a gap will develop at the 
metal/metal oxide interface, and if oxide migration dominates then compressional stress in 
the material is likely to lead to fragmentation. As growth is dependent on the diffusion of 
ions through the thickening corrosion layer, it is rapid at first, then slows and finally ceases 
- most of the metals encountered in this field, under normal atmospheric conditions, display 
a logarithmic pattern of film growth. 

Figure 2.2.1: Corrosion via simple oxidation. 

Oxygen 

Metal Oxide 
Metal Oxide 

Metal' 

The second type of corrosion occurs when water acts as an electrolyte on the metal 
surface - electrochemical corrosion. This can be due either to droplets of water on the 
surface, or simply a humid environment - at 60 % humidity, water will generally be found 
as a monolayer on the surface, so is effectively non-liquid, but at 70 % humidity a layer up 
to 50 jam thick may be found. If a layer of liquid water forms on the surface, two linked 
processes will begin to occur; a cathodic reaction near the water line (the water/air 
interface) [1] and an anodic reaction at the metal surface [2] (though these reactions will 
only proceed if the free energy of the products is lower than the free energy of the 
reactants). Water is essential to the process as it acts to stabilise the free metal ions and, 
along, with the bulk metal itself, acts as a conductor. 

O2 + 2H2O + 4 e - ^ 4 0 H - [1] 

+%e- [2] 

These can then either combine to form the metal oxide or hydroxide, or undergo 
reaction with other dissolved reagents, such as chloride ions, hydrogen sulphide, and the 
like. If the products are insoluble they will precipitate out onto the metal surface. They do 
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not, however, form a continuous film over the surface, as happens with the simple oxidation 
reaction. 

The presence of surface irregularities and damage, or foreign material such as dust 
and soil, can promote the formation of local electrochemical cells thus facilitating corrosion. 
These features may lead to differential oxygenation and can provide reactive surfaces; in 
addition, extraneous particles can act as abrasives or as a source of corrosive ions, and will 
also harbour moisture in otherwise dry conditions (see Figure 2.2.2). 

Figure 2.2.2: Mechanisms of electrolytic corrosion. 
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Protective and Non-Protective Corrosion Layers 

A protective corrosion layer or film is one which prevents further damage to the 
metal surface beneath. Non-protective layers do not hinder subsequent corrosion. There are 
a number of possible reasons for this: because the film is permeable to attacking species; 
because it is easily dissolved and washed away irom the metal; or because the corrosion 
product flakes away from the metal exposing the underlying surface. 

Protective films tend to be formed when the attacking species is of a similar size (in 
terms of ionic radii) to the metal itself. This will result in the epitaxial growth of the 
corrosion layer, and thus does not introduce internal stresses in the material. This occurs, 
for example, in the case of silver and oxygen (species with ionic radii of 1.15 A and 1.36 A , 
respectively). Non-protective layers result from attack by species of a markedly different 
size to the metal - in these cases the structure of the material is disrupted at the surface, 
allowing further damage to occur. 

Structural and Mechanical Factors 

The location of the metal thread in the artefact will effect the degree to which it is 
subject to corrosion. Those regions exposed to the atmosphere are most likely to undergo 
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damage, whilst those protected by the bulk of the fabric are likely to suffer less severely. A 
backing layer or lining may also help to protect those sections of thread on the reverse of the 
object. Similarly the reverse of a metal filament, that side which is in contact with the fibre 
core, may also be protected. 

Gold 

Gold is highly corrosion resistant This is due to its very low reactivity, rather 
than the formation of protective films of corrosion products, as happens with many other 
metals. In general it will react only under extreme conditions - it will, for example, dissolve 
in a mixture of concentrated hydrochloric and nitric acids {aqua regia). 

Silver 

Silver is largely resistant to corrosion by oxygen and water under normal conditions 
3,14,16 gUgj^i^jy higher temperatures, or over a prolonged period, a protective silver oxide 
(AgiO) layer will form on the surface, sufficiently thin to be invisible. However, as this 
layer is so thin it can easily be removed by mechanical means, for example during cleaning, 
and this will allow atmospheric pollutants and the like to attack the metal surface before a 
new oxide layer can form. Hydration of the oxide may also lead to the formation of the 
black hydroxide (Ag{OH)). In addition, the combined adsorption of water and oxygen can 
result in hydrogen peroxide production, which in turn generates lattice defects and disrupts 
the protective oxide layer. As a result of the slow rate of natural formation and the ease of 
damage of the oxide layer, it is debatable whether it is truly protective under normal 
conditions. 

Sulphur based pollutants, particularly carbon oxysulphide, hydrogen sulphide and 
sulphur dioxide, in the presence of oxygen and water will cause significant and relatively 
rapid damage to silver [3], The corrosion product, silver sulphide (AgiS) forms a distinctive 
black blistered tarnish on the surface of the metal (see Figure 2.1.5 (p40)), and is non-
protective so extensive deterioration can occur. Figure 2.2.3 (p49) illustrates the black 
sulphide layer flaking away to reveal the underlying silver metal. 

4Ag + 2H2S + 02->2Ag2S + 2H20 [3] 
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Figure 2.2.3: Silver sulphide blisters on a silver thread from the Jesse Tapestry (15^ 
Century). 

Chloride ions also react with silver if the silver oxide film is damaged or absent, 
forming a grey silver chloride (AgCl) layer. The reaction is catalysed by copper if this is 
present in the metal [4], As with the sulphide, the corrosion layer is non-protective in 
nature and so can cause considerable damage. 

Cu+2Cr • Ag -> AgCl + CuCl [4] 

Copper 

Copper has a generally good corrosion resistance, and will not suffer significant 
damage when exposed to moisture or unpolluted air. Where corrosion does occur a variety 
of reaction products will generally be found in layers at the surface of the metal 

In the presence of oxygenated water, red copper' oxide (CugO) will form readily [5], 
but this forms a partially protective layer which will inhibit further corrosion - for the 
reaction to proceed, copper ions and electrons must pass through the oxide film. The oxide 
loses its protective nature if it exceeds 20 A in thickness, as beyond this point it no longer 
confonns to the underlying copper crystal structure and begins to adopt its own lattice 
parameters instead; the strain that this induces opens fissures in the film, which then 
becomes porous and exposes the metal to further corrosion. 

H,0 

4CU + O2 ^ Z C u ^ O [5] 

This reaction will also occur gradually in air. Given sufficient time the oxide layer 
will increase in depth, and the outer layer will become further oxidised to the black copper " 
species (CuO). 

Like silver the metal is particularly susceptible to attack by sulphides, resulting in 
the formation of sulphur compounds (primarily copper ' sulphide (CU2S), possibly with 
copper " sulphide (CuS) and copper " sulphate ( C U S O 4 ) ) . These corrosion products are non-
protective in nature, so progressive damage will occur in the presence of reagents of this 
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type. The most common sources of damage to copper artefacts are sulphur dioxide and 
hydrogen sulphide found in polluted atmospheres. 

Chloride ions react rapidly with copper, resulting in a non-protective pale grey 
tarnish. Initially chloride acts as a catalyst in the formation of copper' oxide [6]. However, 
the oxide formed by this catalytic process is found as tiny crystals rather than as a 
continuous film, and so does not protect the metal surface. Subsequently, the oxide may 
then react further with the chloride ions, generating copper' chloride (CuCl) [7]. Water, if 
present, will set up a local electrochemical cell, leading to the production of the green 
hydrated copper" chloride [8]. 

HCl 

4CU + O2 -^ZCu^O [6] 

Cu^O + 2HC1 2CuCl + H^O [7] 

2CuCl + C u p + O2 + SH^O ^ CUCI2 • 3Cu(0H), [8] 

Atmospheric carbon dioxide in the presence of water leads to the formation of 
malachite (CuCOs Cu(0H)2) and azurite (ZCuCOs Cu(0H)2), which are green and blue 
respectively. Pollutants such as sulphur and nitrogen oxides, in conjunction with water, 
result in the production of basic copper " salts, such as CuS04-3Cu(0H)2 and 
CU(N03)2-3CU(0H)2 which are also green in colour. These various species, including the 
chloride mentioned above, give rise to the distinctive green-blue patina (verdigris) found on 
exposed copper 

Other Metals 

In addition to the noble metals, a few other materials have been used in the 
production of metal thread over the years, most notably tin (found in some threads of 
oriental origin), and, more recently, aluminium. 

Tin reacts only slowly with oxygen, and will gradually form a dull yellow-grey 
tarnish Given sufficient time this oxidation will lead to layers of grey-brown 
material, accompanied by fissures and blistering on the surface. The primary oxidation 
product is tin oxide (SnO]), along with some of the tin " species (SnO). In the presence of 
water, an oxide film is slowly formed, though dissolved salts, particularly carbonates, will 
attack the metal. Atmospheric pollutants do not cause significant damage to tin - hydrogen 
sulphide, for example, will not cause corrosion at room temperature. 

A problem which may be encountered with the metal, though it is not strictly 
speaking chemical corrosion, is 'tin pest'. This results from a change in the crystallographic 
structure which occurs below 13.2 °C (from body-centred tetragonal P-tin to diamond cubic 
a-tin). Powdery grey blisters appear on the surface of the metal, which then gradually 
disintegrates. Impurities such as lead and antimony inhibit this process. 

Aluminium is very reactive and will readily form the oxide (AI2O3) However, 
this forms a thin, transparent protective film, thus preventing further oxidation, or other 
forms of corrosion, from occurring. In conditions where the oxide layer is repeatedly 
damaged, or prevented from forming, rapid corrosion of the metal will occur. 
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Alloys and Composites 

Alloys of gold, silver and copper in various proportions have been widely used in 
metal threads. A sufficiently high gold content will prevent damage from occurring, but 
alloys which contain high proportions of silver or copper, or in which individual grains in 
the alloy are inhomogeneous, will be susceptible to corrosion. 

Alloys containing copper in silver are also common in metal threads - silver is rarely 
found without some copper content. Both metals corrode at similar rates and are susceptible 
to attack by the same reagents, so the formation of the alloy has little overall effect on the 
corrosion properties. A few differences do occur, however - as noted above, the presence of 
copper catalyses the chloride corrosion of silver and at slightly elevated temperatures copper 
is preferentially oxidised, leading to the relatively rapid appearance of a surface tarnish. 

Brass, a copper/zinc alloy, has similar corrosion properties to copper with 
comparable susceptibility to hydrogen sulphide and the like If the zinc content exceeds 
15%, then dealloying may also occur This results from the selective removal of the more 
reactive metal (i.e., zinc), leaving a porous and mechanically weak layer of copper and 
copper oxide behind. 

With all alloys, inhomogeneities in the material may lead to regions of differing 
potential within the metal which will promote electrochemical corrosion reactions. 

Silver gilt threads vary in their resistance to corrosion, depending on their method of 
manufacture. Provided the gold layer at the surface is continuous and sufficiently pure, then 
corrosion will not occur (see Figure 2.1.5 (p40)). If the surface layer is an alloy 
(gold/silver), then inhomogeneous regions (with a high silver content) may by subject to 
corrosion. This can also occur if the gold layer is insufficiently thick. In both of these 
cases, the damage resembles blisters of the corrosion products (such as silver sulphide) 
which break through the gold layer (see Figure 2.2.4 (p52)). Corrosion can also occur 
where the underlying silver layer is exposed, either as a result of mechanical damage to the 
gilt layer or at the edges of the thread. Copper gilt will behave in a similar manner to silver 
gilt - that is, corrosion will be avoided if the gold layer is sufficiently pure, deep and 
continuous. Silvered copper will suffer from corrosion in much the same way as pure silver 
and silver/copper alloys. In addition, corrosion can potentially occur at edges where the 
underlying metal is exposed. 
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Figure 2.2.4: Corrosion Products Breaking Through a Gilt Layer. 

' m 

Membrane threads are particularly susceptible to damage (see Figures 2.1.3 & 2.1.4 
(p39)). This is due both to the thinness of the metal layer and the nature of the organic 
substrate. As the metal layer is so tenuous, it can rapidly be consumed by corrosion, and has 
little mechanical strength so is easily damaged, exposing further surfaces to deterioration. 
The organic substrates are very flexible so increase the chance of mechanical damage to the 
metal and also tend to deteriorate relatively rapidly, again exposing more of the metal to 
damage - in addition, the deterioration of the substrate may release compounds which can 
themselves corrode the metal, as can the adhesives used to apply the metal. 

Cleaning, Stabilisation and Consolidation 

The main problem with the conservation of artefacts containing metal threads arises 
from the combination of the metal components with the organic fibres of the textile. This 
means that conventional techniques suitable for one part of the material are rarely 
appropriate for the other, and may act to exacerbate the deterioration of the object. 

Another difficulty arises from the problem of accessibility - with most artefacts of 
this kind, the metal threads will be intimately combined with the bulk textile, and so cannot 
simply be removed for cleaning, restoration and consolidation. As a result, a treatment is 
required which is suitable for use in situ, and which will not damage the surrounding 
material. 

These practical problems are further exacerbated by ethical dilemmas. For example, 
there are questions of the extent to which the object will be altered - should it be restored to 
(an approximation of) its original state, a procedure which result in a more aesthetically 
pleasing and displayable artefact, but which will require extensive intervention; or should, 
instead, a minimum of work be done on the object, sufficient for preservation but no more, 
and thus maintaining it in the condition in which it was found, complete with the evidence 
of its history? 
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As noted above, the techniques available for the stabilisation and conservation of 
metals are rarely coincident with those appropriate for organic materials. To restore, or 
even simply to preserve, one part of the object may risk damaging the whole. 

In addition a balance must be struck between short and long term strategies: 
procedures which may result in an immediate benefit may prove to be detrimental in the 
long run. 

There are a variety of methods suitable for cleaning purely metallic artefacts, 
including chemical (such as acid and alkaline washes), electrochemical and electrolytic 
(both of which lead to the reduction of the corrosion products), and mechanical (polishing or 
ultrasonic cleaning) approaches, or combinations of these However, the inherent 
fragility of metal threads, combined with the presence of the organic core and surrounding 
fabric, mean that none of the methods are particularly appropriate. Similarly, detergents and 
the like used for the cleaning of the textile component may contain reagents likely to 
promote the corrosion of the metal. 

The most effective treatments have been achieved by the use of a relatively mild 
cleaning agent, such as a non-ionic aqueous surfactant, on the bulk of the material, followed 
by the spot-cleaning of the metal threads with organic solvents and sequestering agents. 

Once clean, steps must be taken to prevent the re-corrosion of the metal, but, again, 
the composite nature of the objects means that few of the conventional methods of 
protection are appropriate. 

Typically a metal object may be protected by promoting the formation of a stable 
oxide film, or by coating it with a layer of an impermeable material (such as waxes, 
cellulose and chitin lacquers, and various synthetic polymer coatings). The former approach 
has the disadvantage of requiring conditions likely to be seriously deleterious to the organic 
parts of the object, whilst the latter will impart an undesirable stiffness to the cloth and has 
aesthetic implications. 

Ideally the objects should be kept in a stable environment, with an atmosphere free 
from pollutants such as hydrogen sulphide, and at a humidity which is neither high enough 
to promote electrochemical reactions on the metal, nor low enough to lead to the desiccation 
of the organic components of the material. 
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3. Analysis of Metal Threads 

Metal threads from numerous historical periods and geographical locations were 
analysed by a variety of techniques; the samples dated from the medieval period ( - l l - i s"" 
centuries) up to the modem era, and originated from Europe, the Middle East and the 
Orient. The threads took a range of forms, including interwoven filaments, wound strips, 
membrane threads and metal gilts (see section 2.1). 

Initially, data from metal thread analyses found in the literature were compiled; data 
on 120 threads were used. This information was subsequently employed for comparison 
with the experimental data, in consideration of differences in structure and composition over 
the history of the materials and by geographical origin. 

Metal threads from a variety of artefacts were then examined; a total of 41 different 
threads were studied. Optical microscopy, SEM-EDS and vibrational spectroscopy were 
employed to determine the type of thread, the metal content, the nature of the fibre core (if 
present), the direction of winding of the metal filament (and of the core), the dimensions of 
the thread, and any other features of note, including the general condition of the sample and 
the presence of corrosion products. If possible, the likely method of manufacture was also 
determined. 

The data were examined to determine trends in construction and use of materials, 
and compared with those previously derived from the literature. 

Finally, two case studies on specific artefacts were carried out; 

The metal threads from the Jesse Tapestry, a IS"" century ecclesiastical artefact were 
examined. 

The metal threads from a 19^ century replica of a typical piece of 1?"̂  century 
artwork were compared with metal threads fi-om genuine 1?"̂  century artefacts. 
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3.1 Metal Thread Data from the Literature 

The various different types and methods of construction of metal threads, such as 
membrane threads and gilt strips, are described in section 2.1. 

The data on metal threads from a variety of papers were compiled Although 
the scope and detail of information given varied, the following categories could be 
determined: date of manufacture; geographical origin; type of thread; nature of metal strip; 
nature of the core; metal of filament; metal composition. 

This data is summarised in Table 3.1.1 (p56). 

The trends identified in section 2.1 can be seen to be confirmed by these data: 

One of the most marked trends seen is in the variation of the metals used: gold is 
only found as a pure metal, or as the major component of alloys, before the 16^ century; 
after that period, silver and copper became the predominant metals. Additionally, the use of 
copper increases in the latter periods, particularly the 1S"' century. 

Silk is the predominant material for fibre cores throughout the period considered. 
Flax is seen in samples from the medieval period, and cotton is found in samples from the 
18"̂  century; this reflects the fact that cotton would not have been widely available before 
the invention of the cotton gin and the subsequent development of the New World cotton 
plantations in the late 1 century. 

Membrane threads are only observed in the mediaeval period. Both pure metal strips 
and composite gilt materials are observed in almost all periods, although the use of simple 
strips seems to predominate after about 1700. 

No (or very limited) data were available on features such as direction of winding of 
the filament and core, dimensions of the metal filaments, or the presence and nature of 
degradation products. 
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3.2 Analysis of Metal Threads 

Metal threads from a variety of artefacts, presented for conservation at the TCC or 
found in its reference collection, were examined, including, amongst others mediaeval 
Islamic decorated textiles {TCC 513, 549 and 662c), the 15"" century Jesse Tapestry {TCC 
2012, see Figures 3.2.1, 3.2.2(a) and (b) (p74-75)), a piece of 17'̂  century Italian damask 
{TCC 0907, see Figures 3.2.3 (p75)), a 19"" century replica of a piece of 17'̂  century 
embroidered artwork {TCC 2550, see Figure 3.2.4 (p76)). 

Several methods of analysis were employed: 

An initial analysis was performed by light microscopy, which allowed the general 
type of thread to be determined, as well as the nature of the fibre core, the likely metallic 
composition of the filament, the presence or otherwise of corrosion, the direction of 
winding, etc. 

Subsequently, the samples were analysed by SEM-EDS techniques. This enabled a 
more detailed examination of regions of interest, including areas of corrosion. EDS 
analyses were employed to determine the metal content of the filaments, and the nature of 
the corrosion products. Resin embedded cross-sections were examined in a similar manner. 
These techniques were also employed to determine the thickness of the gold layer of gilt 
threads. 

By means of examination of the micrographs captured by the above two techniques, 
and by the use of a micrometer, the dimensions of the samples were determined (width, 
thickness, etc.). 

Method 

I. Light Microscopy 

All of the samples were examined by light microscopy, using methods Mic(l.a) and 
Mic(l.b) (see chapter 8, for details of the methods). 

11. SEM-EDS Analysis 

SEM-EDS analysis (method Mic(2.a)) was employed to complement the data from 
the light microscopy, and to determine the elemental composition of the metal component . 
In general, coating the samples with a conductive material was not found to be necessary, as 
the metal component of the threads was found to be sufficient to dissipate charge build-up 
and prevent thermal damage. Secondary electron micrographs of the samples were 
recorded, and where appropriate (for example, to highlight regions of corrosion) back-
scattered electron micrographs were also captured. 

EDS spectra (method Mic(2.b)) were recorded at several points along the length of 
the metal component of the thread. Typically four or five spectra of the bulk metal were 
recorded, in addition to specific spectra captured of regions of interest (such as corrosion 
products, surface deposits and coatings or other treatments). 
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Where sufficient thread was available, cross-sections were prepared as per method 
Prep(2.a). These were then re-examined by SEM-EDS techniques, and back-scattered 
electron micrographs, as well as EDS line-scans, were captured. 

III. Dimensional A nalysis 

The dimensions of the fibres were measured from the digital micrographs and 
directly by micrometer measurements. 

Overall, the following features were identified: the source of the sample; its date and 
location of origin; the type of thread; the nature of the metal filament, including direction of 
twist, metal content, dimensions and depth of the gilt layer (if appropriate); the nature of the 
core, including the fibre used, colour, and direction of winding; and finally, any further 
points of interest, including corrosion and evidence of manufacturing methods. 

Results 

The results of these various analyses are summarised in Table 3.2.1 (p68); 
micrographs of the threads are to be found in Appendix 3.2 (CD-ROM). 

Conclusion and Discussion 

As can be seen, the information that can be derived from the various analyses allows 
the threads to be well characterised. It is possible to determine the type of thread (gilt, 
membrane, etc.), the composition of the metals, the degree and nature of corrosion, and, 
potentially, the methods of working used in the construction of the threads. 

Corrosion and Degradation 

Except in the case of gold threads (and those gilt threads with a sufficiently thick and 
continuous gold layer), surface corrosion is evident on most of the samples to a greater or 
lesser extent. Primarily, this is found as distinctive 'blisters' of silver (and copper) sulphide, 
which are likely to result from the action of sulphur-containing atmospheric pollutants 
(these granular deposits are particularly apparent in the electron micrographs of threads 7, 8, 
10, 12 and 31); in addition, chlorides are also observed, which probably result from 
exposure to sweat or marine environments (for example, threads 18 to 21, from a piece of 
17"' century Italian damask). In the case of the gilt threads, corrosion in several samples is 
observed breaking through the upper gilt layer, particularly where this layer appears to be 
thin or has suffered mechanical damage (this is particularly obvious in the case of thread 
12). In a few cases (1-3), the corrosion is sufficiently severe to render the threads 
exceptionally difficult to handle; primarily this has occurred with the older membrane 
threads, in which the metal layer, coating the organic substrate, is sufficiently thin that it is 
readily destroyed by corrosion. In all of the membrane threads, cracking and flaking of the 
metal layer is observed. 

In the case of severe corrosion, where a thick, continuous layer of the corrosion 
product has been formed, the complete layer may flake away, revealing the metal surface 
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beneath (see threads 6 and 32). Similarly, in the case of gilt threads, the gilding may 
become entirely detached from the substrate (this is illustrated by the optical micrograph of 
thread 8, in which it can be seen that the gilt has been lost from the left hand end of the 
strip). 

Mechanical damage may serve to promote corrosion, as can be seen in the case of 
those threads which exhibit longitudinal striations from the manufacturing processes; the 
degradation of the metal is seen to occur more markedly along these lines (this is 
particularly obvious in the case of thread 26). 

The state of the organic components of the threads, namely the fibre cores and the 
membrane substrates, may be more readily assessed by microscopic examination. Often 
these components are heavily degraded (and consequently difficult to handle), and their 
deterioration may in turn damage the metal component. Obvious damage can be found in 
threads 1 to 3, where the warping and deterioration of the membrane has caused the metal to 
largely tlake away. Less obvious effects occur with the silvered gut from the Jesse Tapestry 
(thread 5), where the metal coating has begun to buckle and flake along the grain of the 
underlying material; similarly the flexible nature of the paper used in thread 4 has led to the 
cracking of the gilt layer. 

Indications of Working Methods 

There are numerous morphological clues which may give an indication of the 
method of working employed in the construction of the threads. 

Metal strips rolled from wires typically possess rounded, rather than sharp, sides 
(observed in threads 29, 32 and 38), and in addition, the surfaces may exhibit characteristic 
longitudinal striations from the drawing plate or the rollers (threads 13, 16, 26, 27, 28, 29 
and 30). Gilt threads rolled from wires will typically be gilded on both surfaces, unlike 
strips cut from gilded foils. In the case of filaments cut from metal sheets, nicks and burrs, 
or ragged edges, from the cutting implement may be observed (for example, threads 7 and 
8). See Figure 3.2.5(a) to (c) (p77) and Figures 3.2.7 to 3.2.47 (see Appendix 3.2, CD-
ROM) for micrographs highlighting these features. 

The homogeneity of the alloy may be assessed by a variety of means. EDS analysis 
and BSE micrographs will both potentially reveal inhomogeneities. These may also be 
revealed by non-uniform corrosion, in which regions of the alloy containing a higher 
proportion of more reactive elements degrade more rapidly than their neighbours. 

Similarly, the uniformity (and adhesion) of the gilt layer may potentially be 
adjudged by the nature of the corrosion observed; threads in which the gold layer is not 
uniform in thickness, or which exhibit areas in which the gold is poorly adhered to the 
substrate, are likely to preferentially degrade in these vulnerable regions. 

It may potentially be possible to determine the method of gilding via EDS analysis: 
the use of copper solder would be expected to leave a characteristic copper layer between 
the gold and the substrate; amalgam gilding may leave residual mercury in the gilt layer; 
sheet gilding and electroplating would be not be expected to contain any residual material, 
although electroplating typically yields a very thin, uniform layer. In the threads examined 
during this study, none of these potentially characteristic featuies were observed. However, 
the granular surfaces of threads 4 and 5 suggested that the membrane substrates may have 
been powder-, rather than sheet-, gilded. 
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In addition there are other, minor features which may reveal information about the 
construction or treatment of the specimen; for example, the stamped pattern observed in 
thread 34 and the traces of iron on the surfaces of threads 38 and 39, which may indicate 
some sort of coating. 

General Conclusions 

The incidence of the various types of metal threads fits well with the information 
available on the history of these materials regarding the period and location of origin (see 
section 2.1), and also with the data compiled from the literature (see Table 3.1.1): 

Membrane threads are found in specimens from the mediaeval period (1, 2 and 3), 
but are not found after the 15"̂  century (4 and 5, from the Jesse Tapestry), which 
corresponds with the notion that these types of thread fell out of favour in Europe by the 16"̂  
century. However, they continued to be used in the Orient, and examples are found dating 
from the 19"' century. 

Similarly, brass is not found in the metal component of the threads until the 18"̂  and 
19̂ '̂  centuries. One example is found in the trimming of the super-frontal of the Jesse 
Tapestry (13), which confirms the belief that this thread (along with 14) was added to the 
tapestry in the 18'̂  century. However, once the metal did become available, it found 
relatively widespread use: of the sixteen European threads from the 18"̂  century and later 
(13, 14, 26 to 39), six of them contain brass. 

An interesting geographical variation in the winding sense of the threads can be 
found, in that the majority of European threads are S-twisted, whilst the majority of those 
originating in the Middle East and the Orient are Z-twisted. Of the European wound 
threads, 27 are S-twisted, whilst only four are Z-twisted; conversely, all five of the non-
European wound threads are Z-twisted. 

The variations in threads from specific artefacts are examined more thoroughly in 
case studies of the Jesse Tapestry (Threads 4-14) and the 19"' century embroidered artwork 
(Threads 30-39), below. 
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Figure 3.2.1: The Jesse Tapestry {TCC 2012) 

Figure 3.2.2(a): The Jesse Tapestry (detail) 

.'n. 
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Figure 3.2.2(b): The Jesse Tapestry Super-Frontal (detail) 

Figure 3.2.4: 17tii C. Italian Damask (TCC 0907). 

75 



Figure 3.2.4: 19th C. Textile Artwork {TCC 2550) 
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Figure 3.2.5(a): Electron micrographs of metal threads 27 and 29, highlighting the 
difference between the sharp edges of strips cut from sheets (27) and the rounded edges 
of those rolled from wires (29). 

100^m 
X250 16mm 

Figure 3.2.5(b): Electron micrographs of metal threads 26 and 28, highlighting the 
longitudinal striations that can be seen on metal threads resulting from rollers (26) or 
draw-plates (28); similar striations can be seen on 29 (see Figure 3.2.5(a), above). 

Thread 26 Thread 

H 1:. . . 

Figure 3.2.5(c): Electron micrographs of metal threads 7 and 8, highlighting the burrs 
and ragged edges that may indicate that the filaments were cut from sheets. 

Thread 8 
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3.3.1 Case Study; The Jesse Tapestry 

The Jesse Tapestry {TCC 2012) is a two part Rhenish ecclesiastical artefact, 
depicting the Tree of Jesse. The work is believed to have originated in the German 
Rhineland, in the 15"̂  century, and currently belongs to the Whitworth Art Gallery, 
Manchester. The tapestry is illustrated in Figures 3.2.1 (the tapestry itself), 3.2.2(a) (detail 
of a figure and branches) and 3.2.2(b) (detail of the superfrontal, including the border) (see 
p74-75). 

It is thought that the superfrontal is not the original one which would have 
accompanied the frontal, but that the two were brought together at a later date - however, 
both are of a similar period and style of workmanship. 

Method 

The threads were examined by the techniques outlined above. 

Results 

The data is shown in Table 3.2.1 (p68), threads 4 to 17. 

Conclusion and Discussion 

The data show that a wide range of different metal threads were employed in the 
construction of the tapestry, but that they were of a largely similar construction: silver or 
silver gilt strips, S-wound about a silk core. These types of threads correspond well with 
the methods by which metal threads are believed to have been manufactured during the 
period in which the tapestry was woven (see section 2.1). A few exceptions were found, 
most notably the gilded paper and silver animal gut, wound around linen cores (threads 4 
and 5) and the brass thread from the superfrontal (thread 13), discussed below. 

It was believed that the border (containing threads 13 and 14) of the superfrontal 
(see Figure 3.2.2(b) (p75)) was a later addition to the artefact; this was confirmed by the 
EDS analysis, which showed that one of these threads (13) was constructed with a brass 
filament. Brass was not found as a material for metal threads until the mid-18^ century, 
when Pinchbeck's method was developed (see section 2.1). 

It can be seen that a wide variety of threads with superficially similar appearances, 
but differing underlying properties, were used throughout the tapestry. For example, the 
threads used for the branches of the tree itself are gold in colour, and gilt in construction, 
but are not identical - this is highlighted by the fact that some of the threads have corroded 
to a far greater extent than others. This can be observed in Figure 3.2.2 (p73), in which the 
branch immediately above and to the right of the figure can be seen to be consistently 
blackened with corrosion, whilst the same branch, continuing to the left, is unaffected by 
this discolouration; these are threads 12 and 11, respectively. 

The overall level of corrosion of the threads was relatively low - although blisters of 
silver sulphide were apparent on most of the silver filaments, and were breaking through the 
gilding of many of the silver gilt threads, these corrosion layers were found to be superficial, 
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and did not appear to have compromised the structure of the threads themselves. Only in 
the case of thread 12 was a significant proportion of the gold layer lost from the gilt threads. 
Although the metal layers present on both of the membrane threads exhibited some 
fracturing, they also appeared to be largely intact. 

The successful identification of the nature and state of metal threads used in an 
artefact such as the Jesse Tapestry is of value to conservators in a variety of ways. Initially, 
such an analysis can help to identify the approximate age of the item, on the basis of 
methods of construction of the metal threads used; similarly, repairs or later additions can be 
identified (such as the modification to the superfrontal), as can reproduction items (see the 
case study presented below). The physical state of the threads, and the level of corrosion 
present, will inform any conservation treatments that are to be carried out and determine the 
suitability of the artefact for display or storage; in addition, it may yield clues as to the 
manner in which the artefact was used. 
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3.3.2 Case Study: A Comparison of Threads from 17"* and 19"' Century Textiles 

The 19' century embroidered artwork (ICC 2550, Figure 3.2.4 (p76)) from which 
threads 30 to 39 were taken is in the style typical of the 1?"' century, and from a superficial 
examination it is difficult to determine whether or not pieces such as this are originals or 
later reproductions. To attempt to distinguish between the two possibilities, threads 30 to 
39 were compared to those taken from century artefacts of European manufacture (18 to 
25). 

Method 

The threads were examined by the techniques outlined above. 

Results 

The data is given in Table 3.2.1 (p68), threads 18 to 25 and 30 to 39. 

Aspects of the data are summarised below, in Table 3.3.2.1, to highlight the 
differences in the composition and construction of the threads from the two periods. 

Table 3.3.2.1: Summary of l?"" and 19"" century metal threads; the number of threads found 
in each category are given. 

17th Century 
(experimental) 

17th Century 
(literature) 

19th Century 

Composition Silver 8 9 3 
(Silver Gilt) * (7) (5) (2) 

Copper 
(Copper Gilt) * 

2 
(2) 

2 
(1) 

Brass 5 
(Brass Gilt) * (1) 

Construction Strip 1 4 6 
Gilt 7 7 4 

Type Wound 7 — 6 
Interwoven 1 — 4 

Filament Winding S 7 — 3 
Z — 3 

Core Silk 4 7 2 
Linen 1 

* - This denotes the number of the threads of each metal type that were of gilt 
construction. 
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Conclusion and Discussion 

Perhaps the most obvious difference is the general homogeneity of the 1?"̂  century 
threads, despite the fact that those of the earlier period are drawn from a variety of items; the 
majority are S-wound silver gilt threads. In comparison, the threads from the 19"̂  century 
artefact are very variable. 

Another marked difference is the high incidence of brass threads in the 19"' century 
artefact - half of the threads contain brass - whilst in the 1?"' century specimens, brass is not 
found. In addition, copper-based threads are found in the later artefact, but not in the earlier 
samples, although the metal was widely available during this period. 

A much greater variety of types of thread is found in the 19"' century samples. In 
addition to the wider range of metals used, highlighted in Table 3.3.2.1, other variations can 
also be seen: the 'dimpled' metal strip of 34; the triangular winding of 38; the traces of an 
iron-based coating of 38 and 39. In addition, of the seven wound threads from the 1?"' 
century, all are S-twisted, whilst the six 19"' century wound threads were found to contain 
three examples of S-twist construction and three of Z-twist. 

These comparisons would appear to correlate well with metal thread data derived 
from the literature 

The greater use of 'cheap' metals (copper and brass), along with the prevalence of 
simpler construction methods (simple metal strips as opposed to the composite gilts; 
interwoven strips rather than wound threads), suggests that the 19"' century artefact was not 
intended for as 'prestigious' a market as the original - it is a lower quality reproduction. 
This is, perhaps, confirmed by the wide range of different types of thread, which may 
suggest that the artwork was constructed from whatever materials happened to be available, 
rather than those specifically intended for the item. 

So, in conclusion, it would appear that the following features of metal threads may 
be of use in distinguishing a piece of 1 ?"' century embroidered artwork from a 19"' century 
replica: 

• The presence of brass: Brass only found widespread use after the middle of the 
18"' century, following the development of the Pinchbeck method of 
manufacture. 

• The presence of copper: The use of cheaper materials predominates in the 19"' 
century artefact. Although copper was available and was used in the 17'̂  
century, it does not appear to have been widely used in the manufacture of metal 
threads. 

• The use of gilt materials: Again, this may be ambiguous, but gilt threads appear 
to predominate in the 17'̂  century artefacts, whilst gilts and plain strips were 
used in roughly equal amounts in the 19"' century artefact. 

• The direction of winding: Only S-twist threads were observed in the 17"' century 
samples, whilst both S- and Z-windings were found in 19"' century threads. 

• The range of threads: The 17"' century threads display a marked homogeneity of 
construction. The threads found in the 19"' century replica are very varied. 

81 



As a result of these analyses, it can be concluded that reproductions of this type can 
be distinguished from original artefacts on the basis of the characteristic methods and 
materials of construction of metal threads, particularly with regard to those features 
highlighted above. 
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4. Cellulosic (Plant) Fibres - Background 

4.1 Sources of Cellulosic Fibres 

All cellulosic fibres are derived from plant cells, although the location within the 
plant from which the cells are taken varies with species. Commonly encountered fibres fall 
within three general categories, namely seed fibres (taken from fibres surrounding the seed-
head, including cotton, kapok and coir), bast fibres (derived from the stem of the plant, and 
including species such as flax, hemp, jute and ramie) and leaf fibres (such as sisal and 
abaca). 

Seed Fibres 

Both cotton and kapok are derived from seed hairs harvested from the boll or fruit 
head. Each hair comprises of a single elongated cell. 

Cotton is commercially cultivated from four species: Gossypium hirsutum, G. 
barbadense, G. arboreum and G. herbaceum. Cotton fibres are almost entirely composed of 
cellulose (up to 99% after processing), which is highly crystalline (usually in the range 70-
80%). In the native state, when filled with water, the hollow cotton fibres are tubular, with a 
round cross-section. However, on drying, the tube collapses around the hollow core, 
becoming flattened and adopting a characteristic random spiral convolution, which 
alternates between clockwise and anti-clockwise along its length. 

Cotton may be mercerised, a process involving alkali treatment, which alters the unit 
cell of crystalline cellulose (converting it from cellulose I to cellulose II). Mercerisation has 
the macroscopic effect of converting the normal collapsed and randomly twisted tube of 
cotton to a more uniform, cylindrical and untwisted fibre. Other fibres can also be treated in 
this way, although this is less common. 

