
APPENDIX 1
SOURCES

UMIST: DEPARTMENT OF TEXTILES

Most of the work described in this book comes from research in the Department of Textiles,
UMIST, under the direction of Professor John Hearle. It started with the purchase of a
scanning electron microscope with a grant from the Science Research Council in 1967,
together with five-year funding for an experimental officer and a technician. Since 1972, the
staff have been supported by general UMIST funds; a second grant from SERC enabled a
replacement SEM to be bought in 1979; industrial sponsors, listed below, have contributed
through membership of the Fibre Fracture Research Group; special research grants have
been made by the Ministry of Defence (SCRDE, Colchester, and RAE, Farnborough) and
jointly by the Wool Research Organization of New Zealand (WRONZ) and the Wool
Foundation (IWS); and other research programmes and contract services have contributed
indirectly to our knowledge.

Pat Cross was the first SEM experimental officer and she was followed in 1969 by Brenda
Lomas, who retired in 1990. Trevor Jones then took on responsibility for microscopy in the
Department of Textiles in addition to photography. Over the years, many staff and students
have contributed to the research. Their names are given below. Some have worked wholly on
fibre fracture problems. Others have used fracture studies as an incidental element in their
work.

PERSONNEL

The following people at UMIST have contributed to the research.

Academic staff
J.D. Berry Aspects of fibre breakage
CP. Buckley Mechanics of tensile fracture, general direction
C. Carr Fabric studies
W.D. Cooke Pilling in knitwear, conservation studies
G.E. Cusick Abrasion testing, some wear studies
K. Greenwood Ballistic impact
W.Y. Hamad Wood-pulp fibres, confocal microscopy
J.W.S. Hearle General direction
I. Karacan Studies of Kevlar
M.A. Wilding Tensile fracture, general direction

Professional staff
DJ. Clarke Instrument development
CR. Cork Archaeological textiles and other studies
P.M. Cross Microscopy techniques, single fibre fractures
B. Lomas Microscopy and other techniques, wear studies

Technicians
D. Ball Instrument developer
S. Butt Instrument developer
L. Crosby Scanning electron microscopy
C. Green Scanning electron microscopy
J.T. Jones Photography
R.E. Litchfield Scanning electron microscopy



A. McClellan Instrument development
J.T. Sparrow Scanning electron microscopy
H. Splitt Instrument developer
A. Williams Scanning electron microscopy

Academic visitors
N.E. Dweltz Abrasion study
Bhuvenesh C. Goswami Comparative study of nylon fracture
A. Rast-Eicher Archaeological textiles
M.A.I. Sultan Ballistic impact
CY. Zhou Twist and tension in Kevlar

Research students
R. Ahmed Cotton yarn abrasion
I.A.O. Bahari Biaxial rotation fatigue
K. Banks Archaeological textiles
J.A. Batchelor Archaeological textiles
B.H. Bhutta Heat-set fibres
A.R. Bunsell Tensile fatigue
S.F. Calil Biaxial rotation fatigue
I.E. Clark Biaxial rotation fatigue
CR. Cork Ballistic impact
F. Dadashian Breaks of Tencel
M. Goksoy Biaxial rotation fatigue of cotton; surface abrasion
Binode C Goswami Flex fatigue
R. Greer Heat setting
M. Habibullah Thermomechanical properties
N. Hasnain Biaxial rotation fatigue of cotton
B.C. Jariwala Flex fatigue
D.C Jones Photodegradation of wool, atomic force microscopy
F.S.H. Kassam Rupture of tear webbing
L. Konopasek Tensile fatigue
T. Laksophee Wool/mohair abrasion
K. Liolios Biaxial rotation fatigue
R. Mandal Heat-treated fibres
M. Miraftab Flex fatigue
B. Parvizi Flex fatigue
A. Sengonul Fatigue of HMPE; carpet wear
J.T. Sparrow Tensile failure of cotton
R. Stanton Kinkbands
E.A. Vaughn Tensile fatigue
B.S. Wong Rotation over a pin
Y. Zhu Oxidised PAN fibres

Undergraduates and summer student workers
A. Chan
A. Clarke
J. Griffiths
A.D. Hearle
A. Kaynak
S.R. Moore
P. Noone
SJ. Watson

FIBRE FRACTURE RESEARCH GROUP

The following organizations have joined in sponsorship for part or all of the period 1972-1987:

Albany International Research (formerly FRL), USA
Allied Fibers, USA
AKZO, Netherlands
Carrington-Viyella, UK
Celanese, USA
Chemiefaser Lenzing, Austria
Courtaulds, UK
Du Pont, USA
H and T Marlow (formerly Hawkins and Tipson), UK
Hoechst, Germany
Imperial Chemical Industries (ICI), UK
International Institute for Cotton (HC), UK



International Wool Secretariat (IWS), UK
Marks and Spencer, UK
Monsanto, USA
Phone-Poulenc, France
Strattwell Developments, UK
TEFO, Sweden
Teijin, Japan
Toray, Japan
US Army European Office, UK

In the provision of materials, information, valuable advice, and discussion, the following have
made particular contributions:

G.A. Carnaby, WRONZ (carpets)
M. El-Masri, Strattwell (rental textiles)
J. Flory, Exxon (ropes)
M.R. Parsey. H and T Marlow (ropes)
W. Puchegger, Chemiefaser Lenzing (rayon)
G. Stevens, RAE (tensile fatigue)
R.A. Stocks, SCRDE (Service clothing)
J. Swallow, RAE (service items)
R.D. Van Veld, Du Pont (fibres)
M. Webb, RAE (service items)

MATERIALS FOR EXAMINATION

Specimens for examination have come from a variety of sources. Some items — worn
clothing, hair, etc. — have been given casually by people in contact with the laboratory.
Others have come in for special investigations.

Particularly well-documented samples have been supplied by:

Du Pont (light-degraded nylon)
H and T Marlow (ropes)
Hampton Court Palace Conservation Studio, London
IWS (worn trousers)
OCIMF, through John Flory, Exxon (ropes)
P and S Filtration (filter fabrics)
RAE (service items)
SCRDE (service clothing)
Scapa-Porritt (felts)
Shirley Institute (sheets, shirts and samples of machine abraded fabrics)
Strattwell Developments (rental textiles and clothing)
Textile Conservation Centre (Hampton Court), London
Victoria and Albert Museum, London
Vindolanda Trust, Cumbria
Whitworth Gallery, Manchester
G.M. Vogelsang-Eastwood, Leiden
WRONZ and IWS (carpets)

PROVISION OF PICTURES AND INFORMATION
Stephen Banfield, TTI Ltd, UK
Edward Boyes and Gerald Lavin, DU PONT, USA
T.R. Burrow, Courtaulds, UK
Anthony Bunsell, Ecole des Mines de Paris, France.
Robert Burling-Claridge, WRONZ, New Zealand.
Jose Charvet, Stevens Institute, USA
Hawthorne Davis, North Carolina State University, USA.
Karlheinz Foos, Bayeischen Kriminalamtes, Germany.
Bhuvenesh Goswami, Clemson University, USA
Sarah Holmes, University of Texas, USA
Michael Huson, CSIRO, Geelong, Australia.
Elizabeth Norton, University of Cambridge, UK
David Salem and Sigrid Ruetsch, TRI, Princeton, USA.
H.S.S. Sharma, Queen's University, Belfast, UK
Alan Swift, Consultant, UK
Hiroko Yokura, Shiga University, Japan
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A 
Accelerotor abrasion tester 205 

acetate 
cutting 152 
tensile breaks 57 
twist breaks in 127 

Acrilan – see acrylic fibres 

acrylic fibre 
biaxial rotation fatigue 105 
carpets 279 
cutting 152 
effect of processing 176 
flex fatigue 86 
melting 152 
oxidised, abrasion 107 
socks 263 
staple fibre end 176 
tensile breaks 57 
tensile fatigue 78 
twist breaks in 127 

adhesion 221 

Actinomyces 379 

alginate fibre 164 440 

Altagenus piceus 140 

alumina fibre 
brittle fracture 38 
granular fractures 58 

Anthrenus 139 

aramid (para-aramid), see also meta-aramid 
axial splits in 52 
ballistic impact resistance 360 
bend break 163 
cutting 152 
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aramid (para-aramid) (Continued) 
fibrillation 177 
flex fatigue 86 163 
fracture in liquid nitrogen 53 
kinkbands along fibre 53 
ropes 338 
snap-back effects in 53 
surface abrasion 86 106 
tensile breaks 52 
tensile fatigue in 78 
twist breaks in 127 
weaving damage 177 

