
 

 

 

 

Relating the properties of 
cellulose fibers to structure 

 
 

Thesis Submitted to AcSIR for the Award of 
the Degree of 

DOCTOR OF PHILOSOPHY 
In Engineering Science 

 
 

 
 
 

By 
Aakash Sharma 

Registration Number: 20EE14A26051 
 
 

Under the guidance of 
Dr. Guruswamy Kumaraswamy and Dr. Shirish Thakre 

 
 
 

Polymer Science and Engineering Division 
CSIR-National Chemical Laboratory, Pune 411008 



 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 

 

 

Declaration by the Candidate 

 

I hereby declare that the thesis entitled “Relating the properties of cellulose fibers to 

structure” submitted by me for the Degree of Doctor of Philosophy to 

Academy of Scientific & Innovative Research (AcSIR) is the record of work carried out by 

me at Polymer Sciences & Engineering Division (PSE), CSIR- National Chemical 

Laboratory, Pune - 411008, India, under the supervision of Dr. Guruswamy Kumaraswamy 

and Dr. Shirish Thakre. The work is original and has not formed the basis for the award of 

any degree, diploma, associateship and fellowship titles in this or any other university or 

other institute of higher learning. I further declare that the material obtained from other 

resources has been duly acknowledged in the thesis. 

 

 

 

 

Aakash Sharma                  June 2019 

AcSIR ID: 20EE14A26051 

Polymer Science and Engineering Division  

CSIR-National Chemical Laboratory 

Dr. Homi Bhabha Road, Pashan 

Pune – 411008 

Maharashtra, India 

 
 
 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to Papa 
 



 Ph.D. Thesis – Relating the properties of cellulose fibers to structure 
 

 

Abstract                                                                                                                          Page | i  

 

 Abstract 

Polymer fibers are ubiquitous. Applications of polymer fibers are wide ranging, spanning 

diverse fields such as textiles, biomedical materials, etc. These fibers are manufactured using 

very different processing techniques. For example, silk is spun by silkworms, PET fibers are 

spun from the melt state, polyethylene fibers are spun from gels. This thesis is focused on the 

structural investigation of semicrystalline regenerated cellulose fibers and on structure-

property relations in these materials.  

To convert cellulose into continuous filaments, it is dissolved and regenerated using two 

dominant industrially practiced processes – Viscose and Lyocell. Differences in processing 

techniques induce structural differences in regenerated cellulose fibers. Fibers manufactured 

using Viscose technique are characterized by skin core morphology whereas, Lyocell fibers 

show radial uniformity throughout the fiber diameter. Also, the shape of the fiber cross-

section is different for Viscose and Lyocell fibers. Such structural differences manifest at 

length scales varying from O(Å) to O(m). Implications of the structural differences are 

observed as differences in the fiber properties. For example, Lyocell fibers have higher 

modulus than Viscose fibers, Viscose fiber show better fibrillation resistance when soaked in 

water as compared to Lyocell fibers. Due to the hierarchy of structural differences, 

ascertaining the microstructural origin of the variations in these properties is a challenging 

task. Therefore, we present a systematic investigation of the structural features of regenerated 

cellulose fibers using tools that allow us to probe different length scales e.g. wide angle X-ray 

diffraction for Å-scale structure, small angle X-ray scattering for structure at tens of nm, 

ultra-small angle neutron scattering for structure at hundreds of nm, etc. We study the 

mechanical response of these fibers using a rheometer and relate the mechanical properties to 

the structure of the fibers. 

We demonstrate that polymer fibers, including natural silk and synthetic fibers, exhibit 

universal viscoelastic response. On stretching below yield, they show logarithmic stress 

decay. On unloading fibers with a glassy amorphous phase, the stress recovers. A simple 

phenomenological model accurately describes data from independent mechanical 

experiments and provides insights into the microstructural origins of the fiber response. 

Counter to intuition, the model indicates that it is the crystalline regions, rather than the 

amorphous glass, that deform predominantly on stretching fibers at high strain rates. On 
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holding a stretched fiber, stress decays as a consequence of relaxations in amorphous regions. 

Finally, unloading the fiber transfers stress from the amorphous to crystalline regions 

resulting in stress recovery. Model parameters correlate well with the fiber microstructure. 

Crystal and amorphous moduli from the model match those from X-ray diffraction. 

Activation energies for the temperature dependence of the peak relaxation time are similar to 

those reported in the literature. Thus, a simple model that invokes only crystal-amorphous 

coexistence can successfully model the mechanical response of a wide variety of polymer 

fibers. 

We employ this model to compare commercially available regenerated cellulose fibers 

manufactured using Viscose and Lyocell processes. Single fibers are subjected to a variety of 

mechanical deformations to obtain stress-strain, stress relaxation and stress recovery data. 

Lyocell fibers are characterized by higher values of crystalline modulus relative to Viscose. 

Lyocell fibers also have a higher amorphous phase modulus and a wider relaxation spectrum 

than Viscose, suggesting that amorphous and crystalline phases are dispersed in close 

connectivity in Lyocell. Viscose and Lyocell fibers exhibit qualitative similarities in their 

mechanical response. On stretching, there is a transition in the stress-strain curve from a low 

strain elastic response at a critical value of strain. This critical strain has been incorrectly 

attributed to yielding of the fiber. We establish that this critical value corresponds to an 

apparent yield. When subjected to strains higher than this apparent yield point, the fibers 

develop a memory of the mechanical deformation. This memory decays slowly, 

logarithmically with time and is lost over about a day as the fiber structure transitions back to 

the original as spun fiber. We also demonstrate that on wetting the fibers with water, there is 

an increase in the apparent yield strain for Viscose fibers, but not for Lyocell. We interpret 

these results in terms of the semicrystalline microstructure of the fibers.  

We study the effect of stretching and stress relaxation on the orientation of crystal and 

amorphous phases of Lyocell and Viscose fibers. Our results show that on stretching, 

orientation in both crystal and amorphous phases increases linearly with strain, correlating 

with the increase in stress and with the stretching of the crystalline unit cell along the c-axis. 

On holding after stretching to a particular strain, the stress relaxes logarithmically in time, 

correlating with a decrease in the strain along the c-axis of the crystal unit cell. The stress 

relaxation is also correlated with a logarithmic increase in amorphous orientation, while 

crystalline orientation stays constant. We attribute the stress development during stretching to 

deformation of the crystal unit cell, while crystal reorientation in the fiber direction results in 
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increase in the crystalline orientation parameter. On holding the fiber at a fixed total strain, 

the stress relaxes as strain is transferred from crystal to amorphous regions. Thus, the strain 

on the unit cell c-axis decreases and amorphous orientation increases. There are quantitative 

differences between the rate of increase in amorphous phase orientation during stress 

relaxation for Lyocell and Viscose fibers. For dry fibers, Lyocell shows a slower increase in 

orientation during stress relaxation. On wetting the fibers, their structural response changes 

qualitatively. We combine wide angle X-ray diffraction and birefringence experiments with 

our model to infer that that on stretching the wet fiber, the crystalline phase is neither strained 

nor oriented. However, orientation develops in the amorphous phase. During stress relaxation 

in wet condition, Lyocell fibers shows a faster increase in amorphous orientation than 

Viscose fibers, in line with the comparison of relaxation time spectra for wet Viscose and 

Lyocell fibers.  

We use small angle scattering to characterize the microvoids in regenerated cellulose fibers 

that might govern the onset of mechanical failure in these. In regenerated cellulose fibers, 

scattering of X-rays or neutrons at small angles is largely dominated by scattering from 

microvoids. We demonstrate that small angle X-ray scattering (SAXS) over the q-range that 

is typical for most commercial instruments arises from Porod scattering from the microvoid 

surfaces, viz. the scattered intensity scales as q-4. Therefore, it is not possible to extrapolate 

this data to lower q to obtain microvoid dimensions and volume fraction. We combine SAXS 

with medium resolution small angle neutron scattering (MSANS) to characterize the 

microvoids in regenerated cellulose fibers. Specifically, we compare fibers produced using 

the Viscose process with those from the Lyocell process. For both Viscose and Lyocell fibers, 

microvoids have a high aspect ratio and are elongated in the fiber direction. Also, the volume 

fraction occupied by the microvoids is comparable for Viscose and Lyocell fibers (0.04% - 

0.05%). However, there are differences in the microvoid size: Microvoids are more highly 

oriented for Lyocell fibers and have a larger average length and diameter, compared with 

Viscose fibers. This result might have important implications for understanding failure of 

these fibers. 

In summary, this thesis reports a detailed study of the structural differences between Lyocell 

and Viscose fibers at multiple length scales. We have developed a set of sophisticated 

methodologies for structural characterization of regenerated cellulose fibers. We report the 

non-intuitive structural response of Lyocell and Viscose fibers subjected to mechanical 

deformations and develop structure-property relations for these fibers. Our work uncovers the 
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microstructural origins of the differences between Viscose and Lyocell fibers, and presents 

results that have implications for relations between semicrystalline microstructure and 

properties in general. 
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 Chapter 1.             
Introduction 

 

Semicrystalline polymer fibers are an important class of materials. About 300 MT of 

synthetic polymers are manufactured every year,1 out of which, about one fourth is spun into 

fiber form. Synthetic fibers like polyethylene, polyethylene terephthalate etc. are used in 

making ropes, nets, raincoats, etc. Natural fibers like silk and cellulose find major application 

in textile industries. The suitability of fibers for specific applications is determined by the 

fiber properties. For example, the high strength of ultra-high molecular weight polyethylene 

fibers makes them suitable for demanding heavy weight applications. The fiber properties are 

governed by structure development during the fiber manufacturing process. A wide variety of 

processing techniques are used to make fibers. For example, PET fibers are spun in the melt 

state, silk is produced naturally by silk worms, regenerated cellulose fibers are produced 

using solvent extrusion technique, etc. These differences in processing methods give rise to 

different structural features in the fiber morphology. Figure 1.1 shows the SEM images taken 

for conventionally produced regenerated cellulose fibers and B. mori silk. One can notice that 

regenerated cellulose fibers exhibit non-uniform surface morphological features whereas silk 

fibers show uniform surface morphology. 

 

Figure 1.1 SEM images of (a) B. mori silk fibers and (b) regenerated cellulose fibers 

manufactured using Viscose process. 
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 Regenerated cellulose fibers: 

The main focus of this thesis is to study structure-property relations in commercial 

regenerated cellulose fibers. These are bio-derived materials spun into semicrystalline fiber 

form. Regenerated cellulose fibers are manufactured by dissolving native cellulose obtained 

from the wood pulp in a solvent and by extruding the so formed “dope” into a non-solvent. 

There are many processing methods reported for the manufacture of regenerated cellulose 

fibers,2–5 that produce fibers with variations in morphology and in properties. Out of these, 

two processing techniques are chiefly practiced at industrial scale to manufacture regenerated 

cellulose fibers – these are the Lyocell and Viscose processes. While the Viscose process is 

the conventional process for manufacture of regenerated cellulose fibers, there are several 

environmental concerns related to the chemicals used in this process.2,6 Therefore, there is a 

strong drive to adopt the Lyocell process, since this process does not use carbon disuphide. 

However, the fibers produced using the Lyocell process exhibit very different properties as 

compared to the Viscose fibers. To rationally suggest process changes to obtain desirable 

properties in regenerated cellulose fibers, it is essential to understand the relation between 

their structure and the resultant properties. Unfortunately, a detailed quantitative account of 

structure-property relationship for these fibers is currently lacking. Further, even the 

appropriate tools and methodologies required for characterization of the important structural 

features of these fibers is missing. In this thesis, we present a systematic study of the 

structural characterization of regenerated cellulose fibers and their relation with fiber 

properties. We also present insights into the relations between these structural differences and 

the fiber manufacturing process. This could represent a useful starting point for varying 

process parameters to obtain the fiber structure required for the desired properties. While this 

thesis is predominantly focused on the study of regenerated cellulose fibers and the 

development of tools to characterize them, we note that the methodologies developed here 

could find application to study a wide range of similar systems. In this Chapter, we present a 

detailed literature survey of the literature on regenerated cellulose fibers: the processes used 

to manufacture these, fiber structure and properties. We start by presenting details of the 

manufacturing process for Viscose and Lyocell fibers.  

1.1.1 Viscose process: 

 Viscose fibers, also known as rayon were first made in 1891 and were patented in 

1893. The process of preparing rayon starts by dissolving cotton or wood cellulose into 
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agitated aqueous sodium hydroxide (17-19%) to form sodium cellulosate. This is represented 

as follows: 

 

(C6H10O5)n + nNaOH → (C6H9O4ONa)n + H2O      

 Cellulose   Sodium hydroxide          Sodium cellulosate                   Water     

The yellow viscous solution so formed is called alkcell. It is pressed to remove excess alkali 

and is shredded into smaller pieces. For effective reaction of amorphous as well as the 

crystalline cellulose domains and to dissolve the short chains, the process is carried out at 45-

55C. At this point, the alkcell viscosity is very high, rendering it difficult to process. 

Therefore, alkcell is mercerized or pre-aged to decrease the degree of polymerization (DP) 

from 750-850 to 270-350. This range of DP is low enough so that it is processable and yet 

sufficiently high to obtain good tensile strength in the fiber. During mercerization, shredded 

sodium cellulosate is homogenized well at 40-60C for up to 5 hours.  

In the next step, mercerized cellulosate is reacted with CS2 vapours under vacuum at 25-37C. 

This process is carried out for up to 1.5 hours to maximize the reaction extent. The cellulose 

xanthate so formed is called viscose dope. The reaction is as follows:  

(C6H9O4ONa)n + nCS2  → (C6H9O4OCS2
-Na+)n 

             Sodium cellulosate         Carbon disulphide         Sodium cellulose xanthate 

The viscose dope is then aged for even distribution of CS2 and is filtered for removing 

particulates. Then, the dope is de-aerated using vacuum and air bubbles are removed to the 

extent possible. Finally, the dope is extruded through a spinneret into a coagulation bath. In 

commercial plants, each spinneret has around 30000 – 50000 holes, where each hole has a 

diameter in a range of 40–60 m. The coagulation bath contains predominantly sulphuric 

acid and small concentrations of zinc sulphate and sodium sulphate. Cellulose filaments are 

regenerated by the neutralization reaction that takes place in the acid bath as follows:  

2(C6H9O4OCS2
-Na+)n  +  nH2SO4       →   (C6H10O5)n    +   nNa2SO4           +        2nCS2 

Sodium cellulose      Sulphuric acid      Cellulose   Sodium sulphate     Carbon disulphide 

xanthate 

Cellulose filaments are stretched at high draw ratios using rollers to achieve the desired 

properties. Finally, the fibers are washed to remove solvents and are dried.   
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1.1.2 Lyocell process: 

 The first pilot plant for the Lyocell process was established in 1983 and the process 

was commercialized in 1984. In this process, cellulose pulp is dissolved in aqueous N-methyl 

morpholine-N-oxide (NMMO). NMMO can easily hydrogen bond with cellulose due to its 

N-O dipoles therefore, replacing intermolecular and intramolecular hydrogen bonds. 

However, there is a small region in the ternary phase of water, NMMO and cellulose shown 

by the shaded region in Figure 1.2, where cellulose is efficiently dissolved. The temperature 

of this dissolution is in the range 90-120oC. 

 

Figure 1.2 Ternary phase diagram of Cellulose-NMMO-Water. Reused with permission from 

reference7 Copyright (2001) Elsevier. 

The DP of cellulose in the brownish cellulose dope formed by dissolution in NMMO is 500-

600. This dope is then filtered for removing any impurities before extruding using spinnerets.  

  The spinning process of Lyocell fibers is called dry jet-wet spinning process. During 

the spinning step, dope is extruded through tiny holes of spinnerets. An air gap is present just 

after the spinnerets such that air is blown on the fibers as they are extruded out of the 

spinneret and before the non solvent bath. This air gap is critical to the fiber properties. It has 

been found that the air gap length governs the strength and the orientation properties of the 

final fiber.6 After the air gap, filaments are introduced to the spinning bath containing water 

as a non-solvent. As represented in the Figure 1.2, water extracts the NMMO out of the 

cellulose filaments and the cellulose fibers thus formed are stretched, washed and dried. 
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Draw ratios in the range of 4-20 are usually used.2 It is reported that the amount of solvent 

recovered in Lyocell process is > 99% which makes it considerably more efficient than the 

Viscose process in which about 70-75% of CS2 is recovered.  

 Comparison of Lyocell and Viscose processes: 

Lyocell and Viscose processes are different in many aspects. Here we list down the major 

differences in the processes that are known to critically affect the fiber properties.  

 The first difference is in the type of solvents used. Due to different solvents, Viscose 

process involves reaction of cellulose to form a base and the regeneration takes placed 

by acid base neutralization reaction. On the other hand, regeneration of Lyocell occurs 

by solvent extraction process, which involves few, if any, side reactions.  

 Degree of polymerization of cellulose is higher in Lyocell dope than the Viscose 

dope. This is reported to provide higher strength to the final fiber form in Lyocell 

process.6  

 Another major difference between Lyocell and Viscose is the processing temperature. 

Lyocell spinning is carried out at elevated temperatures as compared to Viscose.  

 A crucial factor that makes two fibers very different from each other is the type of 

spinning. Viscose is a wet spinning process where the extruded filaments are 

regenerated by spinning into the coagulation bath. Therefore, the filaments do not get 

enough time to crystallize and orient6 whereas, Lyocell is a dry jet-wet spinning 

process in which before regeneration, the extruded filaments are passed through an air 

gap in which fibers get well oriented and achieve higher strengths.   

Differences in the manufacturing processes of Lyocell and Viscose fibers, as summarized 

briefly here, cause the fibers to attain different structural features and different properties. 

The specifics of how various process parameters affect fiber structure is not completely 

understood at this point. However, there are some reports in the literature that elucidate 

differences in structural features for these fibers and the consequent variation in properties. 

We discuss structural and property differences in Lyocell and Viscose fibers in the next 

sections. 

 Structural differences in Lyocell and Viscose fibers: 

Fiber microstructure develops at multiple length scales during the manufacturing 

process. It is well known that the cellulose fibers exhibit hierarchical structure present at 

various length scales as shown schematically in Figure 1.3.  
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Figure 1.3 Hierarchical structure of regenerated cellulose fibers with representation of 

different features at each length scale. At ~ O (m) – SEM of single fibers, at ~ O (10 nm) – 

schematic of microvoids (red streaks) and crystalline lamellae (green chain folded regions) 

and at ~ O (Å) unit cell structure of regenerated cellulose. Parts of figure are reused with 

permission from references2,8 Copyright (2001) Elsevier  

In the next section, we discuss the structural features at each of these length scales and the 

differences in Lyocell and Viscose fibers, as reported in the literature. 

1.3.1 Micron (m) length scale: 

 Viscose and Lyocell fibers exhibit differences in surface morphologies and in the 

shape of the fiber cross section and, variations across the fiber length and in the radial 

direction etc. Figure 1.4 shows SEM images of Viscose and Lyocell fibers. It is clearly 

observed that Viscose fibers exhibit a non-uniform surface morphology with an irregular 

cross section. On the other hand, Lyocell fibers show a uniform surface with a regular and 

more circular cross section than the Viscose fibers.  
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Figure 1.4 SEM images of Lyocell and Viscose fibers. Reused with permission from 

reference2 Copyright (2001) Elsevier 

Other than the differences in the surface morphology, Lyocell and Viscose fibers also show 

radial differences across fiber cross section that are not apparent in the SEM images. Several 

research groups have reported dye uptake studies that show that Viscose fibers possess a 

skin-core structure. Abu-Rous et. al9 have studied diffusion of Uvitex BHT dye across the 

thin fiber cross section with time as shown in Figure 1.5. They have shown that the dye 

penetration is restricted to the skin of Viscose fiber cross sections whereas, for Lyocell, dye 

keeps diffusing into the core at a constant rate until finally the whole cross section is stained. 

Therefore, radial variation across the cross section is not observed in Lyocell fibers. Using X-

ray diffraction studies it has been shown that the skin of Viscose fibers contains smaller 

crystallites that have higher orientation than the core.10,11 Morehead et. al. has systematically 

studied and listed the process parameters that affect the skin formation in Viscose fibers.10 

For example, they have shown that skin thickness increases with increase in cellulose 

concentration in the dope, by decreasing the ageing time, by increasing the ion concentration 

in the bath etc.  
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Figure 1.5 Diffusion of dye in Lyocell (top) and Viscose (bottom) cross sections observed at 

two time scales – after 4hrs and 24 hrs. Reused with permission from reference9 Copyright 

(2007) John Wiley and Sons 

1.3.2 Nanometer (nm) length scale: 

Figure 1.3 shows the schematic of the structural features like microvoids and 

crystal/amorphous phases at nm length scales. The conventional tools to study these features 

are transmission electron microscopy (TEM), small angle X-ray and neutron scattering 

(SAXS/SANS). There are several reports that use these techniques to reveal the presence of 

fibrils, microvoids etc. We now discuss these reports in detail.   

A typical SAXS pattern from regenerated cellulose fibers reported by Jiang et. al.12 is 

shown in Figure 1.6. Ruland described this kind of scattering as fan like pattern.13 He 

claimed that this kind of scattering originates from microvoids elongated in the fiber 
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direction. Using the spread of intensities in the azimuthal plan, he proposed a method to 

calculate the average misorientation and average length of the microvoids. Later this method 

was extensively used by many other research groups. Jiang et. al. used this method to 

compare the average length and the misorientation of microvoids in Viscose, modified 

Viscose, Lyocell and fibers manufactured using ionic liquids as solvents.12 They showed that 

the Viscose fibers possess longest microvoids with highest misorientation.   