Kapok (Indian; Bombax malabaricum; and Java: Eriodendron anfractuosum) of both 
varieties is gathered from the seed-bolls of the cultivated trees Although of different 
species, the two fibres are chemically very similar and are used for similar applications. 
Kapok finds use as a lightweight stuffing material, typically for pillows and the like. In 
addition, it is buoyant, can bear weight in water (up to 36 times its own weight, in the case 
of Java kapok), and is highly resistant to water-logging, so finds use as a stuffing material 
for life-jackets. 

Coir {Cocos nuciferd) is produced from the fibrous coating of coconuts. It does not 
find particularly widespread use, except as a matting material, for which it is suited due to 
the exceptional durability imparted by its high lignin content, and as ropes for use in marine 
environments, as it is highly resistant to the deleterious effects of sea water 

Bast Fibres 

This category includes such species as flax, hemp, jute and ramie Like cotton 
and kapok, bast fibres are soft, typically with a relatively low lignin content (jute being an 
exception). The fibres are derived from the stems, specifically the phloem region, of 
dicotyledons (seed plants having an embryo with two cotyledons, or primary leaves). The 
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fibres themselves are composed of bundles of elongated cells (ultimates) cemented together 
by hemicelluloses, pectins, lignin and other materials (which comprise the middle lamella). 

Flax is derived from certain varieties of Linum usitatissimum; other varieties of the 
species are cultivated for linseed for the production of oil It is the first plant known to 
have been used for the production of fibres, dating back several thousand years BC. The 
processed fibre, known as linen, is amongst the finest of the commercial fibres, and 
generally has a silky texture; the fibres are white, grey or brown in colour. Linen is used for 
clothing, household textiles, paper and other higher quality applications. Coarser flax fibres 
(tow) contain a large proportion of stem residues and other debris, tend to be darker in 
colour, and are shorter than those used for linen. 

Hemp {Cannabis saliva), like flax, is grown commercially both for the stem fibres 
and the seeds, certain varieties of which also possess narcotic properties Its use appears 
to date back almost as far as that of flax. Hemp fibres are much coarser than those derived 
from flax, tend to be grey or grey-brown in colour, and possess a rough texture. The fibres 
are used in the production of hard-wearing materials such as rope and canvas. There are 
also a number of fibres which are commonly termed 'hemp' although they are derived from 
distinct species, including: sunn, san or Bombay hemp {Crotalaria juncea)\ New Zealand 
hemp {Phormium tenax); Mauritius hemp {Furcraea gigantea)\ Manila hemp or abaca 
{Musa textilis); and Ambari or Gambo hemp, or kenaf {Hibiscus cannabinus). 

Jute (from the species Corchorus capsularis and C. olitorius) is cultivated for its 
fibres, which when processed tend to be fairly fine and lustrous, with a deep yellow 
coloration (though red and pink hues are also sometimes apparent) It is used in the 
production of yarns, cordage, packing materials and felts. 'Woolenised' jute finds some use 
in the textile industry - this fibre is produced by the same mercerisation method used for 
cotton. As with hemp, there are distinct fibre species which also go by the name 'jute', 
namely China jute {Abutilon avicennae) and Bimlipatam jute or kenaf {Hibiscus 
cannabinus). 

Ramie {Boehmeria nivea) is also grown largely as a fibre crop^'^. The fibres derived 
from the plant can vary markedly depending on their origin and processing, ranging from 
fine, lustrous white specimens to coarser yellow fibres containing a large proportion of stem 
debris. It is amongst the strongest of the vegetable fibres and finds use in household fabrics, 
paper and clothing. The plant is also known as rhea and China grass. 

Kenaf {Hibiscus cannabinus) produces fibres which tend to be more variable in 
appearance and texture than the other bast species The fibres are coarse and vary in colour 
from white to dark brown. 

Leaf Fibres 

Sisal and abaca are hard fibres, with a relatively high lignin content, derived from 
the leaves of monocotyledons (seed plants having an embryo with a single cotyledon). 

Sisal {Agave sisalana) is cultivated commercially to produce the majority of the hard 
fibres used in the world The fibres themselves are coarse and range from white to brown 
in colour. 

Abaca {Musa textilis) production is smaller than that of sisal, though is it also 
commercially cultivated for its fibres The fibre is yellow or brown in colour, faintly 
lustrous and coarse. As noted above, the plant may also be termed Manila hemp. 
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Other Fibres 

There are a number of other sources of plant fibres, though in general fibres derived 
from these sources do not find widespread use, instead being limited to local regions or 
specialised applications. Examples include wood fibres, and those obtained from fruits or 
nuts. 
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4.2 Composition of Cellulosic Fibres 

All plant fibres share a similar composition and structure. The fibres are cellular in 
nature, being composed predominantly of cellulosic cell walls around a hollow lumen. 
Fibres from some species (such as cotton) are found as individual cells; in other species (for 
example, bast fibres such as flax and hemp), bundles of cells are cemented together by the 
middle lamella. 

The cell walls of all plant fibres are largely composed of polysaccharides, with a 
smaller proportion of lignin, proteins, pigments, waxes and minerals also present The 
polysaccharide component is primarily cellulose (in the form a-cellulose or cellulose I), 
along with hemicelluloses and pectins. Cellulose itself is composed of l,4-p-(D-glucose) 
units; the repeat unit is cellobiose, a glucose dimer (see Figures 4.2.1(a) & (b)). 

Figure 4.2.1(a): Glucose. (b): Cellobiose. 
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Typically, for undegraded cotton or wood cellulose, the degree of polymerisation, n, 
is of the order of 6000-8000. Although the polymer is linear, there is a strong 
intermolecular attraction between adjacent cellulose chains, resulting from hydrogen 
bonding involving the hydroxyl groups (see Figure 4.2.2). This intermolecular association 
leads to a high degree of crystallinity (typically 60-90% for textile fibres), which results in 
the suitability of cellulose as a structural material in plants, and also lends it a high degree of 
chemical resistivity. The unit cell is presented in Figure 4.2.3. The fact that the glucose 
units in the polymer are aligned in such a way that this extensive hydrogen bonding is 
possible derives largely from the orientation provided by the 1,4-P linkage. Starch is 
chemically similar, but possesses a 1,4-a bond and also exhibits branching - these factors 
lead to very different properties, including susceptibility to chemical attack and a general 
unsuitability for use as a structural component. 
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Figure 4.2.2: Hydrogen bonding between cellulose chains. 
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Figure 4.2.3: The unit cell of crystalline cellulose. 
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The fibres possess a fairly complex hierarchical microstructure, in which regions of 
well ordered crystalline cellulose are interspersed with areas of random crystallinity, which 
whilst ciystalline, lack long range ordering, and amorphous regions, in which the ordering 
of the polymer breaks down completely; within these components, additional species such 
as hemicelluloses, pectins and lignin are also found. At the molecular level, the cellulose 
chains are organised into parallel - and hence crystalline - bundles (of the order of 100 or 
so), which associate to form micelles or elementary fibrils (typically of a diameter of 5-6 
nm). In turn, roughly 15 of these micelles, embedded within the amorphous intermicellar 
space, aggregate to form microfibrils (generally 75 - 90 nm in diameter). Bundles of 
microfibrils, again embedded within amorphous material, the interfibrillar space, form 
macrofibrils (also referred to simply as fibrils, and typically 0.5 ^m in diameter). 
Macrofibrils are found as lamellae in the cell walls. The intermicellar and interfibrillar 
matrices (as well as the intercellular middle lamella, in the case of fibres found as ultimates) 
are composed of the non-crystalline components mentioned above - amorphous cellulose, 
hemicelluloses, pectin and lignin; within these regions there are extensive networks of 
capillaries. Figure 4.2.4. 

The cell walls are organised in layers; the secondary wall is thicker than the primary 
(several microns, as opposed to several tenths of a micron, respectively, depending on the 
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specific plant species), possesses a greater degree of crystallinity, and makes the dominant 
contribution to the physical properties of the fibre. 

In the cell walls the macrofibrils are wound with an angle and sense characteristic of 
the fibre species - for example, the secondary cell wall is S wound at -6.5° for flax, or Z 
wound at -7.5° for hemp - except for cotton, which whilst wound at a consistent angle of 
12°, has a sense of wind that varies along the length of the fibre. The senses and angles of 
wind of various plant fibres are outlined in Table 4.2.1 (p91). 

Figure 4.2.4: Hierarchical microstructure of a cellulosic fibre. 
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Hemicelluloses (polymers primarily composed of xylose and mannose - see Figure 
4.2.5) are much shorter in length than cellulose and are extensively branched. In plant 
fibres, the cellulose microfibrils are embedded in an almost entirely amorphous 
hemicellulose matrix. These species may also act to cross-link cellulose and other non-
cellulosic polymers. 

Figure 4.2.5: Components of hemicelluloses: mannose and xylose. 
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Pectins are jelly-like, acidic polymers composed of l,4-P-(D-galacturonic acid) units, 
along with some galactose and arabinose (see Figure 4.2.6). The acid groups are generally 
present as either methyl esters or metal salts (primarily magnesium, calcium and iron). 

Figure 4.2.6: Components of pectins: galacturonic acid, galactose and arabinose. 
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Lignin is a heterogeneous phenylpropanoid polymer, with a complex amorphous 
structure; it is aromatic in nature, and the prevalence of phenolic groups results in an acidic 
character (see Figure 4.2.7). It is found within the hemicellulose matrix, to which it may be 
covalently bound; it is also a major component of the intercellular matrix (middle lamella). 
It is highly light sensitive, particularly to ultra-violet radiation, and discolours to a deep 
yellow-brown hue after prolonged exposure; an increase in acidity also results. Like 
cellulose, it has a structural role, and when found in higher concentrations, gives certain 
fibres a 'woody' character. However, the exact nature of the material can vary depending on 
the plant species and on the location of the polymer within the plant; as a result, some 
relatively highly lignified fibres, such as jute (-12 %) and kapok (-15 %) are soft to the 
touch. Due to its aforementioned light sensitivity, fibres with a high proportion of lignin 
will readily discolour when exposed to ultra-violet radiation. 

Figure 4.2.7: A typical component unit of lignin. 
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The remainder of the fibre is composed of: waxes, which are generally found on the 
fibre surface; pigments, primarily chlorophyll, xanthophyll and carotene, along with other 
coloured material; residual protein; and minerals, such as oxalate crystals and silica, as well 
as other calcium and potassium salts. 
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Typical compositions of various fibre types, in terms of the major components, are 
given below, in Table 

Table 4.2.1: Winding angles of cellulosic fibres 4,6,8 

Cell Wall Winding 
1° 2° 

Angle of 
Wind / ° 

Result of 
Twist Test 

Crystallinity 
/ % 

Cotton variable 12 ° variable - 7 0 - 8 0 
Coir Z s 40^W° clockwise - 2 5 
Banana s z 30° anti-clockwise - 5 5 
Flax z s 6 j ° clockwise - 7 0 
Hemp s z 7.5 ° anti-clockwise - 7 0 
Jute s z 8 ° anti-clockwise 
Ramie z s 7° clockwise - 7 0 
Sisal s z 20-25 ° anti-clockwise 

Table 4.2.2: Compositions of common textile fibres (additional material is made up of 
bound water, waxes, pigments, residual protein and inorganic material) 

Cellulose/% Hemicellulose/% Pectin/% Lignin/% 
Cotton 82.7 5.7 0.0 
Kapok 412 324 6.6 15.1 
Flax 64.1 16.7 1.8 2.0 
Hemp 67.0 16.1 0.8 3.3 
Jute 64.4 IZO 0.2 11.8 
Ramie 6&8 13.1 1.9 0.6 
Sisal 65^ 12.0 0.8 9.9 
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4.3 Degradation of Cellulosic Fibres 

Cellulosic materials are susceptible to a range of degradation processes, including 
those associated with chemical attack, photolysis, microbial and fungal metabolism, and 
thermal degradation. In general, the actual deterioration of the material is due to oxidative 
processes, leading to the scission of the cellulose polymer 

The speed and severity of degradation will depend on the type of fibre involved. 
This is due to variations in the compositions of the different fibres, the presence of 
distinctive cellular structures, and the varying degrees of cellulose crystallinity. For 
example, jute deteriorates twice as rapidly as cotton when exposed to ultraviolet radiation 
Cotton itself is one of the most resilient cellulosic fibres due to its very high cellulose 
content and extensive crystallinity, a factor to which, at least in part, it owes its commercial 
importance. 

Heat and Moisture 

Cellulose is most stable in environments of 45-65% relative humidity; higher 
humidities may lead to the swelling of the fibre, whilst in drier conditions dehydration and 
brittleness can occur 

Water is readily absorbed by cellulosic fibres, through the pre-existing network of 
pores Once it has diffused into the material water will act as a plasticiser and disrupt 
hydrogen bonding, especially in the amorphous regions. Cellulose can, however, absorb 
and bind a certain quantity of water, either via hydrogen bond interactions or trapped within 
pores in the material. The ability of cellulosic fibres to be plasticised by water can be of 
advantage when processing the materials or when attempting to restore the original shape of 
distorted textiles. 

However, an excess of water may lead to appreciable swelling and a marked 
deterioration in the mechanical properties of the fibre (see Figure 4.3.1). Swollen fibres are 
more susceptible to biological and chemical attack, due to the resultant 'open' structure of 
the polymer In the most extreme cases, swelling will lead to the dissolution of the 
material. On drying, swollen fibres may also suffer from dimensional changes, which can in 
turn cause the distortion of a textile; this shrinkage is due to the formation of excess 
hydrogen bonds within the material. 
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Figure 4.3.1: Swelling of cellulose by absorption of water. 
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Salt solutions will also lead to the swelling of the fibres, due to the penetration of 
hydrated ions, and this property is exploited in dyeing processes to allow the greater 
penetration of dyestuffs Lignin would appear to be important in the prevention of this 
effect, probably due to its hydrophobicity and structural role, as delignified fibres undergo 
much more pronounced swelling On the other hand, hemicelluloses, with their branched 
chains and highly amorphous structures, will readily absorb water 

Desiccation will occur if the material is kept in an environment with a humidity 
lower than 30% for prolonged periods As noted above, dehydration will lead to the 
formation of additional hydrogen bonds, which in turn result in the shrinkage of the fibres 
and reduction in flexibility. In more extreme conditions, condensation reactions between 
adjacent hydroxyl groups may occur, leading to cross-linking and a further loss of 
flexibility. 

Prolonged heating of the material, which leads to free radical thermal oxidation 
reactions, may result in both cross-linking and chain scission, as well as discolouration 
4,6,9,10 ppQgggg jg relatively slow below 140 °C, but is accelerated by moisture. 
Thermal degradation is particularly likely to occur in the presence of pre-existing free 
radicals, such as those which result from photolytic damage. 

Lignin, and to a lesser extent hemicelluloses, are both more susceptible to thermal 
damage than is cellulose Finally, elevated temperatures are likely to accelerate other 
degradation reactions, such as hydrolysis, occurring in the material. 

Chemical Resistivity 

Cellulose is susceptible to attack by a wide range of chemical agents, though the 
primary means of attack is by either acid or alkaline hydrolysis. 

Acid attack will occur particularly readily, especially in the amorphous regions of 
the p o l y m e r A c i d hydrolysis occurs randomly throughout the chain and results in the 
scission of the glycosidic ether bond (see Scheme 4.3.1). In general the action of mineral 
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acids is considerably more marked than that of organic acids. Under strongly acidic 
conditions, the fibre will undergo swelling followed by complete dissolution; again, the 
presence of lignin will limit this process. 

Scheme 4.3.1: Acid hydrolysis of cellulose. 
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The action of acids, especially dilute acids, can lead to the formation of 
hydrocellulose, a polymer composed of a large number of cellulosic fragments held together 
by intermolecular hydrogen bonds the fragments are the degradation products of the 
amorphous regions. Although this extensive hydrogen bonding means that the material is 
highly crystalline, it is also mechanically weak and lacks the flexibility of native cellulose. 

Hydrolysis is promoted by the presence of water, as well as elevated temperatures. 
The rate is determined by the ease with which the material can be penetrated by the acid - as 
a result fibres with a low degree of crystallinity, or those which have already been subjected 
to degradation, will deteriorate more rapidly®. 

Cellulose is largely resistant to alkaline attack, and requires strongly basic conditions 
before reaction will occur Unlike the random attack of acid hydrolysis, alkaline 
degradation occurs only at the ends of the chains and proceeds via ring opening, 
reorganisation and ^-elimination (see Scheme 4.3.2)-, the reaction will proceed along the 
chain in the direction of the exposed 'C,' carbon. 

94 



Scheme 4.3.2: Alkaline hydrolysis of cellulose. 
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As this depolymerisation occurs one unit at a time, it will not cause a significant 
deterioration in the physical properties of the fibre, unlike acid hydrolysis which results in 
the rapid reduction of chain length. Progressive depolymerisation of this type is sometimes 
termed 'peeling'. 

However, if pre-existing damage is present, either from acid attack or photolysis, 
then the resulting hydrocelluloses and oxycelluloses (these latter being photo-oxidation 
products, defined below) will degrade much more rapidly The numerous short chains 
found in hydrocellulose result in a large number of potential sites at which hydrolysis can 
occur. In the case of oxycellulose, the presence of carbonyl groups throughout the polymer 
means that scission can occur along the chain length by (3-elimination (see Scheme 4.3.3). 

Scheme 4.3.3: ^-Elimination in degraded cellulose. 
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In strongly alkaline solutions, very pronounced swelling may occur, combined with 
longitudinal shrinkage, but the fibre will not dissolve. Instead, as noted above, the polymer 
undergoes a structural change from cellulose-I to cellulose-II, which is retained on drying. 
This is accompanied by some weight loss, due to the dissolution of hemicelluloses. The 
process forms the basis of the production of mercerised cotton and 'woolenised' jute 
The presence of lignin appears to limit the extent of the reaction - complete conversion from 
cellulose-I to cellulose-II only occurs in naturally lignin-free fibres (such as cotton) or 
completely delignified materials 

Hemicelluloses are chemically similar to cellulose, so undergo similar reactions, but 
due to their highly amorphous nature they are more readily accessible to reagents, so tend to 
react considerably more rapidly^. 

The susceptibility of lignin to attack by certain reagents is exploited in the bleaching 
of cellulosic fibres, as it is this component that is the major source of discolouration. 
Typically this is achieved with the use of a bleaching agent such as hydrogen peroxide, 
possibly in conjunction with use of a strongly alkaline solution which will have the 
additional effect of removing the hemicelluloses The delignification of a fibre yields a 
softer material, but one with compromised mechanical properties. 

Photodegradation 

Cellulose is susceptible to damage by light, especially from radiation in the far ultra-
violet region (particularly below 200 nm) ultra-violet light falls into three general 
categories: near UV, or UV-A (315 - 400 nm); mid UV, or UV-B (280 - 315 nm); and far 
UV, or UV-C (< 280 nm). UV-C is strongly absorbed by ozone, so is not encountered in 
solar radiation at ground level. Therefore, it is to UV-A and UV-B that artefacts will 
typically be exposed. Window glass, however, will filter the majority of the UV-B 
component so for artefacts held in collections, the greatest danger is from UV-A. On 
exposure to light, the material undergoes various radical oxidation reactions, processes 
which are accelerated by the presence of moisture and catalysts such as metal based dyes 
and mordants. 

There are a number of photodegradative pathways, including direct photolysis, 
photochemical and radical oxidation and photosensitised degradation, as outlined below: 

Direct photolysis occurs when the material interacts with a photon of sufficiently 
high energy to break a chemical bond; the energy required for this will depend on the nature 
of the bond. The scission of carbon-carbon and carbon-oxygen bonds requires an energy of 
~335 - 375 kJ mol"'; scission of a carbon-hydrogen bonds requires -420 - 460 kJ mol"'. 
Therefore, direct photolysis will occur with radiation at wavelengths of 340 nm and less 
(mid to far ultra-violet); which corresponds to an energy of 350 kcal mol"'. Radiation at 
lower frequencies (visible light, 400 - 700 nm) will not cause direct photolysis in cellulose. 
The exact reaction mechanism is not frilly understood. The nature of the chromophores 
involved in the primary absorption step are also unclear, although the Ci acetyl groups of 
anhydroglucose, as well as carbonyl and carboxyl groups (arising from treatment processes, 
impurities and secondary photo-oxidative reactions), are implicated. The reactions 
themselves proceed via free radical intermediaries, and lead to a decrease in the degree of 
polymerisation of cellulose and the production of chromophoric and peroxide species. 
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Photo-oxidation of hydroxy! groups within the polymer, without leading to chain 
scission. These reactions can occur at two types of location, either the primary hydroxyl at 
carbon 6 or the secondary hydroxyls at carbons 2 and 3 (see Scheme 4.3.4) Oxidation 
leads to the production of carbonyl compounds, and can subsequently progress through to 
the acid. It is believed that UV radiation of wavelengths below 350 nm leads to the initial 
hydroxyl to carbonyl oxidation, and that radiation at longer wavelengths gives rise to the 
final acid oxidation. The reaction would appear to occur within the amorphous regions of 
the material initially, before progressing to the crystalline regions. 

Scheme 4.3.4: Photolysis of cellulose. 
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As these reactions can occur at a number of different points in the structure, a wide 
variety of degradation products (generally termed 'oxycelluloses') can result (see Figure 
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Figure 4.3.2: Oxycelluloses. 
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As carbonyls act as chromophores, these reactions will lead to a discolouration of 
the material, typically resulting in yellow or brown staining. In addition, the presence of 
these carbonyl groups increases the absorbency of the material to radiation in the near UV 
region, thus promoting further reaction. As the resultant carboxyls do not act as 
chromophores in the visible regions of the spectrum, the final stages of oxidation will be 
characterised by a bleaching of the fibre 

Similarly, photosensitised oxidation may occur due to the presence of a 
photosensitiser within the material; species implicated in this role include hemicelluloses, 
lignin and other native non-cellulosic components of fibres, as well as dyes and other 
residues from treatment processes. The degradative processes involve the absorption of 
light by the sensitiser and the subsequent transfer of energy to the bulk material. I f triplet 
energy transfer occurs, the triplet state may transfer both energy and spin angular 
momentum, as: 

^(T,) B(s.) 
Where: S = sensitiser 

B = bulk material 

T, = triplet state 

So = singlet state 

Generally, triplet photosensitisers yield other triplets, an important exception being 
the interaction with molecular oxygen. In the ground state, O2 exists as a triplet, and the 
lowest excited state is a singlet; direct photo-conversion of ground state oxygen to the 
excited state is a forbidden process, but this singlet species can be produced via the 
intercession of a triplet photosensitiser. 

As has been noted above, lignin is highly photo-reactive, undergoing conversion to 
various aromatic and low molecular weight phenolic compounds in the presence of UV 
radiation, which are then reduced to hydroquinones. The intensity of the yellowing of the 
fibre appears to be dependent on the lignin content, with the more highly lignified fibres, 
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such as jute (-12%), being more markedly discoloured than those with a lower content, such 
as cotton (0%) 

Finally, degradation can occur by the photochemical initiation of free radicals, 
leading to chain scission 6.12 The greatest rate of free radical production occurs with 
irradiation between 325 and 400 nm (near ultra-violet). There does not appear to be any one 
specific chromophore involved in the process. The radical species may exist in an 
intermediate state, in which electrons are promoted to a higher band, a process that does not 
involve chemical changes (this would suggest that the cellulose polymer acts as a semi-
conductor type material). A typical reaction mechanism, leading to oxidation and bond 
scission, may proceed as follows: Initially, radical photolysis occurs at the ether bond, in 
the presence of oxygen (see Scheme 4.3.5), leading to the production of secondary radical 
species which can then undergo a variety of further reactions, depending on factors such as 
temperature. This breakdown of the polymer chains causes deterioration in the mechanical 
properties of the fibre. 

Scheme 4.3.5: Radical Photolysis of Cellulose. 
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Extensive photodegradation will lead to the production of a variety of small, water 
soluble species, with acidic, sugar-like characteristics. These products tend to be yellow or 
brown in colour, so result in further discolouration. As a consequence of their solubility, 
they can be washed out of degraded fabrics, but this also risks the disintegration of the 
fabric itself. 

The presence of cellulose peroxide radicals and cellulose hydroperoxide, as well as 
other photo-activated species, means that following irradiation the material is particularly 
susceptible to thermal damage. 
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In addition to these direct attacks on the structure of cellulose, other components and 
structures of the fibre cell may also be susceptible to damage The susceptibility of lignin 
to photodegradation has already been noted; hemicelluloses undergo similar photolytic 
reactions to cellulose, but the degradation occurs more rapidly''. Although polymers such as 
lignin and the hemicelluloses constitute a relatively small proportion of the fibre, their 
degradation will have an effect on the chemical and physical properties of the material, in 
addition to any photosensitising role they may have. For example, damage to the middle 
lamella will result in a loss of cohesion between the cells, and will thus reduce the strength 
of the yam or fabric as a whole. 

Biological Degradation 

Cellulose is susceptible to damage by a range of micro-organisms, which break the 
polymer down to yield metabolites The organisms responsible for attack in this manner 
wil l vary with the location and general environment of the material, as well as with 
temperature, pH and availability of oxygen. Enzymatic attack generally occurs at the 
glycosidic ether bonds. In addition, by-products of these reactions, such as hydrogen 
peroxide and organic acids, may cause additional damage to the polymer. As with other 
forms of attack, pre-existing damage, such as photodegradation or swelling, will facilitate 
microbial deterioration as these allow improved access to the polymer chains Fibres with 
a high degree of cellulose crystallinity are more resistant to microbial attack than those with 
a significant amorphous component, as attack will preferentially occur in these less well 
ordered regions 

In addition to cellulolytic reactions, other components of the fibre are also 
susceptible to degradation in this manner - hemicelluloses, pectins and other cellular 
materials are all targets of particular micro-organisms'^'^; equally, specific cellular structures 
may be targetted. Lignin, however, would appear to offer some protection from microbial 
attack, as exemplified by the resilience of coir (containing 35% lignin). 

These effects are exploited in certain commercial processes, for example, the retting 
of bast fibres. This involves the enzymatic decomposition of the pectins and gums found in 
the fibre, to yield a material free from unwanted impurities 
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5. The Characterisation of Plant Fibres 

The aim of the research was to identify a method to allow the reliable differentiation 
of various plant (cellulosic) fibre species (cotton, flax, hemp, jute, ramie and sisal were 
chosen as representative of the range of fibre commonly encountered). The ability to 
accurately characterise fibres is of value to conservators, as the information may inform the 
choice of conservation, storage and display treatments, and may also reveal information 
about the age and origin of the artefact from which they are taken. 

Initially, a range of conventional methods for distinguishing these fibres were 
considered (section 5.1): microscopy, including polarised light and fluorescence techniques; 
dimensional measurements; and staining tests. The various disadvantages of these 
approaches were identified. 

Subsequently novel methods of identifying the fibre species using vibrational 
spectroscopy were investigated (sections 5.2 to 5.6). A range of different sampling 
techniques and spectroscopic methods were investigated. Attempts were then made to 
differentiate the species on the basis of systematic variations in the spectra, and by 
introducing an infra-red polariser into the system to characterise the fibres by their unique 
structural properties. 
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5.1 An Assessment of Conventional Methods for the Characterisation of Plant Fibres 

Conventional methods of fibre characterisation were assessed to determine their 
reliability and the range of information that they could yield. These analyses fell into two 
main categories: 

Microscopy and Measurement 

Optical and electron microscopy were used to examine physical features of the 
fibres and characteristic morphologies were identified. The use of refinements to these 
techniques, such as polarised light microscopy and fluorescence microscopy, were also 
assessed. 

In addition, fibre measurements were recorded to determine whether characteristic 
dimensions of the fibre cells could be used as a means of identification. 

Chemical Tests 

A range of staining tests were assessed to determine their value in the 
characterisation of fibres. The methods used included the use of commercial staining agents 
{Shirlastains A and C), the phloroglucinol test and the copper test. 
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5.1.1 Optical and Electron Microscopy 

Six species of plant fibre (cotton, flax, hemp, jute, ramie and sisal) were examined 
optical and electron microscopy, to identify characteristic morphological features 

. Both complete fibres and prepared cross-sections were examined. 
3.5.6.13-

Experimental Method 

Untreated plant fibres, as well as cross-sections prepared by method Prep(2.b), were 
examined as per method Mic(l.a). Subsequently fibres were also examined using polarised 
light (method Mic(l.c)) and fluorescence (method Mic(l.d)). See chapter 8 for the details 
of the methods. 

Fibres were then examined by scanning electron microscopy (SEM), using method 
Mic(2.a) (chapter 8). Both complete fibres and cross-sections (prepared as above) were 
examined; all samples were gold coated. 

Results 

Typical optical and polarised light micrographs for flax, hemp and jute are shown 
below in Figure 5.1.1.1 (pi 04). The complete sets of optical, polarised light and electron 
micrographs are presented in F/gwrg 17.7.2 to J.7. A 7 J.7.7 (CD-ROM)); 
fluorescence micrographs are shown in Figures 5.1.1.8(a) to ( f ) {Appendix 5.1.1 (CD-
ROM)). 

Discussion 

It can be seen that there are distinctive morphological differences between the fibres 
considered, as outlined in Table 5.1.1.1 (pi06). 

Of these features, some are of particular use in identifying fibre species: 

Cotton, in its native state, is readily identified by its characteristic flattened 
appearance and random spiral convolutions; apart from this distinctive morphology, the 
fibre has few discernible surface features. 

The prominent nodes observed in flax and hemp distinguish them from the other 
commonly encountered plant fibres. Differentiating between these two fibres is less 
straightforward, but differences in the cell wall and lumen thicknesses can aid in 
characterisation: whereas flax typically has thick cell walls and a narrow, thread-like, 
possibly discontinuous lumen, hemp generally possesses a much wider, continuous lumen 
and correspondingly thinner cell walls. These features are brought out much more strongly 
when observed between crossed polarisers - the differences in refractive indices (and hence 
in optical path differences) ensure that the hollow lumen adopts markedly different 
polarisation colours to the organic material of the cell walls (as can be seen in Figures 
5.1.1.3 to 5.1.1.5). There is also a difference in the general shapes of the cross-sections of 
the two fibres - flax fibres tend to be noticeably 'polygonal', whereas those of hemp adopt a 
more irregular shape, fhe differences in the lumen can also be observed in the cross-

103 



sections - in flax, the lumen is narrow, as expected, and may be slightly elongated; in hemp, 
on the other hand, it is wider, but may collapse. Some of these features are highlighted in 
Figure 5.1.1.1, below; further examples can be found in Appendix 5.1.1, Figures 5.1.1.2 to 
5. i . 7.7 (CD-ROM). 

Figure 5.1.1.1: Conventional light and polarised light micrographs of flax, hemp and jute, 
showing some of the characteristic morphological features, such as the lumen, nodes and 
cross-markings. Further micrographs can be found m. Appendix 5.1.1 (CD-ROM). 

Jute, ramie and sisal may be distinguished from flax and hemp by their lack of 
prominent nodes or other large-scale surface features. The most characteristic feature of 
jute is the (often regular) variation in the width of the lumen along its length. Again, this 
may most readily be observed under polarised light. A characteristic feature of both ramie 
and sisal is the potential inclusion of granular residual material - presumably silicate 
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crystals - within the lumen, but this will not always be evident. Sisal fibres exhibit 
occasional nodes, although these are not as common or as pronounced as those observed in 
flax and hemp. The cross section of jute, like flax, is typically polygonal whereas that of 
ramie and sisal are generally rounded (though sisal may also adopt a rounded, polygonal 
shape). Both jute and sisal fibres tend to aggregate as flattened fibre bundles. 

Although under ideal conditions, the differing morphologies should allow different 
fibre species to be differentiated, in practice this can prove to be less than easy. This is 
particularly so if the fibres from aged and damaged materials are considered, when many of 
the distinctive features are lost or obscured, making characterisation difficult or impossible. 

Overall it can be seen that the use of polarised light as a contrast technique is 
particularly valuable when considering these types of specimens (highlighted by the pairs of 
conventional and polarised micrographs presented in above, in Figure 5.1.1.1 (pi04), and in 
Figures 5.1.1.3 to 5.1.1.5 {Appendix 5.1.1 (CD-ROM))), as this method of illumination 
emphasises features that may otherwise be invisible or obscured, such as the relative 
thicknesses of the cell walls and the lumen, or the inclusion of residual material within the 
lumen itself. Although polarised light microscopy can also be used to characterise materials 
via the quantitative determination of refractive indices, this approach was not found to be of 
use in the case of the fibre samples under examination, due to their complex structure -
roughly cylindrical in structure, with varying thicknesses and layered cell walls containing a 
variety of cellular components, as well as a hollow lumen. 

Fluorescence microscopy was also found to be of little use. Characteristic 
fluorescence and phosphorescence have been identified in the literature^ (see Table 5.1.1.2 
(pi07)), and on the basis of this it was hoped that it would be possible to differentiate the 
fibres; however, in practice, the fluorescence colours observed were not characteristic (as 
can be seen in higiires 5.1.1.8(a) to ( f ) {Appendix 5.1.1 (CD-ROM))), and phosphorescence 
was not observed. 
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Table 5.1.1.2: Characteristic colours of fluorescence, and colours and durations of 
phosphorescence, for a variety of plant fibres 

Fibre Fluorescence Phosphorescence Duration / s 
Cotton Yellowish-White Yellowish-White 20 

(Bleached) Bluish-White Yellowish-White 17 
(Mercerised) Reddish-White Yellowish-White 27!4 

Flax (Linen) Bluish-White Yellowish-White 19 
Jute (Raw) Violet, White, Buff Colourless 5% 

(Processed) Bluish-White Yellow 15 
Sisal Bluish-White Colourless 9 
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5.1.2 The Measurement of the Widths of Plant Fibres 

Previous studies have found that the dimensions of the cells which comprise plant 
fibres fall within characteristic ranges presented in the 
literature vary significantly, as demonstrated in j .y.Z/ (pi 10). The aim of this 
experiment was to ascertain whether or not the fibre cells available did adopt characteristic 
dimensions, and, if so of what use this information would be in characterising unknown 
samples. 

Measurements were made of the widths of the fibres, rather than lengths, as this 
dimension was more readily measured microscopically, and as many of the fibre samples 
examined contained a high proportion of broken or incomplete cells. 

Five species of fibre were considered (flax, hemp, jute, ramie and sisal); ten samples 
of each species were examined. Cotton was not considered as it is readily identified 
microscopically and, in addition, the collapsed, convoluted nature of the fibre cells means 
that it is much more difficult to accurately measure the cell diameters. The individual cells 
of the fibres were separated by maceration and subsequently examined and measured by 
microscopic means. Swelling, as a result of the maceration procedure, potentially 
introduces a source of error into the experiment, but all fibres were treated in the same 
manner and were additionally allowed to dry before measurement. 

Experimental Method 

The fibres were prepared by maceration, as outlined in method Prep(l). These 
prepared samples were subsequently examined by method Mlc(l.a). Measurements of fibre 
widths were performed using the 'SPOTAdvanced' 3.04 software. For each sample, width 
measurements for 100 fibre cells were recorded. See chapter 8 for the details of the 
methods. 

Results 

The fibre cell width measurements are presented in Tables 5.1.2.2(a) to (e) (in 
Appendix 5.1.2 (CD-ROM)). Table 5.1.2.2 (pi 10) shows the collated information for each 
of the fibre species; these data are presented as overlaid plots in Figure 5.1.2.1 (p i l l ) , and 
overlaid data for the individual samples, along with the combined range for each species are 
shown inF/gwrgf to 

Discussion 

It can be seen that each of the fibre species possesses a characteristic range within 
which the cell diameters fall and that the data roughly adopts a Poisson distribution. 
However, these ranges overlap and - as the fibres are natural products and thus inherently 
variable - for the fibres from a single particular source, the diameters may not fully 
correspond to the expected values. 

The values for flax and hemp, the two most problematic fibres, do vary, as can be 
seen in Figures 5.1.2.2(a) and fb)-, hemp fibres are of greater diameter than those of flax. 
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H^ever, these differences are probably not sufRciently large to guarantee a reliable 
diirerentiation between the two. 

Ramie is typified by having the fibres of greatest diameter, although the distribution 
ot data is not greatly different from that of hemp. 

Conclusion 

Whilst these values may not, therefore, be of great use in positively identifying 
fibres, they may be of value in eliminating possible species, i f the range of diameters for the 
sample in question falls appreciably outside the probable range. 
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Table 5.1.2.1: Fibre width data from a variety of sources (numbers in parentheses denote 
mean values). 