Aspergillus 379 

axial splitting 14 52 77 85 106 
 134 139 153 256 

B 
Bacillus 379 

bacterial fibres 164 

ballistic impact 164 416 

Bamberg test 280 

bending and twisting fatigue tests 75 

biaxial rotation testing 72 100 164 192 

bicomponent fibres 58 163 

Boss abrasion tester 204 

braid testing 193 

breaks, classification of 17 447 

brittle fracture 18 37 118 163 

buckling fatigue 72 75 86 

C 
carbon fibre 

brittle fracture 38 
granular fractures 58 

carbon fibre composites 223 360 

carbon fibre ligament 430 

carpets 279 

ceramic fibres 
brittle fracture 38 
granular breaks 58 
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chemical degradation 116 

clean-room garments 205 297 

composites 221 

confocal microscopy 21 

cotton 
abrasion testing of 204 
ancient textiles 377 
biaxial rotation fatigue 134 192 
curtain 273 
cutting 152 176 
effect of heat 152 
effect of processing 176 
fabric testing 204 
fibrillar fracture 67 
fibrillation 257 
flammability testing 206 
forensic study 416 
granular fracture 134 
handkerchief 264 
melting 152 
overalls 295 306 
sheets 272 
shirt 248 
shoe lace 360 
socks 263 
staple fibre end 176 
stitching damage 180 
surface wear 106 
tensile breaks 133 
tensile fatigue 134 
towel 272 
trousers 239 
twist breaks 134 
underwear 263 
yarn testing 192 

Courtelle – see acrylic 

crack growth 223 

creep failure 71 

cutting 152 176 397 406 416 
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D 
Dacron – see polyester 

degraded fibres 116 

design procedure 319 

direct break, biaxial rotation 164 

dog bite 321 

ductile fracture 42 

Dyneema – see high-modulus polyethylene 

E 
elastomeric fibres 38 

engineering design 319 

F 
fabric testing 204 

fatigue 
biaxial rotation 72 134 139 164 192 
compression-compression 71 
definition 71 
flex 72 75 84 
statistical variability 75 134 
tensile 71 76 134 360 
torsional 72 127 

fibrillar failure 67 164 

flammability 306 

flax 
ancient fabrics 383 
breakdown for TGA 153 
rope 338 
tensile breaks 163 
webbing 328 

flex fatigue 72 75 84 

fracture mechanics 19 

Fusarium oxysporum 379 

G 
glass fibre 

brittle fracture 37 
composites 222 

granular fracture 57 
Griffith theory of brittle fracture 19 
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H 
hair 

biaxial rotation fatigue 139 
brushing and combing 140 
"cathedral spire" break 118 141 
degradation 141 
flex fatigue 139 
split ends 140 
surface wear 86 
tensile breaks 138 
trichorrhexus nodosa 140 
UV exposure 141 

Hexbar tester 205 

high-modulus polyethylene (HMPE) 
flex fatigue 86 
ropes 339 
tensile breaks 53 

high-speed tensile break 50 176 360 

J 
jute 

damage during burial 379 
tensile breaks 163 

K 
KESF fabric tester 204 239 

Kevlar – see aramid 

kinkbands 30 84 280 338 360 

knits    256 

L 
light microscopy 27 30 

linen, ancient fabrics 382 

Lycra – see elastomeric fibres 

M 
Martindale tester 204 

melting 152 193 337 

melt-spun fibres 42 

mercerised cotton 133 

meta-aramid 78 163 308 
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milling 153 

modacrylic, biaxial rotation fatigue 105 

mohair 239 

moth damage 139 391 

mushroom ends 50 176 

N 
Nomex – see meta-aramid 

nylon 
abrasion 107 205 
arrester harness 327 
axial splits in 53 107 
ballistic impact resistance 360 
biaxial rotation fatigue 100 
braid, fatigue in 193 328 
cargo nets 327 
carpets 279 
cutting 152 321 
degraded fibres 116 321 
dog-bites 321 
ductile fracture of 42 
effect of heat 152 337 
fabric testing 204 
flex fatigue 84 
forensic study 416 
high-speed tensile break 50 
impact test 153 
laundry monofil 360 
low temperature break 53 
melting 152 
paper-makers’ felts 361 
parachute rigging 328 
ropes 336 
seat-belts 320 
sheets 272 
shirts 249 
socks 263 
strap from aircraft ejector seat 327 
surface wear 106 336 
tensile fatigue in 76 
thermal degradation 152 337 
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nylon (Continued) 
tights, snagging in 263 
torsional fatigue 127 
twist breaks in 127 
underwear 263 
webbings 327 
wind-cone 359 
yarn breaks 192 
yarn-on-yarn abrasion test 193 