 

Figure 1.6 2D SAXS pattern for regenerated cellulose fibers Reused with permission from 

reference12 Copyright (2012) Elsevier  

To obtain the radii of microvoids, Jiang et. al.12 plotted the intensities in the horizontal plane 

as a Guinier plot and resolved the scattering curve into successive tangents as shown in 

Figure 1.7. Accordingly, for circular cross section of microvoids. the intensity, I, depends on 

the average radius (R) of the scatterer as:  

I = I(0) exp(
-q2R2

4
) 

1.1 

where, q is the scattering vector that depends on scattering angle (2) and wavelength of 

incident X-rays () as q = 4sin()/) and I(0) is intensity at q = 0 nm-1.  

Using this method, they showed that there is no significant difference in microvoid radii 

between Lyocell and Viscose fibers. Therefore, according to their analysis, differences in the 

manufacturing process do not affect the microvoid radii. The same research group studied the 

effect of spinning speed on the microvoid size, measured using the aforementioned method.14 

They showed that on increasing spinning speed, the average microvoid length increases and 

average misorientation decreases. They also showed that the average radius of the microvoid 

cross section decreases on increasing the spinning speed during the process.  
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Figure 1.7 Guinier plot of intensities in the horizontal direction with successive tangents. 

Reused with permission from reference12 Copyright (2012) Elsevier 

Crawshaw et. al. have investigated the effect of drying on the chord length, radius of 

gyration, mean cross-section and volume fraction of microvoids in regenerated cellulose 

fibers.15 They demonstrated that the average microvoid size consistently increases with 

drying the water swollen fiber and the void volume fraction decreases. They stated that, on 

drying, smaller microvoids close up, leading to a decrease in void volume fraction. Schurz et. 

al. investigated microvoid structure using the scattering invariant and obtained the average 

chord length and the microvoid volume fraction.16 They claimed that elongated and well 

oriented microvoids might be responsible for superior mechanical properties of Lyocell 

fibers. Fischer et. al. performed small angle neutron scattering on selectively deuterated 

regenerated cellulose fibers to obtain the fibril dimensions using equation 1.17  

The use of Guinier analysis to interpret the small angle scattering data, as reported in the 

literature, is valid only at sufficiently low q such that qR < 1. For uniaxially elongated 

microvoids, this should result in the scattered intensity, I scaling as q-1. We note that the 

experimental data does not show this, calling the analysis in the literature into question. We 

elaborate on this point in Chapter 5 and demonstrate that the microvoid radii reported in the 

literature are incorrect.  

Other than scattering experiments, transmission electron microscopy has been used to study 

the structure at nm length scales. Abu-Rous and co-workers18 used the solvent exchange 
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technique to insert isoprene in the regenerated cellulose fibers swollen with water at first and 

then with acetone. Isoprene was polymerized inside the fibers and was stained with osmium 

tetraoxide. The microtomed cross sections of such samples were observed under TEM. They 

showed that Lyocell fibers exhibit a porous layer on the outer side of the cross section 

(Figure 1.8). In contrast, Viscose fibers showed pores throughout the cross section, 

characterized by a wide size distribution. Therefore, there are significant differences in the 

pore structure of swollen Lyocell and Viscose fibers that have been reported in the literature.  

 

Figure 1.8 TEM images of stained cross section of Viscose (top) and Lyocell (bottom) fibers 

showing distribution of pores as black regions. Reused with permission from reference18 

Copyright (2006) Springer Nature 

We note here that the pore structure shown in Figure 1.8 has been obtained for swollen fibers 

and it is not clear how this relates to the microvoid structure in dry fibers.  
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1.3.3 Angstroms (Å) length scale: 

As shown in Figure 1.3, at angstrom length scales, the unit cell structure of the 

cellulose crystal characterizes fiber structure. Wide angle X-ray diffraction is a widely used 

tool to study the unit cell structure of regenerated cellulose fibers. 2D WAXD pattern from 

regenerated cellulose fibers is shown in Figure 1.9.19 Zugenmaier has summarized in his 

review that there are four major categories of cellulose allomorphs and regenerated cellulose 

fibers fall in the cellulose II category.8 Two cellulose chains run antiparallel to form a 

monoclinic unit cell in regenerated cellulose fibers. The lattice parameter values for 

regenerated cellulose fibers, as reported by Kolpak et. al.20 are a = 8.01 Å, b = 9.04 Å, c = 

10.36 and  = 117.1o. However, we note here that the values of lattice parameters reported in 

the literature vary over quite a significant range.8,21,22 

 

Figure 1.9 2D WAXD pattern of regenerated cellulose fibers. Reused with permission from 

reference19 Copyright (2006) Elsevier 

Figure 1.10 shows a 1D WAXD pattern of regenerated cellulose fibers,19 showing 

scattering peaks from the crystalline regions on an amorphous halo. Various research groups 

have studied the WAXD pattern of Viscose and Lyocell fibers and obtained percentage 

crystallinity.12,14,23–27 Again, a wide range of crystallinity values have been reported for these 

fibers varying from 15.5% to 74%. However, it is consistently observed that Lyocell fibers 

exhibit higher crystallinity than Viscose fibers.12,14,24–27 Jiang et. al. have correlated the higher 

modulus and strength of Lyocell fibers with their higher crystallinity and smaller crystal 

size.12  
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Figure 1.10 1D WAXD pattern of regenerated cellulose fibers with peaks fitted. Reused with 

permission from reference14 Copyright (2012) Springer Nature 

The 2D WAXD pattern in Figure 1.9 indicates the oriented nature of crystalline units 

in regenerated cellulose fiber. A widely used method to quantify orientation of uniaxially 

oriented crystalline phase in literature is to calculate the Hermans orientation parameter.28,29 

It has been shown that Lyocell fibers exhibit higher crystalline orientation than Viscose 

fibers. Zhang et. al. reported that the major reason behind higher crystalline fraction and 

higher crystalline orientation of Lyocell fibers is the presence of an air gap during dry jet-wet 

processing of Lyocell.6 Due to this air gap, cellulose chains orient and crystallize before the 

coagulation bath. Other than crystalline orientation, amorphous phase orientation has also 

been investigated by many groups using birefringence measurements.12,14,30 It has been 

shown that the amorphous phase of cellulose fibers also exhibits orientation along with the 

crystalline phase. The amorphous phase has a higher orientation in case of Lyocell fibers as 

compared to Viscose fibers.12,30 Jiang et. al. showed that percentage crystallinity, crystalline 

and amorphous orientations increase with increase in the spinning speed.14 

A complete structural elucidation of regenerated cellulose fibers involves many other 

features including the details of the fibrillar structure, the hydrogen bonding network, etc. 

Here, we restrict our discussion to the features that are relevant for the current work. In 

summary, the aforementioned discussion demonstrates that regenerated cellulose fibers are 

characterized by a complicated hierarchical structure that develops differently in Viscose and 

Lyocell fibers. These differences in the structural features lead to differences in the properties 

of fibers. Next, we discuss the properties of regenerated cellulose fibers in detail along with 
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the literature on the differences in Viscose and Lyocell fibers, and the structural origin of 

these differences.  

 Properties of regenerated cellulose fibers: 

1.4.1 Mechanical response: 

The mechanical properties of regenerated cellulose fibers depend on their structure, and 

therefore, on the process of manufacture. There are several reports on the mechanical 

measurements on cellulose fibers and comparisons between Viscose and Lyocell fibers have 

also been reported. Figure 1.11 shows a typical stress vs. strain response from regenerated 

cellulose fibers manufactured using Lyocell and Viscose processes. For both fibers, the stress 

increases linearly up to a strain of about 1% and beyond that the slope of stress strain curve 

decreases. On stretching further, the slope remains constant till the fibers fail. The kink at 1% 

strain has been reported in the literature as the yield point. As shown in Figure 1.11, Lyocell 

fibers have higher modulus than the Viscose fibers. Lyocell fibers also exhibit higher strength 

as compared to the Viscose fibers. However, the strain at which Lyocell fibers break is lower 

than the Viscose fibers. Kong et. al. have studied the effect of draw ratio on the stress strain 

reponse.31 They showed that with increase in draw ratio, the modulus of fibers increases and 

the strain at break decreases. 

 

Figure 1.11 Stress vs strain data for regenerated cellulose fibers manufactured using Lyocell 

and Viscose processes.  
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It has been reported that the higher crystallinity of Lyocell fibers is responsible for its higher 

modulus.6   

1.4.2 Cyclic loading/unloading: 

Elasticity and plasticity of regenerated cellulose fibers have been tested by performing cyclic 

loading and unloading experiments. Gindl et. al. have reported that on stretching both 

Viscose and Lyocell fibers, an elastic linear region is observed for strains below kink strain.32  

Figure 1.12 shows the cyclic loading/unloading response for Viscose and Lyocell fibers. 

Here, a single fiber is stretched to different increasing strain in each cycle, beyond kink. It 

could be seen that in each cycle, the strain at which the slope of stress strain curve decreases, 

changes to a new value. For both fibers, there is an increase in the elastic region in 

subsequent cycles when stretched beyond the kink. They have claimed that with each cycle, 

the elastic modulus of both fibers increases which is known as strain hardening. They have 

also reported that the strain hardening is more pronounces in case of Lyocell fibers than the 

Viscose fibers.   

 

Figure 1.12 Cyclic loading/unloading data for Lyocell and Viscose fibers with increasing 

strain in each cycle. Reused with permission from reference32 Copyright (2006) Elsevier 

Meredith also performed cyclic loading/unloading experiments on Viscose Rayon fibers.33 

He showed that when the fiber is unloaded to zero strain after stretching beyond the kink 

strain, some fraction of strain is recovered. Therefore, along with the plastic deformation, 

some elastic recovery is also observed.      
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1.4.3 Stress relaxation: 

Stress relaxation experiments on regenerated cellulose fibers have been reported in literature. 

In these experiments, a fiber is stretched to a particular strain value and is held at that strain 

for long time. Yamaguchi et. al.34 and Meredith35 performed stress relaxation experiments on 

Viscose Rayon fibers. Yamaguchi et. al. showed that the stress relaxes as a power law in time 

for regenerated cellulose fibers. Figure 1.13 shows the stress relaxation moduli plotted 

against time for fibers stretched to different strains. It could be observed that the rate of stress 

relaxation is independent of the strain to which is the fiber is stretched. They fitted the stress 

relaxation data with a power law dependence of stress on time as shown in Figure 1.13. They 

showed that as compared to polyester and nylon fibers, stress relaxes faster for regenerated 

cellulose fibers. However, to the best of our knowledge, comparison of stress relaxation 

between Lyocell and Viscose fibers has not been thoroughly studied in literature.  

 

Figure 1.13 Stress relaxation data for Viscose Rayon fibers obtained at different strain. 

Reused with permission from reference34 Copyright (1981) The Textile Machinery Society of 

Japan 

1.4.4 Fibrillation: 

Fibrillation is a phenomenon that is especially pronounced for Lyocell fibers. During this, the 

filaments of fiber start splitting apart as shown in Figure 1.14 when the fiber is soaked in 
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water and subjected to mechanical shear. It is reported that Viscose fibers are not as prone to 

fibrillation as Lyocell fibers. Fibrillation is undesirable because the fibers lose their good 

wash and wear properties. There have been many attempts to solve the fibrillation problem in 

Lyocell fibers. Researchers have tried treatment with alkali, cross linking agents, etc. to 

reduce fibrillation.36,37 Some models also have been proposed to explain the mechanism of 

fibrillation based on the parallel fibrillar structure of Lyocell fibers.38 However, the exact 

reason behind fibrillation is not fully understood and more research needs to be done to 

understand and address this problem. 

 

Figure 1.14 Fibrillation of Lyocell fibers in wet state. Reused with permission from 

reference2 Copyright (2001) Elsevier. 

1.4.5 Sorption and swelling properties: 

The effect of water on regenerated cellulose fibers has been studied by various research 

groups. Water forms hydrogen bonds with cellulose and is capable of disrupting intra and 

inter chain hydrogen bonding in cellulose. Several reports compare the sorption behaviour of 

Lyocell and Viscose fiber25,39,40 and it has been shown that Lyocell fibers absorb less 

moisture than the Viscose fibers. This has been attributed to the greater number of free –OH 

bonds present in Viscose fibers due to their low crystallinity. Also, Viscose fibers swell more 

than the Lyocell fibers when soaked in aqueous medium.  

 Structure property relationships: 

We have discussed the structure and the properties of regenerated cellulose fibers 

manufactured using Viscose and Lyocell techniques. Now we discuss the literature relating 

the fiber properties to structure. It is clear from that the dependence of properties of cellulose 
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fibres on structure is not fully understood. Complications arise from the hierarchical 

organization of structure in regenerated cellulose fibers. Due to the presence of different 

structural features at each length scale, relating properties to structure unambiguously is 

extremely difficult. Although there are some literature reports that attempt to relate properties 

to structure, robust structure property relations remain elusive. Here we discuss the current 

literature regarding the dependence of properties on structure.  

There are several reports on structure property relationships in regenerated cellulose 

fibers.3,7,12,14,30,41–45 Kong et. al. studied the effect of domain orientation on the mechanical 

properties of regenerated cellulose fibers.46 They showed using WAXD that the fibers with 

lower orientation show a rapid increase in orientation on stretching whereas fibers with 

higher domain orientation show a slower increase and undergo less reorientation. They 

reported that fibers with higher crystal orientation show high tensile modulus and proposed a 

model to relate the crystal shear stress to orientation. Many other reports also show that the 

tensile modulus increases with increase in crystalline orientation.3,14,30 Jiang et. al. studied 

different regenerated cellulose fibers with variations in the crystallinity and crystalline 

orientation.12,14 They showed that fibers with higher crystallinity exhibit higher modulus. 

Kong et al.  showed that fibers with higher crystalline orientation fail at a lower strain.47 Lenz 

et. al. investigated the origin of fibrillation and reported that the fibrillation of Lyocell fibers 

increases with increase in crystalline orientation.30 

Zhang et. al. used mechanical models to fit the stress strain curve for regenerated cellulose 

fibers in dry and wet state.48 Based on these models, they propose that the change in fiber 

properties on wetting arise from wetting-induced changes in the crystallinity and hydrogen 

bonded structure. Meredith and Haughton et. al. used reaction rate theory to obtain activation 

energies from the stress relaxation of regenerated cellulose fibers.35,49 Haughton et. al showed 

that a bimodal distribution of activation energies is required to explain the relaxation and 

attribute the relaxation to the motion of glucose rings. Meredith also proposed a spring 

dashpot combination to explain the stress relaxation response.  

As discussed above, there are several reports that study the dependence of properties on 

various structural features in regenerated cellulose fibers. Based on these results, some 

qualitative relations have been proposed. However, none of these studies is able to clearly 

establish quantitative structure-property links for regenerated cellulose fibers. Further, the 

models that have been employed in the literature are incapable of identifying the relevant 
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structural attribute that governs specific properties. Therefore, there is insufficient 

understanding on the subject of structure-property relations in regenerated cellulose fibers.   

 Objective of thesis: 

Transitioning from Viscose to Lyocell process is important due to the lower environmental 

footprint of the Lyocell process. However, as the fibers obtained from Viscose and Lyocell 

processes exhibit differences in properties, it is important to understand the structural 

underpinning of the fiber properties to allow rational manipulation of structure by varying 

processing conditions. However, the current literature does not provide robust structure-

property relations for regenerated cellulose fibers. Additionally, literature studies report 

inconsistent and, in some cases, incorrect structural data for cellulose fibers. Due to the 

structural complexity, in some cases, the appropriate tools to quantify structural features are 

not available. Therefore, one of the major objectives of this thesis is to present an elegant set 

of complementary experimental methodologies and analytical tools to accurately quantify 

various structural features in Viscose and Lyocell fibers at different length scales. Another 

objective is to identify the relevant structural features that govern different properties of these 

fibers. We establish structure-property relation for regenerated cellulose fibers and compare 

the properties and the structure of Viscose and Lyocell fibers. Specifically, we focus on 

mechanical properties of the fibers. Using wide angle, small angle and medium resolution 

small angle scattering, we develop methodologies to characterize microstructural features. 

Models are developed to relate these features to the properties and to identify the differences 

in Viscose and Lyocell fibers.   

 Outline of the thesis: 

Chapter 1: This chapter presents the relevant literature on the subject of regenerated 

cellulose fibers and the gaps present in literature. We present our motivation for this work 

and summarize the approach adopted.  

Chapter 2: We investigate the linear region mechanical response for a variety of 

semicrystalline fibers with glassy amorphous phase e.g. silk, regenerated cellulose, 

polyethylene terephthalate and polyacrylonitrile in different experiments. Response from 

these experiments is fitted using a simple phenomenological model. The model parameters 

are related to the structural features present at angstrom length scale using wide angle x ray 

diffraction. Briefly, we obtain crystalline and amorphous phase moduli from in-situ WAXD 

experiments during mechanical deformation and compare the values to the model parameters. 
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The viscous dissipative response is related to the sub Tg relaxations in these systems. We 

show that the model predicts counterintuitive microstructural response for these fibers, that 

we validate using other experimental techniques. A major finding of this work is that the 

linear region mechanical response in semicrystalline polymer fibers with glassy amorphous 

phase is governed only by crystal-amorphous coexistence and other structural details at 

higher length scales are not relevant. This work presents quantitative structure-property 

relations for polymer fibers in the form of a simple model.  

Chapter 3: We show that Viscose and Lyocell fibers exhibit qualitatively similar (but 

quantitatively different) response in mechanical experiments. We use the model developed in 

Chapter 2 to fit data from Viscose and Lyocell fibers. The fit parameters relate to structural 

features. Hence, by comparing the model parameters for Viscose and Lyocell fiber, we study 

the origin of quantitative difference in properties of these two fibers. On stretching the fibers 

beyond a particular strain, there is a transition in the slope of stress/strain response. This 

transition has been reported as yielding in the literature. We show that this transition is 

actually an apparent yield and the apparent plastic deformation observed on stretching the 

fibers beyond this point is, in fact, recoverable. We also show that this apparent yield point 

could be shifted to a new value by stretching the fiber. On wetting the Viscose and Lyocell 

fibers, there is an increase in the apparent yield point of Viscose fibers whereas for Lyocell 

fibers, there is no change. We describe the wet state behaviour of these fibers based on water 

absorption experiments.  

Chapter 4: We perform in-situ WAXD and birefringence experiments on Viscose and 

Lyocell fibers during stretching and stress relaxation. We describe the effect of these 

deformation experiments on the crystalline and amorphous phase orientations. Crystal 

orientation does not change during stress relaxation whereas the amorphous phase orientation 

increases on holding the fibers at a constant strain. We also demonstrate the effect of water 

on the response of structure. Combined results from WAXD, birefringence and relaxation 

experiments show that, in water soaked condition, the crystalline phase does not get strained 

on stretching the fibers. Also, wetting reverses the trend of relaxation rates for Viscose and 

Lyocell fibers.   

Chapter 5: We study the microvoid structure of Viscose and Lyocell fibers at O~(10-100 

nm). We perform small angle X-ray scattering and medium resolution neutron scattering 

experiments on Lyocell and Viscose fibers in dry state. We show that the scattering arises 
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primarily from the elongated microvoids, oriented in the fiber direction. We demonstrate that 

the analyses of small angle scattering presented in the literature for cellulose fibers is 

erroneous. We show that medium small angle data is essential to obtain the microvoid size 

distribution and propose a methodology for analysing the scattering data. Our analysis gives 

information on the average microvoids length, radius, misorientation and the distribution of 

microvoid radii. We show that Lyocell fibers possess bigger microvoids than the Viscose 

fibers, which may relate to the mechanism of failure of Lyocell fibers.  

Chapter 6: This chapter presents a summary of the work in this thesis and the scope for the 

future work on this subject.    
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 Chapter 2.                
Modeling the universal viscoelastic response of 

semicrystalline polymer fibers 
 

(Contents of this chapter are published in and reprinted with permission from Sharma, A.; 

Kumaraswamy, G.; Thakre, S. Modeling the Universal Viscoelastic Response of Polymer 

Fibers. Phys. Rev. Mater. 2018, 2 (6), 062601). Copyright (2018) American Physical Society 

 

 Graphical Abstract: 

 

 

 

 Introduction: 

Polymer fibers are ubiquitous in nature (for example, silk or cellulosic plant fibers) as well as 

in industrial practice (for example, PET or nylon). The toughness of natural silks and the 

springiness of synthetic fibers woven into carpets are determined by the fiber 

microstructure.1–6 A majority of polymer fibers, including silk and PET, are semicrystalline. 

Such polymers have a regular chemical structure that allows them to crystallize. However, 

the long chain nature of polymer molecules precludes complete crystallization and 

amorphous and crystal phases coexist in the semicrystalline state. Two phase coexistence 

over a wide range of temperature and pressure violates the Gibbs rule and is indicative of the 

non-equilibrium nature of semicrystalline polymers. Further, at temperatures below the glass 

transition temperature (Tg) of the polymer, the amorphous phase is glassy.  