Diameter / pm 
Flax Hemp 

Fibre 
Jute Ramie Sisal 

Catling and 
Greyson (1998)^ 

11.68 - 31.96 

[19] 
16.27- 67.10 

[30] 
9.64-26.32 [18] 

9.30-32.6 [20] 
12.50-65.89 

[31] 8 .41-33 .41 

Hanaucek (1907)'' 12-30 16-50 1 7 - 2 3 20-80 1 7 - 2 8 
Koch (1963)^ 1 1 - 3 1 16-32 16-23 4 0 - 5 0 _ 
Matthews (1931)^ 12-25 16-50 [22] 20-25 up to 80 2 0 - 3 2 
Kirby (1963)^ [23] 16-50 — 2 5 - 7 5 _ 
von Wiesner 
(1867,1927)3 12-26 15-28 

1 0 - 2 1 
16-32 

16-80 3 0 - 50 [20] 

Florian (1990) ̂  5-38 10- 15 — — 

Peters (1963)* 10-30 — — 

The Textile 
1%8-2L4 17^-228 

16 .6 -20 .7 
15^-18^ Institute (1985) 1%8-2L4 17^-228 
16 .6 -20 .7 
15^-18^ 

2&l-35^ 18 .3 -23 .7 

British Standards 
(1949)'^ 

8 - ^ 
[19] 

1 3 - 4 1 
[25] 

5-25 
[18] 

1 7 - 6 4 
[40] 

7 - 4 7 
[21] 

Ryder (1999) 10,0- 15.6 

[12.54] 
16J-25j 

[21.53] — — — 

Table 5.1.2.3: Experimental fibre width data. 

Mean / pm a Range / pm 
Flax 12.7 3.5 4.0-31.4 
Hemp 15.7 4.4 5.1 -34.7 
Jute 11.6 3.1 3.6-29.2 
Ramie 18.2 5.9 5.1 -/M.S 
Sisal 1Z6 3.3 5.1 -30.7 
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Figure 5.1.2.1: Fibre width distributions 
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5.1.3 Chemical Methods of Characterising Plant Fibres 

Plant fibres were tested by a variety of conventional chemical staining methods -
and C % the phloroglucinol test ̂ a n d the copper test ̂  

Shirlastain A is formulated to distinguish natural fibres, viscose, rayon and other 
regenerated cellulosic fibres, whilst Shirlastain C is designed to allow a greater degree of 
difFerentiation between cellulosic fibres. The phloroglucinol test identifies the presence of 
lignin with the fibre, and thus allows differentiation based on differing lignin contents. The 
copper test can be used to distinguish flax and cotton from other cellulosic fibres. 

The characteristic colours, expected according to the literature, arising from these 
staining procedures are outlined in Table 5.1.3.1 (pi 14). 

Experimental Method 

Shirlastain A 

The fibres were thoroughly wetted, then immersed in the stain (at room temperature) 
for approximately 2 minutes. The sample was then removed, rinsed and dried. The 
resulting colour was observed. 

Shirlastain C 

The fibres were thoroughly wetted, then immersed in the cold, freshly prepared stain 
for approximately 5 minutes. The sample was then removed, rinsed and dried. The 
resulting colour was observed. 

The Phloroglncinol Test 

The phloroglucinol solution was prepared by dissolving 2 g phloroglucinol 
(C6H3(0H)3.2H20) in 98 ml ethanol ( C H 3 C H 2 O H ) , then mixing this solution with 100 ml 
concentrated hydrochloric acid (HCl). 

Fibres were immersed in the solution for 5 minutes, then removed and allowed to 
drain. The resulting colour was observed. 

The Copper Test 

Aqueous solutions of 10 % copper " sulphate ( C U S O 4 ) and 10 % potassium 
ferricyanide (K4Fe(CN)6) were prepared. 

Fibres were immersed in the copper " sulphate solution, rinsed with water, then 
immersed in the potassium ferricyanide solution. The resulting colour was observed. 

For all of the stained samples, micrographs were recorded using method Mic(l.b) 
(see chapter 8). 
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Results 

The micrographs of the stained fibres are presented in Figure 5.1.3.1(a) to (d) 
(pi 15-116). 

Discussion 

It can be seen that the purported characteristic stains produced by these tests were 
not so readily distinguished. 

Although both Shirlastains A and C are intended to stain each fibre species a 
distinctive colour, in practice the assignment of these colours is highly subjective and the 
difference between, for example, the pale purple of cotton and the lavender of ramie (after 
treatment with Shirlastain A) is debatable. 

Fhe phloroglucinol test allowed the fibres to be separated into three general groups; 
those which were unstained, and contained no or little lignin (cotton and ramie); those 
which were lightly stained, to pink or pale red, and contained a moderate amount of lignin 
(flax and hemp); and those which were heavily stained, to a deep magenta colour, and 
contained a high proportion of lignin Qute and sisal). It was not possible to further 
differentiate between these three categories, so, for example, hemp and flax could not be 
readily distinguished with this test. 

The copper test was also not found to be particularly satisfactory - whilst cotton 
could be distinguished as it was left more-or-less unstained, differences in the depth of red-
brown staining of the other fibres was not observed. 

Conclusion 

In conclusion, it can be seen that the staining techniques studied proved of limited 
use in the characterisation of fibres, in the author's hands. These problems stem largely 
from the fact that although distinct colours are described for the different fibre species as 
the results of these tests, in practice these colours are too similar to be readily distinguished: 
all of the fibres studied are chemically similar and so react in similar manners. This is 
exacerbated by the fact that any colour arising from staining will be altered by any pre-
existing coloration of the material (be it from residual pigment, dyeing, age yellowing, or 
other discoloration, as well as natural variations). 
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Table 5.1.3.1: Character is t ic co lours for fabric s ta in ing tes ts 

Shirlastain A Shirlastain C P h l o r o g l u c i n o l C o p p e r T e s t 
C o t t o n Pale Purple Mauve -

Red/Brown 
Unstained Unstained/ Pale 

Pink 
Scoured Cotton Lilac Off-White - Grey-

Pink 

Unstained/ Pale 
Pink 

Macerated Cotton Puiple 

Bleached Cotton Pink 

F l a x Purple-Grey Dark Green -
Dark Red-Brown 

Pale Pink Copper 

Retted Flax Green Yellow -
Dull Grey-Green 
(Flecked w. Pink) 

Unbleached Flax Yarn Grey-Green 
(Sometimes 
Flecked w. Pink) 

Bleached Flax Yarn Light Grey / 
Green (Flecked 
w. Pink) 

Linen Dull Grey-Pink 

Boi led Linen Dark Purple-Grey 

Bleached Linen Violet Blue 

H e m p Bright Purple-
Grey 

Dark Red or 
Green-Grey 

Pink-Red Red-Brown 

Bleached Hemp Red Violet Blue Pale Pink-Grey / 
Dull Pink 
(Flecked w. 
Green) 

R a m i e Lavender Pale Purple-Grey Unstained Red-Brown 
Bleached Ramie Deep Lavender Yellow-Green 

(Flecked w. Pink) 

J u t e Gold-Brown Purple-Grey Magenta Red-Brown 

Bleached Jute Bronze-Purple Very Dark Green 

S isa l Red Red-Brown 

Viscose R a y o n Pink 
[Purple] 

C u p r a m m o n i u m R a y o n Blue 

A c e t a t e R a y o n Bright Green-
Yellow 

W o o l Golden Yellow 
[Copper Brown] 

C h l o r i n a t e d W o o l Orange 
[Black] 

R a w S i l k Very Dark Brown 

D e g u m m e d S i lk Brown-Orange 

T u s s a h S i lk Chestnut Brown 

N y l o n 6.6 Pale Dull Yellow 
[Brown-Yellow] 

N y l o n 6 Dark Dull Yellow 

P o l y e s t e r Very Pale Purple 
[Pale Fawn] 

V i n y l o n Light Brown 
[Brown] 

[Italicised] entries (Shir lastain A ) d e n o t e the c o l o u r w h e n the s a m p l e is bo i l ed . 
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Figure 5.1.3.1(a): Shirlastain A. 
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Figure 5.1.3.1(b): Shirlastain C. 
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Figure 5.1.3.1(c): The Phloroglucinol test. 
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Figure 5.1.3.1 (d): The Copper test. 
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Overall Conclusion 

In conclusion it can be seen that the conventional methods for characterising fibres 
generally only worked well under ideal conditions, and even then the results were often 
somewhat ambiguous. These methods will be particularly limiting when considering aged, 
damaged or treated fibres. 

Microscopy is the most valuable of the techniques presented, and, particularly when 
used with the refinement of polarised illumination, often allows fibre identification to be 
made on the basis of characteristic morphological features. However, in situations where 
these features cannot readily be observed (due to significant surface damage, heavy 
contamination with extraneous material, the presence of large quantities of dyestuffs or 
other treatment agents, or morphological changes due to phenomena such as swelling), 
characterisation becomes problematic or even impossible. In addition, the reliable 
identification of fibres in this manner requires a considerable degree of experience by the 
user. 

Measurements of fibre dimensions (specifically cell widths) provides a limited 
amount of information with which fibres can be characterised, and the wide variation in the 
values of the dimension reported in the literature and here complicates any potential 
identification in this manner. 

The various staining techniques were found to be of rather limited value, as the 
identification of the resultant colours is highly subjective and is further hindered by the 
presence of dyes (and other treatments), age-yellowing and extraneous material. These 
methods are likely to be more valuable when attempting to distinguish between fibres with 
markedly different chemistries (such as the general categories of cellulosic, proteinaceous 
and the various families of synthetic materials) rather than trying to differentiate chemically 
very similar species (as is the case with the various cellulosic materials under consideration 
in this study). As with the measurement of fibre dimensions, however, the advantage of this 
technique is that it should require little experience of the user. 

On the basis of these considerations, it can be seen that a novel technique for the 
identification of plant fibre species, which is both reliable and relatively simple to use, 
would be of value. 
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5.2 Characterisation of Plant Fibres by Vibrational Spectroscopy 

The aim of this series of experiments was to develop a novel means of characterising 
(the frequently problematic) cellulosic fibres. The method would ideally complement 
conventional methods of fibre analysis (particularly microscopy). The general approach of 
vibrational spectroscopy was chosen, as this appeared to have the potential to provide 
sufficient chemical (and possibly structural) information to distinguish microsamples of the 
various species of fibre ^ Furthermore, the associated techniques are relatively simple to 
use and the equipment is available in most well-found laboratories. 

Initially a range of spectroscopic methods and sampling techniques were assessed, to 
determine which of these procedures were the most suitable. Spectra of a wide range of 
native and processed fibres were then recorded. The spectroscopic data were then analysed 
in a number of ways, to determine the best means of distinguishing the fibres. 

Subsequently, the value of polarised spectroscopy was assessed, particularly with 
reprd to probing the characteristic crystalline structures (especially the secondary wall 
winding) of the fibres. 

In conclusion, two adjunct studies were performed; the use of nitrogen flushing for 
ATR spectroscopy was evaluated, as the technique is susceptible to atmospheric 
interference (extraneous bands arising from carbon dioxide and water vapour); and the 
potentially damaging effect of crushing during specimen presentation in the ATR technique 
was investigated. The results of these complementary studies are presented in Appendix 
5.6. 
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5.3.1 An Assessment of Spectroscopic Methods and Samnling Techniques 

Initially, a lange of infrared spectroscopic methods and sampling techniques were 
assessed, in order to determine the most suitable means of characterising plant fibres. The 
techniques would ideally satisfy the following criteria: a non-destructive sampling method 
or, at least, one that requires just microsamples, i.e. no more than a single fibre or yam; 
resultant spectra which are reproducible and of good quality, with clearly defined peaks. 

Three fibre species were examined - cotton, flax and sisal - and, where appropriate, 
cellulose powder. The fibres were used in their native state - unprocessed and untreated. 

The methods assessed included: conventional FT-IR spectroscopy, employing KBr 
discs, Nujol mulls and fibres stretched across a punched slide; FT-IR microspectroscopy; 
ATR FT-IR spectroscopy; and micro-ATR FT-IR spectroscopy. 

Method 

As noted above, spectra of cotton, flax and sisal (and pure cellulose, where 
appropriate to the sampling technique) were recorded; the plant fibres were taken from the 
TCC reference collection, and a Whatman '], qualitative' filter paper was used for the 
cellulose specimen. Spectral data were manipulated using Galactic Industries Corporation 
'GRAMS/32' 5.21 software. 

Conventional spectra (using KBr discs, Nujol mulls or stretched fibres) were 
recorded on a Perkin Elmer '1700' FTIR spectrometer, microspectra and micro-ATR 
spectra on a Perkin Elmer 'Midtiscope, Spectrum 1000' FTIR spectrometer, and ATR 
spectra on a BioRad 'FTS 135' FTIR spectrometer, fitted with a Specac 'Golden Gate' ATR 
anvil; the methods used are outlined below (see chapter 8 for the details of the methods.): 

KBr Disc Method Spc(l.a) 

Nujol Mull Method Spc(l.b) 

Stretched Fibres Method Spc(l.c) 

Microspectroscopy Method Spc(2) 

ATR Spectroscopy Method Spc(3) 

Miro-ATR Method Spc(4) 
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Results 

The recorded spectra are presented in the following figures (pi22-127): 

Cotton Flax Sisal Cellulose 
KBr Disc Figure 5.3.1.1 (b) (V 
Nujol Mull Figure 5.3.1.2 (b) (c) (d) 
Stretched Fibres Figure 5.3.1.3 (b) (c) 

Microspectroscopy Figure 5.3.1.4 (bj (C) 

ATR Spectroscopy Figure 5.3.1.5 (b) (C) (d) 
Micro-ATR Figure 5.3.1.6 (4) (b) (c) 

• 

Conclusion and Discussion 

KBr Disc, Nujol Mull, Stretched Fibres 

None of the first three techniques, namely those employing conventional FT-IR 
approaches (the use of KBr discs, Nujol mulls and fibres stretched across punched cards) 
were found to be suitable. Although the KBr discs yielded better quality spectra than mulls, 
which in turn were better than the stretched fibres, these methods generally gave poor 
spectra of limited reproducibility. In addition, they all required relatively large sample sizes 
(of the order of 0.01 - 0.02 g, equivalent to a section of fabric roughly 0.5 - 1 cm^), and both 
the disc and the mull methods resulted in the destruction of the specimens. Finally, the 
preparation of the samples is not necessarily facile - discs and mulls may require several 
attempts to find a suitable sample size, and in the case of the stretched fibres the 
presentation of a uniform sample can be problematic. 

Microspectroscopy 

Microspectroscopy gave good quality, reproducible spectra, with well defined peaks, 
although a reasonable amount of experience was required to achieve this. 

The necessity of flattening and mounting fibres before examination means that the 
technique is not non-destructive, but due to the small sample sizes required this is not a 
particularly significant disadvantage. However, problems can arise fi"om the difficulty of 
manipulating the extremely fragile flattened fibres, and even having prepared the fibres in 
this manner, complications resulting from poor transmission were frequently encountered. 
In addition, difficulties arose due to the tendency for fibres to drift out of the focal position 
during the collection of the spectra, leading to poor quality data. 

ATR Spectroscopy, Micro-ATR Spectroscopy 

ATR spectroscopy also gave good quality spectra, with the greatest degree of 
reproducibility of all of the techniques assessed - this is due to the highly controlled 
sampling technique, in which the sample is pressed against the ATR window. 
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Although considerable pressure is exerted on the fibres by the anvil, this does not 
appear W result in significant damage over the course of the spectral recording, an 
assumption that will be further investigated in subsequent experiments (see section J. 62) 
in addition, the relatively operi nature of the anvil itself means that it is often possible to 
position complete textiles within the set-up, obviating the necessity of removing individual 
fibres or sections of textile. As a result, the technique may be considered non-destructive. 

Micro-ATR spectroscopy yielded relatively good quality spectra, comparable in 
quality to those produced by conventional ATR spectroscopy, but the technique itself was 
not particularly easy to use and as a result the reproducibility was limited. It was found that 
when lowering the ATR probe onto the specimen, the probe tip tended to move the fibres 
and so considerable difficulties were encountered in recording spectra of sufficient quality. 

Overall, microspectroscopy and ATR spectroscopy were found to be the most 
suitable techniques for the study of plant fibres, due to the good quality of the recorded 
spectra, the reproducibility of these spectra, and the ease of use of the methods. The 
characteristic spectra resulting from the two methods are dissimilar, as can be seen in 
Figwes 5.3.1.4 and 5.3.1.5 (pl24-125), due to different sampling regimes and the inherent 
variation between the techniques themselves. In general, bands observed in ATR spectra at 
higher wavenumbers tend to be less strong than the equivalent bands in conventional 
spectra. In addition, whilst microspectroscopy is a transmission technique and so examines 
the entire fibre, ATR spectroscopy is a sur&ce sampling technique, the depth of penetration 
of which varies with the wavelength of the incident radiation. As a result, the apparent 
composition of the fibres will vary subtly between the two methods. 

ATR spectroscopy was chosen over microspectroscopy for subsequent experiments 
as the technique was found simpler to use and the resultant data were the more reproducible. 
This was perhaps due to the fact that the samples required no special preparation for ATR 
spectroscopy and were presented to the spectrometer in a highly controlled fashion rather 
than requiring positioning and focussing in the microscope. In addition, the ATR technique 
does not necessarily require samples to be removed from a textile before examination and 
does not appear to cause significant damage to the specimen. 
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Figure 5.3.1.1: FT-IR fibre spectra, recorded using a KBr disc. 
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Figure 5.3.1.2: FT-IR fibre spectra, recorded using a Nujol mull. 
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Figure 5.3.1.3: FT-IR fibre spectra, recorded using fibres stretched across a punched slide. 
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Figure 5.3.1.4: FT-IR fibre microspectra. 
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Figure 5.3.1.5: FT-IT ATR fibre spectra. 
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Figure 5.3.1.6: FT-IR Micro-ATR fibre spectra. 
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5.3.2 Methods of Deriving Data from Infrared Spectra 

A number of methods of deriving data, such as peak positions and intensities, from 
infrared spectra were considered, to determine the most suitable approaches. 

Method 

Two ATR spectra of each of three different flax and silk samples were recorded, as 
outlined in Method Spc(3.a) (see chapter 8). These spectra were then manipulated as 
detailed below, using either peak deconvolution or direct intensity measurement, to 
determine the most reliable methods of deriving spectral information. In the case of the flax 
spectra, the region in which a series of bands derived from cellulose are observed (1190 -
785 cm" ) was considered; for the silk spectra, the amide region (1760 - 1490 cm"') was 
used. 

Ten data derivation methods were then applied: 

Deconvolution was achieved using the 'GRAMS/32' peak fitting application; Voigt 
peak functions were employed. Data were derived from spectra with and without baselines 
applied, and band intensities were calculated using both peak heights and areas. 

For u^d to consbmd: 
applications that allowed the processes to be automated. There were several factors to take 
into account: The first was the method by which peak positions were to be determined; 
either by finding the maximum value (assuming an absorbance spectrum) within a given 
range, or by fixing a nominal peak position and consistently measuring the intensity at this 
value. In addition, there was the consideration of determining the most appropriate manner 
in which to assign suitable base-lines; this could be done either by assigning a nominal 
base-line across the entire spectrum, or by assigning specific base-lines to discrete regions 
(either across regions, or across the bases ot individual peaks). The chosen regional and 
individual baselines are shown in Figures 5.3.2.1 and 5.3.2.2 (pl31-132). 

The data were then normalised with respect to the C-OH secondary alcohol 
stretching band (at -1050 cm"') for the flax spectra, and the amide I (3-sheet band (at -1615 
cm"') for the silk spectra. 

A reliability index was defined as the percentage difference between the two sets of 
data for each fibre, averaged over all results for each measurement method (thus lower 
values of the index indicating a greater reliability). 

Results 

Typical deconvolved spectra for silk and flax are presented in Figures 5.3.2.3(a) and 
(b) (pi33), respectively. 

The reliability indices, calculated from the two sets of deconvolution data, as well as 
from the direct peak intensity data for both maximum value and fixed peak position 
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spectrum, specific regions or 

Conclusion 

From the reliability indices presented j t can be, seeH that dire^^ 
using absolute or estimated peak positions, and taken from baselines across either the entire 
spectrum or across regions) appears to be the most consistent method of deriving spectral 
intensity-data from, spectra; for reasons outlined beJow: ' -

Whilst the peak deconvolution application proved useful for determining the 
number, general positions and approximate relative intensities of overlaid peaks, it did not 
prove to be sufficiently reliable to determine peak intensities (either in terms of height or 
area) for comparison between spectra, although as is obvious from the tabulated data the 
use of imposed baselines yields far better results than using the spectra as recorded. Instead 
intensities could be more consistently determined by direct measurement of the band height 
above a nominal base-line; this approach also has the significant advantage that it can be 
automated, by means of a 'GRAMS/32 Array Basic' program, whereas the use of peak 
deconvolution requires a lengthy manual process for each spectrum and the requirement to 
ensure that exactly the same fitting parameters are employed for each spectrum. 

Direct peak measurements can be made either by measuring at fixed positions or 
maximum intensities; it was found that both approaches can produce reliable results, 
providing they are used consistently. However, whilst the maximum intensity position may, 
in general prove to be slightly more accurate, it cannot be used in those situations where 
numerous overlaid peaks occur and the peak of interest is of low intensity or is observed 
only as a shoulder; in these cases, the fixed position approach yields better results. In 
general, the approach which gives the best results for a particular experiment should be 
used. The draw-back with all of the direct measurement methods is that they produce 
lelative, rather than absolute, indications of band intensities, particularly in regions with 
numerous overlaid peaks, although this is not a significant disadvantage providing it is 
borne in mind when using the resulting data. 

It was found that the best results were obtained by fixing specific base-lines for 
paiticular legions oi by assuming a constant base-line across the entire spectrum; this does 
piesent the problem of defining appropriate base-lines, and of applying them consistently, 
but in general, and particularly if the spectra have readily identifiable markers between 
which the lines may be drawn, this did not present a significant drawback. Applying 
baselines across each individual peak was significantly less accurate than the other direct 
measurement methods, and again cannot be used for shoulders and similarly obscured 
bands. 

Therefore, in conclusion, the most reliable method of measuring intensities appears 
to be via direct measurement, but the exact means of doing this is likely to vary depending 
on the requirements of specific experiments. 
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Table 5.3.2.1. Reliability indices for various methods of deriving spectral data (with the 
index defined as the average percentage diOerence between data derived from two spectra 
of the same specimen; lower values denote a greater reliability). 

Measurement Method Reliability Index / % 
Peak fitting (height, no baseline) 285 
Peak fitting (area, no baseline) 307 
Peak fitting (height, baseline) 1&6 
Peak fitting (area, baseline) 2L8 
Direct measurement (estimate, spectral baseline) 1.61 
Direct measurement (absolute, spectral baseline) 1.35 
Direct measurement (estimate, regional baseline) 2.02 
Direct measurement (absolute, regional baseline) 1.97 
Direct measurement (estimate, individual baseline) 7.02 
Direct measurement (absolute, individual baseline) 14.5 
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Figure 5.3.2.1: Regional base-lines. 
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Figure 5.3.2.2: Individual base-lines. 

(a) Silk 

(b) Flax 

2000 1800 1600 1400 1200 

Wavenumber / cm"' 

1000 800 

132 



Figure 5.3.2.3: Deconvoluted spectra. 

(a) Silk 

/ - Recorded spectrum 

Calculated (deconvoluted) 

contributory bands. 

Combined contributory bands. 

(b) Flax 

I \ I 

1180 1140 1100 1060 1020 
Wavenumber / cm' 

980 940 

133 



5.4 Characterisation of Plant Fibres by ATR Spectroscopy 

Having identified the most appropriate spectroscopic techniques for examining 
fibres, the potential of these techniques for the characterisation of plant fibres was assessedL 
The aim of the research was to identify a method of differentiating these chemically and 
structurally similar fibres, particularly the otherwise problematic flax and hemp. In total, 
six species of fibre were considered: cotton (a seed fibre); flax, hemp, jute and ramie (all 
bast - or stem - fibres); and sisal (a leaf fibre). These were taken to be representative of the 
range of commonly encountered textile fibres. 

All plant fibres have a cellular structure, and are largely composed of cellulose, as 
described in section 4.2. As the predominant component of these fibres is cellulose, and 
other major components (specifically hemicelluloses and pectins) are chemically similar 
polysaccharides, the spectra of all of the samples will be superficially similar; band 
assignments, taken from the literature are presented in Table 5.4.1 (pi39), along with the 
cellular component from which they derive 

Several methods of differentiating the fibre species on the basis of the recorded 
spectra were assessed, including visual comparisons, library searching and peak ratio 
analyses: 

Visual comparison simply relies on identifying bands with characteristic positions or 
intensities, which can then be coirelated with specific species of fibre (which can be aided 
by a knowledge of the components of the fibre (ra6/g V.22 (p91)) and of the band 
assignments {Table 5.4.1)). 

The use of a spectral library requires that a number of reference spectra of fibres of 
known species be compiled in a database. The library is then searched for the best match to 
an unknown spectrum. This approach does not rely on directly associating spectral features 
with particular cellular components, but instead depends on determining the closest fit of 
overall spectral shape. 

Peak ratio analysis relies on the fact that plant fibres are comprised of a number of 
different components, each of which yields different spectral contributions. This 
knowledge can be used to compare the relative proportions of the components within the 
fibre. 

In this study, the peak ratio analyses were based on the relative proportion of lignin 
with respect to other cellular components. This was considered to be a valid approach as 
qualitative assessments of lignin content by staining (such as the use of the phloroglucinol 
test or the Herzberg reagent) are accepted methods of fibre characterisation. The use of the 
ratios based on pectin content was also considered, but, as noted below, the only readily 
identifiable unique pectin band can also occur due to degradation products, so this approach 
was found to be unsuitable. 

Ratios were calculated from the intensities of bands that can be identified as arising 
from particular cellular components: the v(C=0) ester band at -1735 cm"', from pectin 
(although this can also arise from the oxycelluloses of degr aded fibres); the v(C=C) in plane 
aromatic vibrations at -1595 cm ' and -1505 cm"', from lignin; the v(C-C) ring breathing 
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band at ~1155 cm and the v(C-O-C) glycosidic ether band at -1105 cm"', both of which 
arise from the polysaccharide components (that is, largely cellulose). The intensity of the 
v(C-H) stretching vibration at -2900 cm ' was taken as a measure of the general organic 
material content of the fibre. The band intensities of absorbance spectra are directly 
proportional to concentration (the Beer-Lambert Law, see below), so intensity ratios can be 
used to measure the relative proportions of cellular components. 

The Beer-Lambert Law. 

A = EC I 

Where: A = Absorbance 

E = Molar extinction co-efficient 

c = Concentration 

1 = Path length 

As the use of deconvoluted spectra had already proved unreliable in determining 
peak intensities (see section 5.3.2), direct intensity measurements were made from the 
spectra. 

The intensities of specific bands are denoted as: 

L 

Where: 

x = wavenumber of band (cm"') 

Method 

Initially, unprocessed fibres were considered; ten samples of each of the six fibre 
types (cotton, flax, hemp, jute, ramie and sisal) were studied. Subsequently, undyed 
processed fibres (yarns and textiles) from a variety of sources were assessed, although fewer 
samples were available; cotton, 5; flax, 12; hemp, 4; jute, 11; ramie, 3; and sisal, 5. The 
details of these fibres, including their source and date of origin, if known, are presented in 
Table 5.4.2 (pi40). 

Absorbance spectra were recorded using method Spc(3.a) (see chapter 8). The 
samples were not treated or otherwise prepared before the spectra were recorded. The 
spectra can be found in Appendix 5.4 (CD-ROM). 

L Spectral Comparison 

Spectra were initially compared visually, to identify any large scale characteristic 
differences between the spectra of different fibre species. 

Subsequently a library of spectra was constructed using the 'GRAMS/32' notebase 
function and all of the recorded spectra. This was then used in trial identifications of a 
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number of known fibres (two of each of the six fibre species), which were different to those 
used in constructing the spectral library. Two sets of library searches were run, the first 
using the entire spectra, the second limiting the comparison to the 'finger-print' region 
(IBHDO --750 cm '). ^ 

II. Peak Ratio Analysis 

j Ratios were calculated based on the intensities of the bands at 2900, 1595 and 1105 
cm ; these bands were taken to represent the overall content of organic material, the lignin 
content and the cellulose contents, respectively. The intensities were measured directly 
from the spectra, drawn from baselines taken from 3000 to 2630 cm"', from 1780 to 1485 
cm and from 1185 to 765 cm , as shown in Figure 5.4.1 (pi44). The following ratios 
were then calculated: 

R-l - Il595 / I] 105 

R2 = 11595 / 12900 

Results 

Typical spectra for each of the six fibre types, along with the spectrum of pure 
cellulose (taken from Whatman 7, qualitative' filter paper), are shown in Figure 5.4.2 
(pi45), demonstrating their superficial similarity and domination by the contribution from 
the cellulosic component. 

/. Spectral Comparison 

On the basis of a visual comparison the spectra were found to be very similar, 
although a few characteristic bands were identified; Jute and sisal (and, to a slightly lesser 
extent, flax) exhibited characteristically strong bands at 1730 and 1595 cm"' (derived from 
pectin and lignin respectively), which allowed them to be distinguished from the other 
fibres, though not from each other; flax, hemp and ramie could not generally be 
distinguished, although flax frequently exhibited much more sharply defined peaks at -2900 
and 2850 cm ' (both C-H stretching bands, possibly arising from oils within the fibres); the 
cotton spectra were also largely similar to those of the latter fibres, although the bands in 
the 1200 to 800 cm"' region (where the distinct polysaccharide bands are found) were 
typically sharper and more clearly defined. 

The results of the 'GRAMS/32' notebase library search are presented in Table 
5.4.3(a) (for the full spectrum searches) and (b) (for the 'finger-print' region searches) 
(pi42), showing 'Quality Index' goodness-of-fit values, QI, for the best five correlations for 
a number of fibres. The goodness-of-fit value denotes the accuracy of the correlation 
between the test spectrum and the relevant library spectrum, with 0 being a perfect fit; the 
five best spectra are those with the lowest goodness-of-fit value of the various library 
spectra. 
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II. Peak Ralio Analysis 

1 he individual values of Ri and R2, for each of the fibres, are presented in Table 
(pl40). Average values for the native and the processed fibres, along with standard 

deviations, are presented in and (pi43), respectively; combined values 
are presented in Table 5.4.5 (pi 43). 

The pairs of values were then plotted against each other, as shown in Figures 
5.4.3(aj (the native fibres, pi46), 5.4.3(b) (the processed fibres, pi46) and 5.4.4 (the 
combined data sets, pl47); the envelopes drawn around the data points denote the regions 
into which the data from the individual fibres species fall. 

Discussion 

/. Spectral Comparison 

Neither of the two methods of spectral comparison - either a simple visual 
comparison, or a 'GRAMS/32' noteba.se library search - were found to provide a means of 
characterising the fibre species in question. Whilst the visual comparison provided some 
clues as to a fibre's identity, particularly in the cases of the more highly lignified materials 
such as sisal and jute, in general there were not a sufficient number of unique and 
identifiable spectral features to allow a reliable characterisation to be made. Similar 
problems were found with the use of noteba.se library searches - as is readily seen in Table 
5.4.3 (pi42), this approach is unable to distinguish between the species; a poor correlation 
was observed between the results of the full spectrum and the Tinger-print' region searches. 

Both of these approaches suffer from the same problem - that the spectra of the 
various fibres are dominated by the contribution from cellulose, and hence are far too 
similar to be easily differentiated on the basis of a gross spectral comparison. 

II. Peak Ratio Analysis 

As can be seen from TbA/e.* and (pM3), whilst a single 
measurement of lignin content, based on either the lignin to cellulose ratio (Ri) or the lignin 
to organic material ratio (R2), does not allow distinction of all the fibre types, consideration 
of both values gives a much high degree of confidence. Plotting the two ratios, using a 
linear discriminant analysis approach, seems to provide a means of differentiation {Figure 
5.4.4 (pl47)). However, it can be seen that the native fibres are more readily differentiated 
by this method than the processed fibres. The latter generally have lower apparent lignin 
contents than the unprocessed samples, as may be expected. Even taking this into account, 
it is possible to define general envelopes within which the different fibre species fall. 
Furthermore, the analysis appears to be age independent, at least for these samples. 

There is a general trend for the data points to fall along a diagonal axis on the plot, 
with the more highly lignified materials found at higher values of the two ratios. However, 
this trend does not strictly follow the literature values for the fibre compositions (see Table 
4.2.2 (p91)), as sisal is found at higher values of R, and R? than jute (with lignin contents of 
9.9 and 11.8 % respectively), and a similar discrepancy is observed for cotton and ramie. 
There are three potential explanations for this apparent inconsistency: 
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The surface sampling nature of the ATR technique means that the bulk of the fibre is 
not observed. As a result the apparent lignin content is in fact that of the surface of the fibre 
(to the depth of a micron or so) rather than that of the fibre as a whole. 

Lignin is a poorly characterised material and its exact properties vary depending on 
both the species of the plant and its location within the plant. Therefore differences in the 
chemical composition of the lignin may account for the apparent anomaly, exacerbated by 
the fact that cotton is a seed fibre and sisal a leaf fibre, whilst the other four are stem fibres. 

In the 'fingerprint' region of the spectrum, which contains the cellulose and lignin 
bands, numerous overlapping bands are observed. As intensities were derived by direct 
measurement from the spectra, rather than from deconvoluted peak data, there will be 
contributions from the neighbouring bands. 

Nonetheless, it can be seen that inherent differences in chemistry and structure 
between the various fibre species under consideration does allow them to be distinguished 
by spectroscopic methods, despite their ostensible similarity. This is supported by the fact 
that samples from historical, aged sources (such as the linen from the Matisse panels, f 9 
and flO, produced in 1947; the fiax from the sail-cloth of Nelson's flagship, the Victoiy, 
f l l , which fought at Trafalgar in 1805; the various jute samples from the 1950s, j'4 to j'9; 
and the hemp, ramie and sisal samples from the 19^ century, h'2, r'l and s'l), as well as 
fibres in an unusual form (such as the hemp paper, h'3) are all amenable to characterisation 
by the same peak ratio analysis. 

It was found the similar peak ratio analyses could be performed on data obtained by 
microspectroscopy, but, in general, the ATR technique yielded more consistent results, and 
was more straightforward to carry out. (This was primarily due to problems of transmission 
and lensing encountered with the former technique, and the necessit}' of flattening fibres 
prior to mounting, to circumvent these difficulties). 

Conclusion 

Overall it can be seen that although the methods of spectral comparison did not 
prove sufficiently reliable to differentiate the six fibre species, the use of peak ratio analysis 
proved to be an effective and relatively simple means of characterisation. 
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Table 5.4.1: Cellulosic fibre band assignments 

Position / cm ' Assignment Component 
- 3335 v(OH) free Water 
- 2 9 M v(C-H) Ubiquitous 
- 2 8 5 0 v(CH2) symmetrical stretching Ubiquitous 
- 1 7 3 5 v(C=0) ester pectin, (lignin, hemicellulose) 
- 1 6 3 5 adsorbed water Ubiquitous 
- 1 5 9 5 v(C=C) aromatic in-plane Lignin 
- 1 5 0 5 v(C=C) aromatic in-plane Lignin 
- 1 4 7 5 S(CH2) scissoring Ubiquitous 
- 1 4 5 5 5(C-H); 5(C-0H) 1° & 2° alcohol Ubiquitous 
- 1 4 2 0 6(C-H) Ubiquitous 
- 1 3 6 5 8(C-H) Ubiquitous 
- 1 3 3 5 5(CH2) wagging Ubiquitous 
- 1 3 1 5 8(C-H) Ubiquitous 
- 1 2 8 0 5(CH2) twisting Ubiquitous 
- 1 2 3 5 5(C-0H) out-of-plane Ubiquitous 
- 1 2 0 0 8(C-0H); 8(C-CH) Ubiquitous 
- 1 1 5 5 v(C-C) ring breathing, asymmetric cellulose, (hemicellulose, pectin) 
- 1 1 0 5 v(C-O-C) glycosidlc cellulose, (hemicellulose, pectin) 
- 1 0 5 0 v(C-OH) 2° alcohol Ubiquitous 
- 1 0 2 5 v(C-OH) r alcohol Ubiquitous 
- 1 0 0 5 p(-CH-) Ubiquitous 
- 985 P(-CH-) Ubiquitous 
- 895 v(C-O-C) in plane, symmetric cellulose, (hemicellulose, pectin) 

ubiquitous - there are likely to be contributions to this band from most of the cellular 
components. 
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7h6/e Librar)' search results, using the function. The search 
employs a first derivative correlation algorithm, and thus is insensitive to baseline variations 
and does not require normalised intensities. The 'Quality Index', g/ , denotes the goodness 
of fit of the correlation, with lower values indicating a better fit. The best five search results 
for each spectrum are given. 

(a): Full spectrum comparison. 

