STUDIES IN

STRUCTURE AND DYEING OF SYNTHETIC-POLYMER FIBRES

BY
RAJESH KUMAR SAXENA

A thesis submitted to the
indian Institute of Technology, Delhi
for the award of the degree of
DOCTOR OF PHILOSOPHY

DEPARTMENT OF TEXTILE TECHNOLOGY

INDIAN INSTITUTE OF TECHNOLOGY, DELHI
AUGUST, 1980 '



CERTIFICATE

This is to certify that the thesis entitled
"STUDIES IN STRUCTURE AND DYEING OF SYNTHETIC-POLYMER
FIBRES", submitted by Mr. Rajesh Kumar Saxena to the
Indian Institute of Technology,Delhi, for the award of
degree of DOCTOR OF PHIIOSOPHY is a record of the bonafide
research work carried out by him. Mr. Rajesh Kumar Saxena
has worked under my guidance for the submission of fhis
thesis, which to my knowledge has reached the requisite

standard.

The thesis or any part thereof, has not been
submitted to any other University or Institution for the

award of any Degree or Diploma.
///A¢(iu<f' (E;dniﬁﬁyQZZAA
Dr. M.L. Gulrajani,
Asgsistant Professor,
Department of Textile Technology,

Indian Institute of Technology,Delhi.
New Delhi 110016,



ACKNOWLEDGEMENT S

Thé author is sincerely grateful and deeply
indebted to his guide Dr. M.L. Gulrajani, Assisfant
Professor'of Textile Technology, from whom he}reéeived
systematic guidance and constant help and encouragement

at every stage of the research work.

The author is specially thankful to Prof. A.K.
Sengupta for his continued interest in the research
project and valuable discussions and suggestions. The
author is grateful to Prof. V.B. Gupta, Head of Textile
Department, for helpful discussions and Prof.(Miss) P.
Bajaj for extending all sort of help during the course
of research work. She had also been a great source of

inspiration during this period.'

The author is thankful to Mr. Kushal Sen for
assistihg him in carrying out a part of the research work
and for a friendly co-operation during the entire period.
The author wishes to thank his friends Mr. S.N. Garg,

Mr. D.C. Gupta, Mr. R.S. Rajpal, Mr. Manoj Dutta and
other research scholars of the department for their help.
Thanks are also due to Mr. Prgbhat Garg and Mr, Rajiv Goel

for their help in the preparation of this thesis,



The assistance given by Mr. V,A. Passi and
Mr. Rajender Prasad of the Textile Chemistry Laboratory
and by the staff of other research laboratories is sincerely

acknowledged.

The author is also thankful to all others who
proVided help during the research wWork and in the
preparation of this thesis, including Mr, Rajesh Arora
of Department of Textile Technology, IIT Delhi, and

Mr. X.G. Padam for tracing the figures.



ABSTRACT

The pseudo~stable nature of the physical structure
of the synthetic-polymer fibres has given rise to many
theories of the fibre structure to explain the physical
arrangement of the polymer chains in the fibre and to
correlate the effect of chemical, thermal and mechanical

agencies on the physical structure of the fibre.

During dyeing, the fibres are subjected to a
thermo-chemical treatment. The uptake of dye is considered
to begin when the fibre undergoes a change in the structure.
The free volume theory has been formulated to explain the
diffusion of dyes into these thermoplastic fibres, Accord-
ing to this theory, at the glass transition-temperature,
the segmental motion sets in and the diffusion of the dye

takes place by "jumping" from one site to another.

In actual practice it has been observed that, in
many cases, practically no dye is sorbed at the Tg of the
fibre. Furthermore, ﬁhe diffusion of the different dyes
(differing in size, shape, etc. ) does not start at the

same temperatwe i.e. Tg of the fibre.
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In Part I of the thesis, an endeavour has been
made to assess the effect that the dye has on the tempera-

ture at which the diffusion starts i.e. TD'
(

In the first chapter, a method for determiniﬁg
TD has been established. The TD of six dyes, differing
in their @jze, shape and interaction with the fibre, has
been determined and it has been established that the
temperature at which the dye starts diffusing into the
fibre is different for different dyes and it is higher than
the T, of the fibre (determined by the shrinkage method).
Furthermore, the normally used surface active agents, such
as Lﬁgé;é;%éggé%), has practically no effect on the tempera-

ture at which the diffusion starts. Change in pH from

4.5 to 7 also doés not seem to affect TD.