Modelling the mechanical response of semicrystalline polymer fibers is challenging due to 

their structural complexity. Polymers crystallize to form lamellae that are tens of nanometres 

thick. Since the thickness of the lamellar crystal is much smaller than the typical polymer 

contour length, a polymer chain spans multiple lamellae.7 Parts of a chain that are between 

https://journals.aps.org/prmaterials/abstract/10.1103/PhysRevMaterials.2.062601
https://journals.aps.org/prmaterials/abstract/10.1103/PhysRevMaterials.2.062601
https://journals.aps.org/prmaterials/abstract/10.1103/PhysRevMaterials.2.062601
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crystalline lamellae are in the amorphous state. Further complexity, such as the presence of 

microvoids or a core-shell structure might arise from the spinning process that produces the 

fiber. Thus, semicrystalline microstructure is characterized by ordering over a wide range of 

length scales, making it difficult to develop tractable molecular models to capture their 

behaviour. Several attempts have been made over the last several decades to develop 

phenomenological models for the viscoelastic response of polymer fibers.8–12 For example, 

the response of silk fibers to cyclic loading has recently been modelled.10 However, this 

model is incapable of capturing stress recovery observed on unloading silk fibers. 

Phenomenological models have also been developed that capture the response of 

polyethylene fibers.8,13 Here, we demonstrate that a wide variety of semicrystalline polymer 

fibers, including natural and synthetic fibers, exhibit universal viscoelastic response. We 

present a phenomenological model, that is independent of fiber chemistry, that captures data 

from independent mechanical experiments and offers insights into the microstructural origins 

of the mechanical response.  

 

 Materials and Methods: 

We examine semicrystalline polymer fibers of polyacrylonitrile (PAN), polyethylene 

terephthalate (PET), regenerated cellulose, and silk fibroin. PAN and PET fibers are synthetic 

whereas regenerated cellulose is obtained from natural cellulose.14–16 Silk is a natural fiber 

obtained from silkworms.17,18 At room temperature, PET, PAN, regenerated cellulose, and 

silk fibroin have a glassy amorphous phase. Thus, our experiments investigate synthetic as 

well as natural semicrystalline polymer fibers, prepared using a wide range of spinning 

methods (including solution and melt spinning and reactive regeneration).  

2.3.1 Mechanical Measurements: 

We isolate individual fibers and stretch them at a constant rate (= 4 × 10−3 s−1) to investigate 

their stress-strain response. All mechanical measurements are performed using ARES G2 

rheometer (TA instruments). For each test, a single fiber is clamped in the torsion fixture of 

the rheometer using a paper frame, as described by Adusumalli and co-workers19 with gauge 

length between 10 to 11 mm. Each measurement is repeated at least 10 times to ensure 

reproducibility. Variation in the data across fibers was less than 10%.  Here, representative 

data from one fiber is presented. In stress relaxation, a fiber is stretched (at 4 × 10−3 s−1) to a 

strain below the yield strain and the stress is monitored while holding the fiber at that strain. 
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The normal force transducer gives the force values during stretching, relaxation and recovery 

tests. We ensure that the forces, even for single fiber measurements are at least 10-fold 

greater than the resolution limit of the transducer. To calculate stress on a fiber, we obtain the 

fiber cross-sectional area as follows. We straighten fibers and embed them in epoxy. Then, 

we microtome the epoxy embedded fibers perpendicular to the fiber length and obtain the 

cross-sectional images using an optical microscope at 40X magnification. We use ImageJ 

software to measure the cross-sectional area of all embedded fibers. The average cross 

sectional area (averaged over at least 25 fibers) and standard deviation for all fibers is shown 

in Table 2.1. We obtain the stress as the force normalized by the average cross-sectional area. 

        Table 2.1 Average and standard deviation in cross-section area for fibers. 

 
AVERAGE 

(μm2) 

ST.DEV. 

(μm2) 

Regenerated 

Cellulose 
151.8 15 

Silk 86.9 13.11 

PET 146.1 14.05 

PAN 380.9 33.33 

 

2.3.2 In situ Wide Angle X-Ray Diffraction:  

WAXD measurements were performed by taking a bunch of fibers. All measurements were 

made using RIGAKU R AXIS IV++ equipped with a microfocus source (Cu Kα radiation, λ = 

0.154 nm, 1.2KW rotating anode generator). We mounted a stretching device (LINKAM 

Tensile Stress Testing System - TST350) on the WAXD instrument so that in situ 

measurements could be performed on fibers during stretching. WAXD was performed on 

unstretched fibers; then the samples were stretched at a strain rate of 4 × 10−3s−1 to a strain 

below (apparent) yield point and held for a period of 2 days. Then WAXD was performed on 

these relaxed fibers. 2D air background was subtracted from the measurements made on each 

sample after normalizing for scattering time. 2D data were converted to 1D data using 

RIGAKU 2DP software. 

2.3.3 Lattice parameters for regenerated cellulose fibers:  

Crystalline peaks in WAXD data of regenerated cellulose fibers are indexed based in the 

literature.20,21 We calculate d spacing corresponding to the indexed peaks. Crystalline unit 
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cell of regenerated cellulose fibers is known to be monoclinic.22 For monoclinic unit cell, the 

d spacing relates to the unit cell parameters as follows: 

1

𝑑2
=

1

(𝑠𝑖𝑛 𝜃)2
[
ℎ2

𝑎2
+

𝑘2

𝑏2
−

2ℎ𝑘 𝑐𝑜𝑠 𝛾

𝑎𝑏
] +

𝑙2

𝑐2
 

          2.1 

 

 Results and Discussions: 

2.4.1 Mechanical response: 

At low strains, the stress is linear in strain for all fibers [Figure 2.1(a)]. We observe that the 

fibers apparently yield at a critical strain y, above which the slope of the stress-strain data 

decreases. For strains < y, stress-strain data is reversible, viz. the stress decreases to zero 

along the same path on unloading the fiber immediately after stretching. The elastic response 

of the fibers below y is characteristic of the microstructure of the as spun fiber and is 

independent of the strain rate within a range of 2.5 x 10-4 s-1 to 4 x 10-3 s-1. Here, we restrict 

our investigations to the elastic response region.  
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Figure 2.1 (a) Stress strain response from various semicrystalline fibers at a constant stretch 

rate of 4 × 10−3 s−1. The (apparent) yield strain y for Cellulose, PAN, PET, and silk fibers 

was determined to be 1.3%, 3.5%, 2.1%, and 7.6%, respectively. (b) Modulus, E(t) = σ(t)/ 

from stress relaxation experiments for fibers held after stretching to a strain, o < y. The 

black lines represent fits to the model shown in (c) comprising units with an elastic element 

in series with a Kelvin Voigt element. We assume a distribution of relaxation times in each 

unit that is represented schematically as a parallel combination. (d) Schematic representation 

of polymer chains spanning crystalline lamellae and amorphous domains in the 

semicrystalline fibers. 

 

Polymer fibers are viscoelastic. We investigate the fiber viscoelastic response by performing 

stress relaxation experiments. For all semicrystalline fibers, the stress decays logarithmically 

with time [Figure 2.1(b)]. The stress does not decay to zero even after holding for several 

days. The logarithmic time decay of stress suggests that relaxation is governed by processes 

characterized by widely varying time scales.  

2.4.2 Model: 

We describe the mechanical response of the fibers using a phenomenological model as shown 

schematically in Figure 2.1(c). Each unit comprises a Kelvin-Voigt element (with elastic 
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modulus Ea and relaxation time τ) in series with an elastic spring with modulus Ec. This unit 

is described by the following equation: 

dσ

dt
+

σ


 - 

EcEa

(Ec + Ea)
ε - Ec

dε

dt
=0 

2.2 

Since the polymer fibers exhibit logarithmic stress decay, we model the response using a 

spectrum of relaxation times, P(τ), corresponding to the spatial heterogeneity of the 

amorphous domains [Figure 2.1 (d)]. From equation 2.2, we obtain the stress developed, σs−s, 

on stretching the fiber at a constant strain rate ̇ and the time-dependent stress relaxation (σr) 

as: 

σS-S = ∫ P() 

∞

−∞

Ec

Ec + Ea
[Eaε + Ec̇(1 − e- 

t
 )] 𝑑 

  2.3 

σr     = ∫ P() 

∞

−∞

{[σo - 
EcEaε

Ec + Ea
 ] e- 

t
 +  

EcEaε

Ec + Ea
} 𝑑 

             2.4 

For Ea > 0, the stress from this model never decays to zero during stress relaxation 

experiments.  

Fiber stretching and stress relaxation are independent experiments. We obtain the fit 

parameters, Ec, Ea, and P(τ) by simultaneously fitting the model to data from these two 

independent experiments using CONTIN regularization.23,24 Since we simultaneously fit 

stress-strain and stress relaxation data, the model converges robustly to the same fit 

parameters even with widely varying initial guesses. Fit parameters Ec and Ea are given in    

Table 2.2 and the relaxation spectra P(τ) are shown in Figure 2.2. In all fibers, Ec > Ea. As 

anticipated from the stress decay data, P(τ) varies widely (Figure 2.2). We observe that P(τ) 

is monomodal for PET, PAN, and silk and is bimodal for the regenerated cellulose fibers. 
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   Table 2.2 Moduli from fitting and WAXD. 

 

 

 

 

 

 

 

 

 

Figure 2.2 The best fit for the relaxation times, P(τ), obtained by fitting the experimental data 

to the model. 

 

We now explore how these model parameters relate to the semicrystalline microstructure. 

Since Ec > Ea, it is possible that Ec represents the elastic modulus of the crystalline domains 

while Ea represents the low strain elastic response of the glassy amorphous domains. To 

verify this, we employ wide angle x-ray diffraction (WAXD) to independently estimate the 

elastic moduli associated with the crystalline and glassy amorphous domains. 

 
 

Moduli from 

fitting (GPa) 

Moduli from 

WAXD (GPa) 

Regenerated 

Cellulose 

Ec 

Ea 

12.5 

1.1 

14.2 

1.78 

Silk Fibroin 
Ec 

Ea 

13 

4.57 

11.6 

4.96 

PET 
Ec 

Ea 

6.06 

2.27 

5.81 

2.32 

PAN 
Ec 

Ea 

2.17 

0.44 
--------------- 
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2.4.3 Wide angle x ray diffraction: 

We cannot perform WAXD on a single fiber. Therefore, we perform in-situ WAXD on a 

bunch of fibers stretched to strains below y in a stretching device. The fiber spinning process 

induces strong uniaxial orientation in the crystalline phase, reflected in 2D-WAXD from 

aligned fibers. We perform WAXD on fibers that are held in the stretched state for two days, 

such that the stress approaches a steady state. The meridional WAXD peaks shift to lower 2θ 

when fibers are stretched. For example, we show the shift for the 002 peak on stretching 

regenerated cellulose fibers [Figure 2.3(a)]. From the WAXD peak positions, we can 

calculate crystalline unit cell parameters for unstretched and stretched fibers. For example, 

based on the equation 2.1, a, b, c parameters obtained for cellulose fibers in unstretched state 

are a=7.801 Å, b=9.212 Å, c=10.254 Å and for stretched fibers are a=7.788 Å, b=9.205 Å, 

c=10.297 Å. We observe that stretching induces an extension of the crystal unit cell along the 

c axis and a small compression along a and b axes. Since the polymer chain is aligned along 

the c axis of the crystalline unit cell,22 stretching results in elongation of the polymer crystals 

along the chain axis. We calculate the crystalline strain, c (= 
c

c
 ), as the ratio of the change 

along the c axis, normalized by the unstretched unit cell distance along the c axis. It is well 

established in literature that the stress is homogeneously distributed on the crystal and 

amorphous parts of semicrystalline polymers.25–27 Hence, crystalline and amorphous phases 

have been modelled as two springs connected in series by Dulmage and Sakurada.28–31 We 

modify their method to estimate the strain on the amorphous regions as a = c. At steady 

state, the stress corresponds to a series combination of the crystalline and glassy elastic 

elements. Thus, σ = 
EcEa

Ec+Ea
. Therefore, we calculate the elastic moduli as: 

Ec = 


εc
      Ea = 



εa
 

2.5 

We use this method to estimate the elastic moduli for PET, silk, and regenerated cellulose 

fibers. PAN fibers show only equatorial peaks (200) and (310): Therefore, it is not possible to 

obtain the unit cell dimension along the c axis from WAXD and, we cannot use this method 

to estimate the elastic modulus for PAN fibers. The moduli, Ec and Ea, obtained from WAXD 

for PET, silk, and regenerated cellulose fibers agree reasonably well with those from the 

model fits (see    Table 2.2). This supports our assumption that Ec and Ea obtained from the 
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model can be interpreted as the elastic moduli corresponding to crystalline and amorphous 

domains of the semicrystalline fibers, respectively.  

 

 

Figure 2.3 (a) Wide angle x-ray diffraction data for regenerated cellulose fiber in unstretched 

and stretched states. 2D data obtained from the WAXD is shown as an inset (left). The data 

are reduced to 1D (intensity versus 2θ) by circular averaging. WAXD peaks were indexed 

based on the literature.20,21 The inset on the right clearly shows that the 002 peak shifts to 

lower 2θ upon stretching. Data for PET and PAN fibers are shown in the middle and bottom, 

respectively. (b), (e) Stress strain and (c), (f) stress relaxation experiments performed at 

temperatures of 298, 328, 358, and 383 K for PET and 298, 313, 323, 348, and 373 K for 

PAN fibers. Fits to the data are indicated as black lines. Temperature dependent model 

parameters are given in (d,g). 
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We now examine the temperature dependence of the model parameters, P(τ), Ec, and Ea, as 

PET and PAN fibers are heated to temperatures approaching their Tg. Fiber orientation results 

in an increase in the Tg for fibers. We measure Tg of 375 K and 389 K for PAN and PET 

fibers, respectively—higher than literature values for unoriented samples (PET—353 K, 

PAN—369 K). On heating PAN and PET fibers from 298 K to near Tg, there is a systematic 

decrease in the fiber modulus, suggesting softening of fibers with temperature [Figure 2.3(b) 

and (e)]. Correspondingly, model fits to the data show a two to five-fold decrease in Ec on 

approaching Tg. In contrast, near the polymer Tg there is a qualitative change in the stress 

relaxation for both fibers. Near Tg, the stress in both PET and PAN stretched fibers decreases 

to 0 upon holding for about 1000 s. Correspondingly, Ea decreases abruptly to 0 near Tg 

[Figure 2.3(c) and (f)]. Thus, the mechanical response of PET and PAN fibers on 

approaching the amorphous phase Tg is described by a simple Maxwell model comprising an 

elastic element in series with a viscous element.32 The behaviour of Ea close to Tg is further 

evidence that Ea is related to the response of the amorphous domains. 

On heating, there is also a shift in P(τ) to lower values as shown in Figure 2.4. We plot the 

temperature dependent decrease in the peak of the relaxation time distribution, P [Figure 

2.3(d) and (g)]. There is an exponential decrease in τP with temperature, characterized by an 

activation energy of 37.4 kJ/mol for PET and 70.2 kJ/mol for PAN. We note that these values 

for the activation energy compare favourably with those from dielectric measurements of β 

relaxation processes in these material.33,34 Further, dielectric measurements yield broad 

relaxation spectra corresponding to β processes, comparable to the breadth of P(τ) from our 

model fits (PET,35,36 PAN,37 regenerated cellulose38). Thus, the amorphous relaxations that 

we obtain from our model correlate with sub - Tg motions reported for these polymers. Thus, 

the parameters of this simple model bear a remarkable correspondence with the 

microstructural features of semicrystalline fibers: The moduli correspond to the elastic 

response of crystalline and amorphous phases while the relaxation time spectra represent the 

contribution of sub-Tg processes in the amorphous regions.  
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Figure 2.4 Relaxation time spectra of PET and PAN fibers shift to lower time scales with 

temperature. 

Having established the connection between the model and semicrystalline 

microstructure, we now explore the predictions of the model. We calculate the strain in the 

crystalline and amorphous domains when regenerated cellulose fibers are stretched at 4 × 

10−3 s−1, using the model parameters calculated earlier. Counter to intuition, the model 

suggests that it is the crystalline regions that predominantly deform, and that there is 

minimum deformation of the glassy amorphous regions during stretching as shown in Figure 

2.5 (a). The time scales for the stretching experiment (̇−1 = 250 s) is significantly smaller 

than those that characterize glassy relaxation (Figure 2.2). Thus, the glassy amorphous phase 

is unable to respond during stretching and it is the crystalline regions that get strained. We 

now present three independent experiments that support this surprising prediction of the 

model.  
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Figure 2.5 (a) Evolution of crystalline and amorphous strains from the model during 

stretching of cellulose fibers at 4 × 10−3 s−1. (b) Variation of strain with time for cellulose 

fibers shows three regions where WAXD (shown in inset) is performed: Red (unstretched 

fibers), green (during stretching), and blue (relaxed fibers). (c) Initial slope of the stress vs 

strain curve for regenerated cellulose, PET, and silk fibers obtained at 4 × 10−3 s−1 [compare 

with the crystal modulus obtained from WAXD (   Table 2.2)]. (d) Stress vs strain data for 

cellulose fibers stretched at (4 × 10−3 s−1) and at extremely low strain rate (5 × 10−6 s−1). (e) 

Evolution of crystalline and amorphous strains from model during stretching of cellulose 

fibers at (5 × 10−6 s−1) [compare with (a)]. 

 

At first, we use WAXD to directly examine the crystalline strain when the cellulose fibers are 

stretched. We stretch cellulose fibers to a strain of 1.2% (<y) and obtain WAXD data for 3 s, 

close to the peak strain [Figure 2.5 (b)]. Since, the data acquisition time is small, we average 

data over five repeat measurements to improve signal to noise. Then, we allow the fibers to 

relax over two days and obtain WAXD at steady state. We observe that the crystal expands in 

the c-axis direction during stretching and subsequently shrinks as stress is transferred to the 

amorphous glassy phase during relaxation. This provides direct proof for deformation of the 
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crystalline phase during stretching. We note that crystal deformation happens during 

stretching only for semicrystalline samples with a glassy amorphous phase, for which our 

model is valid. When we stretch fibers of high molecular weight polyethylene, where the 

amorphous phase is rubbery, we observe no change in the position of the meridional peak in 

WAXD (Figure 2.6).39 Next, we examine the slope of the stress-strain data during stretching 

and compare with the crystalline modulus obtained directly from WAXD measurements. We 

observe that for regenerated cellulose, PET, and silk fibroin stretched at 4 × 10−3 s−1, the 

slope of the stress-strain curve as shown in Figure 2.5 (c) is approximately equal to the 

crystalline modulus obtained from WAXD in    Table 2.2. Thus, the modulus obtained by 

stretching a composite structure comprised of interconnected crystalline and amorphous 

domains closely matches the crystalline modulus obtained independently from WAXD 

measurements. This strongly suggests that it is indeed the crystal regions that deform during 

stretching of semicrystalline fibers with a glassy amorphous phase. Finally, the model 

suggests that if we stretch the fibers at extremely low strain rates, then there will also be a 

contribution of the amorphous phase to the mechanical response. Here, the strain rates should 

be sufficiently low such that the time scale that characterizes deformation is comparable to 

the slowest relaxation times of the amorphous phase. We perform stretching experiments on 

regenerated cellulose fibers at a strain rate of 5 × 10−6 s−1, three orders of magnitude lower 

than that in our previous experiments. We observe that the initial slope of the stress strain 

curve is lower than at higher strain rates (and therefore lower than the crystalline modulus 

[Figure 2.5 (d)]). Using the model parameters obtained previously, we observe that in this 

experiment, the strain is taken up by both amorphous and crystalline regions [Figure 2.5 (e)]. 

Thus, taken together, our data provide strong evidence for the non-intuitive predictions of the 

model.  
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Figure 2.6 Meridional peak position (011) does not change on stretching for ultra-high 

molecular weight polyethylene as the amorphous phase is rubbery. The peak has been 

indexed based on the literature.39,40  

 

In semicrystalline fibers where glassy amorphous domains are modelled as Voigt elements, 

stress relaxation does not correspond to irrecoverable viscous dissipation. Our model predicts 

that as strain is transferred to the glassy amorphous domains, the energy during stress 

relaxation is not lost. Rather, it is stored in the elastic component (Ea) of the Voigt element. 

This should result in an internal build-up of stress in the fiber. Thus, if the fiber is unloaded to 

zero stress after stress relaxation, then this internal built-up stress in the amorphous domain is 

transferred back to the crystalline domain, that should manifest as an increase in the fiber 

stress over the slow time scales that characterize the glassy amorphous phase.  

To verify this prediction, we performed stress recovery experiments. Here, semicrystalline 

fibers with a glassy amorphous phase are stretched below yield and are allowed to relax for 

3600 s. Then the fiber is unloaded by rapidly reducing strain (at 4 × 10−3 s−1), until the stress 

decreases to zero. Stress decreases to zero at nonzero strain, as anticipated by the model. The 

fibers are then held at this strain and the stress is monitored [Figure 2.7(a)]. For all 

semicrystalline fibers investigated: PET, PAN, silk, and regenerated cellulose fibers, we 

observe an increase in stress with time as shown in Figure 2.7 (b). Further, the increase in 

stress is quantitatively predicted by the model using the same parameters obtained from 
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fitting the stress-strain and stress relaxation data. The model fit is shown as a black line in 

Figure 2.7 (b). Where Ea = 0, e.g., PET and PAN near Tg, those fibers do not show stress 

recovery.  