Sample Result 
1 Qi 

Result 
2 Ql 

Result 
3 QI 

Result 
4 QI 

Result 
5 QI 

Cotton 1 R9 0.983 F'12 0.984 F'll 0.990 S4 0.991 F'6 0.993 
Cotton 2 F'12 0.984 R9 0.984 F'll 0.989 S4 0.991 S8 0.994 
Flax 1 R9 0.977 F'12 0.980 S4 0.984 F'll 0.986 F'6 0.986 
Flax 2 R9 0.935 F'6 0.936 F'5 0.946 S4 0.948 F'12 0.949 
Hemp 1 R9 0.964 F'12 0.971 F'6 0.971 S4 0.973 F'l l 0.977 
Hemp 2 R9 0.977 F'12 0.982 S4 0.982 F'6 0.984 F' l l 0.984 
Jute 1 R9 0.984 F']2 0.985 S4 0.988 S8 0.990 F'l l 0.991 
Jute 2 R9 0.958 F'12 0.966 S4 0.966 F'6 0.970 RIO 0.970 
Ramie 1 R9 0.976 F'12 0.978 S4 0.983 F' l l 0.984 F'6 0.984 
Ramie 2 R9 0.979 F'12 0.981 S4 0.985 F'l l 0.986 S8 0.989 
Sisal 1 R9 0.983 F'12 0.984 S4 0.986 S8 0.988 F'll 0.989 
Sisal 2 R9 0.948 F'6 0.954 S4 0.956 F'12 0.957 S8 0.963 

(b): Limited spectrum (1800 - 750 cm"') comparison. 

Sample Result 
1 QI 

Result 
2 QI 

Result 
3 QI 

Result 
4 QI 

Result 
5 QI 

Cotton 1 R9 0.987 F'12 0.989 F'lO 0.992 F'6 0.992 F'9 0.993 
Cotton 2 R9 0.988 F'12 0.989 F'lO 0.991 F'9 0.992 F'l l 0.993 
Flax 1 R9 0.971 F'6 0.975 F'12 0.977 F'lO 0.982 F'l l 0.983 
Flax 2 F'6 0.938 R9 0.943 F'5 0.948 R2 0.955 F'3 0.958 
Hemp 1 R9 0.957 F'6 0.958 F'12 0.967 F'5 0.969 S4 0.972 
Hemp 2 F'6 0.971 R9 0.972 F'12 0.977 F'lO 0.979 F' l l 0.980 
Jute 1 R9 0.977 F'12 0.979 F'6 0.980 F'lO 0.984 F'9 0.986 
Jute 2 F'6 0.943 R9 0.950 F'5 0.953 R2 0.958 F'3 0.961 
Ramie 1 R9 0.976 F'6 0.980 F'12 0.980 F'lO 0.983 F'9 0.985 
Ramie 2 R9 0.977 F'12 0.982 F'6 0.983 F'lO 0.984 F'9 0.985 
Sisal 1 R9 0.976 F'6 0.978 F'12 0.980 F'lO 0.982 F'9 0.984 
Sisal 2 F'6 0.952 R9 0.955 F'12 0.964 F'5 0.965 S4 0.966 
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Table 5.4.4(a): Peak intensity ratios for native fibres. 

Ri CTl Rz 
Cotton 0J9 0.14 0.09 0.03 
Flax OJO &12 &33 0J2 
Hemp 0.6] 0.13 012 (104 
Jute 0.96 0J8 0.24 0.02 
Ramie 0.10 0.06 0.02 0.01 
Sisal 1.37 035 0.51 0J9 

Table 5.4.4(b): Peak intensity ratios for processed fibres. 

Ri Cfl Rz 
Cotton 0.40 0.15 0.11 0.03 
Flax 0J6 010 0.17 0.08 
Hemp 0J8 0.03 0.11 0.01 
Jute 0J8 (104 0.27 0.03 
Ramie 0.13 0.05 0.04 0.01 
Sisal 1.05 010 0.47 0.11 

Table 5.4.5: Combined peak intensity ratios (native and processed fibres). 

Ri ai Ri <32 
Cotton 039 014 0.10 0.03 
Flax 0.53 (120 0.25 0.13 
Hemp 0.54 0.15 012 0.03 
Jute 0.86 015 0.26 0.03 
Ramie 010 0.06 0.03 0.02 
Sisal 1,27 033 0.50 0.17 
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Figure 5.4.1: Measurement of peak intensities from baselines, for a typical jute spectrum. 
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Figure 5.4.2: ATR spectra of plant fibres and pure cellulose. 
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Figure 5.4.3: Plots of the intensity ratios, versus i?2 for (a) native fibres and (6) processed fibres. 
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Figure 5.4.4: Plots of the intensity ratios, versus Rj for the combined data (native, 0, and processed, +). 
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5.5 An Examination of Plant Fibres by Polarised ATR Spectrosconv 

The use of polarised infrared spectroscopy can potentially reveal structural 
information about plant fibres, in addition to the chemical information provided by 
conventional techniques. The structural data is derived from the fact that only those 
chemical bonds aligned with a component of the electrical vector of the polarised radiation 
will be observed. The highly crystalline, long range order of the cell walls (particularly the 
secondary cell wall) can, in theory, therefore, be examined by this technique. 

The aim of the experiments was to assess how useful polarised ATR (Pol-ATR) 
spectroscopy would be as a method of characterising plant fibres. The technique employs a 
conventional ATR set-up, with an infra-red polarising filter placed in the beam path 
between the radiation source and the ATR accessory. The sample itself is placed on the 
window of the diamond prism, and aligned with respect to the electrical vector of the 
incident radiation. By measuring systematic changes which occur in the spectra as the 
sample is rotated, it is possible to derive information on the structure and long-range 
ordering of the sample. In the case of the cellulosic fibres, this will potentially allow 
characterisation based on the differing angles and senses of winding of the crystalline 
cellulose of the cell walls, as well as the differing degrees of crystallinity, between the 
various species of plant fibre (see Table 4.2.1 (p91)). 

Initially, the dichroic and non-dichroic bands of a typical cellulosic fibre (in this 
case flax) were identified. Four polarised spectra of the fibre were recorded - [E^, Fo°], [Ex, 
F 9 o ° ] , [ E j | , F o ° ] , [ E | j , F g o - ] (see below for an explanation of the nomenclature) - and the 
differences between the pairs of spectra were used to identify the appropriate bands. From 
this information, potential crystallinity indices were identified (derived from the ratio of 
peak intensities). 

Subsequently, a series of spectra were recorded of a range of plant fibres (flax, 
hemp, sisal, banana and coir); the polariser was fixed in position and the fibre samples were 
rotated step-wise from 0° to 180°. The previously defined crystallinity index was then 
calculated for each of the spectra and the systematic variation in this value was assessed to 
determine the angle and sense of wind of the cellulosic microfibrils within the cell wall. 
Finally, these crystallinity indices were used to estimate the degree of crystallinity (that is, 
the proportion of crystalline material) of the fibres. 

The following nomenclature was defined to identify the orientations of the polariser 
and the fibre: 

[Ex, F j 

Where: 

X denotes the orientation of the electrical vector of the incident radiation 
(and hence the polariser); this can either be parallel (X = ||) or perpendicular (X = 1) to the 
plane through which the beam passes (see Figure 5.5.1 (pi49)). 

X = orientation of the fibres in degrees, with respect to an arbitrary origin (x 
= 0°) in which the fibre is aligned perpendicular to the plane through which the beam passes 
(see Figure 5.5.2 (pi49)). 
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Figure 5.5.1: Ex and Ey polariser alignments for Pol-ATR. 

E||: 

Figure 5.5.2: F/- fibre alignment for Pol-ATR. 
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5.5.1 The Identification of Dichroic and Non-Dichroic Bands in Cellulosic Fibre ATR 
Spectra, and the Determination of a Crvstallinity Index 

The aim of the experiment was to identify dichroic bands (that is, bands whose 
intensities are dependent on the polarisation of the incident radiation) in the ATR spectra of 
flax (being taken to be representative of cellulosic fibres in general). This was achieved by 
assessing the differences between pairs of normalised spectra, recorded with the polariser in 
orthogonal positions. This approach has previously been developed and used to investigate 
the surface orientation in polymers (specifically, poly(ethylene-terephthalate) or PET) 
polarised microspectroscopy has also been used to examine the structure of polymers 

Flax, as with all cellulosic fibres, contains numerous cellular components, including 
crystalline and amorphous cellulose (the predominant constituent), and amorphous 
hemicelluloses, pectin and lignin, as well as other minor components. Therefore, there are 
potentially non-dichroic bands with respect to which the spectra may be normalised. The 
literature suggested two possible candidates, the C-H stretch band at 2850 cm"' and the 
secondary alcohol C-OH band at 1060 cm"' 

Method 

Polarised ATR spectra of flax fibres were recorded as per method Spc(4) (see 
chapter 8): [Ej_, Fo«] and [ E i , Fgo-]. The corresponding E;; spectra (i.e., [Ey, Fo°] and [Ei], 

F9o°]) were not recorded, as the interaction of the electric vector in this orientation would 
reveal less information about the winding of the cell walls. 

Two sets of analyses were then performed; in the first the spectra were normalised 
with respect to the 2850 cm"' band, and in the second, to the 1060 cm"' band. 

Having normalised the spectra, the differences between the pairs of Ex and Ej| 
spectra were then calculated, as: 

[ E l , F9o°] - [ E i , Fo"] 

Results 

The spectra are presented in Figures 5.5.1.1(a) and (b) (pl52); the difference spectra 
are presented in Figures 5.5.1.2(a) and (b) (for the Ej_ data normalised with respect to the 
2850 and 1060 cm"' bands). 

Discussion and Conclusion 

The dichroic nature of the various bands are outlined in Table 5.5.1.1 (pi 51). Bands 
are idenfified as being non-dichroic, or as dichroic either parallel (||) or perpendicular (1) to 
the fibre axis (more specifically, the angle of wind, although as flax has a winding angle of 
-6.5°, these values are expected to be virtually the same). Bands that exhibit parallel 
dichroism are observed most strongly when the electrical vector of the incident radiation is 
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aligned along the fibre axis (and are seen as minima, below the base-line, in the difference 
spect ra presented in (p i52 ) ) ; bands that exhibit perpendicular dichroism, on 

the other hand, are strongest when the electrical vector is at right angles to the fibre axis 
(and are seen as maxima, above the base-line in these difference spectra). 

It can be seen that one of the most strongly dichroic bands is found at 1160 cm"', 
which arises from the ring-breathing vibration of cellulose. This band was selected in 
preference to the other possibilities for particular attention in future studies due to its 
strength and, therefore, ease of accurate measurement. 

In the case of the spectra under examination, little difference can be seen between 
the spectra in which the 2850 cm"' band is taken as the non-dichroic reference, and those in 
which the 1060 cm"' band is used instead. However, in most cellulosic fibres, the 2850 cm"' 
band is less strongly defined than in flax, and, in addition, as it is weaker than the 1060 cm"' 
band, it is more susceptible to distortion by noise (exacerbated by the fact that it falls in the 
inherently more noisy region of the spectrum). As a result, the 1060 cm"' band was 
considered to be the most suitable for use as a non-dichroic reference (although, due to the 
extensive crystal!inity of the fibres, this band may not be strictly non-dichroic, it is 
sufficiently so for the purposes of this experiment). 

Combining this with the identification of the 1160 cm"' band as a strongly dichroic 
band, an appropriate infra-red crystallinity index, Xcdiuiosic, can be defined as: 

Zc, cellulosic ~ I1I6O / I 1160 / M060 

Table 5.5.1.1: Dichroic Bands of Flax 

B a n d A s s i g n m e n t D i c h r o i s m 

3300 v(OH) free II 
3260 v(OH) free I I 
2900 v(C-H) 1 
2850 v(CH2) symmetrical stretching none 
1425 6(C-H) I I 
1370 8(C-H) 

1355 8(CH2) wagg ing II 
1280 5(CH2) twisting II 
1160 v(C-C) ring breathing, asymmetric II 
1060 v(C-OH) T alcohol none 
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Figure 5.5.1.1: Pol-ATR spectra of flax. 
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Figure 5.5.1.2: Difference spectra for flax ([Ej., Fgo-] - [Ex, Fo°]). 
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5.5.2 C h a r a c t e r i s a t i o n of P l a n t F i b r e s by P o l a r i s e d A T R S p e c t r o s c o p y 

The value of the Pol-ATR technique in probing the structure of natural fibres was 
now investigated. Cellulosic fibres have well defined, highly ordered structures, which 
potentially make them suitable for examination by this method: The cellulose of the cell 
wall (particularly the secondary wall) is highly crystalline (typically of the order of 70 %) 
and is wound with a characteristic angle and sense (see section 4.2). 

As a result, it is expected that the polarised incident radiation will interact more 
strongly with a fibre aligned at an appropriate angle to the electrical vector of the radiation. 

A step-angle of 7.5° between spectra was chosen, as multiples of this value 
corresponds well with the typical winding angles of the fibres presented in the literature (see 
Table 5.5.2.1 (pi57)): 6.5° to 8° for the bast fibres, 20° to 25° for sisal, 30 ° for banana 
fibre. 

M e t h o d 

Pol-ATR absorbance spectra of untreated flax, hemp, sisal, banana and coir fibres 
were recorded as per method Spc(4) (see chapter 8). 

The polariser was aligned with the electrical vector oriented perpendicular to the 
plane through which the beam passes (i.e., E_l). A series of spectra were recorded for each 
fibre species, with the fibre rotated in 7.5° steps between 0° and 180°; that is: 

[E^, Fo.], [E^, F7.5.], [El, F,3.] ... [El, F,72.5'], [Ei, F,Bo«] 

In order to avoid deterioration of the spectra, resulting from physical damage to the 
fibre due to repeated application of the anvil, the fibre sample was replaced after every six 
spectra were recorded. For flax and hemp, three complete series of spectra were recorded, 
and the resulting data averaged for each data point. The spectra for each fibre sample were 
recorded in a random order, rather than sequentially, in order to avoid any systematic errors 
that may have arisen from progressive damage to, or flattening of, the fibres. 

Subsequently, crystal!inity indices were calculated for each of the spectra, based on 
the dichroic and non-dichroic bands identified in the previous experiment: 

-^cellulosic - I l i e O / I1O6O 

R e s u l t s 

The data for each of the fibres are presented in Figure.s 5.5.2.1 to 5.5.2.5 (pl58-
162); the spectra are given in (a), and the plots of the calculated crystal! inity indices in (b). 

Discus s ion a n d C o n c l u s i o n 

A variety of structural data can be derived from the Pol-ATR spectra, most 
importantly for the fibres in question, both the angle and sense of winding (properties that 
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are characteristic of specific fibre species), and the proportion of crystalline material within 
the fibres. The analyses exploit the crystallinity index identified in section 5.5.1 and 
calculated above. 

From the fibre angle (fv) at which the maximum value of crystallinity index is 
observed, it is possible to derive both the angle and sense of wind of the secondary cell wall 
( r o M g 1 1 2 7 (p l57 ) ) . 

The variation observed in crystallinity index will depend on the depth of the fibre 
sampled, and the differing degrees of oriented crystallinity of the various layers of the cell 
wall. There are four potential scenarios: one side of the (secondary) cell wall is observed 
exclusively (/"= 1); one side of the (secondary) cell wall is observed predominantly, but 
there is a contribution from the less highly ordered (and oppositely wound) primary cell 
wall (0 < / < 1); one side of the (secondary) cell wall is observed predominantly, but there is 
sufficient penetration by the evanescent wave for a contribution by the opposite side of the 
ceil to be observed (0 < / < 1); the penetration of the evanescent wave is sufficient to 
observe both sides of the secondary cell wall equally (f = 0.5). 

The theoretical value for the crystallinity index will therefore be: 

X - f . cos(® + a ) + (l - / ) . cos(ffi - a ) 

Where:%= Theoretical crystallinity index 

/ = Fraction of secondary cell wall observed 

CO = Winding angle of fibre (measured in a clockwise sense) 

a = Orientation of fibre (measured in a clockwise sense) 

Theoretical crystallinity indices for flax, along with the experimental values, are 
presented in Figure 5.5.2.6 (pl63); three cases are shown, namely/= 1 , / = 0.8 a n d / = 0.5. 
It can be seen the assumption/= 0.8 provides the best fit for the experimental data. From 
this it is not possible to determine whether a contribution from the primary cell wall is 
observed in addition to the secondary cell wall, or whether the evanescent wave penetrates 
sufficiently deeply to observe both sides of the fibre. However, given the theoretical 
penetration of the fibre of between ~1 and ~5 |im (see Figure 1.2.3 (p26)), the assumption 
that a single side of the fibre is observed and that there is a predominant contribution from 
the secondary cell wall, along with a lesser contribution from the primary cell wall, is 
reasonable. 

The assumed value, /= 0.8, can also be seen to correlate well with the experimental 
data for the remaining cellulosic fibres (see Figures 5.5.2.1(b) to 5.5.2.5(b) (pl58-162)). 

In the case of the fibres with higher angles of wind (sisal, banana fibre and coir), it 
can be seen that the experimental data is slightly 'flattened' when compared to the 
theoretical values, especially those for the smaller crystallinity indices. This suggests that 
with these fibres, the angle of wind is not so closely defined as for the bast fibres (flax and 
hemp), but instead falls within a range about the identified angle. 
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In addition, the percentage crystallinity of the material can be calculated on the basis 
of the spectra in which the winding of the fibre is aligned parallel and perpendicular to the 
electrical vec tor of the incident polarised radiation (i.e., [Ej., Fo,] and [Ei , Fm+w]); these are 

the spectra in which the maximum and minimum crystallinities will be observed. 

Determination of Degree of Crystallinity 

The degree of crystallinity is taken as the proportion of the ordered crystalline 
component within the material: 

Where:Xf = ordered crystalline cellulose content 

X,. = random crystalline cellulose content 

Xa = amorphous cellulose content 

The ordered crystalline material is primarily found within the secondary cell wall, 
and exhibits long range orientation. The random crystalline material is also assumed to be 
organised in a laminar fashion, but is randomly aligned within these layers (that is, in two 
dimensions). The amorphous material exhibits no ordering (so is randomly aligned within 
three dimensions). 

The spectral data provides two values from which the degree of crystallinity can be 
derived, namely the crystallinity indices parallel, ^ | , and perpendicular, X±, to the angle of 
winding; these are the maximum and minimum X values, respectively. It must be assumed 
that the spectral probabilities of the bands used to calculate these values (that is, the 
intensity responses in relation to apparent concentrations of the contributory components) 
are the same. 

As the amorphous and random crystalline components are randomly aligned, only a 
fraction of the component is observed at any given orientation of the fibre. This is a for the 
two dimensional random alignment of the random crystalline material and for the three 
dimensional random alignment of the amorphous material, where: 

0 = — > ĈOSH 

f / 2 

COS n An 

- [ s i i in i : " 
n 

2 

TC 
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Therefore, the crystallinity indices can be related to the content of the fibres as 
follows: 

And: 

% oc • ^ 1 
V ' Tt J {n J 

So the ordered crystalline content can be defined as: 

X = X, — XI 

But the amorphous and random crystalline component cannot be readily resolved. 
The model is further complicated by the fact that there is an additional crystalline 
component from the primary cell wall, which is wound in the opposite sense to the 
predominant secondary wall. Therefore the degree of crystallinity cannot be calculated as 
an absolute value. 

However, an indication of this value, based on the ratio of the crystalline content to 
that of total content, can be defined as the crystallinity parameter, %: 

A', 

These values, %, calculated for the various fibres under consideration, are presented 
in Table 5.5.2.1 (pi57), along with the derived senses and angles of wind; winding 
characteristics and crystalline percentages from the literature (derived from X-ray 
diffraction measurements) are also given When the parameter, %, is plotted against 
crystallinity (Figure 5.5.2.7 (pi64)) and it can be seen that there is a good correlation 
between the two sets of values, leading to the conclusion that a good indication of the 
overall crystallinity of an unknown sample can be derived from Pol-ATR data. Although 
the crystalline percentage for sisal was not available from the literature, from this 
correlation it can be interpolated as approximately 50 %. 

On the basis of these results, it can be seen that it is possible to determine both the 
angle and the sense of wind of the cellulosic fibres examined, as well as the crystalline 
proportion of the fibre. In general, there is a good correlation between the values presented 
in the literature {Table 4.2.1 (p91)) and the values from the experimental data, determined 
on the basis of the calculations outlined above {Table 5.5.2.1 (pi 57)). 

Overall, by using the Pol-ATR technique the various plant fibres under examination 
can be reliably differentiated on the basis of the characteristic winding of the cell walls, 
including the normally problematic species of flax and hemp, as highlighted in Figure 
j . j . 2 g ( p l 6 4 ) . 
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Table 5.5.2.1: Experimentally derived winding angles (to the nearest 7.5°) and crystalline 
parameters (%), along with reported crystalline percentages 

W i n d i n g 

Sense 
W i n d i n g 

A n g l e / ° 
C r y s t a l l i n i t y 

P a r a m e t e r , y 

R e p o r t e d 

C r y s t a l l i n i t y / % 
F l a x S 7.5 70 
H e m p z 7.5 0.71 70 
Sisal z 22.5 
C o i r s 67.5 0.60 55 
B a n a n a z 30 OJ^ 25 
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Figure 5.5.2.1(a): Pol-ATR spectra of flax, [Ê ,̂ Fq,]; 
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Figure 5.5.2.1(b): Experimental and theoretical crystallinity indices for flax, 0-180° 
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Figure 5.5.2.2(a): Pol-ATR spectra of hemp, [Eĵ , Fo.]8oJ 
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Figure 5.5.2.2(b): Experimental and theoretical crystallinity indices for hemp, 0-180° 
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Figure 5.5.2.3(a): Pol-ATR spectra of sisal, [Eĵ , Fq, 180° 
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Figure 5.5.2.3(b): Experimental and theoretical crystallinity indices for sisal, 0-180° 
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Figure 5.5.2.4(a): Pol-ATR Spectra of Banana Fibre, [Eĵ , Fo_i8o°] 
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Figure 5.5.2.4(b): Experimental and theoretical crystallinity indices for banana fibre, 0-180° 

Banana Fibre 

0.60 -

0 .50 -

0 . 3 0 <> 

S 0.20 -

6 0 9 0 120 

Fibre Orientation / ° 

161 



Figure 5.5.2.5(a): Pol-ATR spectra of coir, [Eĵ , Fo_,8o=] 
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Figure 5.5.2.5(b): Experimental and theoretical crystallinity indices for coir, 0-180° 
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Figure 5.5.2.6: Theoretical variations in crystallinity indices. 
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Figure 5.5.2.7: Experimental crystallinity parameters, plotted against reported 
crystalline percentages (with a theoretical point for sisal, assuming a crystallinity of 
approximately 50 %). 
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Figure 5.5.2.8: Comparison of calculated crystallinity indices for flax and hemp, highlighting different 
senses of wind. 
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5.6 A d d i t i o n a l I n v e s t i g a t i o n s 

In addition to the principal aspects of the studies, investigations into the use of 
nitrogen flushing of the ATR equipment and into the damage caused to fibres by the 
application of the ATR anvil were performed. 

5.6.1 A s s e s s m e n t of N i t r o g e n F l u s h i n g E q u i p m e n t 

The effect of nitrogen flushing on the quality of ATR spectra was assessed. Both 
water vapour and carbon dioxide will introduce extraneous peaks into a spectrum, and thus 
the elimination of these gases will improve spectral quality, potentially revealing previously 
obscured bands. Continuous dry nitrogen flushing was not possible as the instrument was a 
multi-user resource, but short-term atmosphere exchange via a liquid nitrogen based unit 
was possible. 

Recording blank spectra during the flushing procedure, against a background 
recorded prior to the experiment, revealed a reduction in carbon dioxide and water vapour, 
which reached completion after approximately 120 minutes. Subsequently, background and 
fibre spectra were recorded periodically through the flushing procedure, which revealed a 
small improvement in the quality of the spectra. 

M e t h o d 

Two experiments, I and II, were performed to assess the efficiency of the Ventacon 
nitrogen flushing equipment. This system employs a reservoir of liquid nitrogen which is 
heated to evolve gaseous nitrogen; this is then forced through the spectrometer under its 
own pressure (see Figure 5.6.1.1 (pi67)). 

The first of the experiments studied how blank spectra compared to an initial 
background as the flushing progressed. The second studied the improvement in the quality 
of fibre spectra. In both cases, the integral heating unit in the flush equipment was 
employed, and the evolved nitrogen was divided between the main spectrometer enclosure 
and the ATR anvil. The spectrometer itself was set up in accordance with the 
manufacturer's instructions for gas flushing. 

All spectra were recorded using a BioRad 'FTS 755' FTIR spectrometer, fitted with 
a Specac 'Golden Gate' ATR anvil; spectra were captured over the 4000 - 650 cm"' region, 
using 32 scans and with a resolution of 4 cm"'. Spectra were manipulated using Galactic 
Industries 'GRAMS/32' 5.21 software. Nitrogen flushing was in progress throughout. 

1: 

For the first part of the experiment, a background was recorded before the nitrogen 
flushing of the spectrometer was initiated. Blank spectra were then recorded every 30 
minutes against this initial background. The experiment was continued for 3 hours. 

II: 
The atmosphere in the spectrometer was allowed to re-equilibrate with that of the 

laboratory. A background spectrum was recorded, followed by spectra of silk, flax and 
cotton. The nitrogen flushing equipment was then turned on. The background was re-
recorded every 30 minutes, followed by spectra of the three fibres. The experiment was 
continued for 3 hours. 
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R e s u l t s 

The spectra from the first part of the experiment are shown in Figure 5.6.1.2 (pi 67). 
As the nitrogen flushing progressed, strong peaks at 2360 cm"' and 2340 cm"' (carbon 
dioxide) were observed to develop against the background, as well as complex multiplets to 
peaks at -3960 - 3500 cm ' and -1950 - 1300 cm" (vapour phase water), representing the 
loss of these two species from the spectrometer atmosphere. The distinct carbon dioxide 
peaks were more straightforward to measure, and the increases in intensities are shown in 
Table 5.6.1.1 (pi66) (the data is plotted in Figure 5.6.1.3 (pi68)). 

The spectra from the second part of the experiment are shown in Figures 5.6.1.4(a) 
to (c) (pl68-169) (background, flax and silk spectra, respectively). 

C o n c l u s i o n 

From Figures 5.6.1.2 (pi67) and 5.6.1.3 (pi68), it can be seen that the flush was 
complete after approximately two hours, as demonstrated by the changes in intensity of the 
observed peaks. The data from the background spectra recorded in the second part of the 
experiment agrees with this, although the spectral changes are not as marked in this case. 

However, overall, for the fibres, there was not a particularly significant 
improvement in the spectra quality as the nitrogen flushing progressed, although the noise 
in the 3960 - 3500 cm"' and 1950 - 1300 cm"' regions was reduced somewhat. 

It can be concluded that the technique is of value when studying small spectral 
features that may be obscured by noise. The time taken to flush the spectrometer probably 
does not justify its use when recording spectra in which only the large-scale features are of 
interest. 

T a b l e s a n d F i g u r e s 

Table 5.6.1.1: Decrease in intensities of carbon dioxide peaks. 

T i m e / m in 2360 c m ^ 2340 c m ' 

0 0 0 
30 98 68 

60 147 98 

90 167 108 

120 172 112 
150 177 115 
180 171 111 
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Figure 5.6.1.1: Schematic of 'Ventacon' nitrogen flushing equipment. 
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Figure 5.6.1.2: Spectra over course of nitrogen flushing experiment. 
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Figure 5.6.1.3: Changes in CO? bands over course of nitrogen flushing experiment. 
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Figure 5.6.1.4(a): Background spectra. 
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Figure 5.6.1.4(b): Flax spectra. 
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Figure 5.6.1.4(c): Silk spectra. 
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5.6.2 Investigation of Sample Damage Caused by ATR Pressure 

For use in the field of conservation science, an analytical technique will ideally 
cause the minimum possible damage to the material under investigation. Although the ATR 
technique is theoretically non-destructive, the samples typically under investigation in this 
series of experiments have a complex microstructure, and may also suffer from physical 
deterioration and other ageing effects, so are likely to be particularly susceptible to 
mechanical damage resulting from the pressure applied by the ATR anvil. As a result, the 
effects on a range of typical samples (namely cotton, flax and silk) subjected to ATR 
analysis were assessed. 

Assessments were performed using both conventional and polarised ATR 
techniques. Whilst the conventional technique, combined with microscopic examination, 
would reveal chemical changes within the material, as well as macroscopic mechanical 
damage, the Pol-ATR technique will potentially reveal damage to the microstructure of the 
fibre. 

Method 
Cotton, flax and silk textiles were examined. 

/. Conventional ATR Spectroscopy 
ATR spectra were recorded as per method Spc(3.a) (see chapter 8). Two 

assessments were carried out for each fibre sample, in the first of which the specimen was 
placed on the anvil once, and in the second of which the specimen was placed in the anvil a 
total of six times, with the anvil head being lowered onto approximately the same region 
each time. 

II. Pol-ATR Spectroscopy 
Pol-ATR spectra were recorded as per method Spc(4) (see chapter 8). The fibre and 

the polariser were aligned in the [Ei, Fo°] position. Two assessments were performed for 
each fibre sample, as above. 

Subsequently, the regions of the samples subjected to pressure by the anvil were 
examined by both light and electron microscopy, and micrographs were recorded, as per 
methods Mic(l.a) and Mic(2.a) (see chapter 8). 

Results 
The ATR spectra are presented in Figures 5.6.2.1(a) to (c), and the Pol-ATR spectra 

in Figures 5.6.2.2(a) to (c) (see Appendix 5.6, CD-ROM). The optical micrographs are 
presented in Figures 5.6.2.3(a) to (c) (pi72). 

Ordered crystallinity indices based on the Pol-ATR spectra, as presented in section 
5.5.1, were calculated {Table 5.6.2.1 (pl71)). 

Discussion and Conclusion 
It can be seen that no significant damage is caused by the anvil pressure during the 

collection of both a single spectrum and of six spectra recorded at the same position. 
Although the weave of the textile itself appears to be somewhat compressed, as can be seen 
in the various micrographs, there does not seem to be any damage to the individual fibres 
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themselves. The region of the textile in which six spectra were recorded exhibits greater 
ev idence o f compress ion , al though there still appears to be no s ignif icant damage to the 
fibres. 

This assessment is borne out by the various spectra. N o obvious changes can be 
seen in either the series of conventional or polarised spectra (or in the calculated 
crystallinity indices), suggesting that no large scale chemical or structural changes have 
occurred. 

Therefore, it can be concluded that the ATR technique is sufficiently non-destructive 
to be confidently used with historic, and potentially valuable, textiles. 

Table 5.6.2.1: Pol- ATR Crystallinity Indices 

Crystallinity 
Indices, X 0 1 

AT 
2 

I Repetit; 
3 

ons 
4 5 6 

Cotton 0.606 0.589 0.588 0.582 0.623 0.596 0.579 
Flax 0,712 0.713 0.688 0.715 0.706 0.727 0.699 
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Figure 5.6.2.3(a): Optical Micrographs of ATR Anvil Damage to Cotton 
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Figure 5.6.2.3(b): Optical Micrographs of ATR Anvil Damage to Flax 
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Figure 5.6.2.3(c): Optical Micrographs of ATR Anvil Damage to Silk Fabric 
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6. P r o t e i n a c e o u s ( A n i m a l ) F i b r e s 

Fibres derived from animal sources are comprised of proteins - amino-acid 
polymers. They may be divided into two general categories, wools and silks, which can be 
distinguished by their distinctive forms and characteristics, the main difference being that 
whilst wools have a cellular structure, silks are composed of continuous protein filaments or 
strands. 

6.1 W o o l arid H a i r 

Wool and other similar mammalian hairs are largely composed of keratin proteins. 
The fibres consist of relatively hard, flattened, overlapping cuticle cells, which surround the 
central cortical cells; in some fibres, these may in turn surround vacuolated medullary cells 

The cuticle can vary in thickness between 
one cell, for the finest wools, up to several dozen 
- human hair typically has a cuticle ten cells 
thick. Cuticle cells contain amorphous keratin 
proteins, arranged in a layered series of resistant 
outer regions, the exocuticle, over the inner 
endocuticle regions. The resistance of the 
exocuticle derives largely from its sulphur 
(cysteine) rich nature, which allows the 
formation of a significant number of disulphide 
bridges; the endocuticle has a much lower 
sulphur content, and hence is more susceptible to 
deterioration. The exposed surface of the cells is 
covered by a protein membrane, the epicuticle, 
along with waxes and C21 fatty acids, which also 
impart a certain degree of chemical and 
mechanical resistance. It is the overlapping 
cuticle cells which give wools and hairs their 
characteristic 'scaly' appearance when viewed 
under the microscope. 

Lying between the cuticle and the cortex 
is a continuous band of intercellular material, 
which, in combination with the two adjacent cell 
walls, grants a resistance to penetration by water 
and other potentially deleterious chemicals. 

The bulk of the fibre consists of the 
cortex. Cortical cells are elongated and are 
composed of crystalline proteins within a 
sulphur rich amorphous protein matrix. The 
keratin protein adopts two types of spiral 
secondary structure, namely a - and y-helices. 
These structures form due both to extensive 

Figure 6.1.1: Hierarchical Micro-
Structure of Wool. 
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hydrogen bonding and to steric effects, with the large side groups arranged around the 
peptide back-bone. In the crystalline regions of the fibre, superhelices or protofibrils (~2 
nm diameter) are formed from three a-helices which are themselves arranged in a helical 
fashion. The superhelices are then organised to form microfibrils (~7 nm diameter), which 
in turn form macrofibrils (-200 nm diameter); these, located within the non-crystalline 
(amorphous) bulk of the keratin, comprise the proteinaceous regions of the cortical cells (~2 
fim diameter). The amorphous matrix itself is principally stabilised by the large number of 
disulphide bridges which link proximate cysteine residues. The cortex can be divided into 
two general regions, the orthocortex and the paracortex; the former contains more 
crystalline fibrils, whilst the latter is largely composed of the amorphous matrix. These 
features are illustrated in Figure 6.1.1. 

Finally, at the centre of fibres from certain species, a medulla may be present. This 
is comprised of a core of hollow, air-filled cavities. A medulla is unlikely to be present in 
fine wools and hairs, including human hair, but is more likely to be found in coarser fibres. 
Where present it may take a number of different forms, ranging from a continuous unbroken 
channel, through irregular and lattice-like structures, to interrupted and ladder-like forms. 
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6.2 S i lk 

Silks are produced by a number of insect and spider species, but the major source of 
commercial textile silks are the silk moths of the family bombycidae '. Of these the most 
important is the domesticated silkworm, Bombyx mori, though silk from other species of 
moth is also used. The silk is produced by the larvae of these moths as a cocoon to protect 
them during the metamorphosis through the chrysalid stage to the adult moth. The silk is 
extruded from the spinneret as a 'bave', two roughly triangular fibroin filaments ('brins'), 
which are bound together by a second protein which acts as an adhesive matrix, sericin (see 
Figure 6.2.1); the silk is produced as a continuous thread, perhaps up to 1500 m long. In 
commercial production, the chrysalid is killed before it can hatch (as this would damage the 
silk thread) and a continuous thread can then be unreeled from each cocoon. On average 
500-800 m of useable thread can be gathered from each worm. Raw silk (with the sericin 
intact) has a rough, irregular morphology when examined under the microscope When 
individual fibroin strands are examined, they have a smooth, translucent appearance and 
triangular cross-section - their almost featureless morphology can resemble that of synthetic 
fibres. 

Wild (tussah) silk is considerably coarser than that obtained from the domesticated 
moth, and so its commercial use is much more limited. 

Figure 6.2.1: Cross section of a native silk fibre. 

Fibroin Sericin 

The first known references to the culture of silkworms (sericulture) comes from 
China in the second or third millennium BC From China the use of silk spread through 
Asia, and then on to the Middle East and Europe. 

The fibroin from Bombyx mori is largely composed of the amino acids glycine (45 
%), alanine (29 %) and serine (12 %); wild silk moths produce fibres in which these three 
residues are also predominant, although the relative proportions vary The sequence of 
fibroin was elucidated by end-group analysis, acid and enzymatic digestion, amino-acid 
assay and X-ray diffraction 

End group analysis reveals the N-terminal residues to be glycine, alanine and serine; 
C-terminal groups are found to predominantly consist of glycine, valine and serine, along 
with tyrosine and proline. These analyses are not entirely accurate, however, as 
discrepancies will arise from degradation of the fibroin chain during solubilisation, and from 
residual sericin resulting from incomplete removal. 

Acid hydrolysis reveals the following di-, tri- and tetrapeptides: 
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-Gly-Ala-

-Ala-Gly-

-Gly-Tyr-

-Gly-Ala-Gly-

-Gly-Ser-Pro-Tyr-

The sequence (-Gly-Gly-) was not observed, suggesting that the residues are not 
organised in a random fashion, but instead that an alternating Gly/Ala sequence occurs 
extensively throughout the polymer. 

Digestion studies of silk, using the enzyme chymotrypsin", reveals two components, 
an insoluble precipitate, Cp, and a soluble fraction Q . Cp was found to have an average 
molecular weight o f -4000 g mof ' and comprise roughly 61 % of the fibre (by both weight 
and nitrogen analysis). X-ray analysis revealed the fraction to be highly crystalline, and the 
marked similarity between the diffraction patterns of Cp and the untreated fibre suggests that 
Cp is derived from the crystalline regions of silk. Further studies revealed Cp to be largely 
composed of a hexapeptide: 

-Gly-Ala-Gly-Ala-Gly-Ser-

That is. 