The carriers lower the Tg. The TD of the fibre
is also lowered to the same extent (as the Tg) irrespective
- of the dye used. These observations not only establish
the validity of TD’ but also show that the carriers
enhance the dye-diffusion by their action on the fibre

and have practically no effect on the dye.

Measurements of TD' of ?olyester fibres having

different T show that the difference in TD and Tg for

gi
any one dye remains the same irrespective of the dye used.
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On the basis of this and the previous observations, it is

established that TD and Tg are interrelated. An empirical

equation of the type

Where ATDye is the
contribution of the
dye

Dye

has been proposed. Furthermore, it is shown that by subs-
tituting TD in the WLF equation, in place of Tg’ more
méaningful results are obtained.

An analysis of the visible light absorption
spectra of the polyester fibres dyed in the absence or
presence of the dispersing agent shows that the dye
diffuses into the fibre in the monomeric form and, in the
case of dyeings carried out in the absence of dispersing
agent ;. dye-aggregates seem to be sorbed in the 'holes'

or 'cracks' on the swface of the fibre,

Studies on the concentration dependence of the
diffusion coefficient show that the diffusion coefficient
increases with concentration of the dye, thereby showing
that the dye initially entering the fibre makes the
diffusion of the subsequent dye molecules easier.
Assessment of the changes brought about by the dye in the
physical structure of the dyed fibres opens a new area of

investigation and forms Part II of this thesis.
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Part II of the thesis deals with the methods of
assessment and extent of the changes brought about by the
dyes in the physical structure of the fibres. The changes
brought out in the structure have been investigated by
measuring the critical dissolution time (CDT) and the

mechanical properties of the dyed fibres.

Initially, the CDT technique, used to detect the
changes in the physical structure of the fibre, was stan-
dardized by studying the effect of temperature (of the
dissolution bath) and the tension (on the fibres) on the
dissolution time. A mechanism of dissolution has also

been proposed.

Optimum conditions for investigating the changes
in the mechanical properties of the dyed fibres were
established by measuring the mechanical responses of the

fibres under different r.h. and loading conditions.

Having established the tools for investigating
the subtle changes brought about by the dye in the
mechanical properties of the dyed fibres, the effect of
various dyes and varying dye concentrations on the
tensile properties of the polyester fibres was investigated.

After determining the CIT of these fibres, it has been



CONTENTS

Abstract
PART I DYE-DIFFUSION
CHAPTER 1 THE TEMPERATURE AT WHICH DIFFUSION
O* DYES BEGINS - A STUDY OF THE
DYEING OF SYNTHETIC FIBRES
1.1 Introduction
1.1 1 The Pore Model
1e1.2 Free Volume Model
1:1.3 The Glass Transition Temperature
1.1.4 Determination of Tg
1.1.5 Tg by Dyeing Methods
1.2 Materials & Methods