 

Figure 2.7 (a) Experimental protocol for strain imposed during stress recovery experiments. 

(b) The response from fibers with glassy amorphous phase shows recovery in stress after 

relaxation. 

 

 Conclusions: 

We have demonstrated that a relatively simple model can quantitatively capture the 

mechanical response of a wide variety of semicrystalline fibers, for independent 

measurements (stress-strain, stress relaxation, and recovery) and over a wide temperature 

range. To the best of our knowledge, none of the models reported in the literature capture the 

response from such diverse experiments for different polymers.41–47 Our model predicts the 

mechanical response of synthetic fibers (PET, PAN, regenerated cellulose) with different 

chemistries, manufactured using a wide variety of spinning processes, as well as of natural 



 Modeling the Universal Viscoelastic Response of Semicrystalline Polymer Fibers 
 

Chapter 2                                                                                                                      Page | 41  

 

fibers (silk). These fibers exhibit wide variations in crystallinity, orientation, and 

morphology. For example, reactively regenerated viscose cellulose fibers are characterized by 

an amorphous skin/crystalline core morphology, while other fibers do not show such 

dramatic radial variation. We do not account for such morphological differences—the fiber 

response is modelled as arising only from the amorphous/crystal connectivity in the 

semicrystalline microstructure. This appears to be sufficient to describe the mechanical 

response of the fibers. Further, model parameters are constrained by simultaneously fitting 

independent experiment results. These model parameters correlate to the semicrystalline 

microstructure in a physically meaningful way and fitted values match reasonably well with 

those from WAXD experiments and literature.  
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 Chapter 3.          
Structure-property relations in regenerated cellulose 

fibers: Comparison of fibers manufactured using Viscose 

and Lyocell processes 
 

(Contents of this chapter are published in and reprinted with permission from Sharma, A.; 

Nagarkar, S.; Thakre, S.; Kumaraswamy, G. Structure – Property Relations in Regenerated 

Cellulose Fibers : Comparison of Fibers Manufactured Using Viscose and Lyocell Processes. 

Cellulose 2019, 26 (6), 3655–3669). Copyright (2019) Springer Netherlands  

 

 Graphical Abstract: 

 

 

 

 

 

 Introduction: 

Cellulose is the most abundant natural polymer. It is a semicrystalline polymer where crystal 

and amorphous phases coexist, with the crystalline phase stabilized by strong hydrogen 

bonds. On heating, cellulose does not exhibit crystal melting – rather, the polymer undergoes 

degradation. Solvents that can disrupt intra-molecular hydrogen bonding can dissolve 

cellulose, offering a route to process it into useful products. To convert cellulose into 

continuous fiber form for use in textile applications, it has to be regenerated. In this process, 

the native cellulose is dissolved and regenerated fibers are produced by spinning the solution 

into a non-solvent coagulation bath.  The details of the fiber regeneration process play a 

critical role in determining the microstructure of the regenerated fiber, and therefore in 

determining its properties. 

https://link.springer.com/article/10.1007/s10570-019-02352-w
https://link.springer.com/article/10.1007/s10570-019-02352-w
https://link.springer.com/article/10.1007/s10570-019-02352-w
https://link.springer.com/article/10.1007/s10570-019-02352-w
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           Figure 3.1 Regeneration process for the production of cellulose fibers. 

The steps of cellulose fiber regeneration are schematically depicted in Figure 3.1. Wood pulp 

is dissolved in a solvent and the solution is extruded through spinneret holes into a 

coagulation bath that contains a non-solvent. The non-solvent extracts the solvent, 

regenerating the cellulose in fiber form. Several processes based on this general scheme have 

been developed for dissolution of native cellulose and its regeneration as fibers.1,2 The two 

main industrially practiced processes are the Lyocell and Viscose processes, that we 

described in detail in Chapter 1. Here we reiterate the differences in these processes by giving 

a brief description of them.  

The Viscose process was developed over a century ago, in 1891.  Here, cellulose pulp is 

reactively dissolved in sodium hydroxide base to form sodium cellulosate.2 This solution is 

aged at 40 – 60oC such that the degree of polymerization (DP) of cellulose is reduced from 

750-850 to 270-350. This results in a decrease in solution viscosity to processable values. 

Sodium cellulosate is then treated with carbon disulphide to form sodium cellulose xanthate, 

which is dissolved in dilute sodium hydroxide to form Viscose dope. Subsequently, the 

solution is extruded through spinnerets into a coagulation bath containing sulphuric acid and 

salts, ZnSO4 and Na2SO4. The xanthate reacts vigorously with the acid solution and is 

neutralized to cellulose. The fiber thus obtained is washed and dried. Cellulose undergoes 

recrystallization during the spinning and coagulation steps. The Lyocell process is more 

recent, and was first commercialized in 1984.2 Here, cellulose pulp is dissolved in an aqueous 

solution of N-Methylmorpholine N-oxide (NMMO). The cellulose in solution has a DP of 

500-600.1 The solution (called dope) is then extruded using spinnerets, across an air gap, into 

Air gap  

(for Lyocell) 

Fiber 
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a coagulation bath containing water. In the coagulation bath, water acts as a non-solvent for 

the cellulose and extracts NMMO to regenerate the cellulose fiber.  

In this work, we examine similarities and differences in the structure and properties of fibers 

from Viscose and Lyocell processes. We begin by summarizing aspects that have been 

previously reported in the literature3–5 and, that are consistent with data on fibers investigated 

here. When examined using a scanning electron microscope (SEM), there are significant 

differences in the shapes of the fiber cross-section for Viscose and Lyocell fibers (Figure 3.2 

a and b).  Viscose fibers exhibit a highly irregular cross section (Figure 3.2 a). Lyocell fibers 

do not show a perfectly circular cross-section either – however, they are significantly more 

regular than the Viscose fibers (Figure 3.2 b). The shape of the cross-section is a 

consequence of the regeneration process and the difference between Viscose and Lyocell 

fibers has been previously reported.2 

Further, in experiments where the fibers are dyed and examined in cross-section under an 

optical microscope, we observe that the Viscose fibers possess a radial skin layer that exhibits 

higher dye uptake than the core (Figure 3.2 c). In contrast, we observe uniform dye uptake 

throughout the cross-section of Lyocell fibers (Figure 3.2 d). Thus, not only are the Lyocell 

fibers more uniformly shaped in cross-section, there are also no radial gradients that are 

reflected in the dye uptake. Reports in the literature suggest that the regeneration process of 

Viscose fibers results in the formation of a skin layer with a lower crystallinity than the core, 

resulting in the observed radial differences.6,7 
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Figure 3.2 SEM images of the fiber cross sections for (a) Viscose and (b) Lyocell fibers. 

Representative optical microscopy images of dyed and microtomed cross section of (c) 

Viscose and (d) Lyocell fibers. 

 

There are several reports that investigate the effect of regeneration processes on the structure 

and properties of cellulose fibers.8–15 Jiang et al compared regenerated cellulose fibers made 

from Viscose, Lyocell and modifications of these processes.9 They demonstrated that Lyocell 

fibers have higher specific modulus (viz. elastic modulus/specific gravity) and tenacity (viz. 

breaking load/linear density) in both dry and wet state, when compared with Viscose fibers. 

However, the strain at break is lower for Lyocell fibers relative to Viscose. They used wide-

angle X ray diffraction (WAXD) to demonstrate that Lyocell fibers have a higher crystallinity 

relative to Viscose fibers and suggested that the higher modulus of the Lyocell fibers arises 

from their higher crystallinity. Reports have related the elongation at break to the crystallinity 

and crystalline orientation in cellulose fibers. Detailed analyses of the effects of processing 

parameters such as draw ratio, spinning speed etc. on properties and structure have been 

reported in the literature.16–19 It has been shown that on increasing the spinning speed and 

draw ratio, the crystalline orientation increases. Fibers characterized by higher orientation fail 

at lower elongation relative to those with lower orientation, viz. spun at lower draw ratios.20 

On stretching, there is an increase in the orientation exhibited by fibers with a low initial 

orientation.18,19 Previous studies have also reported the influence of wetting Lyocell and 
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Viscose cellulose fibers with water on their mechanical properties.9,21,22 These reports 

indicate that the water uptake of Viscose fibers is higher relative to Lyocell. This results in a 

significant decrease in the tenacity of Viscose fibers on wetting. Since Lyocell fibers show a 

lower water uptake, the decrease in their wet state tenacity is lower.  

The mechanical response of various cellulosic fibers have been described using 

phenomenological models as well as molecular mechanics.18,23,24 These models typically 

capture the effect of molecular deformation and crystal domain orientation on the stress-strain 

behavior of these fibers. However, given the microstructural complexity of cellulose fibers, 

these models are inadequate to capture the behavior of cellulose fibers subjected to different 

mechanical histories. We reported (Section 2.4.2)25 the development of a phenomenological 

model that accurately captures the mechanical response of semicrystalline fibers in the linear 

response regime. We demonstrated the use of this model to fit stress-strain, stress relaxation 

and recovery data for a wide variety of fibers, including natural fibers such as silk and 

regenerated cellulose as well as synthetic PET and PAN fibers. Notably, we demonstrated 

that for semicrystalline fibers with a glassy amorphous phase, the fit parameters could be 

directly related to microstructural features. Thus, this model provides important insights into 

the microstructural underpinnings of the mechanical response of glassy semicrystalline 

polymer fibers. 

Here, we contrast the mechanical response of regenerated cellulose fibers prepared using 

Viscose and Lyocell processes. We subject Viscose and Lyocell fibers to mechanical 

deformation, and fit this data to our phenomenological model. The microstructural 

parameters obtained from this fit characterize the two fibers. At elongational strains of a few 

percent, regenerated cellulose fibers show a decrease in the slope of the stress-strain curve. 

This has been identified as the yield point in the literature.26–28 We demonstrate that this does 

not represent a true yield point for either Viscose or Lyocell fibers. On wetting the fibers, 

there is a change in the apparent yield strain. The nature of this change is qualitatively 

different for Viscose and Lyocell fibers, indicative of structural differences between these 

fibers. 
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 Material and Methods: 

We perform experiments on commercial regenerated cellulose fibers manufactured using 

Lyocell and Viscose processes. These fibers were provided by Aditya Birla Science and 

Technology Company Pvt. Ltd. The linear mass density of Lyocell fibers is 1.15 ± 0.29 den 

and that of Viscose fibers is 1.2 ± 0.13 den. Viscose and Lyocell fibers are characterized by a 

crystallinity index of 0.3 and 0.4, respectively (from a ratio of intensity under crystalline 

peaks to total intensity in WAXD as described in section 4.3.4). Lyocell fibers show higher 

crystal orientation with a Hermans orientation parameter of 0.86, relative to 0.79 for Viscose. 

Experiments were performed on “dry” fibers, conditioned at 25oC and 55% RH for over a 

day, as well as on fibers soaked in water for at least 30 minutes. During measurements on wet 

fibers, the fiber is kept in contact with a pool of water so that it does not dry out during the 

experiment.  

3.3.1 Mechanical Measurements:  

Fibers were subjected to different mechanical histories using the ARES G2 rheometer (TA 

Instruments). Specifically, we perform stress strain, cyclic loading/unloading, stress 

relaxation and stress recovery experiments. For each test, a single fiber is clamped in the 

torsion fixture of the rheometer using a paper frame set up as described by Gindl and co-

workers12 with gauge length between 10 and 11 mm. Each measurement is repeated at least 

10 times and representative data are presented. We obtain the stress by dividing the force 

obtained from the rheometer by the average cross sectional area of the fiber.  

Stress strain measurements are performed on single fibers stretched at a constant strain rate of 

4 x 10-3 s-1 until failure. Cyclic loading/unloading experiments are performed by stretching a 

single fiber to a predetermined strain at a fixed rate (4 x 10-3 s-1) after which the strain is 

decreased at the same rate to zero strain. These measurements are performed for different 

values of strains chosen below and above the apparent yield point. For stress relaxation 

measurements, fibers are stretched at a strain rate of 4 x 10-3 s-1 to a specified final strain. The 

strain is then held constant to monitor the evolution of stress. In stress recovery experiments, 

fibers are stretched to a final strain and are maintained at that strain for one hour. After one 

hour, strain on the fiber is decreased at 4 x 10-3 s-1 until the stress becomes zero. 

Subsequently, the fiber is held at that strain and the evolution of stress is monitored. 
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3.3.2 Wide Angle X-Ray Diffraction (WAXD):  

WAXD measurements are made on fibers in dry state. The diameter of the X-ray spot is 

greater than the average fiber diameter – hence, WAXD measurements are made on a bundle 

of fibers. These fibers are combed to straighten them and are then clamped in the WAXD. All 

measurements are made using Rigaku R Axis IV++ equipped with a microfocus source (Cu 

Kα radiation, λ = 0.154 nm, 1.2 kW rotating anode generator).  

We mount a stretching device (Linkam Tensile Stress Testing System - TST350) on the 

WAXD instrument to perform in situ diffraction measurements during stretching. WAXD 

measurement is performed first on combed, straightened fibers in the unstretched state at 

first; then the fibers are stretched at a strain rate of 4 x 10-3 s-1 to a specific value of final 

strain and are held at this strain for two days to allow the stress to relax to a plateau. Once the 

stress plateaus, WAXD is performed again on these stretched fibers (Figure 3.3). 

2D air background is subtracted from the WAXD data obtained for each sample after 

normalizing for scattering time. 2D data is converted to 1D data using RIGAKU 2DP 

software.  

 

Figure 3.3 (a) 2D wide-angle x ray pattern showing highly anisotropic scattering from 

regenerated cellulose fibers. (b) 1D data for Lyocell and Viscose fibers indexed based on the 

literature.19,29  

 

a b 
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3.3.3 Model: 

In previous chapter (section 2.4.2),25 we described a phenomenological model to fit the linear 

mechanical response data for semicrystalline fibers with a glassy amorphous phase. As 

shown schematically in Figure 3.4, the model comprises of parallel connected units having a 

spring in series with a Kelvin-Voigt element. To describe the slow relaxation of the 

amorphous phase, we assume a variation in dashpot relaxation times () across the units 

while the spring moduli (Ec and Ea) are constant. Phenomenological spring dashpot models 

have been used extensively in the literature to model different polymer fibers.30–32 However, 

while previous models were typically able to capture the fiber response to only specific 

modes of mechanical deformation, the model in Figure 3.4 has been demonstrated to capture 

stress-strain, stress relaxation and stress recovery for several natural and synthetic polymer 

fibers. 

 

Figure 3.4 Representation of the phenomenological model employed to capture mechanical 

response of fibers. 

Stress-strain and stress relaxation experimental data are fitted using this model using 

regularization, to obtain the fit parameters, Ec, Ea and P(), that characterize the fibers. We 

have shown that for semicrystalline fibers with a glassy amorphous phase, Ec corresponds to 

the crystalline phase while Ea and P() characterize the response of the amorphous regions of 

the fiber. Ec from the model fit matches that obtained from independent WAXD experiments, 

while the activation energy from relaxation time spectra correspond to that reported for sub 

Tg relaxations. 
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 Results and Discussions: 

3.4.1 Mechanical response and model fit:  

The stress required to elongate cellulose fibers is linear in the extensional strain at low 

strains. We stretch both Viscose and Lyocell fibers at a strain rate of 4 x 10 -3 s-1 to a strain of 

0.4% and 0.6% respectively, in the linear response region, and then hold for 3600 s and 

finally decrease the strain until the stress becomes zero (as indicated in the schematic in 

Figure 3.5 a). The experimental data and the fit to the phenomenological model (depicted in 

Figure 3.4) is shown in Figure 3.5 b. The model parameters from the fit, Ec and Ea are shown 

in  Table 3.1 and P() are shown in Figure 3.6. Previously (Chapter 2),25 we have shown that 

the moduli Ec and Ea can be associated with the crystalline and amorphous phases, 

respectively, and P() represents the relaxation time spectrum in the glassy amorphous phase. 

 

Figure 3.5 (a) Schematic of the extensional strain imposed on the fibers in stress-strain (light 

orange), stress relaxation (green) and stress recovery (lavender) experiments. (b) 

Experimental data for stress strain, stress relaxation and stress recovery experiments.   

 

The mechanical response of Lyocell and Viscose fibers exhibit qualitative similarities – 

however, there are quantitative differences. The slope of the stress-strain data is higher for 

Lyocell fibers relative to Viscose. Consequently, the crystalline modulus (Ec) for Lyocell 

fibers (15 GPa) is higher than that for Viscose fibers (12.5 GPa) by about 20%. Here, Ec does 

not represent the modulus of the unit cell of a cellulose crystal33–35 – rather, it corresponds to 

lumped parameter description of the crystalline regions that averages over the details of the 

semicrystalline microstructure. For both Viscose and Lyocell, Ec is about an order of 
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magnitude higher than the amorphous phase modulus, Ea. On holding the fibers at constant 

strain, the stress shows a slow logarithmic relaxation and then plateaus on holding for 3600 s 

(Figure 3.5 b, middle). Subsequently, the strain is decreased at 4 x 10-3 s-1 until the stress 

goes to zero (at a strain of approximately 0.34% for Lyocell and 0.26% for Viscose). On 

holding at this strain, the stress is observed to recover (Figure 3.5 b, right). A broad 

relaxation time spectrum, P(), is required to capture the slow stress decay and stress 

recovery. We observe that the data for both Viscose and Lyocell are fitted well by a bimodal 

P() (Figure 3.6). We note that P() is broader for Lyocell (relative to Viscose) and extends 

from over an order of magnitude smaller in time scales to over an order of magnitude higher.  

 

Figure 3.6 Relaxation time spectra for Lyocell and Viscose fibers obtained from the model 

fitting. 

 

3.4.2 Wide-angle X ray measurements: 

The moduli of the crystalline and the amorphous phases can be independently determined 

using WAXD. Cellulose fibers show uniaxial symmetry with the crystal c-axis along the fiber 

direction. Therefore, fiber stretching results in an increase in the c-axis unit cell dimension 

(and a corresponding decrease along the a and b axes). We calculate the strain on cellulose 

crystals from the change in the c lattice parameter of the fibers, as εc (= 
∆c

co

). When a 

semicrystalline fiber is stretched, it has been shown that crystal and amorphous phases 

experience the same stress.36–38 Therefore, the crystalline modulus can be calculated as a ratio 

of the experimentally imposed stress to the WAXD crystalline strain, εc. To estimate the 
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amorphous modulus, we perform WAXD on stretched fibers, after the stress has relaxed to a 

plateau value. In these experiments, we stretch cellulose fibers to a strain of 1% and then hold 

the fibers at that strain for over 2 days to ensure that stress relaxation is complete before we 

perform WAXD. After stress relaxation, the crystal and amorphous regions can be modeled 

as springs in series.25,39–41 Therefore, the strain on amorphous phase is calculated as εa = ε - εc 

and moduli of crystalline and amorphous phase are calculated as:                   

Ec = 
σ

εc
      Ea = 

σ

εa
 

          3.1 

Ec and Ea obtained from WAXD for both fibers are shown in  Table 3.1. We observe that 

these values are in reasonable agreement with those obtained from model fits to the 

mechanical data. This supports our assertion that the model parameters, Ec and Ea, 

characterize the crystal and amorphous regions, respectively, of the semicrystalline fiber. We 

note that our model represents a minimal description of the semicrystalline state, and does not 

explicitly account for the degree of crystallinity, crystal orientation, spatial variations in 

microstructure, etc. Therefore, Ec and Ea, represent effective moduli that present a lumped 

description of the complex semicrystalline microstructure of the fibers. Therefore, we 

attribute the higher value of Ec for Lyocell to the higher degree of crystallinity and crystal 

orientation that one associates with this process (relative to Viscose). Similarly, we speculate 

that the higher value of Ea might correspond to greater coupling between the crystal and 

amorphous states in the more crystalline Lyocell fiber that results in greater constraints on 

mobility of the glassy amorphous phase. 

 Table 3.1 Crystalline and amorphous moduli from model fitting and WAXD. 

  
Moduli from fitting (GPa) Moduli from WAXD (GPa) 

Lyocell 
Ec 

Ea 

15.00 

2.05 

16.10 

1.91 

Viscose 
Ec 

Ea 

12.50 

1.10 

14.2 

1.78 
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The glassy amorphous phase in regenerated cellulose fibers is known to be characterized by 

significant structural heterogeneity. Manabe et. al.42 have demonstrated that regenerated 

cellulose fibers obtained from different processes exhibit several distinct dynamical 

mechanical absorptions. They suggest that the amorphous phase in regenerated cellulose can 

be characterized by five different dynamical environments that differ in the extent of intra- 

and intermolecular hydrogen bonding, and by the presence of absorbed water. Further, it has 

been reported in the literature that polysaccharides (including regenerated cellulose fibers) 

exhibit different modes (wetin dielectric relaxation spectra below the glass transition 

temperature.42–44 Specifically, the wet relaxation is attributed to the presence of water in 

cellulose at room temperature, and is present in addition to the  relaxation. It has been 

shown that even vacuum dried samples contain a small amount of moisture that is associated 

with the cellulose, resulting in wet relaxation.43 We note that our measurements on “dry” 

fibers correspond to fibers conditioned at a relative humidity of 55% at room temperature. 