A larger repeating motif of 59 residues was also identified, containing this 
hexapeptide sequence: 

-(Gly-Ala-Gly-Ala-Gly-Ser)9-Gly-Ala-Ala-Gly-Tyr-

In addition, there may be some presence of a shorter repeating sub-unit, namely: 

-(Gly-Ala-Gly-Ser)-

NOTE: Chymotrypsin cleaves peptide chains at the carboxyi side of residues with aromatic side-

chains (tyrosine, tr)'ptophan and phenylalanine) or of large hydrophobic residues (such as methionine). 
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instead of: 

-(Gly-Ala-Gly-Ala-Gly-Ser)-

Two additional peptide fragments were also subsequently isolated from Cp: 

-Ser-(Gly6,Ala4,Ser)-

-Ser-(Gly4,Ala2/Ala3,Ser)-

which correspond to the proposed repeating sub-units: 

-(Ser-Gly-Ala-Gly-Ala-Gly);-

-(Ser-Gly-Ala-Gly-)2-

The soluble Cs fraction was found to contain a mixture of peptide fragments, with an 
average chain length of 7.8 residues. Three particular sequences (CJ, Cs2 and Q3) were 
found to be predominant: 

Csl 

C;2 

Cs3 

-Gly-Ala-Gly-Ala-Gly-Ala-Gly-Tyr- 14.4 % of Cj 

-Gly-(Gly3,Ala2,Val)-Tyr- 14.1 % of Cs 

-Gly-Ala-Gly-Tyr- 11,3 % of C, 

The overall molar ratio of the components was found to be Cp:Csl:Cs2:Cs3 = 6:4:4:3. 
These four components represent roughly 75 % of the silk polymer. 

The fibre was also studied by combined chymotrypsin and trypsin* digestion. A 
fraction, Tnd-Cp, similar to Cp was identified; it was found to comprise about 59 % of the 
silk fibre, and the chain length was roughly half that of Cp (25 to 35 residues, as opposed to 
59). Two octapeptides were found to comprise the majority of the soluble fraction: 

-Gly-AIa-Gly-Ala-Gly-Ala-Gly-Tyr-

-Gly-Ala-Gly-Val-Gly-Ala-Gly-Tyr-

From the various studies it was concluded that silk {Bombyx mori) consists of three 
general components, labelled phases I, II and III. Phase 1 is comprised of the repeating 59 
peptide Cp sequence noted above, and is highly crystalline. Phase II consists of repetitions 
of various tetrapeptides and octapeptides, and is semi-ciystalline in nature. The amorphous 

NOTE: Tr^'psin cleaves the chain at the carboxyl side of lysine and arginine. 
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phase III is comprised of acidic residues (Asp/Asn and GIu/Gln) and those with bulky side-
chains. Phases I and II together constitute approximately 90 % of the fibroin molecule, 
possibly as an alternating co-polymer arrangement. 

The crystalline Cp (phase I) regions have a closely packed anti-parallel p-sheet 
secondary structure (the unit cell consists of four protein chains), held together by extensive 
hydrogen bonding and strongly aligned with the fibre axis (see Figures 6.2.2(a) & (b)) 
This is facilitated by the fact that the residues involved all have small, non-bulky side arms 
(-H, -Me, or - C H 2 O H ) . The unit cell itself is of dimensions a = 9.4 A, i = 6.97 A, c = 9.2 
A, where b lies along the fibre axis and ah is in the plane of the P-sheets. The distances 
between the sheets (i.e., along the c axis) are 3.5 A (the glycine-glycine separation) and 5.7 
A. (These figures apply to a normally hydrated silk structure; if fully dehydrated, the unit 
cell dimensions will be smaller, but this does not occur below 140 °C.) 

Figure 6.2.2(a): Hydrogen bonding in silk p-sheets. 
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It is the highly crystalline regions of the fibroin fibres which lead to their 
characteristic properties. The fibres are mechanically very strong, both in terms of tensile 
and tearing strength, and have a limited elongation which results from the largely fully 
extended nature of the protein chains. As a result, the elastic recovery of silk is not 
particularly good - an extension of more than about 2 % will lead to a permanent 
deformation. This extensive crystallinity also leads to a high level of chemical resistivity, as 
reactive agents are less able to penetrate the material. Finally, the pliability and lustre of 
silk also result from the crystalline nature of the fibres, the former from the ability of the p-
sheets to slide over one another and the latter from the reflection of light from these sheets. 

The amorphous and semi-amorphous regions which comprise the remainder of the 
fibre contain a high proportion of residues possessing bulky side-groups - this factor dictates 
the low degree of ordering^. 

As with other natural fibres, silk has a hierarchical microstructure (see Figure 6.2.3). 
The protein chains form anti-parallel ^-sheets, which aggregate to form parallel, crystalline 
microfibrils (approximately 10 nm in diameter), bundles of which make up fibrillar 
elements (1 |im in diameter), which in turn comprise the individual fibroin filaments (which 
are roughly 7 - 1 2 |im in diameter); at each level of organisation, the ordered elements are 
embedded within amorphous matrices derived from the non-crystalline components 

Figure 6.2.3: Hierarchical microstructure of silk. 
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Sericin, on the other hand, has a markedly different composition, being largely 
amorphous In the case of Bombyx mori, the protein is rich in serine (~32 %), aspartic acid 
(-14 %) and glycine (-13 %); again, these amino acids are predominant in wild moth silk, 
although in these cases threonine also plays an important role. There is a much greater 
proportion of residues with polar side-chains (-63 % of the total in sericin, as opposed to 
-21 % for fibroin); the same is true for the proportion of residues with bulky side-chains. 
Unlike fibroin, sericin is readily soluble in hot water, due to the high content of polar 
residues and hence hydrophilic nature, a property which is exploited in the degumming of 
silk to yield individual fibroin strands. 

It had been suggested that sericin may consist of more than one protein. Three 
fractions can be separated based on differing solubilities in heated water. This corresponds 
well with the apparent presence of three distinct layers of sericin revealed by differential 
histological staining. Hot aqueous dissolution combined with UV analysis, on the other 
hand, appears to reveal four separate fractions, which is consistent with the four major 
polypeptides extracted from different regions of the silk gland. However, in both cases, the 
fractions could not be distinguished on the basis of amino acid content or X-ray diffraction 
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Study of the various fractions by IR spectroscopy, X-ray analysis and thermal 
analysis appear to suggest that the outer fraction has a completely random structure, but the 
inner layers (which are closer to the fibroin brins, and progressively more difficult to 
solubilise) exhibit increasing specific gravity, presence of p-sheet structures and degree of 
ciystallinity^. 

The compositions of fibroin and sericin are shown in Table 6.2.1, both percentage by 
residue and by weight 

Table 6.2.1: Composition of fibroin and sericin. 

Fibroin Sericin 
Residue % Weight % Residue % Weight % 

Gly 4 4 J % 33^"% 14^"% SJ" % 
Ala 2 9 3 % 2 % 4 % 4 3 % 3 2 % 
Ser 12T % 1 1 9 % 372 % 33.5 % 
Tyr 5 2 % 112"% 2^1 % 4^^ % 
Val 22: % 2.9 % 3.6 % 3 J % 

Asp/Asn 13 % 2.0 % 1 4 ^ % 17.6 % 
Glu/Gln 1.0 % % 3j^ % 4.5 % 

Thr 0.9 % 12 % % 9T % 
lieu OJ' % 1.0 % OJ" % Oj: % 
Phe 0.6 % 12 % 0 3 % OĴ  % 
Leu 0.5 % OJ % 1.4 % 1.6 % 
Arg OJ % 1.0 % 3.6 % 5j: % 
Lys 0 3 % 0.5 % 2.4 % 3 2 % 
Pro 0 3 % Oĵ  % OJ % OJ % 
His 0 2 % Oĵ  % 12 % I J % 
Try 0 2 % OJ % — — 

Cys 0 2 % Oj, % 0.5 % IT % 
Met OT % 0 2 % 

Other Types of Silk 

Though not used for commercial fabrics, spider silks are currently being investigated 
in the hope of exploiting their unique mechanical properties - the silk can absorb one 
hundred times as much energy as steel, weight for weight, and can stretch by up to 40% of 
its length without breaking ' This makes it one of the strongest known materials. 

Spider silks are exceptionally versatile and are utilised for a variety of applications; 
the compositions of individual silks are subtly varied depending on the use to which they 
will be put (for example, drag-lines and web silks, amongst others). 

The primary component of these arachnid silks is spidroin, which exhibits an 
organisation of crystalline regions within an amorphous bulk, analogous to the 
fibroin/sericin composites found in insect silks. 
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There is a second type of natural silk which is predominantly chitinous in nature, 
rather than proteinaceous The praying mantis produces silk of this type during hatching! 
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6.3 Silk as a Textile Fibre 

As noted above, silk in its natural state is comprised of two highly crystalline fibroin 
strands bound together by amorphous sericin. Degummed silk consists of the individual 
fibroin fibres from which the sericin has been removed. 

There are two general types of silk yarn, namely spun and thrown silk ^ The former 
consists of broken sections of fibre, either from cocoons from which the moth has emerged, 
or those sections near the beginning and end of fibres from pristine (undamaged) cocoons! 
which exhibit poor conformity. The fibres are spun together to form a continuous strand, 
rhe latter, thrown silk, is reeled as a continuous length from pristine cocoons, and the fibres 
are usually lightly twisted together to form bundles. Thrown silk is of a higher quality, as 
spun silk tends to be stained and less smooth. 

In terms of textile manufacture, there are several different types of silk, graded by 
the degree to which the fibres have been degummed (see Table 6.3.1), which, in turn, affects 
the mechanical properties, the texture, the lustre and the suitability to fiirther proceLing of 
the fibre. These are categorised as follows ̂  

Table 6.3.1: Degrees of degumming used in the silk industry. 

Sericin * Notes 
Raw (untreated) silk 20-30 % 

(0 % loss) 
Ecru (or hard) silk 24-26 % 

(1-4 % loss) 
Dull; stiff texture 
May be weighted 

Soiiple silk 1 7 4 8 % 
(8-10% loss) 

Readily weighted 
Often dyed black 

Cuite (or soft, pure, boiled-
offov degummed) silk 

5 % or less 
(25-30 % loss) 

Weighted prior to dyeing 

The number in parenthesis refers to the amount of sericin removed. 

The fibres may undergo a variety of processes, including degumming, bleaching, 
dyeing and weighting. 

Degumming 

Although in its natural 'gummed' state, silk is at its strongest and most durable, the 
presence of the sericin makes working the fibre more difficult, as well as rendering it less 
lustrous The degumming (or scouring) process is usually achieved by the use of boiling 
water or steam, by immersion in an alkali (soap) bath, by fermentation (that is, microbial or 
enzymatic breakdown of the protein), or, more recently, by the use of acids Soap 
degumming is the most widely used method, and also results in the bleaching of the fibres. 
Acid degumming is thought to be less harmful to the fibres, but does not remove the natural 
off-white coloration of the material. Proteolytic enzymes used for degumming must be 
carefully controlled, as they will attack fibroin as well as sericin - pepsin, trypsin and papain 
are suitable as they are found to hydrolyse sericin more rapidly than fibroin. As with acid 
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degumming, this method removes none of the inherent colour of the fibre. Combined 
methods may also be used, employing an alkaline detergent and a proteolytic enzyme 
capable of withstanding high temperatures - this method is reported to be faster than 
traditional processes, and to result in less damage to the fibres ^ 

Additional effects of degumming include the reduction of the ability to hold water 
(which, in turn, affects the ability of the fibre to hold dyes and weighting agents) and 
potential alterations in the fibre microstructure. 

Degumming is usually carried out after the processing of the silk yarn, and weaving, 
as the increased mechanical strength resulting from the presence of the sericin reduces the 
chance of damage to the fibres - raw silk has a tenacity of -4.6 g den"', whilst the 
degummed fibres have a tenacity of -3 .3 g den"' ^ \ 

Bleaching 

Following degumming, the silk may be bleached to remove any residual colour 
Spun silk is particularly likely to be discoloured. Acid and enzyme degummed silk may 
also require significant bleaching, as these processes do not remove any of the fibre's 
natural colour; soap (alkali) degumming, on the other hand, has an inherent bleaching effect. 

The bleaching process may involve a variety of different agents, but the use of 
hydrogen peroxide is probably the most widespread. Sulphur bleaching (or 'stoving') of the 
fibres was common in a historical context until superseded by 'wet' chemical methods. In 
addition to the use of hydrogen peroxide, these latter methods include the application of 
alkaline bisulphites, sodium peroxide, sodium hydrogen sulphite, and various acids. Methyl 
violet and indigo were also used, in much the same way as the 'blueing' of cotton and linen, 
to counteract the natural yellow tint of the silk. 

Weighting 

The degumming process can remove as much as 25% of the original weight of the 
fibre, and as a result the degummed fibres may be weighted (or loaded) to restore, or even 
exceed, the original weight, using a very wide variety of agents Originally the 
purpose of this was probably simply to restore the weight lost by degumming. Subsequently 
the process was used to fraudulently increase the mass of the fibre, thus increasing its value 
when sold by weight. Finally it became an accepted method of preparation in order to 
improve the feel (crisper and stiffer) and drape of the fabric. (And, despite the original 
intention behind the technique, it was discovered that undegummed silks could be weighted 
more efficiently than those from which the sericin had been removed, due to the highly 
absorbent nature of sericin \ ) In extreme cases, silks may be loaded by up to 400 %, though 
this will cause the rapid deterioration of the material; according to current labelling 
practices, the material may no longer be described as 'pure' silk with weighting of more 
than 10 % (or 15 % for black dyed fabrics) 

Historically various weighting agents have been used and different approaches have 
been favoured over the centuries. Since the middle ages these have included: gum arabic; 
salts of tannic, gallic and formic acid; catechu and logwood ('vegetable weighting'); protein 
glues; waxes; sugar; and various metal salts. Many of these metallic salts serve a dual 
purpose, also acting as mordants, especially for darker dyes; typical examples are outlined in 
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Table 6.3.2: Metallic Weighting Agents. 

Element Weighting Agent Date Notes 
Iron: iron "acetate ('black liquor'). [Fe(CH3C0?)?l late 18"" C. * 

iron" nitrate, [Fe(N03)2 6H2OI late 
iron nitrate, [Fe(N03)3 6H2OI late 19"" C. * 

iron " sulphate ('vitriol' or 'copperas'), 
FeS04 7H20 

medieval * 

i ronsu lpha te , Fe2(S04)3 late 19"" C. 
iron tannate, [Fe(0H)3(C 141^709)] late 18"' C. 
Prussian blue, [Fe4(Fe(CN)6)3] late 18"'/early 19"̂  C. * 

Lead: lead acetate, [Pb(CH3C02)2l early 19'^C. 
Tin: tin " chloride, SnCb e8Hyl9*( : . * t 

tin chloride ('pink'), SnCU early 19"̂  C. * t 
ammoniacal tin chloride, SnCl6(NH4)2 

Aluminium: aluminium acetate, AXCHaCO;)] 
aluminium chloride, A ICI3 late 19"'C. * 

aluminium nitrate, A1(N03)3 late 19"̂  C. * 

Sodium: sodium orthophosphate, Na3P04 early 20"^ C. 
sodium silicate, NazO xSiO], x = 3-5 early 19'̂  C. 

Zinc: zinc chloride, ZnCb early 20"" C. * 

The date refers to the first recorded literature reference to the agent. 

* - these agents were also used as dyestuffs and/or mordants. 

t - these species were first used as mordants in the early 19"̂  century, and were then 

used specifically as weighting agents in the late 19^ century. 

Several other metals salts were used on occasion, or are to be found in minor 
quantities in silks primarily weighted with other materials: arsenic, barium, bismuth, 
chromium, copper, magnesium and tungsten 

The metals most commonly found as weighting agents are lead and tin (in the form 
of lead acetate (Pb(CH3C02)2) and tin chloride (SnCU), respectively), but iron, 
aluminium, sodium and zinc based agents have also found widespread use. 

The agents are concentrated within the amorphous regions of the fibre, where they 
can be readily absorbed 

The salts can present a serious problem in terms of conservation as many of them act 
to catalyse silk degradation reactions. In addition, many of the processes used in the 
weighting of the material can also lead to damage (for example, the use of acidic baths) -
this is a particular problem if the fibres are not rinsed sufficiently, as residual reagents are 
likely to lead to rapid deterioration 
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The advantages and disadvantages of the most widespread and commonly used 
weighting agents (tin salts, iron salts, tannin and sugars) are outlined below; 

Tin salts: 

One of the main advantages to the use of tin salts was their ready availability and 
cheapness . In addition tin weighted silks could be subsequently dyed with light colours, as 
the agents themselves impart relatively little or no colour to the fibres 

Historically, the most widely used of the tin salts was tin chloride^: 

The fibres were immersed in tin solution ('pink') for several hours at room 
temperature. There is some evidence that the adsorption of the salt is the result of chemical 
binding (rather than simple incorporation into the voids and amorphous regions of the 
material), yielding a product which may be denoted as [Sn('silk')4]CL4; glycine is known to 
form such a compound with tin chloride. A salt uptake of up to 10.6 % may be observed 
at this point. 

The subsequent washing stage removes excess (unbound) material, and hydrolyses 
the bound salt - this breaks down the tin-chloride-silk complex, and results in the formation 
of the insoluble metastannic acid: 

[Sn('silk')4]Cl4 + 3 HiO > HzSnOs + 4 HCl + 4 'silk' 

As this reaction occurs within the fibres, the acid is deposited in, and not on, the 
filaments. The acid is then treated with sodium phosphate, resulting in the formation of a 
tin phosphate material: 

HASNOS + N A 2 H P 0 4 > NAZSNOG + H 3 P O 4 

Na2Sn03 + Na2HP04 + H2O > Sn(0Na)2HP04 + 2 NaOH 

Sn(0Na)2HP04 + 2 H2O > Sn(0H)2HP04 + 2 NaOH 

This will result in an overall weighting o f - 1 0 %. 

Finally the material may be treated with aluminium sulphate, which neutralises any 
residual alkalinity and deposits aluminium hydroxide in the fibres, and sodium silicate, 
which results in the formation of an extremely insoluble, high molecular weight tin 
silicophosphate. 

However, as noted above, tin compounds will promote the degradation of the 
material, particularly via the catalysis of photodegradation, and after the loading, the species 
must be neutralised to prevent additional damage by acid hydrolysis The presence of 
the tin compounds may also affect how readily the fibres take up dyes during subsequent 
processing, and the resulting colour \ Finally, the tin chloride is potentially dangerous 
(particularly as a respiratory irritant), therefore additional precautions are required whilst 
performing the treatment process 



Iron salts; 

As with tin salts, iron compounds are readily available and cheap They also serve 
a dual function, acting both as weighting agents and mordants for darker dyes, particularly 
blues and blacks . The strong colours imparted to the fibres by the weighting process 
means that iron loaded materials are unsuited for use with light dyes 

'Black- weighting involves the formation of iron tannate ^ The silk is first 
immersed in a warm tannic acid solution, before treating with either iron " sulphate or iron " 
acetate, yielding iron tannate. Air drying then results in the oxidation of the salt to iron 
tannate. A weight yield of-20-25 % may be achieved, and the material is imparted with a 
black coloration - simple iron weighting without the initial tannic acid step, on the other 
hand, yields a material with an orange-brown colour. 

Subsequent treatment with potassium ferricyanide, to form ferric ferricyanide, will 
result in a small increase in weight, as well as imparting a strong blue colour (Prussian blue) 
to the material. 

As with the tin based agents, iron compounds can also promote the degradation of 
the material and make it more sensitive to the action of acids ^ In addition, the fibres have a 
tendency to lose dye over time ^ 

Tannin: 

Tannins have several advantages. Perhaps most importantly in terms of 
consei vation, they do not promote the degradation of the fibres in the same way as metal 
salts . In addition the processing and presence of the tannin compounds appear to have only 
a very minor effect on both the strength and the elasticity of the material ^ Finally the 
weighting piocess can be performed before, or alongside, dyeing, and substantial weight 
gains are possible . 

In terms of disadvantages, heavy weighting of the material results in a loss of lustre 
and brilliance, leading to opacity Unless the tannin compounds are combined with 
additional metal loading treatments, the weighting will not withstand frequent washing 
The earlier methods employed for tannin weighting were only suitable for darker coloured 
materials . 

Sugars: 

As with tin weighting agents, sugars are suitable for undyed or lightly coloured 
materials (and before the development of tin weighting, sugars were the only option for the 
weighting of pale materials) The application of the compounds to the fibres is 
straightforward, and they were readily available, although not particularly cheap in earlier 
periods . Silk can absorb a significant weight of sugar from solution, and undergoes 
swelling during the process 

However, the water soluble nature of the agents mean that they must be applied after 
dyeing, and that they will be readily removed by subsequent washing, which is exacerbated 
by their relatively low affinity for the silk fibres In addition, this solubility means that the 
materials will spot and stain easily, and that they become tacky to the touch in humid 
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conditions (although,^ as the sugar is held within the fibres, the material is not sticky under 
normal conditions) . Finally, the sugars will attract insects and other pests, so additional 
agents are required to control this problem (such as cassia amara or magnesium sulphate) 

Dyeing 

Finally, the silk fibres may be dyed. As they are proteinaceous in nature and possess 
a wide variety of functional side-chains, as well as high absorbancy in the amorphous 
regions, this is relatively easy to achieve'. 

As noted above, the presence of weighting agents may affect the dyeing of a 
material, either due to the inherent colour of the agent itself, or by reaction between the 
agent and the dye; in some cases, as when iron loading also serves as a mordant, this may be 
advantageous, but it may also result in unwanted effects 

Wild Silk 

Wild silks, due to their differing properties, require slightly different methods of 
processing to the silks derived from cultivated Bombyx mori ^ Calcium ('lime') present in 
the fibres means that degumming must be carried out by means other than those outlined 
above. In addition, in terms of bleaching, the use of ammonium hypochlorite and calcium 
chloride is suggested, although this has the potential to damage the fibres. Due to the 
variability of the fibres, they are also more difficult to dye with consistency. 
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6.4 Degradation of Silk 

As with all natural organic fibres, silk is susceptible to a variety of degradative 
processes, including chemical attack, radiation and the action of living organisms, though in 
most cases the actual damage is due to hydrolysis and/or oxidation. The amorphous and 
semi-amorphous regions in which the crystallites are embedded are particularly susceptible 
to damage. Certain amino-acids (specifically histidine, lysine, phenylalanine, proline, 
threonine, tryptophan, tyrosine and valine) play a central role in the degradation of the fibre 
due to their susceptibility to chemical or photolytic attack; this is exacerbated by the fact 
that their bulky side-chains mean that they are located within the less ordered regions where 
attack can readily occur . The various mechanisms by which silk may deteriorate are 
outlined below. 

Heat and Moisture 

Water bonds strongly to silk due to the high proportion of polar groups in the 
material, specifically peptide bonds and hydroxy! side-chains (at 65% humidity, bound 
water may represent up to 30% of the weight of the fibre) The water acts as a plasficiser, 
being absorbed by the amorphous regions (leading to swelling), whilst the crystalline 
regions are largely unaffected. Silk will retain its flexibility at humidities as low as 40% 
due to the strong affinity between the fibre and water. 

If immersed in liquid water, the fibres undergo significant transverse swelling 
(~16.5-18.7%) but limited longitudinal swelling (~1.3%) Some dissolved salts, such as 
those found in hard water, result in transverse swelling but with a corresponding 
longitudinal contraction. These patterns of swelling are altered somewhat in the case of 
degraded fibres, and, in the case of heavily degraded materials, may result in the 
catastrophic break-down of the fibre structure. 

Boiling water and steam will lead to the degradation of silk, probably via hydrolysis 
This process is relatively slow, but may prove significant if the fibres are subjected to 

lengthy dyeing processes or other treatments. 

Desiccation occurs at humidities of less than 40% and results in brittleness, rigidity 
and a decrease in softness a reduction in the unit cell dimensions of the crystalline regions 
will also be observed, as noted above Wetting or humidification may reverse some of this 
damage. 

Elevated temperatures will lead to the desiccation of silk and will also result in free 
radical thermal oxidation (see Scheme 6.4.1); this occurs primarily at residues with side-
groups which will readily lose hydrogen (—RH). In addition, the fibres will undergo 
yellowing. 

1,5 
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Scheme 6.4.1: Free radical thermal oxidation of silk. 
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Chemical Resistivity 

Silk is largely resistant to chemical attack as a result of its highly crystalline nature \ 
However, it is susceptible to certain classes of chemical, namely strong acids and alkalis, 
strong oxidants and species which interfere with hydrogen bonding. Organic solvents have 
little effect, unless they undergo specific reactions with the fibre, or, as is the case with low 
molecular weight alcohols, extract water from the fibre leading to desiccation. 

Silk is reasonably resistant to dilute organic acids, but is more susceptible to mineral 
and concentrated organic acids. These species will attack the amorphous regions of the 
fibre relatively rapidly, causing the hydrolysis of peptide bonds (see Scheme 6.4.2(a)) and 
the rupture of the hydrogen bonding and salt linkages which dictate the secondary and 
tertiary structure of the material (see Scheme 6.4.2(b)) The crystalline regions of the 
fibre are more resilient, especially to dilute acids. The attack occurs randomly throughout 
the polymer chain. Acid hydrolysis results in the material becoming more brittle and losing 
its high mechanical strength, and hot concentrated acids will rapidly dissolve silk. 

Scheme 6.4.2(a): Acid Hydrolysis of Silk. 
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Scheme 6.4.2(b): Salt Linkage Disruption. 
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Certain acids are used by the textile industry to achieve particular finishes Brief 
exposure to concentrated hydrochloric acid, followed by thorough rinsing will result in the 
fibre filaments shrinking by up to 30 %, without degradation. Nitric acid will result in the 
yellowing of silk, via the xanthoprotic reaction (which causes the nitration of the aromatic 
components of phenylalanine, tryptophan and tyrosine). Acetic and tartaric acid, if applied 
in dilute solution and without subsequent rinsing, impart a property known as scroop, a 
characteristic rustling of the material. This is believed to be due to microcrystalline deposits 
of the acid on the silk fibres. 

As silk can bind significant quantities of sulphur compounds, via amine side-chains, 
it will react with both sulphuric acid (H2SO4) and atmospheric sulphur dioxide (see Scheme 
6.4.3) . Treatment with concentrated sulphuric acid results in transverse swelling and a 
longitudinal contraction of up to 40%, accompanied by the conversion of amine side-chains 
to sulphamines. Acid hydrolysis may also occur. This treatment forms the basis of the 
manufacture of silk crepe, and can improve the lustre and softness of the fibres. Sulphur 
dioxide can also bind to the fibres, and in the presence of moisture this will form sulphurous 
acid (H2SO3), a reducing agent. 

Scheme 6.4.3: Reaction of silk with sulphuric acid. 
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In the case of serine and threonine residues, concentrated and anhydrous mineral 
acids can cause a rearrangement of the peptide linkage, resulting in the formation of an ether 
bond through the side-chain (see Scheme 6.4.4(a)) '. A similar reaction can lead to the 
exchange of the peptide bond for an ester (see Scheme 6.4.4(b)), 

Scheme 6.4.4(a): Acidic rearrangement of silk to yield an ether bond. 
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Scheme 6.4.4(b): Acidic rearrangement of silk to yield an ester bond. 
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The historic use of acidic solutions in many of the weighting processes, especially 
those associated with iron-based weighting agents, is likely to have led to damage to the 
fibres which would have limited their durability, in addition to any other effects resulting 
from the presence of the agent itself 

Alkaline attack on silk occurs considerably less rapidly than does that by acid 
This is due to the nature of the attack, which occurs only at the ends of the fibroin chains 
and results in depolymerisation by breaking peptide bonds (see Scheme 6.4.5(a)). This has 
little overall effect on the mechanical properties of the material. However, the presence of 
alkaline agents may also break hydrogen bonding and salt linkages (see Scheme 6.4.5(b)), 
which will in turn disrupt the secondary and tertiary structures. 

Scheme 6.4.5(a): Alkaline hydrolysis of silk. 
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Scheme 6.4.5(b): Salt linkage disruption. 
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Another effect of exposure to alkaline conditions is the potential formation of cross-
linking, leading to increased rigidity and loss of the ability to bind water This is due to 
the formation of serine-lysine bridges (lysinoalanine cross-linking) and dehydroalanine-
cysteine bridges (lanthionine cross-linking) (see Scheme 6.4.6)', the greater resilience of silk 
than wool to alkaline attack can be partially explained in terms of formation of fewer of the 
latter type of linkage, as silk contains a much lower proportion of cysteine residues .̂ 
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Scheme 6.4.6: Alkaline induced cross-linking. 
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The generation of the dehydroalanine species can also be achieved by acid hydrolysis 
of an amine side-group, or from serine, or by the alkaline cleavage of a disulphide bridge 
{Scheme 6.4.7) However, due to the low occurrence of these residues in silk (fibroin), 
they are less likely degradation paths. 

Scheme 6.4.7: Alkaline cleavage of a disulphide bridge. 
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Finally, concentrated alkaline solutions, especially if hot, can cause the complete 
dissolution of silk'*'^. 

As also occurs with exposure to water, the presence of dissolved salts will have an 
effect on acid or alkali attack on the polymer In the case of acid hydrolysis, it is the anion 
which has the greatest influence on the degree of hydrolysis, whereas with alkaline attack 
the nature of the cationic species dominates. 
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Certain weighting agents, most notably the tin salts, can lead to peptide hydrolysis. 
The tin agents themselves are generally hydrolysed over time, ultimately yielding the 
amphoteric species H2[Sn(OH)6] (sometimes written as SnOi 4H2O). The amphoteric 
nature of the reagent means that it can cause both acid and alkaline attack \ Other metal 
salts can act in a similar manner, and gallic and tannic acid weighting will obviously tend to 
promote acid hydrolysis. 

Oxidants, such as hydrogen peroxide and peracids, are used to bleach silk but can 
also seriously degrade the fibre Hydrogen peroxide may also be generated through the 
action of moisture on dyes present in the silk, especially in the case of certain of the 
anthraquinone vat dyes The most significant oxidative reactions are believed to occur at 
tyrosine side-chains, resulting in their oxidation to acidic groups and breaking the peptide 
bonds surrounding the residue; cross-links may also be formed, with, for example lysine or 
another tyrosine residue (see Figure 6.4.1). Threonine is also highly prone to oxidative 
damage. The action of other oxidants, such as potassium permanganate, may result in the 
mechanical deterioration of the fibre, and can lead to cross-linking'. 

Figure 6.4.1: Oxidative Cross-Linking between Lysine and Tyrosine. 

As the crystalline sections of silk are stabilised by extensive hydrogen bonding, 
rather than by other cross-linking mechanisms (such as cysteine-cysteine disulphide 
bridges), the fibre is particularly susceptible to dissolution by species which disrupt 
hydrogen bonding, such as copper ethylenediamine and lithium thiocyanate 
Concentrated solutions of lithium thiocyanate can be used as a solvent for fibroin in order to 
investigate its chemical properties; this method has the advantage of causing the minimum 
of degradation to the peptide. Concentrated boiling solutions of zinc chloride, tin 
chloride, ammoniacal copper, ammoniacal nickel and calcium thiocyanate will dissolve silk 
without hydrolysis, and may be used to remove silk from blended fibres 

Photodegradation 

Although silk displays a greater chemical resistivity than wool, it is the most 
susceptible of the natural fibres to radiation damage Exposure to visible (400-700 nm) 
and particularly ultra-violet (250-400 nm) light will result in photodegradation of the fibre, 
typified by mechanical weakness and rigidity accompanied by discoloration and yellowing. 
This susceptibility results from the high number of tryptophan, tyrosine and phenylalanine 
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residues present in the protein, ail of wiiicii will absorb UV radiation (specifically 250-300 
nm) - in the case of tryptophan and tyrosine this will then lead to oxidative reactions which 
convert the residues to chromophores resulting in the discoloration observed. These 
degradation products are not well defined, but probably include quinones; these species 
absorb in the blue region, hence lead to the yellowing of the fibre. The involvement of 
tyrosine in this reaction is suggested by the fact that photo-yellow silk will not subsequently 
undergo the aforementioned xanthoprotic reaction on exposure to nitric acid ^ These 
oxidative processes also result in the formation of free radicals which can attack 
neighbouring peptide bonds, leading to the weakening of the fibres (see Scheme 6.4.8). A 
variety of other photochemical reactions can also occur, including the introduction of cross-
linking in the amorphous regions, a process which results in the loss of flexibility; this is 
primarily due to the reactions of photo-activated tyrosine residues with each other or with 
lysine. The presence of oxygen and moisture (i.e., normal atmospheric conditions) can act 
to accelerate these processes 

Scheme 6.4.8: The radical oxidation and scission of the peptide bond, following 
photodegradation. 
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Various weighting agents may act to accelerate the deterioration of silks 3-5Aio,12,i5 
In the case of the metal salts this is due to their catalytic role in the degradation reactions. 
Tannin compounds, on the other hand, reduce the pH of the silk to the point where it 
becomes particularly susceptible to photodegradation. The presence of moisture and certain 
dyes will also accelerate the damage 

Biological Degradation 

Microbial (enzymatic) attack can occur on silk, but it is the water soluble sericin that 
is most susceptible to damage ' . As a result degummed silks are relatively resistant to 
damage from micro-organisms, due to the highly crystalline nature of fibroin This 
resistance allows proteolytic enzymes to be used in the degumming process to remove 
sericin. 

Insects do cause some damage to silks, but in general this is not a significant 
problem. 
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Prevention of Degradation 

The simplest methods of preventing damage to silk artefacts involve removing the 
immediate causes of damage, namely light and oxygen, as well as excessive heat and 
moisture This can be achieved by maintaining the material in a dark, inert, humidity-
regulated atmosphere. If the object is to be displayed, then it should be protected behind a 
UV impermeable screen or treated with a suitable UV absorber. 

Various reagents to curtail free-radical damage can be added to the fibres, including 
radical scavengers, anti-oxidants and hydrogen peroxide decomposers Whilst these 
additives do not remove the source of degradation, they can prevent extensive damage from 
occurring. Similarly, species can be employed which will quench the excited states 
resulting from photoactivation. 

Optical whiteners can be employed to counter the effects of yellowing, but obviously 
this simply treats the symptoms of degradation, rather than consolidating the fibre or 
preventing further damage In addition, the blue fluorescence of these agents has been 
implicated in the photodegradation of histidine and tryptophan residues, especially in the 
presence of water. 

Chemical treatments may be a valid approach to alter degradation catalysts such as 
metallic weighting agents The formation of metal complexes (for example, of tin '^) can 
result in species less likely to promote damage. Alternatively it may be possible to remove 
the agents, and, if necessary, replace them with more innocuous species. 

Sites within the fibre which are especially prone to damage (for examples, 
tryptophan and tyrosine residues) can be chemically modified to increase their resilience 
These procedures tend to be employed as a method of last resort. 

It has been found that epoxides will react with fibroin in the presence of salt 
solutions, and though this process leads to the irreversible modification of the fibre it also 
imparts improved resistance to mechanical and photolytic damage Reaction occurs at 
the lysine, histidine, arginine, tyrosine and serine residues, all of which contain potentially 
proton-donating groups. Effective catalytic salts include potassium and sodium thiocyanate, 
sodium thiosulphate and sodium sulphite. It is believed that the reaction proceeds via the 
formation of an epithioxide, which then reacts with the proton-donating group (-RH) by one 
of two pathways, the first of which can lead to extensive polymerisation on the residue (see 
Scheme 6.4.9). 
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Scheme 6.4.9: Epoxide reaction with silk. 
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It is also important to reduce the physical stress on the fabric by supporting it, 
usually either by consolidation with a polymer matrix (such as a polyamide or polyurea) or 
the use of a supportive backing film However, both of these approaches may themselves 
result in damage to, and irreversible modification of, the material, and will also reduce the 
potential to display the object effectively, an important consideration when dealing with 
museum artefacts. 

An alternative form of physical consolidation involves the introduction of chemical 
cross-links into damaged areas, though again the treatment must be undertaken with care as 
it obviously has the potential to damage the fibres Possible cross-linking agents include 
dialdehydes, difluoro compounds, dimethylurea and other colourless bifunctional reactive 
species. A number of examples are outlined below; 

A bifunctional agent such as 4,4'-difluoro-3,3'-dinitrodiphenylsulphone (see Figure 
6.4.2) can be used to achieve cross-linking between adjacent peptide chains. This particular 
reagent has a length of ~10 A, which is inore-or-less optimal when compared to the 
interchain separation of 9.4 A; it reacts witli proximate tyrosine residues (see Scheme 

Figure 6.4.2: 4,4'-Difluoro-3,3'-dinitrodiphcnylsulphone. 
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Scheme 6.4.10: 4,4'-Difluoro-3,3'-dinitrodiphenylsulphone cross-linking reaction within 
silk. 
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Silk will cross-link between serine and tyrosine in the presence of formaldehyde (or 
hexamethyltetraamine, Me6N4, which acts as a source of formaldehyde) and acetic acid, via 
the formation of an acetal (see Scheme 6.4.11) Silk thus treated is appreciably stronger, 
and less susceptible to alkaline dissolution and water swelling. In addition, the material is 
rendered insoluble in such solvents as cuprammonium hydroxide. 