O 
optical microscopy 27 30 

Orion – see acrylic 

oxidised acrylic fibre 107 

P 
paper abradant 204 

paper-makers’ felts 361 

para-aramid – see aramid 

Penicillium funiculosum 379 

pile fabrics 176 

pilling 205 238 256 263 

polyacrylonitrile – see acrylic 

polybenzimidazole (PBO) 58 

polyester 
abrasion 107 205 
aminolyzed fibres 118 
biaxial rotation fatigue 100 
braid fatigue 193 
brittle fracture 118 
burgees 359 
carding 176 178 
carpets 280 
caustic soda treatment 177 
clean-room garments 297 
cutting 152 321 
degraded fibres 116 222 
ductile fracture 43 
film (PET), ductile fracture 43 
flammability testing 206 
flex fatigue in 84 
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polyester (Continued) 
forensic study 416 
high-speed tensile break 50 
hollow fibre 163 
jacket 239 
kinkbands in 85 
ligament 430 
melting 152 176 
opening processes 178 
overall 296 
pilling 257 
seat-belts 320 
sheets 272 
shirt 248 
singeing 176 
staple fibre end 176 
stitching damage 180 
suitings 239 
surface wear 106 
tensile breaks 43 163 
tensile fatigue in 76 
torsional fatigue 127 
trousers, wear in 238 
twist breaks 127 
underwear 263 
UV exposure 122 
yarn-on-yarn abrasion test 193 
yarn testing 192 

polyethylene terephthalate see polyester 

polypropylene 
biaxial rotation fatigue 101 
carpet 280 
cutting 360 
degraded fibres 360 
ductile fracture 43 
fabric filter 390 
flex fatigue 86 
ropes 338 
toothbrush 297 

polytetrafluoroethylene fibre (PTFE) 163 

polyvinyl alcohol fibre (PVA) 58 105 
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polyvinyl chloride fibre (PVC) 163 

PVC-coated polyester 117 222 

Q 
Qiana tie 264 

R 
rabbit bites 327 

rayon 
carpets 280 
cutting 152 
effect of heat 152 337 
flex fatigue 86 
melting 152 
overalls 296 
sheets 272 
shoe-lace 360 
surface wear 86 106 
tensile breaks 57 
tensile fatigue 77 
towels 272 
trousers 238 
twist breaks 127 

ropes 336 

rubber-coated fabric 221 

S 
scanning electron microscope (SEM) 13 19 25 

advantages and disadvantages 27 
high resolution 58 
technique of examination by 27 

scissor cut 152 408 

silicon carbide fibre 163 

silk 
ancient fabrics 38 391 
damage by photodegradation 390 
tensile breaks 163 
tie     264 
vest 263 

singeing 176 

socks 263 
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Spectra – see high modulus polyethylene 

Sporotrichum pruinosum 379 

stake and socket break 117 141 361 

staple fibre ends 176 

step fracture 138 

Stoll bar test 204 

stress-strain curves 36 

stretch breaking 176 

surface abrasion 74 86 106 139 

tapestry 390 

T 
Technora – see aramid 

Teflon – see polytetrafluorethylene 

tensile breaks 
axial splits 50 
ductile 42 
granular 57 
high-speed 50 

tensile fatigue 76 

tensile fatigue testing 71 

Terylene, see polyester 

thermal degradation 116 

thistledown 164 

Tineola bisselliella 139 

toothbrush 310 

torsional fatigue 127 

towels 272 

transmission electron microscope (EM) 13 20 

transverse pressure fatigue 17 
tensile break 57 
twist breaks in 127 

Twaron – see aramid 

twist breaks 127 

twist fatigue 71 

V 
Vectran 86 340 

Velcro 176 307 

velvet 176 
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Vincel – see rayon 

viscose rayon – see rayon 

W 
"wagon-wheel" cavitation 164 

webbing wear 205 320 327 

wet cotton 134 

wood-pulp fibres 177 

WIRA abrasion tester 204 

wool 
abrasion testing 139 
ancient textiles 377 382 390 
attack by larvae 139 379 
axial split in 144 
biaxial rotation fatigue 139 
carpets 278 
cutting 152 
effect of heat 152 
effect of processing 176 
fabric testing 204 
flammability testing 206 
flex fatigue 139 
jacket 239 
melting 152 
pilling 256 
scales 20 257 
socks 263 
stitching damage 180 
suitings 139 
surface wear 106 139 
sweaters 256 
tensile breaks 138 
tensile fatigue 139 
trousers 238 
underwear 263 
UV exposure 122 
yarn breaks 192 

X 
X-ray energy analysis 27 
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Y 
yarn-on-yarn abrasion test 193 

yarn testing 192 