Therefore, we anticipate that the amorphous phase is characterized by structural 

heterogeneity in hydrogen bonding and absorbed water. The breadth observed for P() is 

consistent with  this heterogeneity and it is also not particularly surprising that P() is not 

monomodal. However, given the structural complexity in regenerated cellulose, it is not 

possible to associate P() with any specific structural motif. 

3.4.3 Temperature dependent mechanical response: 

Temperature dependent measurements were performed on single fibers, using the ARES-G2 

rheometer equipped with a forced convection oven. The forced convection oven controls the 

temperature of dry air that is allowed to flow over the sample, so that the required 

temperature is attained. Fibers are allowed to equilibrate in the oven atmosphere, 

characterized by dry air at the set temperature for at least two hours before measurements. 

Stress-strain and stress relaxation experiments are performed at different temperatures and 

the data is fitted to the model (Figure 3.4) to obtain fit parameters, Ec, Ea and P(). 

Temperature dependent P() for Lyocell and Viscose are shown in Figure 3.7 a and b, 

respectively. Temperature dependent moduli, Ec and Ea are shown in Figure 3.7 c. On 

heating, we observe a progressive narrowing of P() for both Lyocell and Viscose. The mode 

at higher  moves to shorter times on heating and appears to merge with the lower  peak, 
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such that eventually P() becomes monomodal. The transition to faster monomodal relaxation 

happens at lower temperature for the Viscose fibers and P() is monomodal already at 393 K. 

For Lyocell, P() becomes monomodal at a temperature between 393 and 473 K. We note 

that the transition from bimodal P() at low temperatures to monomodal on heating is 

reversible, suggesting that heating does not result in chemical degradation of the cellulose 

fibers. In the literature, it has been demonstrated that the wet mode disappears above 423 K 

due to drying of the fibers. Thus, a temperature dependent transition occurs from multimodal 

low temperature relaxation spectra to monomodal at high temperature.43–45 Our results are 

broadly consistent with these reports. Our data also suggests that higher temperatures are 

required for the higher crystallinity Lyocell fibers to transition to faster monomodal 

relaxations. 

 

Figure 3.7 Relaxation time spectra for (a) Lyocell and (b) Viscose at increasing 

temperatures. (c) Variation in the values of Ec and Ea obtained from the model with 

temperature. 

 

There is a monotonic decrease in both Ec and Ea for Lyocell and Viscose on heating (Figure 

3.7 c).  There is a 3-4 fold reduction in the value of crystalline modulus on heating from 333 

to 473 K, for both Lyocell and Viscose. At all temperatures, Ec > Ea. The values of Ec and Ea 

for Lyocell are higher than the corresponding values for Viscose. A decrease in the solid 

modulus of regenerated cellulose fibers on heating has been previously reported.46 Molecular 

dynamics simulations47 of the temperature dependent modulus of crystalline unit cells in 

native cellulose indicate conformational changes in cellulosic chains present in the unit cell. 

There is thermal expansion in the unit cell on heating and a decrease in the hydrogen 

bonding, resulting in a decrease in the crystalline modulus. We anticipate that similar 
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processes take place in regenerated cellulose on heating. A decrease in the crystalline 

modulus and conformational changes in the cellulose chains result in the observed decrease 

in Ec, the effective modulus that characterizes the crystalline phase. The decrease in Ea is 

consistent with the increased motional freedom in the glassy amorphous phase indicated by 

the temperature dependent P(). 

3.4.4 Apparent yield of fibers on stretching: 

On stretching, there is a decrease in the slope of the stress-strain curve for Lyocell fibers 

above a strain of 1.2% and for Viscose fibers above a strain of 1.3% (Figure 3.8 a). Stress 

increases linearly above the critical strain until the fiber fails. Lyocell and Viscose show 

qualitatively similar response – however, as in the linear response region, there are 

quantitative differences above the critical strain as well. This critical strain has been 

previously reported and it has been suggested that this is a consequence of plastic yielding of 

the fiber.26,28 Therefore, it is referred to as the fiber yield point in the literature. The critical 

strain is very reproducible across different fibers produced using one particular process, and 

the values that we obtain are comparable to those reported in the literature.12,17,28,48 Therefore, 

the critical strain appears to be a function of the fiber microstructure that develops during the 

regeneration process. 

When Lyocell or Viscose fibers are stretched to a strain (= 4%, rate = 4 x 10-3 s-1) higher than 

the critical value, we observe a decrease in slope of the stress-strain curve at the critical 

strain, followed by a subsequent monotonic increase (Figure 3.8 b, c). On unloading the fiber 

at the same rate, we observe that the stress does not trace the same path. Rather, it decays to 

zero at a strain of about 2%. Thus, there is residual strain in the fiber on unloading. When the 

same fiber is stretched in a second loading cycle, the stress does not increase immediately 

since the residual strain results in slack in the fiber. Once the strain exceeds the slack in the 

fiber, stress increases with strain, at a slope comparable to the low strain elastic modulus of 

the original fiber (Figure 3.8 b, c). At a nominal strain of 4% (relative to the original fiber 

length), the fiber shows the same value of stress in the second loading cycle as in the first. On 

unloading the fiber after the second cycle of stretching, the stress decreases along the same 

path as for the first unloading cycle (Figure 3.8 b, c). Thus, there appears to be a qualitative 

change in the stress-strain response of the fibers once it is stretched beyond the critical strain. 

This behavior is qualitatively similar for Lyocell and Viscose fibers. We now perform stress-

strain measurements on a fiber that was stretched to 4% strain, viz. above the critical strain, 
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and was then unloaded and kept in the unloaded state for a long time (1 day in our 

experiments). We observe that the stress-strain curve for this sample is unchanged from the 

original sample (Figure 3.8 b, c). Therefore, the change in both Lyocell and Viscose fibers 

due to “yielding” when they are strained to above the critical strain is not a permanent plastic 

deformation. Rather, the fiber is able to recover to its original state over an extended period 

of time. This observation suggests that, in contrast to what has been suggested in the 

literature,26,28 it is not appropriate to term the critical strain as the yield point for the fiber. 

Therefore, we refer to this strain as the apparent yield point. 

 

Figure 3.8 (a) Stress vs strain data for dry fibers. Cyclic loading/unloading performed on (b) 

Lyocell and (c) Viscose fibers immediately after the first cycle and 24 hrs later. (d) Creep 

compliance for Lyocell and Viscose fibers unloaded to 6 MPa after loading beyond critical 

strain. 

 

Since the kinetics of structural recovery in fibers stretched above the critical strain are very 

slow, we use creep measurements to quantify the time-dependent changes. Here, a fiber is 

stretched to a strain greater than the critical strain and is then unloaded to zero stress. 
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Subsequently, we impose a small probe stress on the fiber ( = 6 MPa in our experiments) 

and observe the change in fiber strain with time. We maintain the fiber at constant stress and 

observe that the strain decreases with time as can be seen from the creep compliance (J= 
|(t)|


) 

(Figure 3.8 d). We observe a slow, logarithmic increase in creep compliance with time 

suggesting that the structural recovery of the fiber after apparent yield is slow and is 

characterized by a wide distribution of time scales. We notice that the strain recovers faster in 

case of Viscose fibers than for Lyocell fibers. However, for both Viscose and Lyocell, there 

is no permanent set and the fibers recover over a long time. The nature of the structural 

change in the fiber at the apparent yield point and of the slow recovery are not known at this 

time and require further investigation. 

3.4.5 Cyclic loading/unloading measurements to investigate the apparent yield point: 

When we stretch either Lyocell or Viscose fibers to a strain (= 0.4%) below the critical strain, 

we observe that the stress during unloading traces the same path as during loading (Figure 

3.9 a).  Both elongation and unloading are performed at a strain rate of 4 x 10-3 s-1. Thus, 

fibers elongated to strains lower than the critical strain recover elastically. On stretching the 

fibers to strains (= 4%) exceeding the critical strain, we observe apparent yield on loading 

and a residual strain on unloading (Figure 3.9 b). When the fiber is immediately subjected to 

a second loading-unloading cycle, we no longer observe yielding during the loading step. We 

observe that during loading the fiber during the second cycle, the slack in the fiber, viz. the 

strain at which the stress increases above zero is lower than the residual stress during 

unloading in the first cycle. This is consistent with the literature.26,27 Over subsequent cycles 

of loading and unloading the same fiber, we observe that the slack in the fiber during loading 

(relative to the first cycle) becomes equal to the residual strain on unloading. Thus, the stress-

strain curve for loading-unloading cycles forms a loop, and there is hysteresis between 

loading and unloading (Figure 3.9 b). In all the cycles, the maximum stress observed on 

stretching to 4% strain remains the same as in the first loading experiment.  

We perform cyclic loading/unloading experiments at different value of imposed strain (m) 

and plot the experimentally observed residual strain (r) versus the imposed strain (Figure 3.9 

c). A fresh fiber is used for each experiment at a different value of m. At low imposed 

strains, we see elastic fiber response and the residual strain is zero. Extrapolating the residual 

strain to zero linearly allows us to determine the critical point for apparent yield for the 

fibers. We confirm that this value of strain is the same as that obtained from the kink in the 
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stress-strain plot (=1.2% and 1.3% for Lyocell and Viscose, respectively), viz. the apparent 

yield point for the fiber. In all these experiments, both Viscose and Lyocell fibers show the 

same qualitative behavior. 

 

Figure 3.9 Cyclic loading/unloading experiments performed (a) below the critical strain (at 

0.4%) and (b) above critical strain (at 4%) (Unfilled circles – loading, filled circles - 

unloading). (c) Variation of the residual strain with the maximum loading strain. Black line is 

the extrapolation of data points. 

 

We now repeatedly stretch a single fiber and cycle it to progressively increasing strains above 

the apparent yield (Figure 3.10). We reiterate that the apparent yield strain is very 

reproducible and is a characteristic of the regeneration process. The values of the apparent 

yield obtained in our experiments are consistent with the values reported in the 

literature.12,17,28,48 In our experiment, we first stretch Lyocell and Viscose fibers to a strain of 

4% (above the apparent yield ≈ 1%), corresponding to a maximum stress, 1 (= 125 MPa for 

Viscose and = 230 MPa for Lyocell fibers, Figure 3.10 a). We then unload the fiber and then 

stretch it out so that the slack in the fiber is removed. The fiber is then subjected to a second 

stretching cycle to a strain of 5% (higher than in the first cycle). We observe that the stress 

increases smoothly (and approximately linearly) until 1 and then exhibits a kink beyond 

which the slope of the stress-strain curve decreases (Figure 3.10 b). Thus, the apparent yield 

point is now defined by the memory of the maximum stress experienced by the fiber in the 

previous loading cycle. We repeat this process by stretching the fiber through two more 

cycles, to strains of 6.2% for Lyocell and 6.8% for Viscose (Figure 3.10 c) and 7% for 

Lyocell and 8% for Viscose (Figure 3.10 d). As in the second cycle, we observe that the 

position of the apparent yield strain keeps shifting with each cycle and is defined by the 

maximum stress experienced in the previous cycle. Further, the slopes of the initial (before 
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kink) and post apparent yield stress-strain data is approximately preserved for each cycle. 

Therefore, the “low strain” fiber modulus remains the same for all cycles, independent of the 

apparent yield point. Thus, our data suggests that the apparent yield strain is characteristic of 

the fiber structure. The fiber structure set by regeneration and the spinning process 

determines the apparent yield of the as spun fiber. On stretching the fiber beyond the apparent 

yield, there is a change in fiber structure that encodes the memory of the maximum stress 

experienced by the fiber. In subsequent stretching cycles, the apparent yield moves to higher 

strains determined by the maximum stress in the previous cycle. This memory decays slowly, 

logarithmically in time, eventually recovering the apparent yield determined by the 

regeneration and spinning processes. 

 

Figure 3.10 Single fibers loaded to different increasing strains in different cycles. Black 

dashed arrows show shift in the position of kink. 

 

It is remarkable that the mechanical response of Lyocell and Viscose fibers are qualitatively 

similar, despite the differences in cellulose molecular weight, process differences and 

structural differences (manifested in the cross-sectional shape of the fibers and the radial 

variations in their semicrystalline microstructure). In the final section, we investigate the 

effect of wetting cellulose fibers with water, and show that this reveals qualitative differences 

between Lyocell and Viscose fibers. 

(a) 

(a) (b) 

(b) (c) 

(c) (d) 

(d) 
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3.4.6 Mechanical response of wet fibers: 

On wetting with water, there is a dramatic decrease in the modulus of both Viscose and 

Lyocell fibers. The modulus of Viscose fibers decreases by about an order of magnitude from 

the dry state, while there is a 3.6-fold decrease for Lyocell fibers (Figure 3.11 a). Further, 

there is a qualitative change in the shape of the stress strain curve for fibers soaked in water. 

Unlike the dry fibers, we no longer observe a well-defined apparent yield strain. Therefore, it 

is not clear from the stress-strain data if wet fibers experience apparent yielding. 

We now perform repeated cycles of loading/unloading experiments on the wet fibers. For low 

values of strain (for example, 1%, Figure 3.11 b), we observe that the decrease in stress on 

unloading a fiber follows the same path as during loading. Thus, similar to the case of dry 

fibers, there is an elastic region at low strain. When fibers are subjected to higher strains (for 

example, 8%, Figure 3.11 c), we observe that the decrease of stress on unloading no longer 

follows the same path as the increase on stretching. Similar to the case of the dry fibers, the 

stress decreases to zero at a non-zero residual strain. When wet fibers subjected to high 

strains are unloaded and held in the unloaded state, we observe slow logarithmic recovery. 

However, the rate of recovery is so slow that we never observe full recovery in case of wet 

fibers.  

To determine the critical apparent yield strain in wet fibers, we obtain the residual strain (r) 

obtained during unloading when the fiber is subjected to the first loading/unloading cycle. 

When r is plotted as a function of the imposed strain on the fibers, m, we obtain the apparent 

yield by extrapolating r to zero (Figure 3.11 d). Thus, even when there is no abrupt change 

in the slope of the stress-strain curve, we can obtain the apparent yield strain from the 

extrapolation of r to zero. Using this, we observe that the apparent yield strain for Lyocell 

fibers is estimated as 1.2%, similar to the value for the dry fiber. In contrast, there is a large 

increase in the apparent yield strain for the Viscose fibers, with wet fibers showing an 

apparent yield of 4.8%, as compared to 1.3% for dry fibers. 
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Figure 3.11 (a) Stress vs strain data for water soaked fibers. Wet fibers cyclic loading (b) at 

low strains and (c) at high strains. (Unfilled circles – loading, filled circles - unloading) (d) 

Extrapolation of residual strain data for fibers in wet state. 

 

What are the structural underpinnings of the differences in behavior of the apparent yield 

strain on wetting for Lyocell and Viscose fibers? It is not possible to directly address this 

question based on the existing data. However, we note that the higher decrease in the wet 

state modulus relative to dry for the Viscose fibers, and the increase in apparent yield strain 

on wetting are consistent with the picture of Viscose fibers having a lower crystallinity and 

less constrained glassy amorphous phase. Additionally, when we compared the humidity 

uptake of both fibers (by conditioning them at 95% humidity at 30oC), we observed that 

Viscose fibers absorb 28-29% moisture by weight (relative to oven dried samples). In 

contrast, Lyocell fibers absorb 22-24% moisture, clearly lower than Viscose. Absorption of 

higher amounts of moisture by the Viscose probably results in significant changes in the 

hydrogen bonded structure in the glassy amorphous phase and consequently, in a greater 

enhancement in mobility. It is possible that the change in the apparent yield strain on wetting 

is another manifestation of such structural differences in the organization of semicrystalline 

microstructure in Viscose and Lyocell fibers. 
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 Conclusions: 

Structural differences between regenerated cellulose fibers prepared using the Lyocell and 

Viscose processes do not result in qualitative differences in the stress-strain, stress relaxation 

and stress recovery behavior. This is remarkable since, even at a gross macroscopic level, 

there are remarkable differences between Lyocell and Viscose fibers: Lyocell fibers are 

characterized by a smooth, approximately circular cross-section and are radially uniform, 

while Viscose fibers have a highly irregular cross-section and have a high crystallinity core 

surrounded by a lower crystallinity shell. Our results suggest that the mechanical response of 

semicrystalline fibers in the linear response region can be adequately described by a minimal 

model that invokes only crystal-amorphous coexistence. Fitting the mechanical data on the 

fibers to a model reveals quantitative differences between the fibers. Lyocell fibers have a 

higher crystalline and amorphous moduli and a broader relaxation spectrum relative to 

Viscose. We attribute these differences to a higher degree of crystallinity that is more 

intimately associated with the glassy amorphous phase in Lyocell. This is consistent with 

higher water absorption in Viscose fibers and with a dramatic wetting-induced change in 

apparent yielding. Indeed, the change in the apparent yield strain on wetting Viscose is the 

only qualitative difference relative to Lyocell (where wetting does not significantly influence 

the apparent yield strain). We also explore the apparent yield observed on subjecting 

cellulose fibers to large strains. In the literature, the critical strain above which there is a 

decrease in the stress-strain curve of cellulose fibers has been identified as the yield point. 

However, we demonstrate for the first time that this does not represent a true plastic yield 

process. Fibers stretched above this apparent yield exhibit slow, logarithmic recovery over 

about a day, to recover their original as-spun state. The structural implications of the apparent 

yield strain are unclear at this time. When Lyocell or Viscose fibers are stretched above the 

apparent yield point, the fibers retain the memory of this mechanical history. This memory is 

not permanent but decays logarithmically as the fiber regains its original structure. 
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 Chapter 4.                    
In-situ Studies of the Viscose and Lyocell fibers to 

Mechanical Deformation: Comparison of the 

Microstructural Response of Dry and Wet Fibers 
 

 

 Graphical Abstract: 

 

 

 

 Introduction: 

 Cellulose is a natural plant-derived semicrystalline polymer found abundantly on 

earth.1 Natural cellulose is converted into continuous fibers by dissolving it in a solvent and 

extruding it into a non-solvent.2 During this process, the cellulose is recrystallized and 

regenerated by extrusion and drawing at high draw ratios.2,3 Drawing induces orientation in 

the crystalline as well as in the amorphous phases. The extent of microstructural orientation 

depends on the processing parameters like, for example, the solvents used, stretching speeds, 

temperatures etc. The different processes for manufacturing regenerated cellulose fibers arise 

from differences in these parameters.2,4–7 The two major manufacturing processes to produce 

commercial regenerated cellulose fibers are the Lyocell and Viscose processes. Briefly, the 

Viscose process is an old process that involves reaction of cellulose pulp sequentially with 

sodium hydroxide and carbon disulphide. The cellulose xanthate thus formed is extruded 
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through spinneret holes into an aqueous solution of H2SO4 with small concentrations of 

ZnSO4 and Na2SO4. On the other hand, Lyocell is a relatively recent process in which an 

aqueous solution of N-Methylmorpholine N-oxide (NMMO) is utilized to dissolve cellulose 

pulp and form dope. This dope is then extruded using spinnerets, through an air gap, into 

water. Apart from the solvents used, there are other differences in the Lyocell and Viscose 

processes e.g. degree of polymerization of the dope, temperature etc. These differences have 

been commented on (Section 1.2) in the literature by us8 and by other groups.2,9,10  

Differences in the spinning process result in the structure of fibers developing 

differently. For example, as it has been reported8,11,12 that Viscose fibers exhibit skin-core 

morphology where the skin is more oriented than the core of the fiber. Such radial variations 

are not observed in Lyocell fibers. There are other morphological differences between 

Viscose and Lyocell fibers as well, such as, the cross sectional shape of the fiber, microvoid 

structure in the fiber, etc.5,13,14 These structural attributes have been studied using techniques 

like SEM, TEM, small angle X-ray scattering etc. Structural differences are also evident at 

smaller length scales. For example, it is widely known that Lyocell fibers have higher 

crystallinity and crystalline orientation than the Viscose fibers.5,15–17  

The effects of the process differences that result in differences in structural features, 

and therefore in the properties of Viscose and Lyocell fibers have been extensively studied in 

literature.3,5,18–24 We too have reported quantitative differences in the mechanical response 

Lyocell and Viscose fibers (chapter 3).8,25 Specifically, we have demonstrated that Lyocell 

fibers exhibit higher moduli when compared to Viscose fibers, in accord with the previous 

literature. For both fibers, stress increases linearly with strain for small deformations. 

Remarkably, we observe that it is the crystals that respond to stretching the fiber. When the 

fiber is stretched, the crystal unit cell is stretched along the c-axis. We have reported that 

there is a shift in the meridional (002) peak to lower 2 during stretching [green curve Figure 

2.5 (b)]. On holding at a constant strain, this peak moves to an intermediate 2 (blue curve) 

indicating a decrease in crystalline strain during stress relaxation, but not complete recovery 

(Section 2.4).25 We note that on holding both Viscose and Lyocell fibers at a specific 

constant strain, the stress relaxes logarithmically with time. A mechanical model, represented 

schematically in Figure 2.1 (c), was proposed to capture the viscoelastic response from 

Viscose and Lyocell fibers. For dry fibers, where the glassy phase is amorphous, we have 

demonstrated that the model parameters can be related to microstructural features: for 
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example, Ec and Ea represent the effective crystalline phase and amorphous phase modulus, 

respectively. We obtain a distribution of relaxation times, P() from a fit of the mechanical 

data to the model, that we relate to sub-Tg relaxations in regenerated cellulose.25 For both 

Viscose and Lyocell fibers, we obtain a bimodal relaxation time distribution,8 representing 

different complex relaxation modes. We note that the fit parameters present a “lumped” 

description of the semicrystalline microstructure, and account for the degree of crystallinity, 

crystal/amorphous orientations etc. While the same model provides an excellent fit to the data 

from both Viscose and Lyocell fibers, quantitative differences in the fit parameters capture 

the differences in the properties of Lyocell and Viscose fibers. 