Scheme 6.4.11: Formaldehyde Cross !.inking of Silk. 
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Silk treated with a cross-linking agent such as dimethylolethyleneurea (DMEU) in 
combination with a 'blocked' low molecular weight polyurethane (either in solution or as an 
emulsion) and a catalyst (for example, methyl chloride), exhibits improvements in both dry 
and wet properties The material is cured briefly at high temperatures, during which the 
blocking agent is removed and the reagents react with side-chains of the silk residues. The 
catalyst must be removed from the material after the reaction is complete, so that it does not 
subsequently damage the fibres. 

It has been found that many of these measures (regulated atmospheres, damage 
limitation measures such as free radical scavengers, chemical cross-linking and the like) are 
most effective when used in combination 
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7. The Investigation of the Deterioration of Silk 

The aim of this series of experiments was to develop a means of assessing the state 
of degradation of unweighted and metal weighted silk fibres that would be of value to 
conservators dealing with textile artefacts; ageing may leave silk in a fragile state and prone 
to damage through handling, conservation treatments and display. The deterioration of the 
fibres may be brought about by, and further exacerbated by, the presence of weighting 
agents, as outlined in section 6.4. It was important that the techniques would employ 
microsampling methods, due to the practical and ethical problems with removing large 
samples from historic and archaeological artefacts. 

In order to investigate the general applicability (or otherwise) to weighted silks, 
habutae silk samples were weighted using a range of historically accurate techniques. 
Control samples were also prepared, by exposing silk samples to the same conditions (in 
terms of temperature, pH and immersion times) as encountered in the weighting regimes, 
but without the presence of the weighting agents themselves. Additional investigations 
were undertaken to see how readily the weighting agents could be identified. 

Subsequently the effects of the presence of weighting agents on deterioration were 
studied: Weighted silk samples were aged by means of either elevated temperatures or 
intense illumination. A comparison was made between the deterioration (as measured by 
breaking load) of thermally-aged weighted and control silks. 

The dichroic bands found in FT-IR spectra of silk were identified by means of Pol-
ATR spectroscopy, and, on the basis of these assignments, ordered crystallinity indices 
were calculated. 

The weighted and degraded specimens were then assessed by a variety of 
techniques: initial investigations were performed by optical and electron microscopy; 
spectroscopic properties were assessed by conventional and Pol-ATR techniques, as well as 
UV-visible spectroscopy; physical properties were determined by HPLC, thermogravimetric 
analysis, molecular relaxation spectroscopy and the measurement of breaking strength. 
Finally, correlations between the measured physical properties and spectroscopic signatures 
were investigated. 
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7.1 The Weighting of Habutae Silk with Metal Salts 

Samples of habutae silk were weighted with metal salts by a number of historically 
accurate methods ' ; primarily the weighting was by either tin or iron " compounds. 

After weighting, samples were assessed by a variety of microscopic and 
spectroscopic techniques to identify singular features that would be of use in 
characterisation. 

Preparative Method 

Initially a control sample of silk was degummed, to determine whether or not the 
sericin had previously been removed from the material. 

A 7% solution of sodium dodecyl sulphate (0.024 M) was prepared, to which was 
added sodium carbonate (2 g.dm ^). Three weighed silk samples were then immersed in 200 
ml of this wash solution, which was heated to 95 (±2) °C and maintained for 45 min. The 
fabric was then removed from the solution, and rinsed with de-ionised water, for 
approximately 20 min, before air drying, equilibrating at 60 % RH and weighing. Minimal 
weight changes were observed (less than 1 %, with respect to the initial weights), so it was 
concluded that the material had already been degummed and no further treatment would be 
necessary. This was confirmed by microscopic and spectroscopic examination. 

Several different weighting regimes were employed, as outlined below. Three 
samples were prepared by each method, and were weighed prior to the start of the 
experiment. In addition, control samples were prepared, to determine whether or not the 
weighting conditions, as well as the actual presence of the metal salts, have a deleterious 
effect on the fibres. These samples were exposed to similar conditions as the weighted 
materials, in terms of temperature and immersion times, but the weighting solutions were 
replaced with acidic (HCl(aq)) or alkaline (NaOH(aq)) baths of the appropriate pH (stages 
which did not involve weighting, such as degumming or neutralisation, were kept as per the 
original methods). 

The following samples were prepared: 

Weighting Agents: 

Tin'^ Chloride 
Tin'^ Chloride, 
Aluminium Sulphate, 
Sodium Silicate 

Iron " Sulphate 
Iron " Sulphate, 
Potassium Ferricyanide 

Ammoniacal Tin 
Chloride 

Tin and Iron " 

1(1) 1(2) 1(3) 

1(1)11(1) 1(2)11(1) 1(1)11(2) 1(2)11(2) 

111(1) 111(2) 111(3) 

m ( i ) i v ( i ) III(2)IV(1) 

IX(1) IX(2) 1X(3) 1X(4) 1X(5) 

111(1)1(1) 111(2)1(1) I11(1)1V(1)1(1) 111(1)1(1)11(1) 
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The notation denotes the method used and the number of repetitions; for example, 
1(2)11(2) indicates that the same sample of silk was successively weighted twice by Method 
I and then twice by Method II. The method numbering refers to a scheme employed whilst 
planning the experiment, and has been retained for convenience. 

These methods are detailed below: 

1 4 Method I 

A 'pink' solution of tin chloride was prepared (at 28.5 °Be*), using tin chloride 
pentahydrate (SnCl^ 5H2O); the solution was found to have pH 1. The samples were 
immersed in the solution, where they were maintained at room temperature with gentle 
agitation for approximately six hours, before being removed and rinsed. 

Subsequently a solution of sodium phosphate was prepared (at 6.5 °Be), and was 
found to be pH 9.5. The samples were immersed in this solution, which was maintained at 
- 60 °C for one hour, after which they were removed, rinsed, dried and weighed. 

Control 

The samples were immersed in a hydrogen chloride (HCl) solution at pH 1, for six 
hours at room temperature, before removing and rinsing. They were then immersed in a 
sodium hydroxide (NaOH) solution (at pH 9.5), which was maintained at -60 °C for one 
hour, before they were removed, rinsed dried and weighed. 

Method II 

A solution of aluminium sulphate (Al2(S04)3) was prepared (at 8 °Be), and found to 
have pH 1. The samples were immersed in this solution, which was maintained at -50 °C 
for one hour, after which they were removed and rinsed. 

A solution of sodium silicate (NazSiOs) was then prepared (at 3 °Be), which was 
measured as being pH 10. The samples were immersed in this solution, which was 
maintained at -60 °C for one hour. They were then removed and immersed in the 7% 
sodium dodecyl sulphate degumming solution, which was maintained at 40 °C for 30 
minutes, before they were removed, rinsed, dried and weighed. 

Control 

The samples were immersed in a hydrogen chloride (HCl) solution at pH 1, and 
heated to -50 °C for one hour, before being removed and rinsed. They were then immersed 
in a sodium hydroxide (NaOH) solution at pH 10, maintained at 60 °C for one hour, after 

Degrees Baume (°Be) is a measure of the specific gravity of a solution; this approach was historically used to 
prepare the weighting solutions due to the highly hygroscopic nature o f many of the salts (particularly tin 
chloride), which renders accurate weighing of the materials difficult. 
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which they were removed and finally treated with the degumming solution at 40 °C for 30 
minutes, before removing, rinsing, drying and weighing. 

Method III 

The samples were briefly immersed in a 3% sulphuric acid ( H 2 S O 4 ) solution, and the 
excess liquid removed. 

An 'iron liquor' solution was prepared, using 83 parts by weight iron " sulphate 
(FeS04), 5 parts conc. sulphuric acid (H2SO4) , diluted to 66 °Be, and 13 parts conc. nitric 
acid ( H N O 3 ) . This was then diluted to 35 °Be before use, and was found to be pH 1. The 
samples were immersed in this solution at room temperature for one hour, before they were 
removed and rinsed. They were then immersed in the 7% sodium dodecyl sulphate 
degumming solution, and maintained at 96 °C for one hour, before removing, rinsing, 
drying and weighing. 

Control 

The samples were briefly immersed in a 3% sulphuric acid ( H 2 S O 4 ) solution, and the 
excess liquid removed, before being immersed in a hydrogen chloride (HCl) solution at pH 
1, at room temperature for one hour, removed and rinsed. The samples were then immersed 
in the degumming solution, which was maintained at 96 °C for one hour, before they were 
removed, rinsed, dried and weighed. 

Method IV 1 4 

A 'blueing' solution was prepared, dependent on the previous history of the silk, 
using potassium ferricyanide (K3Fe(CN)6) and hydrogen chloride (HCl); the amount of each 
of these components was calculated as 10 % of the weight of the silk per previous 'iron 
liquor (Method III) weighting, and then diluted sufficiently to allow complete immersion 
of the sample. This solution was heated and maintained at 50 °C for one hour, before the 
sample was removed, rinsed, dried and weighed. 

Control 

The samples were immersed in a hydrogen chloride (HCl) solution, of pH equivalent 
to the appropriate 'blueing' solution, which was heated to 50 °C for one hour, before they 
were removed, rinsed, dried and weighed. 

Method IX ^ 

A solution of ammoniacal tin chloride was prepared by adding to 25g tin 
chloride (SnCU), 15ml 30 % hydrochloric acid (HCl) and 8ml 0.88 s.g. ammonia ( N H 3 ) . 

The solution was diluted to 20 °Be before use. 
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The samples were immersed in the solution, which was maintained at room 
temperature for three hours, after which they were removed, rinsed and immersed in a 1 M 
sodium carbonate (NazCO]) solution for 20 minutes. They were then removed, rinsed, dried 
and weighed. 

Control 

The samples were immersed in a hydrogen chloride (HCl) solution at pH 1, which 
was left at room temperature for three hours, before removing and rinsing. They were then 
immersed in a sodium carbonate (NazCOg) solution for 20 minutes, before removal, rinsing, 
drying and weighing. 

All samples were stored in a controlled humidity environment (RH « 60%); see 
section 7.2, below. 

Analytical Method 

The weighted samples were examined by light microscopy, electron microscopy 
(SEM-EDS), infra-red spectroscopy and UV-visible spectroscopy. 

Light microscopy was performed as per Method Mic(l.a). Electron microscopy and 
EDS spectroscopy was performed as detailed in Methods Mic(2.a) and Mic(2.b); both 
complete fibres and cross-sections of resin-set samples (Method Prep(2.a)) were examined. 
Appropriate micrographs were recorded by both techniques. See chapter 8 for details of 
these methods. 

Infra-red spectra of the samples were recorded using the technique outlined in 
Method Spc(3.a), Pol-ATR spectra using Method Spc(4), and UV-visible spectra using 
Method Spc(5) (see chapter 8). 

Results 

The overall average weight gains observed in the silk samples are recorded in Table 
7.1.1 (p210). The detailed weight gains for each stage are presented in Tables 7.1.2(a) to 
7.1.2(d) (p211-214). For those methods in which repeated loadings were employed, the 
percentage increases in weight with repetition are plotted in Figure 7.1.1 (p216). 

Typical optical and electron micrographs are presented in Figures 7.1.2(a) (p216) 
and 7.1.3(a) (p217), below; the full sets of micrographs are shown in Figures 7.1.2(a) & (b) 
and 7.1.3(a) & (b), \n Appendix 7.1 (CD-ROM). Details of the EDS analyses are given in 
Table 7.1.3 (p215). ATR Spectra are shown in Figures 7.1.4(a) to (c) (p218-220), Pol-ATR 
spectra in Figures 7.1.5(a) to ( f ) (p221-223) and UV-visible spectra in Figures 7.1.6(a) to 
(c) (p224-226). 
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Conclusion 

Samples weighted using these methods exhibit a high uptake of the loading agent 
and weight gains of up to 100 % are readily achieved. In those cases where repeat 
weightings were employed, a more or less uniform increase in mass with each repetition 
was observed (see Figure 7.1.1 (p216)). 

It can be seen that the different methods used to characterise the weighted silks tend 
to be sensitive to certain weighting methods, but of little use in identifying others: 

Simply handling the fabric samples may give an indication of weighting as the fibres 
tended to possess a stiffness not found in the untreated materials, and often had a rough or 
granular texture. In addition, the colour of the fibres may provide some indication of 
weighting - whilst the tin weighted samples had no significantly distinctive colouration, the 
iron sulphate and 'blue' iron weighting resulted in distinctive orange and blue staining 
respectively; however, these colours could also arise from dyeing processes. The control 
samples appeared and felt no different to untreated silk. 

Some evidence of weighting was also seen via optical and electron microscopy, in 
the form of crystalline deposits on the surface of the fibres, and in the general thickening of 
the fibres themselves, as illustrated by the average fibre diameters given in Table 7.1.4 
(p2I5). In general, though, microscopic examination does not appear to be a particularly 
reliable means of determining the presence of weighting - natural variation may occur in the 
dimensions of fibres, and the presence of surface deposits may simply be the result of 
contamination by dirt. The electron micrographs, displayed in Figure 7.1.3 (p217), show 
that gaps have appeared in the weave on weighting; this is likely to be due to the swelling of 
the fibres during the process, and the subsequent 'tightening' of the weave. 

The cross-sectional aspects of fibres, when studied by back-scattered SEM, do 
provide some information on the uptake of weighting agents. As elements of greater atomic 
mass yield brighter regions in the resulting micrographs, the general location of these 
materials can be determined. As can be seen from Figures 7.1.3(a) to 7.1.3(e), there is 
some evidence that for the less heavily weighted materials, the agents accumulate in slightly 
higher concentrations in the outer regions of the fibres, although this does not appear to be 
true for the more heavily weighted samples. 

EDS analysis, on the other hand, provides a useful means of determining the 
presence and nature of weighting agents: as metals are readily detected by the technique, 
but the low atomic mass elements that comprise the fibres themselves are not, it is facile to 
determine the presence of elements such as tin and iron which are highly indicative of 
weighting. In addition, the presence of other elements such as sodium, aluminium, sulphur, 
phosphorus and chlorine may yield further indications as to the weighting method used. 
However, this data must be treated with some caution, as these high atomic weight elements 
may also be present in the form of dyestuffs; to some extent this problem can be avoided by 
combining the technique with back-scattered imaging, as high atomic mass elements are 
only likely to be readily apparent to this latter technique when present in the high 
concentrations associated with weighting, rather than the lower quantities found in dyed 
materials. 
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Infra-red (ATR) spectroscopy appears to be of greater general use than microscopy 
in determining the presence of weighting agents, as most of these compounds contribute 
characteristic bands to the silk spectrum: tin chloride 'pink' weighting by Method I yields 
a single sharp band at approximately 950 cm"' (metal-oxygen stretch); the additional 
aluminium sulphate and sodium silicate weighting of Method II broaden this band and shift 
it to approximately 990 cm"'; ammoniacal tin chloride weighting, by Method IX, 
however, results in no observable large scale changes to the spectrum. Iron " sulphate 
weighting, by Method III, also results in no changes in the silk spectrum; however, the 
additional potassium ferricyanide 'blue' weighting, by Method IV, produces a very strong, 
sharp band at -2080 cm"' (-C^N cyanide stretch). 

The spectra of the control samples were indistinguishable from that of the untreated 
silk. 

UV-visible spectroscopy is also of use in identifying some, but not all, of the 
weighting methods (see Figures 7.1.6). The spectrum of untreated silk exhibits three 
prominent peaks, at 285, 240 and 208 nm. No significant absorption was observed in the 
visible region of the spectrum (400 - 700 nm). The various weighting agents give rise to 
changes as noted: 

Silks weighted by method I and method I/II exhibited UV/visible absorptions 
similar to those of untreated silk. No additional absorption bands were observed; those 
which were recorded did not significantly vary in intensity to those of untreated silk, and 
were independent of the degree of weighting. 

Silk weighted by method III yielded spectra which were dominated by a very broad, 
strong band with a maximum at approximately 300 nm, and which extended up to 600 nm. 
A shoulder was observed at 455 nm. 

Silk weighted by method III/IV exhibited a second broad, strong peak at 585 nm, in 
addition to the bands observed in the method III silks. 

Silk weighted by method IX was largely similar to the untreated material, but an 
additional band was observed at approximately 248 nm, which increased in intensity with 
increased level of weighting. In addition a minor shoulder was observed at 295 nm. 

As with the ATR spectra, the spectra of the control samples exhibited no obvious 
differences from the spectrum of the untreated material. 

The utility of the various techniques in identifying the different weighting methods 
in question are outlined in Table 7.1.5 (p215). In general, it can be seen that spectroscopic 
approaches are of greater use than microscopy, and that the information derived from the 
different techniques is, to a large extent, complementary. Whilst no single method provides 
a reliable means of identifying all of the weighting agents under consideration, in 
combination they allow an assessment of the probable weighting method to be made. 

None of the techniques are of great use in determining the degree of weighting, 
however. The major components of the (organic) silk fibre do not give readily identifiable 
peaks in the EDS experiment, so the peaks arising from the inorganic agents cannot be 
normalised against the fibre itself, and thus the relative proportion of these compounds 
cannot be determined. Similarly, the intensities of the peaks arising from the weighting 
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agents, observed by either IR or UV-visible spectroscopy, do not in general appear to be 
readily correlated to the degree of weighting. 
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Table 7.1.1: Overall (average) weighting gains 

Sample Weight Gain / % Variation / % 
1(1) 16.1 ± L 4 
1(2) 30.0 ±2.4 
1(3) 4&9 ±1.5 

1(1),11(1) 32.1 ±0.1 
1(2),1(1) 67^ ±0.9 
1(1),11(2) 40.5 ± Z 2 
1(2),11(2) 95^ ± 4.1 

111(1) 4.5 ±0.3 
111(2) 10.3 ± 0 ^ 
111(3) 123 ±0.1 

III(1),IV(1) 8.3 ±0.4 
111(2),IV(1) 163 ±&7 

IX(1) 6.8 ±0.1 
IX(2) 10.6 ±0.7 
IX(3) 15^ ±0.7 
IX(4) 24^ ±1.1 
ix:(5) 320 ± 0.4 

III(1),I(1) 13.1 ±0.6 
111(2),1(1) 17.5 ±2.0 

III(1),IV(1),I(1) 2&2 ± 2 8 
III(l),1(1),11(1) 29^ ± 1.3 
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Table 7.1.3: Elemental atomic percentages derived from EDS analyses (trace elements (less 
than 2.5 %) are denoted by 7r'). NOTE: there may be a contribution to the aluminium signal 
from the aluminium sample stubs used. 

Weighting Element (atomic percentage / %) 
Method Sn Fe K CI s P Si A1 Na 
1(3) 22.4 — — tr tr 18 9 tr tr 53.2 
1(2)11(2) 6.4 tr — tr tr 2.6 60.0 5.3 21.8 
111(3) tr 50.0 3.1 3.4 34.6 tr tr — 5.6 
111(2) 1(1) 37.1 5.0 — tr 7.0 7.6 tr tr 40.4 
111(2) IV(1) tr 59.9 10.0 tr 16.7 — tr tr 9.4 
IX(5) 65 j tr — tr tr tr tr tr 2&3 
III(l) 1(1) 11(1) 16.2 tr — tr 3.7 45 j 6.9 24.4 
iii(i) rv(i) 1(1) 18.0 25.3 — tr 3.1 9.3 tr — 411 

Table 7.1.4: Average fibre diameters, with standard deviations, for untreated and weighted 
silk (using a sample size of 50 fibres for each specimen). 

Sample Average Diameter / |im a 
Silk 9.8 1.08 
1(3) 10.4 0.66 
1(2)11(2) 10.6 0.86 
IX(5) 10.0 0.69 
111(3) 10.5 1.00 
III(2)IV(1) IZO 1.24 

Table 7.1.5: Analytical techniques for the identification of weighting agents. 

Weighting 
Method 

Handling Micro 
Optical 

scopy 
SEM 

J 
EDS 

Jpectroscop; 
ATR 

y 
UV-Vis. 

I (^) X (^) (^) / X 

1,11 (^) X (^) ( O / X 

IX (^) X (^) ( O X y 

III (^) (^) (^) ( O y y 

III, IV (^) ( / ) (^) ( O X y 

y -

(^) { 

c ) { 

' { 

The technique yields strong evidence of weighting method. 

The technique potentially yields evidence of weighting method, but may be 
ambiguous. 

The technique may yield minor indication of weighting method, or simply 
that weighting is present. 

The technique yields no useful information on presence of weighting, or of 
weighting method. 
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Figure 7.1.1: Weight gains with repeated weighting, for 'pink' tin'^ chloride (method I), iron 
sulphate (method III) and ammoniacal t i n ^ chloride (method IX). 

O 3 0 -

2 3 

Weighting Repetitions 

Figure 7.1.2: Untreated and weighted silk samples: 

Untreated silk. 'Pink' weighted silk (1(3)). 

mm,; 

Iron weighted silk (111(3)). 'Blue' weighted silk (in(2),IV(l)) . 

5 mm 
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Figure 7.1.3: Typical secondary electron micrographs; 

Unweighted silk: 

i 

I 

'Pink' tin weighted silk: 
}... —• 
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Figure 7.1.4(a): ATR spectra of tin^^ weighted silk. 
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Figure 7.1.4(b): ATR spectra of iron" weighted silk. 
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Figure 7.1.4(c): ATR spectra of combination (tin^^ and iron") weighted silk 
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Figure 7.1.5(a): Pol-ATR spectra of untreated silk. 
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Figure 7.1.5(b): Pol-ATR spectra of weighted silk 1(3). 
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Figure 7.1.5(c): Pol-ATR spectra of weighted silk 1(2)11(2). 
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Figure 7.1.5(d): Pol-ATR spectra of weighted silk ni(3). 
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Figure 7 . 1 . 5 ( e ) : Pol-ATR spectra of weighted silk in(2)IV(l). 
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Figure 7.1.5(f): Pol-ATR spectra of weighted silk IX(5). 
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Figure 7 . 1 . 6 ( a ) : UV-visible spectra of tin weighted silk. 
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Figure 7.1.6(b): UV-visible spectra of iron" weighted silk 
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Figure 7.1.6(c): UV-visible spectra of combination (tin and Iron^ )̂ weighted silk 
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7.2 Assessment of Storage Conditions and Humidity Equilibration 

In order to determine how rapidly fibre specimens reached an equilibrium weight 
within a controlled humidity environment, a sample of habutae silk was dehydrated then 
allowed to equilibrate; the weight changes were monitored over time. 

Method 
A sample of habutae silk, of approximate size 6 x 4 cm, was weighed then placed in 

an oven maintained at 130 °C for 24 hours. The sample was then removed, and placed in a 
chamber with relative humidity controlled at -60 %*, by means of a saturated sodium 
bromide bath. The sample was subsequently reweighed periodically. 

Results 
The weights of the sample over time are presented in Table 7.2.1 (p228); these data 

are plotted as percentage moisture regain m Figure 7.2.1 (p228). 

Conclusion 
It can be seen that the sample has reached a stable weight within 24 hours, and that 

this weight is then essentially constant over seven days, which is taken to indicate that the 
sample has equilibrated. Therefore, following treatment or processing, provided specimens 
are kept within the chamber for at least a day before physical or spectroscopic 
measurements are recorded, then consistent and comparable data can be expected. 

The humidity of the chamber was controlled by a saturated sodium bromide salt bath, which maintains RH : 
60 %, depending on temperature: 

T / ° C R H / % 
15 6 0 J 
20 59J 
25 5%6 
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Table 7.2.1: Weight of habutae silk samples, in a controlled humidity environment (RH = 
60 %) following dehydration, along with percentage moisture regains, calculated against 
initial weight. 

Time / h Weight / g Regain / % 
initial 0J305 100.0 

0 &1235 94^ 
1 &1286 9&5 
2 &1293 99^ 
4 0.1298 99^ 
12 0.1302 99^ 
24 0J305 100.0 
48 &1304 99^ 
72 0J306 100.1 
96 &1302 9^8 
120 &1306 lOO.I 
144 &1306 100.1 
168 0.1305 100.0 

Figure 7.2.1: Plot of percentage moisture regain (related to original weight) against time 
for humidity equilibration (in an RH = 60 % environment) of dehydrated silk. 
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20 40 60 80 I M 
Time/h 

120 140 160 180 
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7.3 Ageing of Weighted Silk Fibres by Heat and Light 

Untreated and weighted silk samples were artificially aged by means of either 
elevated temperatures or intense light . 

Method 
/. Light Ageing 

Sections of silk samples (untreated, 1(3), 1(2)11(2), III(2)IV(1)*), of approximate 
mass 0.03 to 0.07 g, were prepared and weighed, before being placed in Xenotest 
'Weatherometer', using a xenon light source filtered to emulate sunlight, controlled at 25 °C 
and 60 % relative humidity; one hour in the chamber is roughly equivalent to one year 
under 'standard' conditions (exposure to 50 lux, for 8 hours a day, for 365 days). Ageing 
times of 50, 100, 150, 200 and 250 hours were employed. After ageing, samples were 
removed and re-weighed. 

II. Thermal Ageing 
Initially, samples of untreated habutae silk were prepared and weighed (to four 

decimal places), before being subjected to thermal ageing in a dark oven, using four 
temperature regimes (60, 90, 130 and 190 °C); after ageing, samples were removed, allowed 
to equilibrate (at RH ~ 60 %, as noted in section 7.2, above) and re-weighed (see Table 
7.3.1 (p231)). On the basis of this assessment, an ageing temperature of 130 °C was chosen 
as the most suitable for the subsequent experiment, as the resulting materials displayed a 
significant degree of degradation in a relatively short time, but did not exhibit the excessive 
darkening, suggestive of burning, found with the samples aged at 190 °C. 

Subsequently, sections of the weighted silk samples (1(3), 1(2)11(2), IX(5), 111(3), 
III(2)IV(1)), of approximate mass 0.02 to 0.07 g, were prepared and weighed, before being 
placed in the oven maintained at 130 °C for up to 144 hours. After ageing, samples were 
removed and re-weighed. 

In addition, sections taken from the weighting-control samples were aged by the 
same method, for a period of 96 hours. 

The aged samples were stored in a controlled humidity environment (RH ~ 60 %, as 
above). 

Results 
The weight losses associated with ageing by means of heat and light are presented in 

Tables 7.3.2 and 7.3.3 (p231), respectively. These losses are plotted against ageing time in 
Figures 7.3.1 (p232) and 7.3.2 (p233); (a) shows the data for the 'blue' iron (III(2)IV(1)) 
weighted sample, with error bars and lines of best fit, as examples, whilst (b) gives the plots 
of the data for all of the samples, with the error bars omitted for clarity. 

Discussion and Conclusion 
For the thermal ageing, it can be seen that there is a strong correlation between 

ageing time and weight loss of the samples, as would be expected due to the loss of volatile 
degradation products. However, the light ageing results in a much less marked weight loss. 

The nature of the light ageing set-up, as well as time constraints, limited the range of samples that 
could be used, and these four were selected to give a representative range of weighting regimes. 
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This may be due to the lower temperatures involved, so that volatile materials are not driven 
off, or that the degradation processes involved are different. 

In addition, there are significant alterations in the readily observed properties of the 
materials: In general, yellowing occurs with ageing, and this discolouration becomes 
stronger for greater ageing periods There is also an appreciable change in the feel of the 
materials, when handled; the more degraded samples lose much of their suppleness and 
strength, becoming inflexible and brittle - this is particularly noticeable in the case of the 
'blue' iron (method III, IV) weighted specimens, which when aged are easily damaged by 
handling. 
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Table 7.3.1: Percentage weight losses by thermal ageing for untreated silk (± 1 %). 

60 
Time / 
weeks 

°C 
Weight 

Loss / % 

90 
Time / 
days 

°C 
Weight 

Loss / % 

130 
Time / 

hrs 

°C 
Weight 

Loss / % 

190 
Time / 

hrs 

°C 
Weight 

Loss / % 
0 0.0 0 0.0 0 0.0 0 0.0 
1 -0.1 2 0.0 12 -0.2 1 2.0 
2 2.4 5 0.3 24 0.6 3 2.4 
3 2.4 8 0.4 48 0.7 7 5.0 
4 0.0 11 0.5 72 1.3 13 7.1 
6 1.9 15 0.3 96 2.8 19 7.9 
8 2.4 20 0.8 120 2.4 31 9.7 

30 1.4 144 4.2 43 11.3 

Table 7.3.2: Percentage weight losses by thermal ageing at 130 °C (± 1 %). 

Ageing 
/ hours Untreated 1(3) 

Weight 
I(2)n(2) 

Loss / % 
IX(5) in(3) ni(2)iv(i) 

0 0.0 0.0 0.0 0.0 0.0 0.0 
12 -0.2 0.8 3.4 2.1 2.2 3.2 
24 0.6 2.6 3.8 2.7 2.7 4.8 
48 0.7 2.5 3.9 3.0 2.7 3.7 
72 1.3 3.3 4.6 3.1 3.1 5.6 
96 2.8 4.0 4.6 3.3 3.1 5.4 
120 2.4 4.3 4.2 3.5 2.9 5.7 
144 4.2 5.1 5.0 3.2 3.2 7.4 

Table 7.3.3: Percentage weight losses by light ageing (± 0.5 %). 

Ageing Weight Loss / % 
/ hours Untreated 1(3) I(2)n(2) in(2)iv(i) 

0 0.0 0.0 0.0 0.0 
50 0.0 -0.1 0.3 0.4 
100 0.4 0.1 0.7 0.8 
150 0.5 0.2 0.7 1.3 
200 0.4 0.2 1.0 0.9 
250 0.5 0.5 1.1 1.4 
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Figure 7.3.1(a): Percentage weiglit losses for thermally aged 'blue' iron (in(2)IV(l)) 
weighted silk. 
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Figure 7.3.1(b): Percentage weight losses for thermally aged silk. 
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Figure 7.3.2(a): Percentage weiglit losses for liglit aged 'blue' iron (III(2)IV(1)) 
weighted silk. 

J 

I 

I 
I 

50 100 150 
Ageing Time / h 

200 250 

Figure 7.2.2(b): Percentage weight losses for light aged silk. 
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7.4 Comparison of Control and Weighted Silk Samples 

As noted in section 7.1 control samples were prepared in addition to the weighted 
specimens; these were processed in a similar way to the weighted materials, but were 
immersed in acidic (HCl(aq)) or alkaline (NaOH(aq)) baths, of the appropriate strength, rather 
than the weighting solutions. 

Samples from these controls were thermally aged, at 130 °C, for 96 hours as noted 
above. The breaking strengths of these materials were then assessed, along with samples 
from the weighted materials that had been aged under the same conditions for a similar 
period. 

Method 

Samples were taken from the un-aged weighted and control silk fabrics, and from 
those that had been thermally aged for 96 hours. The physical strengths of six yarns taken 
from each of these various samples were then measured as per Method Phys(2) (see chapter 
8). 

Results 

The individual and average strengths of the samples are presented in Table 7.4.1 
(p235). 

Discussion and Conclusion 

The aim of the experiment was to assess the extent to which the conditions to which 
the samples were subjected during the weighting process affected the silk, in addition to any 
effects resulting from reactions with, or the subsequent presence of, the weighting agents. It 
can be seen from Table 7.4.1 that there is little initial difference in strength between the 
weighted and the appropriately processed unaged control samples, except in the case of the 
'blue' III(2)IV(1) (potassium ferricyanide) weighting, which caused a marked decrease in 
fibre strength, not observed with the corresponding control. 

When subjected to thermal ageing, the weighted samples degrade significantly more 
rapidly than the controls; these latter samples appear to degrade at a similar rate to the 
untreated silk. 

So it appears that, according to data for the control samples, while the initial 
processing may have some effect (for example, with 11(2)1(2), 111(3) and II(2)IV(1)), this in 
itself does not lead to more rapid ageing compared to untreated silk. Rather, the particular 
weighting agents used in this study evidentially promote the thermally-accelerated 
deterioration. 
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Table 7.4.1: Comparison of the strength of weighted and control silk samples (treated 
under the same processing conditions), subjected to 96 h thermal ageing, at 130 °C (average 
values for six yarns, with standard deviations in parentheses, and average percentage 
reductions after ageing). 

V 
Un-aged 

Weighted 
Aged % Un-aged 

Control 
Aged % 

Untreated 140 07 8) 95 (10.8) 68 
1(3) 153 (22J) 89 08.5) 58 145 (19.1) 9 6 (15.4) 66 
11(2)1(2) 126 (12.2) 67 00.6) 53 128 CL4) 92 02 9) 72 
IX(5) 148 (9j) 82 02 9) 55 140 (20.1) 91 06JO 65 
ni(3) 118 0^8) 55 47 129 (20.7) 88 (10.6) 68 
III(2)IV(1) 44 (&^ 5 PJ) 11 119 (&2) 8 9 (14.8) 75 
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7.5 The Identification of Dichroic and Non-Dichroic Bands in Silk ATR Spectra, and 
the Determination of a Crvstallinitv Index 

The aim of the experiment was to identify dichroic and non-dichroic bands (that is, 
bands whose intensities are dependent on, and independent of, the polarisation of the 
incident radiation) in the spectra of silk This was achieved by determining the 
differences between pairs of ATR spectra, recorded with the polariser in orthogonal 
positions. As illustrated for the cellulosic fibres, a suitable non-dichroic band can be used 
as an internal spectral reference, facilitating the derivation of orientational crystallinity 
indices. 

As silk is a highly crystalline and orientationally ordered fibre, comprised of a single 
species of polymer, it can be expected that there will be few truly non-dichroic bands. The 
best candidates for non-dichroic bands would be those that arise from residues with bulky 
side chains (such as tyrosine, at -1615 and -1520 cm"', and phenylalanine, at -1480 cm ; 
see Table 7.5.1 (p239) for comprehensive band assignments), which are found within the 
amorphous matrix; unfortunately, these are generally too weak to be readily distinguished 
within the spectra. 

Therefore, in order to identify the dichroic behaviour of spectral bands, spectra of 
fibres treated with potassium ferricyanide (Prussian blue, [K3Fe(CN)6]) were considered. 
The dye has a single characteristic strong band within the range under consideration, at 
2075 cm''; this does not interfere with any of the bands that arise from the fibroin polymer 
itself, and, as the dye is believed the accumulate in voids within the amorphous regions of 
the fibre, and in any case is an inorganic polymer based on a centrosymmetric unit, it should 
be fully non-dichroic. Therefore, by normalising spectra with respect to this band, the 
behaviour of the protein bands can be observed. 

Method 

A pair of [Ei, Fo°] and [Ei, Fgo"] spectra of potassium ferricyanide dyed silk fibres 
were recorded using a BioRad 'FTS 135' FTIR spectrometer, fitted with a Specac 'Golden 
Gate' ATR anvil. An infrared polariser was placed in the beam path between the laser and 
the ATR anvil, and the anvil itself was fitted with a fibre alignment accessory developed by 
Ventacon. All spectra were recorded in the range 4000 - 650 cm ', using 32 scans at a 
resolution of 4 cm"'. Spectra were manipulated using Galactic Industries 'GRAMS/32' 5.21 
software. 

The spectra were then normalised with respect to the potassium ferricyanide band. 
Having done so, the difference between the pair of Ex spectra was calculated, as: 

[Ej., Fgo"] - [Ex, Fo"] 

In addition, the GRAMS/32 peak fitting function was applied to the amide I region 
(1760 - 1490 cm"') in an attempt to resolve the overlapping peaks. 
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Results 

The spectra are presented in Figures 7.5.1(a) to (b) (p241), and the difference 
spectrum in Figure 7.5.2 (p241). 

The peak fitting data are presented in Table 7.5.3 (p240). 

Discussion and Conclusion 

Dichroic bands are highlighted in the difference spectrum {Figure 7.5.2). Bands 
which are found as maxima represent those bond vibrations which are more closely aligned 
perpendicular to the fibre axis, whereas those found as minima are derived from bonds 
which are aligned parallel to the fibre axis (see Table 7.5.2 (p240)). Silk is believed to have 
a structure in which crystallites composed of ^-sheets are aligned along the fibre axis; these 
sheets are held together by hydrogen bonding between the carbonyl and amine groups of 
peptide (amide) bonds: 

These bonds are perpendicular to the direction of the peptide chain (and hence the 
fibre axis), so the fact that the amide I carbonyl (1620 cm"^) and the amide N-H stretch 
(3275 cm"') are strongest when observed with polarised radiation perpendicular to the fibre 
axis fits well with the accepted model (see Figure 6.2.2 (pi81)). 

There seem to be no suitable bands for use as a non-dichroic reference: all of the 
well defined protein bands exhibit dichroism to a greater or lesser extent, as was expected. 

Crystallinity Indices 

For cellulosic fibres it was possible to derive crystallinity indices Irom polarised 
infrared spectra by normalising an appropriate dichroic band to a non-dichroic band. Since 
there are no non-dichroic silk bands, the normalisation of spectra is not possible. A different 
approach to the calculation of an orientational crystallinity index was therefore chosen. 