1.2.1

1.2.2

102‘3
1.2.4

1.2.5

1.2.6

Dyes
Fibres
Carriers

The Dyeing of Fibres and Deter-
mination of TD

Measurcnent of the Glass Transi-
tion Temperature

Diffusion Coefficient of Disperse
Dyes

Page

-—

O o0 O P~ W

14
14
15
16

16

17

18



1.3

104
1.5

Results & Discussion

First Section : The Temperature at which
the Diffusion of a Dye
begins

1.3.1.1 Method of Locating the Temperature
at which Diffusion of Dye Molecules
starts (Tp)

1.3.1,2 The Data obtained from Dyeing Manuals

1.3.1.3 Dependence of TD on the Structure of
the Dye

Second Section : Effect of Dyebath Addi-~
tives on TD

1.3.2.1 Dispersing Agents
1.3.2.2 pPH of the Dyebath

1.3.2.% Carriers - Mechanism of Action

Third Section : Modified Polyester - Dye-
' Diffusion thereof

Fourth Section : Relationship between T

ﬁ g
Fifth Section : T, as a Reference Ten-

pérature in WIF

equation ‘
Conclusions

References

Page

19

21
22

29

34
34
37
39

44

48

50

61
62



CHAPTER 2 THE DIFFUSION PROCESS ~ CONCENTRA~
TION DEPENDENCE OF THE DIFFUSION
COEFFICIENT
2.1 Introduction
2,2 Materials & Methods
2.2.1 Fibre
20242 Dyes
2.2+3 Dyeing
2.2.4 Determination of Sonic Velocity
and Sonic Modulus
2,2.5 Stress~relaxation Modulus
2.3 Results & Discussion
2.4 References
CHAPTER 3 DIFFUSION OF DYES - STATE OF
DYE IN THE FIBRE
3.1 Introduction
3.2 Materials & Methods
3.2.1 Fibre
3.2.2 Dyeing
3.2.3 Absorption Spectra
3.3 Results & Discassion

3.4

References

Page

71
81
81
81
81

82
82

83
88

90
94
94
94
94

95
98



Page

PART ITI : DYE INDUCED CHANGES IN
THE FIBRE
CHAPTER 1A ASSESSMENT OF TECHNIQUES - THE
CRITICAL DISSOLUTION TIME OF
FIBRES
14.1 Introduction 99
1A.2 Materials & Methods 100
1A.2.1 Fibre 100
1A.2.2 Measurement of CDT 100
1A.2.3 Mechanical Properties 100
14.2.4 Scanning Electron Microscope
Photographs 101
1A.73 Results & Discussion 102
1A.3.1 CIT in Phenol ' 102
1A.3%3.2 CII in Sulfuric Acid 109
1A74 Conclusions 110
1A.5 References 11 -
CHAPTER 1B ASSESSMENT OF TECHNIQUES - EFFECT

OF STRAIN RATE AND % R.H. IN
BRINGING OUT THE DIFFERENCES IN
THE MECHANICAL PROPERTIES

1B. 1 Introduction 112
1B. 2 Materials & Methods 114
1B.2.1 The Dyeing of the Fibres 114

1B.2.2 Mechanical Properties 114



1Bo 3
1B.4

Results

& Discussion

Conclusions

CHAPTER 2A

2A.1
2h,2

2h.3

2A .4
2h.5

THE STRUCTURAL CHANGES INDUCED
BY THE DISPERSE DYE AND THE
MECHANICAL PROPERTIES OF THE
DYED POLYESTER FIBRES

Introduction

Materials & Methods

2h. 2.1
2h.2.2
2h.2.3
2h, 2.4
2h. 2.5
24,2.6

Results
2A. 3.1

2h.3.2

Dyes

Dyeing

Heat Setting
Mechanical Properties
Stress-relaxation Test

Measurement of CIT

& Discussion

‘Behaviour of Model Disperse Dye

and other Disperse Dyes normally
used in Commercial practice

The Structural Changes Induced
by the Dye and their Influence
on the Mechanical Properties

Conc lusions

References

Page

115
117

118
121
121
121
122
122
122
123

124

127

131

138
140



CHAPTER 2B DYE INDUCED CHANGES IN THE

2B. 1

2B. 2

2B.3

2B.4
2B.5

PROPERTIES OF THE DYED
NYION 6 FIBRES
Introduction
Materials & Methods
2B.2.1 TFibre
2B.2.2 Dyes
2B, 2.3 Dyeing Methods
2B.2.4 Mechanical Properties
2B.2.5 Test of CDI

2B.2.6 Moisture Regain Evaluation

Results & Discussion

2B.3.1 The Mechanical Properties of the

Dyed Nylon Fibres

2B.3.2 Moisture Regain Studies

2B.3.3 The Results obtained from CDT

Measurement s
Conclusions

References

List of Research Publications and Review
Articles written

Page

141
147
147
147
147
148
149
149

150

150
153

156
160
162



postulated that the dyes do stimulate the structural
rearrangements in the fibre during dyeing. The changes
in the mechanical properties of the dyed fibres have been
attributed to the physical hindrance (by the dye molecules)
offered to the polymeric ¢hains during stretching.
Specific dye-~polymer interactions do not seem to be res-
ponsible for the increase in initial modulus, yield point,
~etc.of the dyed fibres. This hypothesis is further
substantiated by invesfigating the mechanical properties
and CDT of the nylon fibres dyed Wwith the dyes having
specific interaction with the polymeric chains, namely,
acid. and reactive dyes. TFor comparison, the effect of

a disperse dye has also been investigated.



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15