Here, we go beyond the learnings from our simplified model and explore the detailed 

microstructural response to fiber stretching. Specifically, we are interested in the effect of 

mechanical deformation on microstructural orientation. There have been previous attempts to 

study this. For example, Gindl and coworkers have studied the variation in crystalline 

orientation with strain.26 They show that crystal orientation increases linearly with strain. 

Lenz and coworkers15 have shown the effect of increase in tensile strength on crystalline and 

amorphous orientation. They reported a systematic increase in the orientation with tensile 

strength and modulus. Similarly, the effect of tensile modulus and elongation on break has 

been studied.16 However, most of the previous work focuses on orientation change during 

elongation. The evolution of crystal and amorphous orientation during stress relaxation has 

largely been ignored. We demonstrate that an investigation of the development of orientation 

in both crystal and amorphous regions during fiber stretching and stress relaxation provides 

new insights into the microstructural response of Viscose and Lyocell fibers. We use in-situ 

WAXD and optical microscopic experiments to capture the effect of deformation on the 

molecular orientation of crystal and amorphous phase during stretching and stress relaxation 

measurements. We report that quantitative differences in the orientation response between 

Lyocell and Viscose fibers can be related to process-induced microstructural differences. 

We also examine the mechanical response of water soaked regenerated cellulose 

fibers, that show qualitatively different trends as compared to dry fibers. The effect of water 

on the properties of regenerated cellulose fibers has been studied.27–30 This is important since 

these fibers are used in textile applications where wet fiber properties have implications for 

product quality. Literature reports show a decrease in modulus on wetting for both Viscose 

and Lyocell fibers – however, Lyocell fibers are less affected by water when compared to 
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Viscose fibers. However, none of the studies report the crystal/amorphous orientation 

response for wet cellulose fibers and its comparison with the dry fibers. We compare the 

relaxation spectrum obtained for Viscose and Lyocell fibers from our model and demonstrate 

qualitative differences between the structural response of wet and dry regenerated cellulose 

fibers.  

 Materials and Methods 

Regenerated cellulose fibers manufactured from Lyocell and Viscose processes were 

provided by Aditya Birla Science and Technology Company Pvt. Ltd. The linear mass 

density of Lyocell fibers is 1.15 ± 0.29 den and that of Viscose fibers is 1.2 ± 0.13 den. 

Experiments were performed on “dry” fibers, conditioned at 25oC and 55% RH for over a 

day, as well as on “wet” fibers i.e. fibers soaked in water for at least 30 minutes and kept wet 

during the measurements. During measurements on wet fibers, the fibers are kept in contact 

with a pool of water so that they do not dry out during the experiment.  

4.3.1 Mechanical Measurements:  

Stress-strain and stress relaxation experiments were performed on wet fibers using the 

ARES G2 rheometer (TA Instruments). A single fiber was clamped in the torsion fixture of 

the rheometer using a paper frame set up as described by Adusumalli and co-workers22 for 

each measurement. As described previously (Sections 2.3.1, 3.3.1),25 we obtain the stress by 

dividing the normal force from the rheometer by the average fiber cross sectional area. 

Figure 4.1 schematically shows the experimental protocol for mechanical experiments. 

Stress-strain experiments (a) are performed by stretching a single fiber at a constant strain 

rate of 4 x 10-3 s-1, until failure. For stress relaxation measurements (b), fibers are stretched at 

a strain rate of 4 x 10-3 s-1 to a specified final strain. The strain is then held constant to 

monitor the evolution of stress.  
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Figure 4.1 Experimental protocol for mechanical deformation during WAXD and 

birefringence experiments. 

4.3.2 Wide Angle X-Ray Diffraction (WAXD):  

WAXD measurements are made on a bunch of fibers in dry as well as wet state. Fibers are 

combed to straighten them and are then clamped in the WAXD. Measurements are made 

using Rigaku R Axis IV++ equipped with a microfocus source (Cu Kα radiation, λ = 0.154 

nm, 1.2 kW rotating anode generator). For in situ diffraction measurements during 

deformation, a stretching device (Linkam Tensile Stress Testing System - TST350) is 

mounted on the WAXD instrument. WAXD measurement is performed on fibers in the 

unstretched state, on fibers stretched to different strains (Figure 4.1 (a)) and while the 

stretched fibers are held at a constant strain (Figure 4.1 (b)). 

2D air background is subtracted from the WAXD data obtained for each sample after 

normalizing for sample absorption and scattering time. A representative 2D image of 

regenerated cellulose fibers is shown in Figure 4.2 (a). 2D data is converted to 1D data as 

shown in Figure 4.2 (b) using RIGAKU 2DP software. The peaks are indexed based on 

literature.3,11  
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Figure 4.2 (a) 2D WAXD pattern of regenerated cellulose fibers (b) corresponding 1D data 

and baseline for separating amorphous scattering (c) azimuthal scan at 2 fitted using 

three Gaussian functions.  

4.3.3 Calculations of Hermans orientation parameter (fc): 

 Crystalline orientation for peak 110 is calculated using Hermans orientation parameter 

(fc). We perform azimuthal scans at  = 20.5o (Figure 4.2 (c)), which shows peaks from two 

crystal planes: 110 and 012. Scattering from the amorphous phase is obtained from the 

baseline of the 1D data at that and is subtracted from the azimuthal scan31 as shown in 

Figure 4.2 (b). We note that after subtracting the amorphous scattering, the azimuthal scan 

does not show any -independent scattered intensity, viz. we do not observe any scattering 

from unoriented crystals. We fit the azimuthal scan using three Gaussian functions as shown 

in Figure 4.2 (c). Using only the fitted 110 Gaussian peak, I110(), we calculate Hermans 

orientation parameter 32,33 as follows: 

fc =
3<cos2> - 1

2
 

                      4.1 

where,      

<cos2> = 
∫ I110() sin cos2 d
/2

0

∫ I110() sin d
/2

0

 

            4.2 
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Here, -0.5 < fc < 1; a negative value of fc indicates preferred orientation in a direction 

perpendicular to the fiber axis, a positive value indicates preferred orientation in the fiber 

direction and 0 indicates completely isotropic orientation.  

4.3.4 Birefringence experiments: 

Birefringence experiments were used to determine amorphous phase orientation (fa). These 

experiments were performed on single fibers clamped in the stretching device mounted on a 

Nikon Eclipse E600 optical microscope using a U-CBE Olympus compensator. All the 

experiments were performed on dry and water soaked fibers at a magnification of 20X. We 

measure the compensation angle for unstretched fibers, after stretching and during relaxation. 

Using the compensator manufacturer-provided tables, the value of retardation is obtained 

against corresponding compensation angle. Birefringence (n) is calculated by dividing the 

retardation value with the diameter of the fiber measured during the experiment. n is related 

to the orientation of amorphous phase (fa) as3,34,35  

n = x fc nc (max) + (1-x) fa na (max) 

4.3  

where, x is the crystallinity index calculated from the ratio of intensity under crystalline 

peaks to total intensity in WAXD. Thus, when x and fc are obtained from WAXD and n 

from birefringence measurements, we can use equation 4.3 to calculate the amorphous phase 

orientation, fa. To calculate x, we subtract incoherent Compton scattering for cellulose as 

reported in the literature,36 and obtain x as the ratio of the area under the crystalline peaks to 

the total area under the scattered curve. The values of x thus calculated are 0.3 for Viscose 

and 0.4 for Lyocell. These values are in accord with literature reports – however, we note that 

the literature reports for the crystallinity of regenerated cellulose fibers vary in a wide range 

from x = 0.155 to 0.74.3,5,28,37–41 fc is the crystal orientation measured using WAXD, nc (max) 

and na (max) are the maximum values of crystal and amorphous birefringence for cellulose 

fibers. Based on the literature, we use nc (max) = na (max) = 0.059 for all our calculations.  

 Results and Discussions: 

We use the Hermans orientation parameter, calculated for the 110 reflection to characterize 

the crystal orientation, fc, using equations 4.1 and 4.2. We then measure the fiber 

birefringence and use equation 4.3 to calculate the amorphous orientation parameter, fa. The 
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values of crystal and amorphous orientation parameter for unstretched dry Viscose fibers (fc = 

0.79 ± 0.03, fa = 0.62 ± 0.03) are lower than those for the Lyocell fibers (fc = 0.86 ± 0.03, fa = 

0.72 ± 0.03). We repeat the WAXD and birefringence experiments on 10 samples for each 

Viscose and Lyocell fibers and calculate standard deviation based on variation within the 

measurements. Figure 4.3 (a) shows the increase in the crystalline phase orientation 

parameter when stretched to different strains. Here, birefringence and WAXD were recorded 

as the strain approached the maximum value. We observe that for both Viscose and Lyocell, 

the crystal orientation parameter increases linearly with strain. This trend is consistent with 

the literature.26 Similarly, the amorphous orientation parameter linearly increases with 

increasing strain for both fibers as shown in Figure 4.3 (b). However, there is no noticeable 

difference between Viscose and Lyocell fibers in the rate of increase in orientation with 

strain.  

 

Figure 4.3 Evolution of the crystalline phase (a) and amorphous phase (b) orientations with 

stretching to different strains at a strain rate of 4 x 10-3 s-1.  

Interestingly, on holding the fibers at a constant strain, there is no change in the 

crystalline orientation of both fibers during stress relaxation as shown in Figure 4.4 (a). 

However, the amorphous orientation gradually increases with stress relaxation as shown in 

Figure 4.4 (b). Increase in the amorphous orientation is logarithmic in time, which is in line 

with the logarithmic stress relaxation observed in these systems.8,25 We observe that the rate 

of increase in orientation is faster for Viscose fibers than the Lyocell fibers. We performed 

these experiments at two different strains of 1% and 4% (above and below the apparent yield 
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point) as shown in Figure 4.4 and observe that the variation in crystal and amorphous 

orientation is qualitatively similar for both strains.  

 

Figure 4.4 Evolution of crystalline phase (a) and amorphous phase (b) orientations during 

stress relaxation experiments performed at 1% and 4% strains.    

The positive values of fc and fa indicate preferred orientation of crystalline unit cell 

and stretching of amorphous chains along the fiber axis. We anticipate that during spinning, 

cellulose chains are stretched in the fiber direction: therefore, the crystal unit cell c-axis is 

oriented along the fiber axis. Viscose fibers show lower as-spun orientation than Lyocell 

fibers. This is consistent with our expectation. In the Viscose process, cellulose xanthate is 

spun into aqueous acid to regenerate the fiber, while in the Lyocell process, the dope is spun 

through an air gap into the non-solvent bath. It has been reported in the literature9 that the 

presence of the air gap in the manufacturing process is important for formation of highly 

oriented microstructure. Therefore, as expected, we observe higher crystal/amorphous 

orientation in case of Lyocell fibers. The linear increase in the crystalline orientation of both 

fibers with increasing strain is consistent with the literature.26 We observe that the amorphous 

phase orientation also shows a linear increase with strain. This is reasonable since the 

amorphous phase is coupled with the crystalline domains.  

We schematically represent the response of crystalline unit cell during stretching and 

stress relaxation in Figure 4.5. In-situ WAXD results show that on stretching, the crystal unit 

cell is elongated in the c-axis direction and there is an increase in crystal orientation, fc. On 

holding the strain constant, the stress relaxes logarithmically. During stress relaxation, there 

is no change in fc – however, there is a decrease in the stretching of the crystal unit cell along 
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the c-axis. Previously (Chapter 2), we had shown that during stress relaxation, strain is 

transferred from the crystal regions to amorphous phase.25 Our results indicate that stretching 

the fiber results in higher orientation of the crystals along the fiber direction and in elongation 

of the crystal unit cell along the c-axis. During stress relaxation, the crystals stay oriented – 

however, there is a decrease in the c-axis elongation. Concomitantly, there is a logarithmic 

increase in fa. with time. Thus, during stress relaxation, transfer of strain from the crystal unit  

cell to the amorphous phase results in increased amorphous phase orientation. Previously, we 

reported that Lyocell fibers exhibit longer relaxation times than Viscose fibers.8 Consistent 

with this, we observe a slower increase in the orientation of the amorphous phase for Lyocell 

fibers compared to Viscose fibers.  

 

Figure 4.5 Schematic representation of the effect of stretching and stress relaxation 

experiments on the unit cell strain and orientation.  

So far, we have presented results on the effect of mechanical deformation on the 

microstructure of dry Viscose and Lyocell fibers. It is known that wetting regenerated 

cellulose fibers with water significantly changes their mechanical response.27–30 Therefore, 

we now investigate the effect of mechanical deformation on crystalline and amorphous phase 

orientation of wet Viscose and Lyocell fibers.  

4.4.1 Fibers soaked in water:   

 We calculated the orientation parameters for the crystalline and the amorphous phase 

of Viscose (fc = 0.79, fa = 0.53) and Lyocell (fc = 0.86, fa = 0.6) fibers in water soaked 
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condition as described in the experimental section. We notice that the crystalline orientation 

of the as-spun fibers does not change from the dry state to the wet condition. However, there 

is a decrease in the amorphous orientation for both fibers as compared to the dry state. We 

attribute this to water-induced plasticization of the amorphous phase, as reported in the 

literature.28,42  

 On stretching, we notice that, within experimental error, there is no measurable 

increase in the crystal orientation of wet Viscose and Lyocell fibers as shown in Figure 4.6 

(a) – qualitatively different from the case of dry fibers. We stretch the fibers at two different 

strains of 1% and 4% and observe that this observation is independent of strain. Further, on 

stretching the fibers, the meridional peak (002) does not show any change in the position 

(Figure 4.6 (a), inset) – unlike for dry fibers.8 WAXD measurements were performed (short 

exposure time = 3 s) as the fibers were stretched to the maximum strain (=1% or 4%). 

Therefore, neither does stretching water soaked fibers impart crystal orientation nor does it 

result in strain on the crystals. However, there is an increase in n on stretching, viz. the 

amorphous phase shows a systematic increase in the orientation with stretching as shown in 

Figure 4.6 (b).  

 

Figure 4.6 Effect of stretching on (a) crystalline phase orientation and meridional peak 

position (inset) and (b) amorphous phase orientation of wet regenerated cellulose fibers. 

The effect of stretching on crystalline strain and orientation for wet fibers is in 

contrast with that for dry fibers. We have shown earlier25 that on stretching regenerated 

cellulose fibers, the crystalline regions predominantly get strained. This happens because the 
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amorphous phase is glassy at room temperature,42,43 characterized by long relaxation times 

that prevent it from responding at practical strains rates. However, it has been reported that 

on soaking the cellulose fibers in water, the amorphous phase Tg drops below the room 

temperature.18,42 It is possible that due to plasticization by water, at least some fraction of the 

amorphous domains are rendered mobile. Thus, the stretching the fiber results in amorphous 

phase deformation, rather crystal phase orientation or deformation. Thus, we observe an 

increase in fa but not in fc. 

4.4.2 Variation of amorphous orientation during stress relaxation: 

Figure 4.7 shows the effect of stress relaxation on the amorphous orientation of 

Lyocell and the Viscose fibers in wet state. As observed for the dry fibers, the amorphous 

orientation increases logarithmically in time for the wet fibers as well. For dry fibers, the rate 

of increase of amorphous orientation during stress relaxation is lower for Lyocell fibers as 

compared to Viscose fibers. However, in wet condition, Lyocell fibers exhibit a higher rate of 

increase in amorphous orientation than the Viscose fibers. 

 

Figure 4.7 Evolution of amorphous phase orientation during stress relaxation experiments 

performed at 4% strain for Viscose and Lyocell fibers in water soaked state.  

In dry condition, amorphous orientation of Viscose fibers increases at a higher rate 

than the Lyocell fibers during stress relaxation (Figure 4.4 (b)). This has been explained 

based on the longer relaxation times for Lyocell fibers than the Viscose fibers. On the other 

hand, in the water soaked state, amorphous phase orientation increase at a faster pace for 



In-situ Studies of the Viscose and Lyocell Fibers to Mechanical Deformation: 

Comparison of the Microstructural Response of Dry and Wet Fibers 
 

Chapter 4                                                                                                                      Page | 84  

 

Lyocell fibers than Viscose fibers. This reversal of trend indicates a decrease in the relaxation 

times for Lyocell fibers below that of the Viscose fibers on wetting. To verify this 

observation, we compare the relaxation times obtained from the stress relaxation data.          

4.4.3 Fitting the mechanical response from wet fibers: 

  We use the model presented in Figure 2.1 (c) to fit the mechanical response from wet 

Viscose and Lyocell fibers. Figure 4.8 (a) shows the fitted stress-strain and the stress 

relaxation data for the wet Lyocell and Viscose fibers and the values of the Ec and Ea. We 

notice that for both fibers, Ec = Ea. Relaxation time spectra for both fibers show a monomodal 

distribution as shown in the Figure 4.8 (b). We observe that the relaxation times for Viscose 

fibers are greater than for the Lyocell fibers in wet state.  

 

Figure 4.8 (a) Fitted stress-strain and stress relaxation data from Lyocell and Viscose fibers 

with fitted values of spring moduli, Ec and Ea (b) fitted relaxation time distribution.   

The fitting results for both fibers show that Ec = Ea whereas, for dry fiber we observed 

that Ec > Ea. We recall that for the case of dry fibers, in-situ WAXD measurements showed 

elongation of the c-axis unit cell parameter. Previously, we had demonstrated that this crystal 

strain could be used to independently estimate the crystal and amorphous moduli, and that 

these corresponded closely to the Ec and Ea, respectively, obtained from the model.8 For the 

case of wet fibers, we do not observe any change in the meridional peak position (002) on 

stretching. Hence, it is not possible to attribute a microstructural origin to Ec and Ea obtained 

from fitting the mechanical response of wet fibers. The relaxation time spectrum obtained 

from the model arises largely from fitting the time-dependence of stress relaxation. We 
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believe that this is a manifestation of molecular relaxation processes in the fibers. Hence, we 

attribute the relaxation time spectra to microstructural relaxations in the fibers. 

The single mode relaxation time spectra observed for wet fibers is in contrast to the 

bimodal relaxation time distribution for dry fibers. We had shown that for dry fibers, 

multimodal distribution is obtained due to the presence of multiple relaxation modes (, wet, 

 etc.) corresponding to different hydrogen bonded environments. It is reported in the 

literature that with increase in water content in cellulose fibers, multiple dielectric relaxation 

modes, specifically wet and  merge and a single mode is obtained.44 Therefore, it is 

expected that due to plasticization and drop in Tg to below room temperature, the multiplicity 

of slow relaxation modes are either eliminated or merged with faster modes of relaxation. 

Thus, the shape of the relaxation time spectra are transformed so that the wet fibers are 

characterized by monomodal P(). Comparison of relaxation times obtained from two types 

of fibers shows that the microstructural relaxation in the Viscose fibers occurs more slowly 

compared to Lyocell fibers. This is in agreement with the comparison of rate of increase in 

amorphous orientation for wet Lyocell and Viscose fibers. To rationalize the reversal of 

relaxation rates in Lyocell and Viscose fibers on wetting, we compare the dry fiber relaxation 

time spectra obtained from the model fitting8 with that for the wet fibers (Figure 4.9). 

Wetting results in decrease in the spread of relaxation times and for the highest 

relaxation times for both Viscose and Lyocell fibers relative to the dry fibers (Figure 4.9). 

This decrease is more prominent for Lyocell fibers. Here, the relaxation mode at longer time 

scales for the dry fiber appears to largely disappear. The monomodal relaxation for the wet 

Lyocell fiber is peaked at about the same  as the “fast” mode for the dry fibers. In contrast, 

for Viscose fibers, the monomodal relaxation for the wet fibers is observed to peak at  

between the peaks of the bimodal relaxation for dry fibers (Figure 4.9). We rationalize this in 

terms of the differences in the structure of the crystal/amorphous regions in Viscose and 

Lyocell fibers. In Lyocell fibers, the slowest relaxing amorphous regions appear to be 

accessible to water and are plasticized on wetting. In contrast, for the Viscose fibers, water is 

unable to plasticize some of the slow relaxing amorphous modes. It is clear that the relaxation 

time spectrum for dry fibers extends to longer times for Lyocell versus Viscose. However, for 

wet fibers, Viscose exhibits slower relaxations than Lyocell. This is consistent with the trends 

in the rate of birefringence increase for wet and dry fibers (compare Figure 4.4 (b) and 

Figure 4.7). We believe that these qualitative differences arise from the difference in the 
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crystal/amorphous microstructure that forms when fibers are prepared using the Lyocell and 

Viscose processes. It is possible that the greater orientation and higher crystallinity in Lyocell 

fibers results in tighter crystal/amorphous coupling in the dry fibers, resulting in very slow 

relaxing amorphous modes (compared to the Viscose). This same structure makes water 

ingress more facile on wetting the fiber, such that these slowest relaxing amorphous modes 

are readily plasticized.  