The immediately apparent index is based on the amide I (1620 cm"') and amide II 
(1515 cm"') bands, as these exhibit dichroism in opposite senses - as one strengthens, the 
other correspondingly weakens. For the polarised spectra, this gives: 

^amide!/II ~ ^1620 ^^1515 

An alternative index, and one which is also applicable to non-polarised spectra, can 
be based upon the information derived from the peak fitting procedure. It can be seen from 
Figure 7.5.1 (p241) that the intensity of the P-sheet band (at 1615 cm"') varies with 
polarisation, whilst the a-helix and random coil bands (at 1655 and 1640 cm"', respectively) 
do not. 

This, therefore, allows an index to be defined as: 

^p/a ~ -̂1615 ! Aass 
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This second crystallinity index will be employed in subsequent experiments, and 
denoted as: 

X overall crystallinity, derived from conventional ATR spectra. 

^ crystallinity perpendicular to the fibre axis, derived from [Ex, Fo°] 
Pol-ATR spectra. 

^ crystallinity parallel to the fibre axis, derived from [Ei, Fw] Pol-
ATR spectra. 

All of these indices are defined such that higher values reflect greater degrees of 
apparent crystallinity. 

Note that the positions of the amide I and amide II bands appear to vary, depending 
on the relative orientations of the polariser and fibres, as outlined in Table 7.5.3 (p240). 
This is due to the observed bands being composed of superpositions of the bands arising 
from the individual components - a-helices, random coils, ^-sheets - so as the intensity of a 
component weakens, the position of the peak will shift towards the other contributory 
bands. 
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Table 7.5.1: Infra-red band assignments for silk fibres 20,23^4,12 

Position / cm"' Assignment 
-1695 turns and bends 
-1690 P sheet / turns and bends 
-1681 turns and bends 
-1675 P sheet (parallel) 
-1667 turns and bends 
-1660 a helix / turns 
-1652 a helix 
-1645 a helix / random coil 
-1640 p sheet (anti-parallel) 
-1635 P sheet 
-1628 P sheet 
-1623 P sheet 
-1616 tyrosine residue 
-1608 amino-acid side chains 
-1570 
-1564 P sheet 
-1558 
-1550 a helix / random coil 
-1545 a helix 
-1540 
-1533 P sheet 
-1527 
-1520 tyrosine residue 
-1515 
-1506 
-1495 
-1485 
-1479 phenylalanine residue 
-1470 
-1463 
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Table 7.5.2: Dichroic bands of silk. 

Band / cm"' Assignment Dichroism 
3275 v(NH) str, free & H-bonded 1 

1695 
I I 

1605 v(CO) amide I 1 

1495 amide II (?) 
1400 5(C(CH3)2) asymmetric 
1255 v(CN) amide III, disordered; 5(CH2) 
1215 
1155 v(CC); 6(C0H) 

I I 

990 
970 P(CH3) 

Table 7.5.3: Variation in the position of amide I and amide II bands with polarisation (± 2 
cm') . 

Spectra Amide I / cm ' Amide II / cm"' 
Non-Polarised 1620 1510 

fEj_, Fo"! 1635 1500 
fEx, Fgo"! 1615 1515 
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Figure 7.5.1: Pol-ATR spectra o f ferricyanide treated silk. 

[Ex, Fo»] 

[Ex, Fgo-J 

3500 3000 2500 2000 
Wavenumber / cm"' 

1500 1000 

Figure 7.5.2: Difference spectrum ([Ex, F w ] - [Ex, Fo.]). 

I 1 

3500 3000 2500 2000 
Wavenumber / cm"' 

1500 1000 
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7.6 Analysis of Weighted and Artificially Aged Silk 

It is now necessary to determine the value of contemporary scientific techniques in 
assessing the state of degraded silk fibres. 

The weighted and aged silk samples, as well as samples taken from historically aged 
textiles, were analysed by a variety of microscopic, spectroscopic and physical methods. 

Initially, the samples were examined by light and electron (SEM-EDS) microscopy; 
subsequently, spectroscopic analyses were carried out by conventional ATR, Pol-ATR and 
UV-vis ible spectroscopy; finally physical and micromechanical parameters were assessed 
by HPLC, thermogravimetry, molecular relaxation spectroscopy and the measurement of 
breaking strain. 

Method 

For the fol lowing analyses, samples from the centres o f the sections of aged fabric 
were examined, to attempt to ensure uniform specimens. In the case o f the light aged 
samples, care was taken to ensure that the exposed side of the fabric was examined. 

I. Light Microscopy 

Silk samples (of unweighted and 'pink' tin chloride weighted silk) were examined 
in transmission, as per Method M i c ( l . a ) (see chapter 8), and micrographs were recorded. 

II. Electron Microscopy 

Silk samples (of unweighted and 'pink' tin chloride weighted silk) were mounted 
on aluminium stubs, carbon coated, then examined as outlined in Method Mic(2.b) , with an 
accelerating voltage of 10 kV; secondary electron micrographs were recorded. The samples 
were also investigated by the use o f EDS, as per Method Mic(2.b) (see chapter g). 

Subsequently, fracture surfaces were prepared and examined. Samples of silk were 
placed in a clamp, immersed briefly in water, then in liquid nitrogen. The fibres were then 
sheared o f f using a razor blade, then allowed to dry. The clamped silk samples were 
attached to aluminium SEM stubs before being carbon coated and examined under the 
conditions noted above. Secondary electron micrographs were recorded. 

III. Conventional A TR Spectroscopy 

A T R spectra of the silk fibres were recorded using Method Spc(3.a) (see chapter 8). 

Crystallinity indices, X, were the calculated, as outlined in section 7.5, and the positions of 
the amide I and amide II bands measured. 

IV. Pol-ATR Spectroscopy 

Pol-ATR spectra of the silk fibres were recorded, fol lowing Method Spc(3) (see 

chapter 8); for each sample, the fol lowing spectra were recorded: [Ei , Fo°], [Ei, F90"]. 
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Crystallinity indices, Xl and ^j, were the calculated, as outlined in section 7.5, and the 
positions of the amide I and amide II bands measured. 

V. UV-Visible Spectroscopy 

UV-visible spectra were recorded as per Method Spc(5) (see chapter 8). 

VI. Breaking Load 

The breaking loads of the specimens were measured, using Method Phys(2) (see 
chapter 8) For each weighted and aged specimen, the breaking loads of six sample yams 
were measured. 

VII. Molecular Relaxation Spectroscopy 

Initially samples were prepared by removing individual yams (of approximately 20 
silk fibres) from the textile samples. The ends of the fibres were mounted between pairs of 
acetate sheets, using London Resin Co. 'LR White' resin, with an accelerator, as in Method 
Phys(2) (see chapter 5); approximately 2 cm of yam was left free between the anchors. 

The viscoelastic measurements were performed using a Reometrics Inc. 'Solids 

Analyser RSA II Test Station'Environmental Controller' a n d 'Control Computerwith 

data collection controlled by Reometrics Inc. 'Rhios '4.4.4 software 

VIIL HPLC 

High performance liquid chromatographic (HPLC) analyses were carried out by 
dissolving -1.5 mg of the silk sample in 0.25 ml of concenfrated lithium thiocyanate 
solution (1.4 g LiSCN in 1ml H2O), before centrifuging (5 min at 1000 rpm) and filtering 
(via a 0.45 (im filter). 

The chromatography was carried out on a Perkin-Elmer 'Binary LC Pump 250' and 
Phenomenex 'BioSep-SEC-S 4000' column, using a 0.5 M Tris - 0.5 M urea buffer (pH 7). 
Injections of 20 p,l of the silk solutions were employed for each chromatographic mn. The 
flow rate was set at 1 ml min"' (with a nominal pressure of 1000 psi). Eluate absorbance 
readings were taken at 280 nm; the data were recorded using Perkin-Elmer 'Turbochrom' 

software and subsequently manipulated with Galactic Industries 'GRAMS/32' 5.21 software 

IX. Thermogravimetry 

Thermogravimetric analyses (TGA) were recorded using a Polymer Laboratories 

'PL-STA' system. Samples of approximate mass 2 - 10 mg were prepared by separating the 
fabric into individual fibres. During the experiment, the temperature was initially raised to 
600 °C at a rate of 3 °C min"'; subsequently, the temperature was lowered to 25 °C at a rate 
of 6 °C min"'. Data points for weight change and heat flux were recorded every 10 s. The 
experiments were performed under static air. 

The samples examined by each of these techniques are given in Table 7.6.1 (p250). 
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Results 

I. Light Microscopy 

Typical micrographs are presented in Figure 7.6.1(a) (p265), below; all of the 
micrographs are shown m Appendix 7.6 (CD-ROM), in Figures 7.6.1(b) & (c). 

II. Electron Microscopy 

Typical electron micrographs and fracture surface micrographs are presented in 
Figures 7.6.2(a) (p266) and 7.6.3(a) (p267), below; complete sets of the micrographs are 
given'm Appendix 7.6 (CD-ROM), mFigures 7.6.2(b) & (c), and 7.6.3(b) to ( f ) . 

Ill Conventional ATR Spectroscopy 

The ATR spectra are shown in Figure 7.6.4 (Appendix 7.6, CD-ROM). Crystallinity 
indices ( X ) are presented in Table 7.6.2(a) & (b) (p251-252), and the amide band positions 
in Table 7.6.3(a) & (b) (p253-254). 

IV. Pol-ATR Spectroscopy 

The Pol-ATR spectra are presented in Figure 7.6.5 (Appendix 7.6, CD-ROM). 

Crystallinity indices (Xx and Jiii) are presented in Table 7.6.2(a) & (b) (p251-252), and the 
amide band positions in Table 7.6.3(a) & (b) (p253-254). 

V. UV- Visible Spectroscopy 

The UV-visible spectra are presented in Figure 7.6.6 (Appendix 7.6, CD-ROM). 

The increasing intensities of the yellowing band (measured at 335 rmi for the thermally aged 
materials, and at 435 nm for the light aged materials) are presented in Tables 7.6.4(a) & (b) 

(p255-256). 

VI. Breaking Load 

The average breaking weights for each of the silk samples are recorded in Tables 

7.6.5(a) and 7.6.6(a) (p256-257); the percentage reductions in strength, measured against 
the values for the un-aged samples, are also presented {Tables 7.6.5(b) and 7.6.6(b) (p256-
257)), to give an indication of the acceleration of degradation by the weighting agents, in 
addition to the deterioration resulting from the weighting processes themselves. Plots of 
ageing time against average breaking weight are presented in Figure 7.6.8 (p268). 

Individual values breaking load values are presented in Tables 7.6.7(a) and (b) 

(p258-259). 

VII. Molecular Relaxation Spectroscopy 

The Young's modulus, E*, for each of the samples was calculated from the two 
moduli derived from the experiment, E' and E", as shown 
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These values are recorded in Table 7.6.8(a) & (b) and 7.6.9(a) & (b) (p260-261), 
and plotted in Figure 7.6.9 (p269). Percentage reductions in the modulus were also 
calculated, for the reasons presented above. 

VIII. HPLC 

Typical HPLC traces are shown in Figure 7.6.10 (Appendix 7.6, CD-ROM). A 
sample trace is shown in Figure 7.6.15 (p270). 

IX. Thermogravimetry 

TGA-DTA traces are presented in Figure 7.6.11 (Appendix 7.6, CD-ROM). A 
sample trace is shown in Figure 7.6.16 (p270). 

Conclusion and Discussion 

It can be seen that the physical deterioration of the silk filaments is reflected in the 
range of physical and micromechanical measurements that were recorded and presented in 
the tables and figures noted above. These properties are outlined below; 

Microscopy 

Microscopy would typically be the first analytical technique employed to study 
historic or archaeological fibres, but, as can be seen, in the case of silk, the state of 
deterioration can only be readily identified in the most severely damaged specimens - subtle 
indications of the initiation of degradation are not generally apparent. 

It is apparent from the optical micrographs that there is an overall yellowing of the 
fibres as ageing occurs. In cases of extreme ageing it is also possible to identify large scale 
changes in the material, such as an increase in the presence of 'loose' and broken fibres, and 
subsequently the initiation of shattering. 

Although few large-scale differences are seen between the undamaged and aged 
textile samples when observed directly by electron microscopy, other than those also 
observed via optical microscopy, the fibre fracture surfaces reveal more information 

With untreated silk {Figure 7.6.3(a) (p267), and Figure 7.6.3(b) {Appendix 7.6, CD-

ROM)), it can be seen that the fracture surfaces are smooth and even; the fibroin brin adopts 
the expected rounded triangular cross section. There are occasional minor cracks and 
fracture lines, as well as a few pores or voids. 

However, in the case of the weighted silks (see Figure 7.6.3(a) (p267) for typical 
examples, and Appendix 7.6, CD-ROM for complete sets of micrographs: 1(3) Figure 

7.63(c); I(2)n(2) Figure 7.6.3(d); IX(5) Figure 7.6.3(e); m(3) Figure 7.6.3(f); m(2)IV(l) 
Figure 7.6.3(g)) it can be seen that the cross section becomes distorted and distinctly more 
rounded, especially with the higher level of loading such as 1(3) and 1(2)11(2). In addition, 
there is a marked granularity which is not observed with the untreated fibres; this is most 
strongly evident with 1(3). Finally, the fracture surfaces are no longer relatively level, but 
instead are jagged, with pronounced steps and plate-like fragments. 
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It can be seen that both thermal and Hght ageing exacerbate this trend. The facture 
surfaces become progressively more granular, jagged and plate-like; step-like breaks occur, 
rather than the relatively level surfaces seen with the undegraded materials; voids are 
observed with greater frequency; the smooth outlines of the fibres become roughened and 
begin to loose the characteristic triangular morphology. All of these features are especially 
obvious in the most heavily weighted and degraded samples. Typical fractures surfaces are 
presented in Figures 7.6.3(a) to (g), demonstrating the progressive change in nature as 
ageing occurs. 

However, whilst it is possible to some extent to identify the presence of weighting 
and the effects of subsequent ageing, it is difficult to distinguish any uniquely characteristic 
features of these processes that would allow the overall state of the fibres to be readily 
ascertained. 

ATR 

ATR spectroscopy will potentially reveal changes in the chemistry of the fibres as 
they deteriorate, and by refining the technique to employ polarised radiation, it should also 
be possible to identify structural changes, as previously noted. These changes will be 
reflected in variations in the intensities of the various spectral bands (possibly including the 
appearance of new bands, due to the generation of degradation products), or by the 
alteration of the positions of bands. 

If the peak positions are considered {Table 7.6.3 (p253-254)), it can be seen that 
degradation does not appear to affect the frequency at which the amide I and amide II bands 
are observed. Therefore, although the bands can be assumed to be the superposition of 
various amide bands (identified by the peak fitting method, outlined in section 7.5), the Pol-
ATR Fo° spectra are dominated by the amide I contribution from the crystalline component 
(P-sheets), and the Fc,o° spectra by the amorphous component (a-helices and random coils), 
and that either there are no significant changes in overall composition during ageing, or that 
these changes are too small to alter the observed peak positions. 

If the crystallinity indices derived from the conventional ATR spectra are considered 
{Table 7.6.2 (p251-252) and Figure 7.6.17 (p271)), then these too show no significant 
changes over the ageing period, suggesting that the relative proportions of the crystalline 
and amorphous components within the fibre do not vary much during degradation; this 
conclusion is bom out to some extent by the relatively small weight losses recorded in the 
aged samples. However, if the crystallinity indices derived from the Pol-ATR spectra are 
considered {Table 7.6.2), then it can be seen that there is an apparent decrease in the 
crystallinity parallel to the fibre axis (^|), along with a corresponding increase in 
crystallinity perpendicular to the fibre axis (Xx). This effect can be highlighted by taking 
the ratio of the two indices, as plotted in Figure 7.6.17 (p272): 

O — X|i / Xj_ 

Where Q is an orientational order parameter, reflecting the overall directional 
ordering of the crystallites with respect to the fibre axis. 

These results suggest that although the overall crystallinity of the fibroin filament is 
not significantly affected by ageing, the highly ordered alignment of the individual 
crystallites begins to break down. This supports the belief that degradation primarily occurs 
within the amorphous component of the fibres, and that as this matrix breaks dovra, the 
crystallites remain intact, but are no longer held so strongly aligned with the fibre axis. It 
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also suggests that degradation occurs largely by the scission of bonds within the amorphous 
matrix, but does not result in a significant loss of material from the matrix, or the 
realignment of short proteins fragments into more highly ordered arrangements, as can 
occur in cellulosic fibres (see section 4.3). Both such processes may be expected to result in 
an increase in the crystallinity observed in the conventional ATR experiment. 

UV/Visible Spectroscopy 

From the UV-visible spectra, it can be seen that ageing by either heat or light leads 
to the development of a broad 'yellowing' absorption band, although the position of this 
band varies depending on the nature of the accelerated ageing (centred at -335 nm for the 
thermal ageing, and -435 nm for the light ageing), suggesting that different degradation 
products are being produced. The growth in these bands concurs with the yellowing of the 
fibres observed in the optical micrographs. Although the strength of these bands do seem to 
be related to the deterioration of the samples to some extent (the intensity of the bands for 
the various samples are plotted in Figures 7.6.19 (b) (p273)), the correlation is not strong 
enough to allow the band to be taken as a useful measure of degradation. In addition, the 
band is partially obscured in the case of strongly coloured samples (either dyed, or treated 
with coloured weighting agents such as iron ' sulphate, 111(3), or potassium ferricyanide, 
in(2)IV(l)), and so cannot be accurately measured. The bands arise due to the generation 
of chromophoric degradation products, arising from the free radical thermal oxidation of 
side chains, in the case of heat ageing, and the photo-oxidation of, for example, tryptophan 
and tyrosine to quinones, in the case of light ageing. 

Breaking Load 

As may be expected, the strength of the material decreases as degradation occurs. It 
can be seen that the presence of the weighting agents significantly compromises the fibre 
strength, and accelerates the rate at which the materials degrade when subjected to 
accelerated ageing {Figure 7.(5.9(p26?)). 

If the log of the breaking load is plotted against time {Figure 7.6.14(a) to ( f ) , 

Appendix 7.6, CD-ROM), a more-or-less linear relationship is observed, for both thermal 
and light ageing, thus suggesting that the degradation of the material is a first order reaction 

from this, half lives (f%) can be derived for the degradation of the various weighted silks 
(using - t"\ln|2|), as presented in Table 7.6.10 (p261). 

Molecular Relaxation Spectroscopy 

As with breaking strength, the value of Young's modulus for a sample decreases 
with ageing, and this deterioration of the material is accelerated by the presence of 
weighting agents {Figure 7.6.8 (p26 8)). 

Half-lives can be similarly calculated {Figure 7.6.14(a) to ( f ) {Appendix 7.6, CD-

ROM) and Table 7.6.10 (p261)). 

HPLC 

It can be seen that there are a series of characteristic peaks which arise from the 
LiSCN solution and the buffer system, marked *i to *4 (see Figure 7.6.15 (p270)). Silk, 
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and most of the weighted silks, introduce two additional peaks, marked S, and S2; the 
ferricyanide weighted silk introduces a further peak, Sf. 

The positions of the silk bands were measured relative to the first system band, to 
allow for variations introduced during the injection of material onto the column; these 
relative times are presented in 7.6.77^ & (Z,; (p262), along with the half-height 
widths of peaks. It can be seen that for the more highly degraded materials, the retention 
time for the first silk peak, S,, increases. Surprisingly, these peaks do not appear to exhibit 
broadening (as measured by width at half height) as ageing occurs. 

From the TGA data it is possible to derive a range o f information on the 
composition and thermal behaviour o f the samples: as water is held largely within the 
amorphous regions and the voids of the fibroin filament, the free water content o f the fibre 
may give an indication of the proportion of the amorphous to crystalline material; the final 
weight o f the sample, fol lowing the complete thermal degradation and loss of the organic 
material will relate to the proportion of silk to weighting agents; the activation energies of 
the various thermal reactions will indicate the changing thermal properties of the material. 
The thermal processes are highlighted in Figure 7.6.16 (p270), and the two main processes 
can be identified as dehydration (loss of free water), at - 3 5 - 90 °C, and the melting of 
crystallites, at - 2 2 0 - 380 °C 

Water is held within silk by three mechanisms: as bound water, within the polymer; 
as structural water, within the interfibrillar amorphous component, and acting as a 
plasticiser; and as excess water, contained in voids in the fibre. A s the samples are held in a 
controlled atmosphere (RH = 60 %) before the experiment, the amount of water absorbed 
might be expected to depend on the proportion of the fibre composed of amorphous fibroin 
or voids (although at this humidity, there is unlikely to be a significant amount of excess 
water): 

w — w 
amorphous/void content oc w = — ^ ^ 

w,. -Wf-

Where: Wyy = Weight of bound water. 

w, = Initial weight of sample. 

Wd= Weight fol lowing dehydration. 

Wf= Final weight of sample. 

The organic (fibroin) component can also be determined; however, this value must 
be taken with caution as the inorganic component is likely to undergo change over the 
course of the heating regime: 

... w^-w. 
silk content x w. = 

w. 

Where: Wj = Weight o f silk, and other thermally degradable components. 
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Finally, the activation energies of the reactions can be calculated, as presented in 
chapter 8.5^ ; values were calculated for the crystallite melting (occurring at -220 - 380 
°C^ 

The data for the various samples are presented in Table 7.6.12(a) & (b) (p263). As 
can be seen, the apparent amorphous/void volume of the fibres varies depending on the 
weighting methods used. With the untreated material, there is a systematic increase in the 
amount of water held by the fibres, which is probably due to the enhanced accessibility 
through the deterioration of the interfibrillar matrix, along with a corresponding growth in 
the number and size of voids within the material. However, this trend is not found so 
clearly with the weighted materials; the weighted fibres are all found to hold more water 
than the unweighted material, possibly due to the hygroscopic nature of the weighting 
agents, and whilst there is a general increase in the amount of bound water with ageing, this 
tendency is not systematic, which may in part be due to the changes found in the 
unweighted materials having already occurred, at least partially, within the weighted 
samples. 

Similarly, the final weight of the material does not appear to be dependent on the 
degradation of the sample, and does not vary in any systematic manner. However, as 
presented in Table 7.6.13 (p264), there is a good correlation (to within roughly 5 %) 
between the known percentage of silk within the weighted fibres and the equivalent data 
derived from the TGA experiments; this means that thermogravimetry can, in theory, 
provide a useful method of determining the overall level of weighting in samples. 

The activation energy of the crystallite dissociation, on the other hand, does increase 
with ageing, and so potentially provides a means of monitoring degradation. There are a 
number of potential reasons for the activation energy to increase, including: the loss of 
readily degraded material during the ageing process, leaving the more durable components; 
the promotion of cross-linking within the material as ageing progresses; or reactions 
analogous to annealing occurring in the crystalline component of the material, in addition to 
the degradation of the amorphous component. 

The properties detailed above can be plotted against ageing time as shown in the 
following figures, (in Appendix 7.6, CD-ROM): 

(Pol-)ATR (crystallinity indices): Figures 7.6.17(a) to ( f ) 

(amide band positions): Figures 7.6.18(a) to ( f ) 

UVA/^isible Spectroscopy: Figures 7.6.19(a) to ( f ) 

HPLC: Figures 7.6.20(a) to (e) 

T G A : Figures 7.6.21(a) t o (d) 

Typical plots, for the 'pink' tin^^ weighted silk {Figures 7.6.17(b) to 7.6.21(b)), are 
shown below (p271-275). 
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Table 7.6.1: Samples examined by various analytical techniques. 

Untreated 
Silk 1(3) 

\ 

1(2)11(2) 
Veighted Sil 

IX(5) 
c 

111(3) III(2)IV(1) 

Breaking Load All All All All All 

Modulus All All All All All 

A T R & Pol-ATR All All All All All 

UV-Vis ib le All All All All All 

HPLC Some Some Some — Some Some 

T G A Some Some Some — — Some 

All - All samples (unaged; thermal ageing 12 - 144 hours; light ageing 50 - 250 hours) 

Some - Some of the samples (unaged; thermal ageing 48, 96, 144 hours; light ageing 50, 

150, 250 hours) 

The test was not performed for these samples 
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Table 7.6.2(a): Crystal I in ity indices of thermally aged silk. 

Sample Ageing 
/hours 

X 1̂1 n 

0 L72 1J8 2.61 221 
12 1.72 1.19 255 2J4 
24 1.77 1.23 239 1.94 

Untreated 
48 1.74 1.26 236 1.87 

Untreated 
72 L76 1.27 227 1J9 
96 L78 1.19 234 1.97 
120 1.76 1.31 2.48 1.89 
144 1.75 L34 221 1.65 

0 1.68 1.19 254 2J3 
12 1.69 1.19 255 2J4 
24 1.67 1.21 235 L94 

1(3) 48 1.67 1.21 232 1.92 1(3) 
72 1.66 L22 234 1.92 
96 1.64 1.32 235 1.78 
120 1.66 L36 221 1.63 
144 1.67 L39 2^6 1.55 

0 1.70 1.21 2.44 202 
12 1.71 1.21 238 1.97 
24 1.70 L24 2.51 2.02 

1(2)11(2) 48 1.71 1.24 201 1.62 1(2)11(2) 
72 1.70 L48 232 1.57 
96 1.71 1.35 2.17 1.61 
120 1.71 L36 201 L48 
144 1.70 L39 2.02 L45 
0 1.66 1.17 2.21 1.89 
12 1.66 1.20 226 L88 
24 1.63 1.21 2.31 1.91 

IX(5) 48 1.67 L26 2J^ 1.74 
IX(5) 

72 1.66 1.34 227 1.69 
96 L69 L28 1.97 1.54 
120 1.67 L46 2J9 1.50 

144 1.66 1.35 1.93 1.43 

0 1.77 L32 248 L88 
12 1.75 1.31 244 L86 
24 1.78 1.19 235 1.97 

111(3) 48 1.77 L29 238 1.84 111(3) 
72 1.77 1.33 246 L85 
96 1.80 1.32 229 1.73 

120 1.77 1.32 225 1.70 
144 L78 1.37 232 L69 
0 1.78 L36 231 1.70 
12 1.79 L24 2.45 L98 
24 1.79 1.12 2.09 1.87 

III(2)IV(1) 48 1J8 1.30 261 2.01 III(2)IV(1) 
72 1.81 1.34 233 1.74 

96 1.75 L32 2.23 L69 
120 1.76 1.41 2J8 1.55 
144 1.79 L49 2.17 L46 
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Table 7.6.2(h): Crystallinity indices of light aged silk. 

Sample Ageing 
/ hours 

A" 1̂1 n 

0 L72 1.18 2.61 2.21 
50 L65 1.20 Z29 1.91 

Untreated 100 L66 L26 229 L82 Untreated 
150 L66 L28 2J0 L64 
200 1.64 1.32 Z12 1.61 
250 L66 L28 Z05 L60 

0 L68 1.19 2.54 113 
50 1.73 1.22 2.45 2.01 

1(3) 100 1.70 1.25 2J8 1,74 1(3) 
150 1.70 L23 202 L64 
200 L66 1.32 Z09 L58 
250 L69 L36 L92 1.41 

0 1.70 1.21 2.44 2 0 2 
50 L64 L26 2J^ L95 

1(2)11(2) 100 L62 L24 2J2 L87 1(2)11(2) 
150 1.61 L26 2J9 1.74 
200 L58 1.37 2J^ L65 
250 1.58 L42 21^ L46 

0 L78 L36 2 J l L70 
50 L73 L48 2J3 1.51 

III(2)IV(1) 100 L80 1.47 2J9 L49 III(2)IV(1) 
150 L83 L48 2.17 1.47 
200 L80 1.45 2J4 L48 
250 L89 L59 2.01 L26 
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Table 7.6.3(a): Amide I and 11 band positions of thermally aged silk (± 2 cm"'). 

Sample Ageing Non-Polarised 0° 90° 
/ hours Amide I Amide 11 Amide 1 Amide II Amide I Amide II 

0 1620 15U 1634 1500 1615 1514 
12 1620 1512 1634 1500 1614 1513 
24 1620 1514 1633 1494 1614 1514 

Silk 48 1620 1514 1634 1497 1615 15M Silk 
72 1620 1514 1634 1495 1615 15^ 
96 1620 1513 1635 1500 1615 1512 
120 1615 1514 1633 1502 1616 1510 
144 1615 1513 1633 1502 1614 1514 
0 1619 1513 1631 1502 1615 1514 
12 1619 1513 1632 1502 1615 1514 
24 1619 1513 1633 1503 1615 1514 

1(3) 48 1620 1514 1633 1502 1615 1514 1(3) 
72 1619 1512 1633 1502 1615 1514 
96 1620 1512 1633 1504 1615 1514 
120 1620 1513 1633 1503 1615 1514 
144 1618 1513 1633 1503 1615 1514 
0 1621 1515 1631 1502 1619 1514 
12 1621 1515 1632 1503 1621 1515 
24 1621 1515 1632 1503 1621 1514 

1(2)11(2) 48 1622 1515 1633 1504 1622 1514 1(2)11(2) 
72 1621 1515 1632 1504 1621 1514 
96 1621 1515 1633 1504 1621 1515 
120 1621 1514 1634 1503 1621 1514 
144 1621 1514 1625 1504 1621 1513 
0 1619 1514 1632 1502 1620 1514 
12 1619 1512 1633 1503 1621 1515 
24 1619 1512 1631 1502 1620 1514 
48 1619 1512 1631 1502 1620 1514 
72 1620 1512 1633 1504 1621 1514 
96 1620 1513 1632 1502 1620 1512 
120 1619 1514 1628 1502 1621 1515 
144 1619 1514 1634 1504 1621 1512 
0 1619 1513 1633 1504 1620 ^14 
12 1619 1513 1633 1502 1620 1514 
24 1619 1513 1630 1500 1620 1514 

111(3) 48 1620 1513 1631 1502 1620 1514 111(3) 
72 1620 1513 1626 1502 1621 1514 
96 1619 1513 1633 1504 1621 1514 
120 1619 1513 1626 1504 1620 1514 
144 1619 1513 1633 1503 1620 1514 
0 1619 1513 1632 1502 1614 1513 
12 1619 1513 1633 1502 1620 ^14 
24 1619 1512 1630 1500 1617 1509 

ni(2)IV 48 1619 1512 1634 1502 1621 1514 
(1) 72 1620 1512 1632 1503 1621 1514 

96 1619 1512 1627 1500 1621 1514 
120 1619 1513 1626 1504 1621 1514 
144 1619 1513 1634 1503 1621 1515 
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Table 7.6.3(h): Amide I and II band positions o f light aged silk (± 2 cm"'). 

S a m p l e A g e i n g N o n - P o l a r i s e d 0 90° 
/ h o u r s Amide I Amide 11 Amide I Amide 11 Amide I Amide II 

0 1620 1512 1634 1500 1615 1514 
50 1620 1513 1631 1502 1615 1513 

Si lk 
100 1620 1513 1632 1502 1615 1514 Si lk 
150 1620 1513 1630 1500 1615 1514 
2 0 0 1620 1513 1633 1503 1615 1514 
2 5 0 1621 1514 1630 1500 1618 1510 

0 1621 1511 1631 1502 1615 1514 
50 1621 1514 1632 1504 1621 1515 

1(3) 100 1621 1515 1631 1502 1620 1514 1(3) 
150 1621 1515 1632 1503 1620 1513 
2 0 0 1621 1514 1631 1503 1621 1515 
2 5 0 1621 1515 1625 1503 1620 1513 

0 1619 1515 1631 1502 1619 1514 
50 1620 1514 1633 1503 1620 1514 

I(2)n(2) 100 1620 1514 1632 1503 1621 1514 I(2)n(2) 
150 1620 1514 1633 1502 1620 1514 
2 0 0 1620 1514 1633 1504 1621 1514 

2 5 0 1620 1514 1633 1504 1621 1514 

0 1617 1512 1632 1502 1614 1513 
50 1620 1513 1633 1504 1621 1514 

I I I ( 2 ) I V 100 1620 1513 1626 1504 1621 1514 
(1) 150 1620 1514 1633 1503 1621 1514 

2 0 0 1620 1513 1633 1504 1621 1514 

2 5 0 1620 1513 1626 1504 1621 1515 
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Table '^.6.4(a): UV/Vis data for thermally aged silk. 

Sample Time I335 A I 3 3 5 I435 A I 4 3 5 

0 0.07 &00 &015 0.00 
12 &28 0.21 0XM4 0.03 
24 &28 0.21 &041 &03 

SUk 48 0.53 0.46 0^09 0.09 SUk 
72 &62 0.55 &143 013 
96 0.78 &71 &219 0.20 
120 0.70 0.63 0^85 0.17 
144 0.76 0.69 &215 0.20 
0 0J5 &00 &023 0.00 
12 0.28 0.13 0.055 0.03 
24 0J8 0.23 0.08 0.06 

1(3) 
48 0.40 0.25 0.078 0.06 1(3) 
72 0.47 0J2 0J04 0.08 
96 0.54 039 0126 0.10 
120 0.53 &38 0119 0 1 0 
144 0.57 0.42 0J34 0.11 
0 020 0.00 0.054 0.00 
12 0J7 0.17 &074 &02 
24 0.42 0.22 0.085 0.03 

1(2)11(2) 48 0.58 &38 0144 0.09 1(2)11(2) 
72 0.60 0.40 0152 010 
96 0.67 0.47 0186 013 
120 0.62 0.42 0.166 Oil 
144 0.70 &50 0195 014 
0 0J6 0.00 &026 &00 
12 0.42 0.26 0.083 &06 
24 0.43 0.27 0.084 &06 

IX(5) 48 &56 0.40 0124 0.10 IX(5) 
72 0.69 &53 0186 016 
96 &82 0.66 &237 021 
120 0.73 &57 0191 0.17 
144 &84 0.68 0238 021 
0 1.44 0.00 L09 &00 
12 1.57 0J3 L246 016 
24 1.44 0.00 1201 0.11 

111(3) 48 1.44 &00 1128 &04 111(3) 
72 1.59 0J5 1281 019 
96 1.41 -0.03 1155 &06 
120 L40 -0.04 1194 010 
144 1.40 -&04 1192 010 
0 1.56 0.00 1.45 0.00 
12 L60 0.04 L367 -0.08 
24 1.53 -&03 1195 -026 

II[(2)T)/(1) 48 1.61 0.05 1334 -012 II[(2)T)/(1) 
72 1.64 0.08 1.452 0.00 
96 L64 0.08 1.412 -0.04 
120 L66 0.10 1.541 0.09 
144 L68 &12 L533 0.08 
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Table 7.6.4(b): UV/Vi s data for light aged silk. 

Sample Time AI335 I435 A I 4 3 5 

0 (1074 0 0.01 0 
50 0323 0249 0J2 0.11 

SHk 100 0.415 0J41 018 0.17 SHk 
150 0.565 0.491 036 035 
200 0J42 0.468 OJ^ 027 
250 0.548 OjJ4 033 032 
0 0J54 0 0.03 0 
50 0,499 0345 0.23 0 2 

%3) 100 0.584 0.43 OJ^ 026 %3) 
150 0.67 0.516 OJW 037 
200 0.683 0.529 &40 037 
250 0.739 0.585 &46 0.43 
0 0ji03 0 0.05 0 
50 Oji54 OJ^l 0J8 &13 

1(2)11(2) 100 0.571 0J68 024 &19 1(2)11(2) 
150 0.625 0J;22 030 025 
200 0.642 0^39 029 024 
250 0.658 0J^5 0.31 026 
0 1.556 0 1.45 0 
50 L481 -0.075 124 -0.21 

I1I(2)IT/(1) 100 L435 -0.121 123 -022 I1I(2)IT/(1) 
150 1.451 -0,105 123 -022 
200 L381 -0.175 L18 -027 
250 1.53 -0.026 133 -&12 

Table 7.6.5(a): Average breaking loads of thermally aged (130 °C) silk, with standard 
deviations in parentheses. 

Ageing 
/hours Untreated 1(3) 

Average Brea 

1(2)11(2) 
king Load / g 

I)[(5) 111(3) III(2)IV(1) 
0 140 ^7.8) 153 (22/0 126 0 2 2 ) 148 (9.5) 118 OOjl) 44 (6^0 
12 132 07.9) 119 (13/0 114 0 5 129 0 3 9) 97 (12.0) 42 (73) 
24 117 (13X0 105 CI2J) 98 (74) 119 O0.6) 92 (9^) 34 (%5) 
48 114 (16^^ 103 0 8 3 ) 93 (73) 86 (11.8) 76 (9^) 24 (&8) 
72 105 (14^^ 95 (&5) 85 (143) 85 (92) 53 (13.5)1 21 (5 j ) 
96 95 (10^% 89 (18.5) 67 (10.6) 82 (12/^ 55 (17J% 5 (17) 

120 91 (&6) 71 (13.0) 59 (%9) 80 (101) 48 (52) 7 (4.9) 
144 83 (8/H 58 (11.9) 53 (92) 62 (91) 41 (7^) 4 (%7) 
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Table 7.6.5(h): Percentage breaking loads of thermally aged (130 °C) silk. 

Ageing Average Breaking Load / % 
/ hours Untreated 1(3) 1(2)11(2) 111(3) 111(2)1 V(l) 

0 100.0 lO&O lO&O 100.0 10&0 lO&O 
12 94J 77^ 9&5 8%2 822 95^ 
24 816 68.6 77^ 8&4 7&0 7A3 
48 810 673 718 5&i 644 54.5 
72 75.1 621 67^ 57^ 44^ 47.7 
96 67^ 58^ 512 55^ 4&6 11.4 
120 612 4&4 4&8 54J 4&7 15.9 
144 59^ 37^ 42.1 4L9 34J 9.1 

Table 7.6.6(aj: Breaking loads of light aged silk, with standard deviations in parentheses. 

Ageing Average Breaking Load / g 
/ hours Untreated 1(3) 1(2)11(2) III(2)IV(1) 

0 140 (17.8) 153 (22.7) 126 (12.2) 44 (9^) 
50 85 (15.2) 42 (10.2) 57 (7.5) 33 ( ]0/n 
100 60 (22.6) 19 (9 3) 31 (6.3) 21 (%4) 
150 60 (10.7) 16 (5.4) 19 (5.0) 10 (4^) 
200 49 (9.4) 13 (6.9) 18 (5.9) 10 (18) 
250 32 (7.3) 6 (3.0) 17 (7.3) 7 ^ 2 ) 

Table 7.6.6(h): Percentage breaking loads of light aged silk. 

Ageing 
/ hours Untreated 

Average Brea 

1(3)^ 
dng Load / % 

1(2)11(2) III(2)1V(1) 
0 100.0 lO&O 100.0 100.0 

50 6&7 27^ 4 5 2 75^ 
100 429 124 24^ 47.7 

150 4Z9 10.5 15.1 217 
200 35^ 8.5 14.3 217 
250 2Z9 3.9 13^ 15^ 
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Table 7.6.8(a): Elastic moduli of thermally aged silk. 

Ageing Average Elastic Modulus /10^ Nm''' 
/ hours Untreated 1(3) 1(2)11(2) I3%5) 111(3) III(2)IV(1) 

0 37^ 34J 17^ 27^ 30.1 2&1 
12 316 29^ 11.6 27J 17.0 18.6 
24 283 24J 11.0 232 16^ 15.7 
48 2&3 2L9 10.7 22.1 15^ 7.9 
72 2&9 2L3 9.5 21.1 15^ 3.0 
96 24^ 19^ 9.4 19^ 13J 
120 24^ 1&7 8.9 18^ 11^ 
144 214 17.6 7.2 182 — 

Table 7.6.8(bj: Percentage elastic moduli of thermally aged silk. 

Ageing 
/ hours Untreated 

A 

1(3) 
.verage Blast 

1(2)11(2) 
c Modulus / 

IX<5) 
% 

111(3) III(2)IV(1) 
0 100.0 lO&O lO&O 100.0 lO&O lO&O 
12 9&3 84J 652 99^ 5&4 92^ 
24 76.1 69^ 6L8 814 562 782 
48 7&7 612 6&0 79^ 5Z7 392 
72 72.5 6L4 514 719 5L8 15.0 

96 66.6 57^ 5Z7 7&5 442 — 

120 66.3 519 50.1 66.6 39^ — 

144 6Z9 5&8 4&6 616 — — 

Table 7.6.9(a): Elastic moduli of light aged silk 

Ageing 
/hours Untreated 

Average Elastic IV 

1(3) 
odulus /10^ Nm'^ 

1(2)11(2) III(2)IV(1) 
0 372 34^ 17^ 2&1 

50 20J 21.9 1 5 2 — 

100 14^ 14.3 14.5 — 

150 114 6.9 1Z6 — 

200 12.2 6.7 11.7 — 

250 10^ — 11.7 — 
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Table 7.6.9(h): Percentage elastic moduli of light aged silk 

Ageing Average Elastic Modulus / % 
/hours Untreated 1(3) 1(2)11(2) III(2)IV(1) 

0 lO&O lO&O lO&O lO&O 
50 54J 612 85^ — 

100 39^ 41.3 8L7 — 

150 319 2&0 70.7 — 

200 3Z9 19.2 65J — 

250 29J — 6&1 — 

Table 7,6.10: Degradation half-lives (measured with respect to breaking load and elastic 
modulus) for heat and light ageing of silk. 

Breakir 

Heat 

Hal fLi l 

ig Load 

Light 

b, / h 
Moc 

Heat 

ulus 

Light 
SHk 20] 143 201 158 
1(3) 125 56 167 77 
[(2)11(2) 116 86 158 430 
1X(5) 131 — 232 
TIT(3) 97 — 46 — — 

IlI(2)I\f(l) 89 40 26 — 
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Table 7.6.11(a): HPLC data for thermally aged silk. 

Sample Time tR / min W14 / min 
0 0.81 1.79 

SHk 48 1.57 2.14 SHk 
96 1.75 1.97 
144 1.90 1.99 

0 0.58 
48 1.87 2.46 
96 1.66 1.93 
144 1.70 L92 

0 1.9 h 8 9 

1(2)11(2) 
48 2.01 2.11 1(2)11(2) 
96 2.11 L88 
144 2.06 2.21 

0 L23 2 T 2 

111(3) 
48 1.73 2 J 1 111(3) 
96 L73 Z 3 7 
144 1.91 L98 

0 2.23 2.14 

III(2)I \ f ( l ) 
48 2.23 2.23 III(2)I \ f ( l ) 
96 2.42 2.15 
144 3.11 2 9 6 

ToA/e 7.6. HPLC data for light aged silk. 

Sample Time t a / min Wi/, / min 

0 0.81 L79 

SUk 
50 1.57 2 2 2 SUk 
150 L84 2 3 7 
250 2.11 2 1 0 

0 0.58 

I P ) 
50 L80 L80 

I P ) 
150 L95 L92 
250 2.03 1.79 

0 1.9 L89 

1(2)11(2) 
50 2.09 L97 

1(2)11(2) 
150 2 1 9 2.11 

250 2 3 8 L95 

0 2.23 2 1 4 

]IJ(2)1\/(1) 
50 2 2 7 2 1 2 

]IJ(2)1\/(1) 
150 2.85 2.28 
250 3 T 8 2.14 
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Table 7.6.12(a): TGA data for thermally aged samples. 

Sample Ageing EA/lCfNnf^ IV,r / % 
0 2L5 1.9 9&7 

SWk 48 215 4.0 9&7 SWk 
96 25^ 5.0 99J 
144 34J 6.0 98 8 
0 39.5 8.1 679 

1(3) 48 41.9 8,1 714 1(3) 
96 43.8 14.4 74^ 
144 48.8 12.6 71.6 
0 326 6.0 522 

1(2)11(2) 48 44.4 10.6 55^ 1(2)11(2) 
96 48.4 10.2 519 
144 56.7 13.8 55^ 
0 8.2 4.8 94.8 

]Il(2)l\f(l) 48 11.5 5.6 93.9 ]Il(2)l\f(l) 
96 l&l 4.4 92.0 
144 18.8 4.0 919 

Table 7.6.12(b): TGA Data for Light Aged Samples 

Sample Ageing EA/ lO'Nm'^ 
0 2L5 L9% 98.7% 

SMk 50 24.7 3.0% 98.8% SMk 
150 27.8 5.0% 9Z194 
250 44^ 7.8% 97.8% 
0 39^ 8J94 67.9% 

1(3) 
50 4L2 8.8% 71.6% 1(3) 
150 50.9 13.9% 71J94 
250 54.4 73.5% 
0 3Z6 6.0% 52.2% 

](2)II(2) 50 5L3 13J94 53.2% ](2)II(2) 
150 47^ 10.6% 55.6% 
250 89.8 10.7% 57.8% 
0 8.2 4.8% 94.8% 

IIT(2)I)/(1) 50 13.5 6.0% 90.2% IIT(2)I)/(1) 
150 2&1 4.5% 91194 
250 2&1 6 J ^ 94.2% 
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Comparison of Known Percentage Silk for Weighted Fibres with 
Experimental Data Derived from Thermogravimetry. 

Sample % Silk Experimenta 
Average % Silk 

(TGA) Data 
a 

Silk 100.0% 97.6% 2.4 
1(3) 67.2% 71.5?4 2.5 
1(2)11(2) 54.5% 2.0 
III(2)IV(1) 86.0% 91194 1.6 
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Figure 7.6.1(a): Typical optical micrographs of thermally aged silk. 

Oh. 
Unweighted Silk Q ^ 'Pink' Tin (1(3)) Weighted Silk 

72 h. 72 h. 

144 h 144 h. 
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Figure 7.6.2(a): Typical electron micrographs of thermally aged silk. 

Unweighted Silk Q ^ 'Pink' Tin (1(3)) Weighted Silk 

72 h. 

144 h. 

72 h. 

144 h. 
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Figure 7.6.3(a): Typical fracture surfaces of untreated and weighted silk. 

Unaged 

I 
Thermal Ageing: 

72 h 144 h 
Light Ageing: 

100 h 250 h 
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Figure 7.6.8: Breaking loads of weighted and aged silks. 
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Figure 7.6.'^: Moduli of weighted and aged silks. 
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Figure 7.6.15: Typical HPLC trace (unweighted silk). 
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Figure 7.6.17(b): (Pol - )ATR crystallinity indices for 'pink' (1(3)) weighted silk. 
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Figure 7.6.18(b): Amide band positions for 'pink' (1(3)) weighted silk. 
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Figure 7.6.19(b): UV/v is ib le intensities for 'pink' (1(3)) weighted silk. 
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Figure 7.6.20(b): HPLC data for 'pink' (1(3)) weighted silk. 
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Figure 7.6.21(b): T G A data for 'pink' (1(3)) we ighted silk. 
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7.7 A p p l i c a t i o n s to C o n s e r v a t i o n ; 

C o i r e l a t i o n s b e t w e e n P h y s i c a l P r o p e r t i e s a n d S n e c t r o s c o p i c S i g n a t u r e s 

H a v i n g ident i f i ed the measurable properties it is necessary to cons ider h o w 

appropriate they are to the field o f text i le conservat ion, by ident i fy ing correlations b e t w e e n 

phys ica l parameters ( indicat ive o f l h e state o f degradation o f the f ibres) and spectroscopic 

s i ^ a t u r e s (readily measured w i t h little or no d a m a g e to the Hbres). A s noted initially, a 

suitable technique wil l ideally b e o n e w h i c h is non-dest iuct ive , provides accurate 

informat ion on the physical state o f the artefact in quest ion (and may thus indicate its 

suitabil ity for handling, conservat ion treatments and display), and i s readily avai lable , 

s imple to use and inexpens ive . The potential for s o m e o f these techniques to a l l o w the 

ident i f icat ion o f the nature o f w e i g h t i n g agents in the f ibres has already b e e n noted in 

sect ion 7.1. Tcibla 7. /.I ( p 2 7 8 ) indicates the data that can be derived from the experimental 

e v i d e n c e , and the manner in w h i c h these data vary wi th ageing. From this it can be seen 

that there are a number o f potential s ignatures that it m a y be poss ib le to correlate with 

phys ica l properties: the orientational order parameter, Q , f rom the P o l - A T R data; the 

retention t ime, tR, o i the first silk peak in the H P L C experiment; the intensit ies o f the 

y e l l o w i n g bands, I335 and I435, f rom the U V - v i s i b l e ref lectance spectra; and the mel t ing 

ac l ivat ion energy, EA, derived f rom the T G A data. T h e s e data were plotted against the 

measurement s o f physical properties, as out l ined be low: 

Orientation Order Parameter, Q: 

H P L C retention t ime, IR: 

U V - v i s i b l e y e l l o w i n g band, I335: 

U V - v i s i b l e y e l l o w i n g band, I435: 

M e l t i n g act ivat ion energy, EA: 

Breaking Strength: 

F/gz/re 7 . 7 . ; ^ ( p 2 8 0 ) 

7 .7 .7 ,^; ( p 2 8 0 ) 

M g w g 7 . 7 . / f ^ ( p 2 8 1 ) 

Figure 7.7.1(d) ( p 2 8 1 ) 

Figure 7.7.1(e) ( p 2 8 2 ) 

Y o u n g ' s Modulus , E*: 

F/gz / fe 7.7.2(2^ ( p 2 8 3 ) 

F/gwrg 7 .7 .2 ,%;(p283) 

Figure 7.7.2(c) ( p 2 8 4 ) 

f / g w r g 7 . ( p 2 8 4 ) 

F/gwre 7 . 7 . 2 ^ ) ( p 2 8 5 ) 

From these plots it can be s e e n that there is a g o o d correlation b e t w e e n the physical 

properties and both orientation order parameter, LX and retention t ime, tR. T h e other data, 

h o w e v e r , y i e ld on ly a poor (or partial) relationship. 

B o t h o f the experiments that provide a g o o d correlation e f f ec t ive ly measure the 

general phys ica l state o f the fibre. The correlations ho ld true regardless o f the w e i g h t i n g 

and a g e i n g r e g i m e s e m p l o y e d as they are independent o f the exact m e c h a n i s m o f 

degradation, and the presence, or otherwise , o f spec i f i c degradation products: the 

orientational order parameter ref lects the ordering o f the unreactive P-cr}'stallites w i t h 

respect to the fibre axis , w h i c h in turn is dependent o n the breakdown o f the amorphous 

matrix in w h i c h they are embedded; similarly, the H P L C retention t ime is dependent on the 

fragment length o f the fibroin polymer. A n y process that results in the disruption o f the 

p o l y m e r (and h e n c e both the loss o f a l ignment o f p-crystal l i tes and the reduction in the 

l ength o f the po lymer fragments) , wi l l a l so have a deleterious e f f ec t on the phys ica l 

integrity o f the fibres, and can be measured by these techniques . 



B o t h o f the techniques have the advantage that the presence o f w e i g h t i n g agents , 

dyes , and tne hke , do not a f fec t the data, nor do the nature o f the various different reactions 

that a f ibre m a y h a v e undergone during its l i fe t ime. 

T h e other techniques invest igated depend on the measurement o f spec i f i c reactions 

or react ion products, and so cannot provide as versati le an as ses sment o f degradation as the 

t w o m e t h o d s d i scussed above. T h e approaches either y ie ld correlations that apply on ly to 

s p e c i f i c a g e i n g m e c h a n i s m s or types o f fibre, or both, or fail to provide any useful 

correlat ion at all. 

From Figures 7.7.1(e) ( p 2 8 2 ) and 7.7.1(e) (p285 ) , it is apparent that there is only a 

l imited correlation b e t w e e n the activation energy o f mel t ing , /SA, as measured by the T G A 

exper iment , and the physical properties. For the untreated si lk and the tin w e i g h t e d 

samples , there is a fairly uni form trend for the act ivat ion energy to increase w i t h 

degradation. Whi l s t a s imilar trend a lso holds true for the 'blue' iron w e i g h t e d silk, the data 

points do not fall a long the same line. 

Therefore , as the information that can be derived f rom the experiment is dependent 

o n the prev ious treatments o f the fibres, w h i c h w o u l d be u n k n o w n in the case o f s a m p l e s 

taken f rom text i le artefacts, it appears that act ivation energy o f mel t ing is not such a useful 

measure o f the state o f degradation. 

O n e o f the problems wi th us ing the intensity o f the y e l l o w i n g bands derived f rom 

the U V - v i s i b l e spectra is that the t w o a g e i n g m e t h o d s promote different reactions, and thus 

y i e l d dist inct degradation products, leading to peaks centred on different frequencies: - 3 3 5 

nm in the case o f the thermal ageing, and - 4 3 5 nm with the light ageing. T h e 'real' age ing 

process , encountered wi th historic and archaeological fibres, is l ikely to i n v o l v e a 

c o m b i n a t i o n o f these m e c h a n i s m s , a long wi th other react ions caused by atmospheric 

pollutants, sweat , microbial attack and the l ike, so further compl ica t ing the mode l . 

A s e c o n d di f f icu l ty arises from the inherently strongly co loured nature o f the iron 

and 'b lue ' w e i g h t e d materials , as the strong absorptions mask the d e v e l o p m e n t o f the 

y e l l o w i n g bands; this problem w o u l d be exacerbated by any d y e s that m a y be present o n 

si lk fibres taken f rom texti le artefacts. 

H o w e v e r , there is a partial correlation b e t w e e n the strength o f the y e l l o w i n g bands 

and the physical properties o f the fibres, but this d o e s not ex tend to all o f the samples . T h e 

relat ionship only ho lds true wi th those materials that are uncoloured, or only very l ightly 

co loured - that is, the untreated si lk and the t in w e i g h t e d materials. It d o e s not ho ld true 

in the c a s e o f the co loured iron w e i g h t e d silks. O f the t w o frequencies considered, the 

intensi t ies measured at 4 3 5 n m provide a better correlation. 

Unfortunate ly , whi l s t the measurement o f this y e l l o w i n g band m a y b e used as a 

marker for the age ing o f unco loured fabrics under laboratory condit ions , it w o u l d not prove 

to b e o f use in the study o f historic materials. This arises f rom the difficult}' o f determining 

whether the fibres have , in fact, b e e n treated wi th subtly co loured ( ivory or cream) dyes 

w h i c h w o u l d result in a similar e f f ec t to age -ye l l owing . 
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The different techniques require different sample sizes and vary in the degree o f 
damage that they cause, as outlined in 7.7.2 (p279). 

F iom this it can be seen that in addition to providing the best correlation to the 
physical data, the Pol-ATR and HPLC experiments are also the most suitable in terms of the 
sample size and potential damage caused to an artefact under investigation. Although both 
techniques require samples to be removed from the bulk, these are microsamples: the Pol-
ATR experiment can be performed with a single yarn, no more than - 5 mm in length, and 
HPLC can be carried out on minute fragments of fibre. 

Table 7.7.1: Trends in Measured Data 

Techn ique Propert}' Trend with 

Degradat ion 
Numerica l 

Correlat ion 
Optical Microscopy Yel lowing Increase 
SEM Granularity Increase 
ATR % None 

Pol-ATR 
Increase •/ 

Pol-ATR ^ 0 ° Decrease •/ Pol-ATR 

Q Decrease 

U V / V i s l335nm Increase ( O U V / V i s 
l435nm Increase (^) 

HPLC tR Increase •/ 

T G A - D T A 
Vl'v None 

T G A - D T A \Vf None T G A - D T A 

EA Increase 
Breaking Strength Decrease 
R S A E* Decrease — 

^ - A direct correlation is found. 

( ^ ) - A correlation is found only for certain data sets. 
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7.7.2. Sample Sizes and Destructivity o f Various Analytical Techniques 

Techn ique Sample Size Non-Des truct ive 
Optical Microscopy Any y 
SEM Small ( ^ ) 
ATR Any 
Pol-ATR Yarn (~5 mm) 
U V / V i s Any / 
HPLC Minute X 
T G A - D T A ~5 mg ( - 5 x 1 0 mm) X 
Breaking Strength Yarn ( - 2 5 mm) X 
R S A Yarn ( - 2 5 mm) ( ^ ) 

- The technique is non-destructive. 

technique is non-destructive to the sample, but the sample must be removed 
from the bulk fabric. 

(X) - The technique requires a sample to be taken from the fabric and additionally 
prepared, but is not destroyed. 

^ - The technique destroys the sample. 

279 



Figure 7.7.1(a): Correlation between orientational order parameter, Q, and breaking load. 
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Figure 7.7.1(b): Correlation between HPLC retention time, t^, and breaking load. 
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Figure 7.7.1(c): Correlation between UV/visible yellowing band, I335, and breaking load. 
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Figure 7.7.1(d): Correlation between UV/visible yellowing band, I435, and breaking load, 
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Figure 7.7.1(e): Correlation between TGA derived activation energy, E ,̂ and breaking load. 
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Figure 7.7.2(a): Correlation between orientational order parameter, Q, and modulus. 
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Figure 7.7.2(b): Correlation between HPLC retention time, t̂ , and modulus. 
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Figure 7.7.2(c): Correlation between UV/visible yellowing band, I335, and modulus. 
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Figure 7.7.2(d): Correlation between UV/visible yellowing band, I435, and modulus. 
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Figure 7.7.2(e): Correlation between TGA derived activation energy, E ,̂ and modulus. 
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Chemistry; 1958; vol. 62; p394-397. 
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8. Experimental Methods 

Common experimental procedures are presented below, to avoid repetition. The 
methods are divided into four general groups: microscopy, spectroscopy, the measurement 
of physical properties and the preparation of specimens. 

8.1 Microscopic Methods 

Method Mic(l) - Optical Microscopy 

Method Mic(l.a) - Transmittance and Reflectance Microscopy 

Transmittance and reflectance microscopy was carried out using a Leica 'DMRXE' 
optical microscope, set up to employ Kohler illumination. Samples were mounted on glass 
slides under cover-slips, using a 50% aqueous solution of glycerine as a mounting medium; 
the samples were not stained unless otherwise stated. Micrographic images were recorded 
using a W O T " camera with sofhvare. 

Method M i c ( l . b ) - Stereo-Microscopy 

Stereo-microscopy was carried out using a 'M32' microscope. 
Illumination was provided by a light box. Micrographic images were 
recorded using a D/agnoj-r/c 'S'fOr' camera with 3.0^^ 
software. 

Method Mic(l.c) - Polarised Light Microscopy 

Polarised microscopy was carried out using a l e / c a DMRZE' optical microscope 
fitted with polarising filters (polariser and analyser), set up to employ Kohler illumination. 
Samples were mounted on glass slides under cover-slips, using a 50% aqueous solution of 
glycerine as a mounting medium. Micrographic images were recorded using a Diagnostic 
Instruments 'SPOT' camera with 'SPOTAdvanced' 3.04 software. 

Method Mic(l.d) - Fluorescence Microscopy 

Fluorescence microscopy was carried out using a Axiolab 2 fluorescence, set up to 
employ Kohler illumination. Excitation was achieved by irradiation with UV radiation and 
fluorescence in the visible region was observed. Samples were mounted on glass slides 
under cover-slips, using a 50% aqueous solution of glycerine as a mounting medium. 
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Method Mic(2) - Scanning Electron Microscopy 

Method Mic(2.a) - Scanning Electron Microscopy 

Samples were prepared by mounting on an aluminium stub using an adhesive carbon 
pad - if necessary, carbon paint was also employed to improve the contact between the 
sample and the stub. The samples were then coated with a conductive material: carbon 
coating was employed for those specimens that were also to be examined by EDS analysis; 
gold coating was employed in all other cases. Carbon coating was performed using 
Edwards 'Auto 306' with carbon evaporation source, and deposited a thickness of 
approximately 25 nm. Gold coating was achieved with an Anatech 'Hummer VI-A', 
yielding a typical thickness of 20 nm. 

Scanning electron microscopy was carried out using a Jeo/ VS'M system. 
Unless otherwise stated, micrographs were recorded using an accelerating voltage of 15 kV 
and a probe current of 6x10 A. Digital secondary and back-scattered electron 
micrographs were recorded, as appropriate. 

Method Mic(2.b) - Energy Dispersive X-Ray Spectroscopy 

EDS spectra were recorded using the JeoZ ' microscope. Typically four or five 
spectra were recorded of areas of interest, and average values of elemental content obtained. 
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8.2 Spectroscopic Methods 

After recording, all spectra were manipulated using Galactic Industries 'GRAMS/S^' 
5.21 software. 

Method Spc(l) - Conventional Fourier Transform Infrared Spectroscopy 

A number of different sampling techniques were investigated, using conventional 
FT-IR spectroscopy. In all cases, the spectra were recorded using a Perkin Elmer '1700' 
FTIR spectrometer; spectra were captured over the 4000 - 450 cm ' region, using 16 scans 
and a resolution of 4 cm"'. 

Method Spc(l.a) - A:5r Disc 

Samples were cut finely (to a typical length of less than 1 mm) and then ground in a 
pestle and mortar before incorporation into the disc; approximately 1 0 - 2 0 mg fibre and 0.5 
g potassium bromide (oven dried BDH 'SpectrosoL' potassium bromide) were used for each 
disc. 

Method Spc(l.b) - Niijol Mull 

Samples were cut finely (to a typical length of less than 1 mm) and then ground in a 
pestle and mortar before the preparation of the mull. The mull itself was sandwiched 
between potassium bromide plates. 

Method Spc(l.c) - Stretched Fibres 

Samples were stretched (and taped in place) across a punched slide, constructed 
such that the fibres were presented to the incident radiation, with care being taken that the 
fibres were uniformly arrayed with no gaps. 

Method Spc(2) - Microspectroscopy 

Two microspectrometers were available, so spectra were recorded on both, to assess 
the machine-dependence of the results. 

In order to avoid problems of lensing and poor transmission, which would otherwise 
be encountered with the roughly cylindrical and (for the technique) thick fibres, the samples 
were flattened before examination, using a 15 tonne spectroscopic press. The flattened 
samples were subsequently mounted on punched slides suitable for use in the 
microspectrometers. 
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Method Spc(2.a) 

o f spectra were recorded using a 

YOOO F H R spectrometer; spectra were captured over the 4000 - 600 cm ' region, using a 
100 scans and with a resolution of 4 cm A 5 pm 'window' was used. 

Method Spc(2.b) 

The second set of spectra were recorded using a Mco/e / 

H i R spectrometer; spectra were captured over the 4000 - 550 c m ' region, using a 100 
scans and with a resolution of 4 cm''. A 5 ).UTI "window' was used. 

Method Spc(3) - ATR Spectroscopy 

Method Spc(3.a) - ATR Spectroscopy 

The ATR spectra were recorded using a f 73' H J ' FTTR spectrometer, fitted 
with a Specac 'Golden Gate' ATR anvil; spectra were captured over the 4000 - 650 cm"' 
region, using 32 scans and with a resolution of 4 cm"'. 

Method Spc(3.b) - Micro-ATR Spectroscopy 

The spectra were recorded using a 'Mw/rwcopg, 7000 ' FTIR 
spectrometer, employing the drop-down ATR probe; spectra were captured over the 4000 -
650 cm" region, using 100 scans and with a resolution of 4 cm"'. 

Method Spc(4) - Polarised ATR Spectroscopy 

Spectra of the silk fibres were recorded using a BioRad 'FTS 135' FTIR 
spectrometer, fitted with a Specac 'Golden Gate' ATR anvil. An infrared polariser was 
placed in the beam path between the laser and the ATR anvil, and the anvil itself was fitted 
with a fibre alignment accessory developed by Fgwracon (see F/gifre &2.7). All spectra 
were recorded over the range 4000 - 650 cm ', using 32 scans at a resolution of 4 cm '. 

In addition to the spectra, the orientation of the polariser (with the electrical vector 
either parallel (EJ or perpendicular (Ex) to the beam path) and the fibre (clockwise from a 
nominal position of 0° (Fo°) with the fibre aligned perpendicular to the beam path) were 
recorded. 

Method Spc(5) - UV/Visible Reflectance Spectroscopy 

UV-visible spectra were recorded using a fefA-w E/mg/- ' 
reflectance spectrometer, fitted with an integrating sphere attachment; spectra were captured 
over the 250 - 750 nm region, with a resolution of 1 nm. 
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Figure 8.2.1: Ventacon fibre alignment accessory. 
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8.3 Physical Methods 

Method P h y s ( l ) - TGA-DTA 

TOA-DTA data was recorded using a fo /ymer ' system. 

Samples of approximate mass 2 - 10 were used and were prepared by separating into 
in ividual fibres are cutting finely witli a razor. During the experiment, the temperature 
was mitially raised to 600 °C at a rate of 5 ^C.min '; subsequently the temperature was 
lowered to 25 °C at a rate of 2 °C.min' . Data points for weight and heat flux were recorded 
every 10 s. The experiment was performed under static air. 

Method Phys{2) - Measurement of Breaking Weight 

Breaking strength was determined as the maximum weight a silk yarn could support 
before breaking. Samples were prepared by extracting silk yams (of approximate length 4 5 
cm, each comprised of roughly 20 individual fibres) from the bulk textile; the ends of each 
yam (1 cm) were then set in resin between pairs of 

acetate sheets (as shown in F/gz/re leaving 2.5 cm free between the sheets. Six 
specimens were prepared in this manner for each silk sample. 

The samples were tested by attaching a 200 g weight to one of the acetate anchors 
and attaching the other to the mobile arm of an Instron '1193' {Figure 8.3.1(b)). Then, 
ensuring that the silk fibre was slack, the weight was then placed on an electronic balance, 
which was tared. The arm of the Instron was then raised at a rate of 10 mm.min"', until the 
fibre broke. The maximum weight supported by the fibre before breaking was recorded, 
and averages for each specimen calculated. 

Method Phys(3) - Measurement of Visco-elastic Properties 

Initially samples were prepared by removing individual yarns (of approximately 20 
silk fibres) from the textile samples. The ends of the fibres were mounted between pairs of 
acetate sheets, using London Resin Co. 'LR White' resin, with an accelerator, as shown in 

approximately 2 cm of yam was left free between the anchors. 

The viscoelastic measurements were performed using a .Rgomig/r/o' //zc. 

/ / Tgĵ / 'Env/mMrngMW CoMrmZ/gr' and 'Confm/ Co/7)pw/gr', with 
data collection controlled by .Rgomgfn'a; /nc. '7(^/0.9' software 

Method Phys(4) - HPLC 

Initially a solution of aqueous lithium thiocyanate was prepared (1.4 g LiSCN in 1 
ml water). 

Samples of silk (of mass 1.5 mg) were allowed to dissolve in 0.25 ml aliquots of this 
solution for 16 hours, before centrifiiging for 5 minutes at 1000 revolutions per minute and 
filtering through a 0.45 |.un filter. 
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The chromatography was carried out on a Perkin-Elmer 'Binary LC Pump 250' and 
Phenomenex 'BioSep-SEC-S 4000' column. Injections of 20 |a,l of the silk solutions were 
employed for each chromatographic run. The flow rate was set at 1 ml.min"' (with a 
nominal pressure of 1000 psi). Eluate absorbance readings were taken at 280 nm. The data 
was recorded using Perkin-Elmer 'Turbochrom' software and subsequently manipulated 
with Galactic Industries 'GRAMS/32' 5.21 software. 

Figure 8.3.1: 
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8.4 Sample Preparation Methods 

Method P r e p ( l ) - Maceration 

. maceration solution ^was prepared by combining equal volumes of hydrogen 
peroxide and glacial acetic acid . 

Samples were prepared by immersion in this solution, followed by heating under 
reflux conditions for approximately 6 hours. Subsequently, the samples were transferred to 
distilled water and shaken gently to separate the cells. The fibres were then removed and 
allowed to dry. 

Method Prep(2) - Resin Embedding and Cross-Sectioning 

Samples weie embedded in resin, as outlined below; subsequently, cross-sections 
we ie obtained by cutting the resin blocks using a Buehler 'hornet' saw, and polishing on a 
Buehler 'Meto^erv' grinder-polisher. 

Method Prep(2.a) - Epofix Resin 

The 5'O wgr.y ' resin was prepared by 15 parts resin with 2 parts hardener and 
Stirling caiefullv foi 2 minutes. The samples were then immersed in the resin in moulds 
and allowed to set, before being extrated. 

Method Prep(2.b) - LR White Resin 

The sample was immeised in London Resin Co. 'LR White' resin in an appropriate 
mould, before being placed under vacuum to de-gas. The sample was then placed in a 
'Mk ir embedding oven, and maintained at 60 °C under vacuum for - 2 0 hours, before 
being removed and extracted from the mould. 

Method Prep(2.c) - LR White Resin with Accelerator 

The sample was immersed in London Resin Co. 'LR While' resin in an appropriate 
mould, before being placed under vacuum to de-gas. The resin was then carefully and 
quickly mixed with the appropriate accelerator and allowed to set. 

D.iM. Catling & J.E. Grayson; Identification of Vegetable Fibres; Archetype Publications: London 
UK; 1998. 

J.M. Matthews; t extile Fibres; John Wiley & Sons: 1947. 
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Thermogravimetr ic Calculations 

To determine activation energies and reaction order from thermogravimetric 
analysis data, a method was derived from the equations presented by Freeman and Carroll*: 

Considei the reaction in which a reagent, R, goes to various products, 

The rate of disappearance of R is: 

~ciX/dt = kX^ [1] 

Where: viT = Remaining quantity (weight, volume, concentration, etc.) of 

X = Order of reaction, with respect to i?. 

t = Time. 

k = Specific rate. 

hi addition, the specific rate, k, may be expressed as: 

Where: Z = Frequency factor. 

Ea = Activation energy. 

R = Gas constant. 

T = Temperature. 

Therefore, combining [1] and [2]: 

dt / 

[21 

l n Z l - E V / ( r = ln 
dt 

-ArlnlZl 

So, considering a small change, A, in conditions: 

xAlniv^i A T - , . . I ^ A r - ' = AInl 

E.S. F r e e m a n & B. Carrol l ; The Application of Thermoanalytical Techniques to Reaction Kinetics. 
The Thcrmogravimetric Evaluation of the Kinetics of the Decomposition of Calcium Oxalate Monohydrale; 
Journal of Physical Chemistry; 1958; vol. 62; p394-397. 
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^ A r ' ] / A l n | X l = A In 
dt 

/ A l n | Z | - x 

Therefore, plotting: 

' A l » _ ^ ^ 
dt 

yy. A r - ' / A l n | J r | 

Yields a line with gradient: 

And intercept: 
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Summary 

The geneial aim of the research was to extend the application of microstructural and 
microchemical analytical techniques, with the longer term objective of better informing 
textile conservation. ^ A number of techniques have been developed which allow the 
component threads in historic textiles to be characterised, either in terms of their 
composition or their state of degradation, both of which factors are important when 
considermg potential conservation treatments. The research was divided in three main 
aspects, namely metal threads, plant fibres and weighted silks. 

Metal threads from a variety of sources were studied, in the main from Europe, as 
well as China and the Middle East, ranging in period from the early mediaeval to modern. 
Examination of the threads by optical and electron microscopy, as well as EDS, allowed a 
numbei of characteristic properties to be determined, including: the composition and 
construction of the metal component; the presence and nature of any corrosion products; the 
type of fibre used for the core (if present); the direction of winding for both the metal 
filament and the fibre core; and, in many cases, the likely methods of manufacture 
employed. 

These data were invaluable for reference in two case studies. The first involved the 
analysis of metal threads from the Jesse Tapestry, a piece of century ecclesiastical 
artwork. One of the more important results was the identification of Pinchbeck brass in a 
metal thread from the border of the super-frontal, confirming belief already held by 
conservators examining the piece that this edging was added at a much later date (the IS'^ 
century at the earliest). The second case study entailed the examination of metal threads 
from a piece of 19"' century embroidered artwork, produced in the style of the 17'^ century, 
and comparing the results with those from authentic l?'^ century threads. Many significant 
diffeiences between the two sets of samples were identified: the 19"' century specimens 
included a very wide range of metal thread types, construction methods and metals 
(including the presence of brass), in marked contrast to the homogeneity of the 17'*' century 
samples, despite the fact that these latter materials were derived from a variety of different 
sources. This confirmed that replica artefacts can potentially be distinguished from original 
items by analysis of the metal threads they contain. 

The second part of the research involved the development of methods for 
distinguishing cellulosic fibres. Many of these fibres (especially the problematic species, 
flax and hemp) are difficult to distinguish by conventional methods, such as microscopy, 
due to their similarities in composition and structure. A technique was developed to 
distinguish six species of commonly encountered fibres (cotton, flax, hemp, jute, ramie and 
sisal), using ATR FT-IR spectroscopy; linear discriminant analysis of a pair of peak 
intensity ratios was found to allow differentiation of the fibres on the basis of their 
characteristic lignin and cellulose contents. The technique was successful with both native 
and processed fibres. It also proved relatively insensitive to degradation, and so could be 
applied to aged as well as modern specimens. 

Further investigations were carried out using a Pol-ATR technique to allow the fibre 
microstructure to be probed, specifically the nature of the crystalline cellulose fibrils of the 
secondary cell wall. This component is known to adopt an angle and sense of wind that is 
characteristic of the fibre species. It was found that these two properties could be 
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determined w i A a siifOcient degree of accuracy to allow fibres of difkrent species to be 
IS inguished (for example, flax and hemp, which have similar winding angles, but opposite 

senses o f wmd). In addition, an indication of the degree of crystallinity o f the materials 
could be derived. 

Metal weighted silk fibres are found in many important artefacts of European origin; 
the presence of the weighting agents is known to accelerate the deterioration of the fibres, 
so these materials are a special area of concern. The aim of this part o f the research was to 
develop a micro-methodology capable of assessing the general physical state o f the silk 
fibres, and specifically to identify spectroscopic or chromatographic signatures that 
correlate to physical properties. 

Having weighted habutae silk samples, using historically accurate methods, and then 
aged these specimens by means of either elevated temperatures or intense illumination, they 
were investigated with a variety of techniques: Physical properties were assessed by 
measurement of both breaking load and Young's modulus. Spectroscopic and 
chromatographic techniques were then employed, including HPLC, (Pol-)ATR, UV/Visible 
spectroscopy and TGA; data derived from all of these approaches were compared with the 
corresponding physical parameters. A good correlation was found between the physical 
state of the fibres and both the retention time of the major silk peak (measured in the HPLC 
experiment) and an orientational order parameter (derived from the Pol-ATR data). These 
techniques are, therefore, potentially o f use in determining the suitability of a silk artefact 
for conservation treatments, display or storage. 
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