We note that these microstructural differences between Lyocell and Viscose also 

manifest in the wetting-induced change in the apparent yield point that we have previously 

investigated (Section 3.4.6).8 We had shown that there is no change in the apparent yield 

strain on wetting Lyocell fibers. However, for Viscose fibers, there is significant increase in 

the apparent yield strain from 1.3% to 4.8% on wetting. This observation relates to 

microstructural differences in the spatial organization of the crystal/amorphous regions in 

Lyocell and Viscose fibers and is consistent with the differences reported here.  

 

Figure 4.9 Comparison of relaxation time spectra in dry and wet condition for (a) Lyocell 

and (b) Viscose fibers.  

 Conclusions: 

 We study the differences in the structural response of regenerated cellulose fibers 

obtained from Viscose and Lyocell process in terms of crystalline and amorphous phase 

orientations. We use wide angle X-ray diffraction and birefringence experiments during 

mechanical deformation and show that on stretching the dry fibers, orientation of crystalline 

and amorphous increases linearly. However, on holding at a constant strain the crystals do not 
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change their orientation whereas, amorphous phase orientation increases logarithmically. We 

interpret this in terms of a structural response: crystals relax only by changing strain and not 

by change in orientation. Amorphous orientation increases more rapidly in Viscose fibers 

than the Lyocell fibers in the dry state, that we attribute to the higher relaxation time for 

Lyocell fibers. This trend is reversed when fibers are soaked in water. In wet condition, 

Viscose fibers show a slower increase in amorphous orientation than the Lyocell fibers. This 

is supported by the comparison of relaxation time spectra obtained by fitting a previously 

reported mechanical model to wet fibers data. In-situ WAXD experiments on wet fibers 

during stretching indicate that the crystalline phase does not respond during stretching. 

Whereas, amorphous orientation of wet fibers increases linearly during stretching. Therefore, 

we show that the structural response of wet fibers is qualitatively and quantitatively different 

from the dry fibers. Wet fiber response is governed largely by the ability of water to 

plasticize the amorphous regions. This is strongly dependent on the crystal/amorphous 

microstructure that forms as a consequence of the spinning process. 
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 Chapter 5.         
Characterizing microvoids in regenerated cellulose fibers 

obtained from Viscose and Lyocell process 
 

(Contents of this chapter are published in and are reprinted with permission from Sharma A.; 

Sen D.; Thakre S.; Kumaraswamy G. Characterizing Microvoids in Regenerated Cellulose 

Fibers Obtained from Viscose and Lyocell Processes. Macromolecules 2019, 52 (11), 3987-

3994). Copyrights (2019) American Chemical Society  
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 Introduction: 

About a fourth of the global production of synthetic polymers is used by converting 

into fiber form. Naturally available polymers such as cellulose are converted into fibers by 

regenerating the polymer out of solution during spinning. Such regenerated cellulose fibers 

are widely used in textile applications. The industrially predominant process for the 

preparation of regenerated cellulose fibers is the Viscose process.1,2 However, there are 

growing environmental concerns about the use of carbon disulphide solvent in this process. 

Therefore, alternate processes that are more environmentally benign, such as the Lyocell 

process, have been developed wherein cellulose fibers are regenerated by spinning from an 

https://pubs.acs.org/doi/abs/10.1021/acs.macromol.9b00487
https://pubs.acs.org/doi/abs/10.1021/acs.macromol.9b00487
https://pubs.acs.org/doi/abs/10.1021/acs.macromol.9b00487
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N-methyl morpholine N-oxide/water solution into a water bath.2,3 The microstructure of 

regenerated cellulose fibers is greatly influenced by the processing technique used for fiber 

formation. For example, regenerated cellulose fibers produced using the Lyocell process 

exhibit higher crystallinity and higher crystalline orientation compared to Viscose fibers.2,3 

This results in Lyocell fibers, having a significantly higher modulus but with a lower 

elongation to break. The microstructural differences between Viscose and Lyocell fibers have 

been investigated in the literature,4–7 8,9 However, these reports have focused largely on 

determining the crystallinity and crystalline/amorphous organization in the fibers. In this 

work, we focus on an aspect that has not been investigated in detail in the literature and 

characterize the differences between microvoids in these regenerated cellulose fibers. We 

also demonstrate the limitations of literature methods used to analyze scattering from 

microvoids, that call into question the conclusions from previous studies.10–14 

Microvoids are pores or defect sites of microscopic size induced in a material during 

processing. It has been suggested that microvoids play an important role in determining the 

fiber properties, including mechanical failure, water uptake etc.12,15–18 Microvoids are 

observed in most polymer fibers, especially those that have a glassy amorphous phase e.g. 

Kevlar, cellulose, PAN fibers, etc.19–22 In cellulosic fibers as well, both native and 

regenerated, the presence of microvoids has been reported in the literature.10–13 It has also 

been reported that there are differences in the microvoids in regenerated cellulose fibers, 

depending on whether they are manufactured using the Viscose or Lyocell process.12–14 The 

characteristics of microvoids are governed by the molecular structure of the polymer and the 

fiber formation process. During fiber drawing, microvoids get elongated and oriented in the 

fiber direction for regenerated fibers. 

In the literature, microvoid structure has been studied using small angle scattering 

techniques.20–23 Ruland claimed that the fan-like equatorial scattering pattern observed from 

the SAXS of dry fibers originates from the microvoids elongated in the fiber direction.22 He 

showed the evolution of this scattering pattern when cellulose fibers were heat treated to 

make carbon fibers. He used the spread of the intensities in the azimuthal angle to obtain the 

average length and average misorientation of the microvoids. Later, this method was 

extensively used by several researchers.20,24–28 Shioyaet. al.29 and Crawshawet. al.26 used 

small angle scattering to measure the cord length, radius of gyration, mean cross-section and 

volume fraction of the microvoids. Schurz et.al. used the small angle scattering curve to 
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determine the invariant and hence the volume fraction and average chord length of the 

microvoids.12 

We note that in all these literature reports, the structural analysis is based on 

scattering data at small angles, in the region of q = 0.1 to 2 nm-1. There is only one report in 

the literature on ultra-small angle neutron scattering of regenerated cellulose fibers.30 This 

report clearly suggests that the small angle data (near q = 0.1 nm-1) cannot be extrapolated to 

lower q and calls the previously reported analyses into question. However, unfortunately the 

ultra-small angle scattering data has not been analyzed in detail to obtain microvoid size.  

Here, we report combined small angle X-ray (SAXS) and medium resolution-small 

angle neutron scattering (MSANS) to analyze the structure of microvoids in regenerated 

cellulose fibers. We show that combination of MSANS and SAXS can be used to analyze the 

microvoids in regenerated cellulose fibers. We demonstrate that regenerated cellulose fibers 

manufactured using different processes i.e. Viscose and Lyocell show differences in the 

average microvoid size and average orientation of microvoids, presumably induced by 

differences in processing techniques. We also quantify the microvoid volume fractions using 

SAXS and MSANS data and show that the void volume fraction in Viscose and Lyocell 

fibers are comparable. 

 Materials and methods: 

 Small angle X-ray scattering experiments were performed on commercial regenerated 

cellulose fibers manufactured using Lyocell and Viscose processes. These fibers were 

commercial fibers generously provided by Aditya Birla Science and Technology Company 

Pvt. Ltd. Experiments were performed on dry fibers, conditioned at 25oC and 55% RH for a 

day. Under these conditions, cellulose is known to absorb up to 10% water. It is reported that, 

at 55% RH, water present in cellulose is either (i) absorbed in amorphous cellulose by 

forming inter and intra chain hydrogen bonds or (ii) adsorbed as monomolecular layers.31,32 

Sorption and NMR data show that water aggregation to form spatially heterogeneous pockets 

occurs only above RH of 60-65%.33 Therefore, in our experiments, it is reasonable to assume 

that the water is uniformly absorbed in the amorphous phase, and that no water pockets are 

expected at length scales ~O(100 nm). Therefore, scattering contrast in both SAXS and 

MSANS arise from the same structural features, viz. microvoids. 
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5.3.1 Small angle X-ray scattering: 

SAXS was performed using the Rigaku Nano-Viewer equipped with a microfocus source (Cu 

Kα radiation, λ = 0.154 nm, 1.2KW rotating anode generator) and a two dimensional detector 

(HyPix-3000 with a radiation hardened semiconductor sensor). We comb a bunch of fibers so 

as to straighten them and clamp them aligned in the vertical direction. We perform SAXS 

experiments on such fiber samples to obtain a 2D SAXS pattern, as shown in Figure 5.1. We 

prepare 3D isotropic samples by hand, by knotting and repeatedly winding fibers in different 

directions to form a bundle, shown schematically in Figure 5.1. We check for isotropy of 

such fiber bundles by obtaining scattering patterns at several different orientations and by 

confirming that the scattering patterns are isotropic at all orientations. Samples that are 

observed in this manner to be isotropic are used to obtain isotropic 2D scattering data, an 

example of which is shown in Figure 5.1 (b). 
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Figure 5.1 Schematic of the scattering experiment on vertically aligned and isotropized 

fibers.  

 

5.3.2 SAXS Data treatment: 

 We perform azimuthal scans using the Rigaku 2DP software at various values of q to 

obtain the angular dependence of the 2D data, (I vs. going from 0 to 180o). 2D data from 

both the anisotropic and isotropized samples were converted into 1D intensity vs q (I vs. q) 

data by circularly averaging the 2D data using Rigaku 2DP software. Scattered intensity is 

normalized by the transmission (T) and by the time of exposure. We directly measure the 

sample transmission. We allow the direct X-ray beam to incident on the detector (after 

replacing the beam stop with an attenuator to prevent damage to the detector) and obtain T as 

the ratio of the direct beam intensity at the detector in the presence of the fiber sample to that 

in the absence of sample. By definition, T = e-t, where,  is the absorption coefficient and t is 
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the thickness of the sample. We calculate  for cellulose as described by Alexander.34 To 

convert data into absolute units, the effective thickness of sample in X-ray beam is required, 

which is calculated as t = (1/x ln(1/T). Data is converted into absolute units using the 

procedure described by Phinjaroenphan et.al.35 using water as the standard.  

We calculate the electron density, (e-)of the cellulose fibers as follows: 

e- = 
(m)

M
neNA 

5.1                                                      

where, (m) is the mass density (g/nm3), M is the molecular weight (g/mole), ne is the 

number of electrons per mole and NA is Avogadro’s number. We note that the electron density 

is related to the scattering length density for SAXS through the Thomson scattering length, re 

= 2.82 fm. We report the scattered intensity in units of nm-3, since we work with electron 

density rather than scattering length density. The scattered intensity can be readily converted 

into units of nm-1 by multiplying with re
2. 

5.3.3 Medium-resolution small angle neutron scattering: 

To access lower wave vector transfer, scattering experiments were performed using a double 

crystal based medium resolution small-angle neutron scattering facility (MSANS) at the 

Guide Tube Laboratory of Dhruva reactor, Mumbai, India.36,37 Scattered intensities were 

collected as a function of wave vector transfer q [= 4sin()/, where 2 is the scattering 

angle and  (= 0.312 nm) is the incident neutron wavelength]. The isotropically arranged 

fiber specimens were placed on a sample holder with a circular slit of 1.5 cm diameter. 

Measured SANS profiles were corrected for background and instrument resolution.38  

5.3.4 Ruland equatorial steak analysis: 

Anisotropic scattering from the elongated structures is analyzed using the method proposed 

by Ruland to obtain the average length (L) and the average misorientation (g).
20,22 We 

obtain the azimuthal variation of scattered intensity from the equatorial streaks at different q 

values. The breadth of the azimuthal scan (B), measured as the full width at half maximum is 

related to the scattering vector (q), L and Bg as:  



 Characterizing Microvoids in Regenerated Cellulose Fibers obtained from 

Viscose and Lyocell Process
 

Chapter 5                                                                                                                      Page | 98  

 

    

B2𝑞2

42  = 
1

L2  + 
Bg

2𝑞2

42  

           5.2 

5.3.5 Porod’s analysis: 

According to Porod’s law, scattering from surfaces with a sharp interface is observed at high 

q values where the intensity varies as: 

I = Kp q
-4 

           5.3 

where Kp is Porod’s constant given as: 

Kp= 22 Sp/Vs 

           5.4 

where,  is the electron density difference between the phases, Sp is the total surface area of 

the scatterers in a scattering volume Vs. We note that Sp/Vs represents the average surface 

area of the scatterers in the scattering volume, and not the average specific surface area for a 

scatterer. 

5.3.6 Invariant calculation:  

We calculate the invariant by combining SAXS and MSANS data and by extrapolating to low 

and high q regions. We use SAXS intensity in absolute units and scale the MSANS data to 

overlap with the SAXS data in the q range where SAXS and MSANS data are both available. 

We extrapolate to lower q as I = Aq-1 (from q1 0.0030 nm-1 to q = 0 nm-1, A is a constant). At 

high q (for q > q2 = 0.42 nm-1), we extrapolate the scattered intensity using Porod’s law. 

Thus, the invariant (Q) is calculated using the absolute intensity I as: 

Q = ∫ 𝐼𝑞2𝑑𝑞
∞

0
 =  ∫ 𝐼𝑞2𝑑𝑞

𝑞1= =0.003 𝑛𝑚−1

0
+  ∫ 𝐼𝑞2𝑑𝑞

𝑞2=0.42 𝑛𝑚−1

𝑞1=0.003 𝑛𝑚−1 +  ∫ 𝐼𝑞2𝑑𝑞
∞

𝑞2=0.42 𝑛𝑚−1  

=   ½ A𝑞1
2 + ∫ 𝐼𝑞2𝑑𝑞

𝑞2

𝑞1
+  𝐾𝑃/𝑞2    =  22 2(1-) 

           5.5 
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Where,  is the electron density contrast and is the volume fraction of the scatterers.  

5.3.7 Lognormal distribution function: 

We assume that the microvoid radii R follow a lognormal distribution, given as: 

f (R)=
N

√2 sR𝑝
exp (−

(ln(R) - ln())2

2s2
) 

5.6 

where, N is a normalization parameter, p is the shape parameter,  is the mean, s 

characterizes the width of the distribution. 

 Results and Discussion: 

5.4.1 Small angle X-ray scattering on fibers: 

Figure 5.2 a and b show the 2D small angle X-ray scattering patterns for oriented Lyocell 

and Viscose fibers, respectively. We observe that the patterns are highly anisotropic with 

pronounced streaking in the equatorial direction, indicating oriented scatterers elongated in 

the fiber direction.22 The scattering pattern for regenerated cellulose fibers is qualitatively 

consistent with the literature.13,22 We analyze the anisotropy of the scattering pattern using 

Ruland’s equatorial streak method20,22 as described in the Experimental section. Thus, we 

obtain the average length, L, and angular spread of the scatterers, g around the fiber 

direction. A representative azimuthal scan for the 2D SAXS pattern obtained at q = 0.17 nm-1 

for Lyocell fibers is shown in Figure 5.2 c. We observe that the distribution of intensities is 

fitted well by a Gaussian. We observe that a plot of 
B2𝑞2

42
 with 

𝑞2

42
 is linear, consistent with 

equation  5.2 (Figure 5.2 d). According to equation  5.2 we obtain the slope as Bg
2. The 

SAXS data is extrapolated to q = 0 to obtain the intercept as L-2. Thus, we obtain average 

microvoid length for Lyocell and Viscose fibers as 403 nm and 271 nm respectively. The 

misorientation of microvoids is characterized by an angular spread around the fiber axis of 

29.7o for Lyocell fibers and 34.3o for Viscose fibers. Our results are broadly consistent with 

the literature.20,24–28 Jiang et. al. investigated the average length of microvoids in regenerated 

cellulose fibers prepared through different processing techniques and reported values varying 

in the range of 250 – 1300 nm.13,14 The average microvoid lengths obtained by us are 

consistent with these values. 
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Figure 5.2 2D SAXS pattern of Lyocell (a) and Viscose (b) taken on fibers aligned in vertical 

direction. (c) Intensity distribution in the azimuthal scan of 2D SAXS pattern for Lyocell at q 

= 0.17 nm-1. Black line represents the fitted Gaussian function.  (d) Plot of B2q2/42 vs q2/42, 

extrapolated to q = 0 to obtain L and Bg. 

 

Next, we obtain SAXS from isotropized samples of Lyocell and Viscose fibers and 

circularly average this data to obtain a 1D plot of intensity as a function of q (Figure 5.3). 

We observe that, after correcting for the background, the scattered data varies as q -4 over the 

entire q-range for the SAXS data. 
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Figure 5.3 1D SAXS data obtained by circularly averaging data from isotropized Lyocell and 

Viscose samples. 

5.4.2 Medium resolution small angle neutron scattering on fibers: 

MSANS experiments were performed on isotropized samples of Viscose and Lyocell fibers. 

1D data for both the fibers is shown in Figure 5.4. We note that the shape of the MSANS 

data is similar to that of the SAXS data in the q range where there is overlap. Therefore, we 

vertically shift the MSANS data so that it overlaps with the SAXS data (plotted as absolute 

intensity in units of nm-3, as discussed in the Methods section). The MSANS intensity for 

Lyocell fibers show a distinct transition to a q-1 dependence at low q, below 10-2 nm-1 

suggesting that the scatterers are elongated objects with rod-like symmetry. For Viscose 

fibers too, we observe that the MSANS data scales as q-4 for q > 5 x 10-2 nm-1 and transitions 

to a weaker q dependence at lower q, near 0.003 nm-1. MSANS measurements on the Viscose 

fibers do not give us data at sufficiently low q to unambiguously confirm a q-1 dependence of 

the scattered intensity. However, the SAXS data is characterized by equatorial streaks, 

similar to that for Lyocell fibers. Therefore, following the data on the Lyocell fibers, we 

believe that this data too will scale as q-1 at even lower q.  
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Figure 5.4 Combined MSANS (green) and 1D SAXS (red) data for (a) Lyocell and (b) 

Viscose fibers. Dashed lines represent extrapolated data points. As mentioned in the Methods 

section, the MSANS data is scaled so as to match the SAXS data in the range where data 

from both techniques are available. 

The intensity of X-ray scattering depends on the size and shape of the scatterer and on the 

electron density contrast between the scatterer and the medium. For regenerated cellulose 

fibers, scattering can result from contrast between the crystal and amorphous phases of the 

cellulose and from scattering from microvoids. We calculate the electron densities using 

equation 5.1, using literature values for mass density of amorphous and crystalline 

cellulose.39 We obtain electron densities of amorphous and crystalline phase as 479.5 e-/nm3 

and 508.3 e-/nm3 respectively. Thus the contrast between the crystal and amorphous phases in 

the regenerated cellulose fiber is in the region of 30 e-/nm3. In comparison, the contrast 

between the electron density of the cellulose and air (assumed to be 0 e-/nm3) is in the region 

of 500 e-/nm3. The literature indicates that small angle X-ray and neutron scattering from 

regenerated cellulose fibers is dominated by microvoids rather than crystal/amorphous 

contrast.13,22 This is consistent our expectation based on the differences in electron density 

between cellulose and air and between crystal and amorphous phases. Therefore, we assume 

that the observed scattering in our experiments is predominantly due to microvoids. 

The highly anisotropic scattering from aligned fibers, with prominent streaks in the equatorial 

direction and the q-1 dependence of the low q MSANS intensity strongly indicates that the 

microvoids are elongated and aligned in the fiber direction. Our scattering data is consistent 

with literature reports of needle shaped microvoids, elongated along the fiber axis.22 The 
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geometry of fiber spinning also suggests that the microvoids are elongated and aligned in the 

fiber direction. Therefore, we analyze the scattering data considering the microvoids to be 

long cylindrical structures that are predominantly aligned along the fiber axis. A schematic of 

oriented cylindrical microvoids and the corresponding 2D SAXS pattern from this sample is 

shown in Figure 5.5.  

 

Figure 5.5 (a) Schematic of the oriented cylindrical model and (b) corresponding the 2D 

SAXS pattern 

 A q-4 dependence of  SAXS intensity has been described by Porod as arising from a 

sharp density change at the interphase between two phases.40 Therefore, we use equation            

5.3 to obtain Porod’s constant (Kp) from absolute intensity data of isotropized fibers (Figure 

5.4). We obtained Kp= 85 nm-7 for Viscose and Kp= 50 nm-7 for Lyocell fibers. We measure 

the crystallinity of Viscose (30%) and Lyocell (40%) fibers using wide angle X-ray 

diffraction41 and use these values to estimate the average electron density of the cellulose 

phase (as a weighted average of the crystalline and amorphous regions). Using this in 

equation            5.4, we obtain Sp/Vs = 3.31 x 10-5 nm-1 for Lyocell and 5.63 x 10-5 nm-1 for 

Viscose fibers. We reiterate that Sp/Vs is the total surface area of all microvoids per unit 

volume of the sample. We observe that Viscose fibers possess larger microvoid surface area 

per unit scattering volume of the sample when compared with the Lyocell fibers. This is in 

(a) (b) 
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agreement with literature reports that show higher moisture adsorption for Viscose fibers 

compared with Lyocell.42,43  

Jiang et. al.13,14 have obtained the radius of microvoids for regenerated cellulose fibers 

by following the approach of Statton44,45 who analyzed the scattering data along the 

equatorial streak using the method of Guinier. A Guinier form40 was fitted to the intensity to 

obtain microvoid radii in the range of 1 – 7 nm. We note that over the entire range of q for a 

typical SAXS experiment, the scattered intensity scales as q-4. This precludes a Guinier 

analysis of the data, suggesting that the estimates of microvoid radii reported in the literature 

are erroneous. To illustrate this, we refer to a schematic representation of the q-dependence of 

scattering from microvoids (Figure 5.6). For microvoids characterized by an average length, 

L and radius, R, where L >> R, scattering at extremely low q (<< L-1) is given by Ioexp(-

q2Rg
2/3), where Io is the scattering at q = 0 and Rg is the radius of gyration of the microvoid. 

In this regime, a plot of ln(I) vs ln(q) is horizontal. For a microvoid length of 271 to 403 nm, 

this regime would be observed at q << 0.0037 to 0.0025 nm-1. Clearly, we do not access this 

q range even in the MSANS experiment. For intermediate q, where L-1< q < R-1, and when 

the samples are isotropized such that the microvoids are isotropically oriented, then the 

scattering is scaled by a Lorentz correction, given by q-1. Thus, a plot of ln(I) vs ln(q) is 

characterized by a slope of -1. In this regime, it is possible to obtain the average microvoid 

radius from a plot of ln(qI) vs q2. For much higher q, we obtain Porod scattering, primarily 

from the air-cellulose interface in the microvoids, as discussed earlier. We note that our 

MSANS data include only a few data points at sufficiently low q, where the scattered 

intensity scales as q-1. Therefore, rather than fitting the low q MSANS data to a Guinier 

model, we adopt a different approach, as detailed below. 
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    Figure 5.6 Schematic for q dependence of scattering intensity from cylindrical microvoids. 

We obtain the invariant by integrating the scattering data from q = 0 to ∞. This 

requires that the experimental scattering intensity be extrapolated to lower and to higher q. 

Since we can estimate the Porod constant, KP from our data, it is easy to extrapolate the 

scattering data to high q. To extrapolate to low q, we assume that the scattered intensity 

scales as q-1. Since the invariant is calculated by integrating q2I, the error introduced by 

assuming an extrapolation of the low q intensity as q-1 is small. Therefore, an analytical form 

can be obtained for the low q and high q integrations, as shown in equation            5.5. Since 

the value of the low q integral goes as q1
2, the error introduced by assuming that the scattered 

intensity scales as q-1 all the way to q = 0 is small. We note that, here too, it is critical to have 

experimental MSANS data that guides the low q extrapolation. Using scattering data in the 

Porod limit and extrapolating this to low q (as has been done in the literature25,26) will result 

in large errors in the estimation of the invariant as well. 

Figure 5.4 shows the combined SAXS and MSANS absolute intensity data, extrapolated as 

described in the Methods section. The invariants calculated using equation            5.5 are Q = 

2007.3 nm-3 for Lyocell and Q = 2508.5 nm-3 for Viscose fibers. The void volume fractions 

( obtained from equation            5.5 are 4 x 10-4 for Lyocell fibers and 5 x 10-4 for Viscose 

fibers. For calculating microvoid volume fraction (, we made few assumptions e.g. 
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extrapolation of the lower q USANS data as q-1, considering electron density of air 

microvoids 0 e-/nm3 etc. We estimate the error induced due to these assumptions one by one.  

5.4.3 Error from low q extrapolation: 

We extrapolate intensity as I ∝ q-1 in the lower q region of USANS (q < 0.003 nm-1) to 

evaluate invariant. However, below certain value of q, intensity should decay as q0.1 We 

estimate the possible error generated due to this assumption by extrapolating the data as I ∝ 

q0 for q < 0.003 nm-1 and calculating invariant from this extrapolation. The difference in  

obtained by this extrapolation and the method reported above is below 10-5. This is very small 

when compared to the microvoid volume fractions of 4 x 10-4 and 5 x 10-4 for Lyocell and 

Viscose respectively.  

5.4.4 Errors from electron density contrast calculations: 

We obtain the average electron density of cellulose by taking the weighted average of 

crystalline and amorphous phase electron densities as described earlier. Electron density of 

air microvoids is assumed to be zero. Electron density contrasts () calculated with these 

values is used for obtaining . However, actual value of the air electron density is non-zero. 

Also, the fraction of crystalline phase used to calculate the weighted average is obtained from 

the WAXD crystallinity index, which is not an accurate measurement of crystallinity. 

Therefore, we obtain  using the actual electron density of air (0.36 e-/ nm3) and using the 

crystalline electron density as highest and amorphous electron density as lowest electron 

density possible for cellulose. The error in  calculated based on these electron densities is 

within ± 2 x 10-5.  

Values of cumulative errors due to extrapolation and electron density contrast calculations are 

likely to be smaller than 10%. Therefore, neglecting these errors would not affect our results 

significantly. 

We divide Sp/Vs by  to obtain the average specific surface area of the microvoids. From this, 

the average radius (R) of cylindrical microvoids is calculated as: 

Sp/ Vs= (S/V)p= 2/R,       R = 2 Vs/Sp 

           5.7 
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We obtain R = 18 nm for the Viscose fibers and R = 26 nm for the Lyocell fibers. Note that 

the radius obtained from the Porod analysis is not a number weighted average. For an average 

length L, it is defined as:  

R=2
∑ Vi𝑖

∑ Si𝑖
=2

∑ Ri
2Lxi𝑖

∑ 2RiLxi𝑖
=

∑ Ri
2xi𝑖

∑ Rixii
 

5.8 

where xi is the fraction of pores with radius = Ri. 

Finally, with this information, we fit the combined MSANS and SAXS data from the 

isotropized samples, assuming that the scattering arises from highly elongated microvoids. 

We assume that the microvoids comprise sufficiently long cylinders so that the shape of the 

scattering curve is not strongly influenced by the exact value of the microvoid length. We 

assume that the radii are polydisperse and choose a lognormal form for the distribution of 

radius sizes as described by equation 5.6. For fitting the scattering data, we use SASfit 

software (version 0.94.5).46 We use the inbuilt form factor - Porod’s approximation of long 

cylinder and lognormal function to estimate the distribution of radii. We constrain the fit by 

fixing the microvoid radius to the average value obtained from Porod’s analysis, as described 

above. Thus, we use nm for Viscose fibers and nm for Lyocell fibers as the 

mean radius for the fit. Therefore, there are effectively only two fitting parameters in the 

model – the width, s of the microvoid radius distribution and the shape parameter, p. Figure 

5.7 (a) shows the best fits obtained from the model fitting and the corresponding radii 

distributions obtained as fit parameters (Figure 5.7 b). We obtain a significantly higher value 

of s for Viscose fibers (s = 1.1, p = 2.15) than for the Lyocell fibers (s = 0.85, p = 2.3). This 

gives rise to a wider radius distribution for Viscose fibers as evident from Figure 5.7 (b). 

Wider radii distribution causes the intensity at lower q to deviate from a clear q -1 dependence 

for Viscose fibers. The radii obtained using equation 5.8 from these distributions are: Viscose 

= 25.5 nm and Lyocell = 29.4 nm, which are similar to the values obtained from the simple 

Porod analysis described earlier in the paper. 
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Figure 5.7 (a) Fitted cylindrical model to the combined MSANS and SAXS data from 

Lyocell and Viscose fibers. (b) Corresponding radius distribution obtained as fit parameters.  

Finally, we compare the results for the Viscose and the Lyocell fibers. For the Lyocell 

fibers, we observe that the microvoids are larger and are more highly oriented. This is 

consistent with our expectations, based on the fiber formation process. It has been reported1 

that the absence of an air gap during fiber formation in the Viscose process reduces the 

orientation and alignment of the fiber structure. On the other hand, cellulose polymers get 

oriented and stretched in the air gap as the dope is spun into the water bath through an air gap 

in the Lyocell process, leading to better oriented crystalline structure. Therefore, it is not 

unexpected that during drawing, the microvoids also get more elongated and oriented for 

Lyocell fibers when compared with Viscose fibers. 

We note that the microvoid volume fraction is very small in both Lyocell (4 x 10-4) 

and Viscose fibers (5 x 10-4). This suggests that the differences in the fiber formation 

processes do not significantly affect the void volume fraction of the regenerated cellulose 

fibers. However, the size of the microvoids appears to be strongly influenced by the process 

parameters during fiber formation e.g. air gap, draw ratio etc. Differences in the microvoid 

structure are expected to have significant implications for the failure properties of the 

fibers.16,17 It is reported in literature that Lyocell fibers break at lower strains than the Viscose 

fibers.13 Our results show that the average microvoid size in Lyocell fibers is larger than in 

Viscose fibers. It is possible that this might contribute to the failure of Lyocell fibers at lower 

strain relative to Viscose fibers. However, a detailed study is required to relate microvoid size 

to the strain at break for these fibers. This study represents an important first step in that 
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direction since we report, for the first time, a detailed description of the microvoid 

characteristics in regenerated cellulose fibers and their relation with the method for fiber 

manufacture. 

 

 Summary: 

 We demonstrate the differences in the microvoid structure of regenerated cellulose 

fibers manufactured from Viscose and Lyocell process using small angle X-ray and medium 

resolution small angle neutron scattering. Earlier methods present in literature incorrectly fit a 

Guinier form to the SAXS data from regenerated cellulose fibers,13,14,44,45 yielding 

unphysically low value of microvoid radii. We show that SAXS measurements alone are 

insufficient to correctly characterize microvoids in regenerated cellulose fibers. Combining 

MSANS and SAXS experiments, we show that microvoids can be modeled as elongated 

cylinders. Microvoid size (average length and radius), average misorientation and void 

fraction are calculated using Ruland’s equatorial streak method and from our estimate of the 

invariant and Porod’s constant. We show that microvoids in Lyocell fibers are, on average, 

larger and better oriented than for Viscose fibers. Microvoids in Viscose fibers also show a 

larger distribution of microvoid radii relative to Lyocell fibers. These structural differences 

could have implications for the mechanical failure of the fibers.   
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 Chapter 6.                
Summary and Future Work 

 

 Summary: 

This thesis focuses on developing robust structure-property links for Viscose and Lyocell 

regenerated cellulose fibers, in the context of the gaps in the present knowledge identified 

from a detailed survey of the literature. We use mechanical measurements to study the 

viscoelastic response of regenerated cellulose fibers. To study the structural features present 

at multiple length scales, we use wide angle X-ray diffraction, small angle X-ray scattering, 

medium resolution small angle neutron scattering, microscopy etc. We combine mechanical 

testing with in-situ structural measurements to map the microstructural origins of viscoelastic 

response. We present an elegant set of tools and analyse the data from measurements that 

characterize structure at length scales from ~O(Å) to ~O(100nm). These tools are applied to 

Lyocell and Viscose fibers to investigate up the effect of structural differences between them. 

We present models to quantitate the links between properties of fibers and the relevant 

structural features. Here we summarize the major understandings and accomplishments form 

this thesis: 

 We demonstrate that semicrystalline polymer fibers exhibit a universal mechanical 

response. The linear region mechanical response from semicrystalline fibers with 

glassy amorphous phase can be captured by invoking only crystalline/amorphous 

coexistence and present a model to establish a robust structure property relation for 

these fibers.  

 We show that the kink in the stress-strain curve of regenerated cellulose fibers, that is 

reported as yielding in the literature does not represent a plastic deformation and is 

recovered logarithmically over a period of a day.   

 We quantify the differences in Viscose and Lyocell fibers in dry as well as water 

soaked state using in-situ WAXD and birefringence measurements.    

 We report a methodology to accurately quantify microvoids in Lyocell and Viscose 

fibers using SAXS and MSANS measurements.  

This thesis significantly advances our understanding of structure-property relations for 

regenerated cellulose fibers. 
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 Future Work: 

Our findings open up new possibilities for exploring the microstructural origin of the 

properties of regenerated cellulose fibers. In this work, we have characterized the structure of 

the end product of the spinning process (fibers) at the microscopic level. However, we have 

not investigated the process of formation of this structure and the factors governing it. The 

molecular structure of the raw materials and the processing parameters play a crucial role in 

determining this structure. Figure 6.1 is a schematic representation of the interplay of 

molecular structure and processing that gives rise to the formation of microscopic structure in 

the final products, that govern their properties.  

 

Figure 6.1 Schematic of the link between molecular structure of raw material, process, 

microstructure of product and the final product properties.  

 

We have reported that there are significant molecular level differences in the cellulose pulp 

used in Viscose and Lyocell processes e.g. composition, degree of polymerization etc. Also, 

Lyocell and Viscose processes are characterized by different processing parameters e.g. 

solvents, operating temperature etc. The learnings from this thesis focus on microstructure-

property linkages. We suggest possible future areas of research that could build on our 

findings and develop the linkages shown in Figure 6.1. 

6.2.1 Relaxation time spectra: 

The distribution of relaxation times obtained by fitting our model to the mechanical data has 

been related to the sub Tg relaxations. The wide spectra represent the heterogeneity in 

amorphous phase. However, the exact origin of this heterogeneity is not understood at this 

point. In Chapter 3, we reported that the width of spectra decreases with heating and the two 



 Summary and Future Work 

Chapter 6                                                                                                                      Page | 116  

 

relaxation modes merge to generated single relaxation mode in both fibers. We also showed 

that on soaking in water, Viscose and Lyocell fibers exhibit a monomodal relaxation time 

spectrum and that there is decrease in the relaxation times both fibers. However, Lyocell 

fibers exhibit pronounced decrease in relaxation times as compared to Viscose fibers, 

indicating greater plasticization of amorphous phase in Lyocell. The questions that remain 

unanswered are: 

 What is the origin of heterogeneities in the amorphous phase?  

 Could the differences in the distribution of relaxation times be related to the 

distribution of molecular weights in cellulose pulp used for Viscose and Lyocell 

processes?  

 Can the higher relaxation times observed in dry Lyocell relaxation spectrum be 

correlated to higher molecular weights used in the cellulose pulp? 

 Would variation in the molecular weight of the cellulose pulp used for regenerating 

Lyocell fibers produce fibers with lower crystal orientation, and would this 

qualitatively change the nature of the amorphous phase?  

 What specific difference in the glassy amorphous phase results in greater 

plasticization of Lyocell fibers by water, relative to Viscose fibers?  

Some of the questions posed above e.g. origin of wide relaxation time distribution, effect of 

temperature and moisture changes could be answered by studying the changes in the 

amorphous phase with temperature and moisture. However, accurate tools for direct 

characterization of the amorphous phase are lacking. One way forward could be to use 

dielectric measurements and solid state nuclear magnetic resonance (NMR) to characterize 

the amorphous phase relaxations in these fibers. However, we note that it is difficult to 

develop setups that can perform such measurements in-situ during heating or wetting.  

A detailed study of the structure formation during the processing would be useful to answer 

questions on the effect of molecular weight on the final fiber form. Fibers manufactured from 

cellulose pulps with different molecular weight distributions could be analysed using our 

model and the effect of molecular weights on the properties could be studied. Using Lyocell 

technique to process cellulose pulp with a much lower degree of polymerisation than the 

conventional range might require significant changes in the manufacturing process to handle 

low molecular weights. Small scale experimental facilities for fiber preparation, along with 
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in-situ characterization tools could help to optimize processing parameters accordingly and 

study structure formation during processing.  

The structural feature that leads to differences in the amorphous phase of Lyocell and Viscose 

is the structural arrangement of crystalline lamellae and amorphous chains. Currently, there 

are no tools for studies of the crystal/amorphous lamellar structure and interfaces in 

regenerated cellulose fibers. A direct imaging methodology has been developed by Olley et. 

al.1,2 to study the crystal/amorphous structure in polyolefins. This employs an acid etchant to 

selectively remove the amorphous phase. The relief of the crystal structure is then replicated 

on a film that can be shadowed with metal and observed under the transmission electron 

microscope. Such etching/replica/imaging methodology has not been developed for 

regenerated cellulose fibers. Therefore, one avenue for future investigation is the 

development of this methodology to image the lamellar arrangement in Viscose and Lyocell 

fibers. It is possible that there are significant differences in the crystal/amorphous 

arrangement in Viscose and Lyocell, which might shed some light on the origin of different 

amorphous phase properties in the two fibers.  

6.2.2 Apparent yield: 

We showed that the transition in stress strain curve to a lower slope in regenerated cellulose 

fibers does not correspond to a permanent deformation. Rather, it represents a relaxation 

process, which induces temporary deformation in the fibers and is recovered over long time. 

However, the molecular underpinnings of apparent yield remain elusive. Clearly, apparent 

yielding and recovery do not occur through the same mechanism as there is a vast difference 

in time scales over which these two processes take place. The following questions need to be 

addressed to understand the apparent yield: 

 What microstructural change induces at the apparent yield underlies the response of 

the fiber? 

 What components of the microstructure are responsible for recovery and what are the 

differences in these features that give rise to different recovery rates in Lyocell and 

Viscose fibers?  

 Why does the apparent yield strain increases drastically in Viscose fibers on wetting 

but remain unchanged for Lyocell?  

 What decides the apparent yield strain – the raw material or processing?  
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 Can recovery be related to the structural relaxation in these fibers in the same way as 

the linear region relaxation and recovery? 

We noticed that the apparent yield strains for commercial Lyocell and Viscose fibers in dry 

state are not drastically different from each other. This opens the interesting possibility of 

manufacturing regenerated cellulose fibers with differences in apparent yield strain. If the 

apparent yield point is found to be independent of the quantitative differences in the structure 

of Lyocell and Viscose fibers, it is possible that the structure of native cellulose used as a raw 

material for manufacturing regenerated cellulose fibers sets the apparent yield strain. On the 

other hand, we observe differences in the recovery rate for Viscose and Lyocell fibers. The 

rate of recovery is faster for the Viscose fibers as compared to the Lyocell fibers. Therefore, a 

systematic study of the semicrystalline structure during recovery could be helpful.  

It would be useful to analyse the changes in the amorphous phase of Lyocell and Viscose 

fibers on wetting using dielectric relaxation, NMR etc. Variation in the apparent yield strain 

with systematically changing the moisture content should be studied. We reported that 

wetting induces faster linear region stress relaxation in Lyocell fibers as compared to the 

Viscose fibers. It is possible that similar structural changes are responsible for wetting 

induced changes in the Lyocell and Viscose fibers. Therefore, exploring differences in the 

interaction of water with Viscose and Lyocell fibers might help. Lyocell fibers are 

regenerated in a water bath. It is possible that due to structure formation in the presence of 

water, the amorphous phase in Lyocell fibers is easily plasticized with water and there is no 

effect of water on the apparent yield strain. Would apparent yielding of Lyocell fibers 

regenerated using solvents other than water be different.   

6.2.3 Failure properties: 

Lyocell and Viscose fibers fail at different strains. There are also differences in the 

fibrillation properties of two fibers. We have reported a methodology to characterize 

microvoids in these fibers in dry state. These microvoids might initiate crack formation in the 

fibers. However, the failure mechanism in these fibers is not well understood. Before one can 

address the failure problems in these fibers, it is necessary to understand the mechanism of 

failure in fibers.  

Effect of stretching on the microvoid structure should be studied using in-situ SAXS 

experiments. The structure of fibers stretched to strains near their failure strains could be 

quantified using the methodologies developed in this thesis. Also, fiber processing 
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parameters like the size of the air gap could be varied to change crystalline orientation in 

Lyocell fibers. The differences in the structure of fibers manufactured using different air gaps 

could be quantified using the methodologies described in this thesis and could be related to 

the failure properties.  

To understand and control fibrillation behaviour, it is necessary to first completely quantify 

fibrillation. The extent of fibrillation in Lyocell fibers has been quantified earlier.3 However, 

the critical stress, moisture content etc. required for fibrillation are not quantified. It is known 

that the fibrillation occurs on mechanically shearing wet Lyocell fibers. Torsion experiments 

could be performed on the fibers using a rheometer to quantify the failure stress and strain. 

Similarly, the effect of moisture content on the fibrillation could be studied. Several reports 

have presented methodologies for reduction in fibrillation.4,5 Fibers manufactured from these 

processes could be compared to the conventional Lyocell fibers in terms of failure stress and 

strain.  

As mentioned earlier, the effect of plasticization is more pronounced in Lyocell fibers as 

compare to Viscose fibers on soaking in water. It is possible that due to this plasticization, 

Lyocell structure fibrillates on shearing in wet state. This could be investigated by comparing 

relaxation time spectra for fibers with different fibrillation tendencies. It is also important to 

study the fibrillation of Lyocell fibers in solvents other than water. Different solvents affect 

the glass transition temperature of cellulose to different extents.6 A comparison of the 

fibrillation parameters obtained for Lyocell fibers fibrillated in different solvent could help to 

understand the origin of fibrillation and its link to plasticization. If these are linked, then the 

roles of the fiber manufacturing process and of the characteristics of the cellulose pulp could 

be explored. Higher molecular weights in cellulose pulp could be responsible for differences 

in the plasticity for Lyocell and Viscose fibers. Therefore, a study of fibrillation of fibers 

produced using pulp with different molecular weight distribution could help understand this 

problem. 

Therefore, the structure-property relations developed in this thesis can be used to identify the 

relevant process parameters and the molecular structure of raw material. Till date, no 

predictive models exist for process-structure-property relations in regenerated cellulose 

fibers. This chapter lists possible lines of enquiry that might lead to the development of 

predictive models. Such a detailed understanding would result in rational selection of raw 

material and process conditions to obtain fibers with optimized properties.  
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