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Abstract

The current study starts with a description of stress-strain curves of fiber and yarn. The effect of yarn
structure can be characterized by coefficient of fiber stress utilization in yarn. The four types of
models, for coefficient of fiber stress utilization in yarn, are being compared and explained based on
idea of helical fibers in the yarn. The Gegauff’s model is the simplest of all models, which can
calculate coefficient of fiber stress utilization independent of yarn axial strain, assuming linear stress-
strain relationship. The solution of "single integral" equation is possible numerically and can be used
to predict coefficient of fiber stress utilization as function of yarn axial strain assuming small
deformation, constant packing density and contraction ratio. The "double integral” model explains the
generalized helical model and it is used to predict the coefficient of fiber stress utilization in staple
spun yarns considering also random character of fiber inclination in the yarn. The real fiber stress-
strain function, yarn twist, yarn diameter, and fiber orientation parameter are required for solution of
this model which can be determined experimentally. The numerical integration was used to solve this
equation.

The different types of fibers (viscose, cotton, polyester, linen, wool and acrylic) and yarns were used
for validation of proposed mathematical models for coefficient of fiber stress utilization before the
breaking process of yarn. Viscose, cotton and polyester yarns were produced from both ring and rotor
technologies while linen, wool and acrylic yarns were made from ring spun technology. Combed
cotton ring spun yarns from long staple cotton fiber were also used for verification of the model.

It was observed that the stress-strain curve of yarn always lies under stress-strain curve of fiber. The
experimental coefficient of fiber stress utilization was compared with four types of coefficients of
fiber stress utilization. The well-known Gegauff’s theory overestimated the coefficient of fiber stress
utilization in all studied yarns. The single integral equation predicted the coefficient of fiber stress
utilization at each value of strain and it was near the Gegauff’s model but not linear. The empirical
constant (K) times coefficient of fiber stress utilization from single integral model was observed near
the experimental coefficient of fiber stress utilization but has no logical interpretation. The partial
generalization of helical model by taking fiber orientation into account resulted in satisfactory
agreement with the experimental results. It was evident that fiber orientation plays an important role
in deciding the fiber stress utilization in yarns. The lower is the variability of fiber direction in relation
to the corresponding helical direction of fibers, the higher is the fiber stress utilization in yarn.

The experimental coefficient of fiber stress utilization in the ring yarns was observed higher as
compared with the rotor yarns due to better fiber orientation in ring yarns. Polyester yarn exhibited
significantly low coefficient of fiber stress utilization due to higher slippage and specific fiber
structure. The combed cotton yarn revealed higher coefficient of fiber stress utilization as compared
with carded cotton yarns due to better fiber orientation from combing process.

Further, the yarn specific stress-strain curves for each type of ring, rotor and combed yarns were
predicted and compared with the experimental yarn specific stress-strain curves. It was revealed that,
for all types of yarns, the predicted yarn specific stress-strain curves captured well the experimental
yarn specific stress-strain curves before the process of yarn break.

Keywords: Average fiber stress-strain curve, average yarn stress-strain curves, coefficient of fiber
stress utilization, predicted yarn specific stress-strain curves, fiber orientation.



Anotace

V 1tvodu prace jsou popsany tahové kiivky vldkna a ptize. Vliv struktury piize na jeji pevnost mize
byt charakterizovan koeficientem vyuziti pevnosti vlaken v pfizi. V praci jsou piedstaveny a
vysvétleny Ctyfi modely vyuziti pevnosti vlaken v pfizi odvozené na zakladé Sroubovicového modelu
prize. Gegauffliv model patii k nejjednodussim modeliim a je popsany rovnici. Koeficient vyuziti
pevnosti vlaken v pfizi je dle tohoto modelu vypocten nezavisle na tahové deformaci ptize. “Jedno-
integralovy* model je mozné feSit numericky a mize byt vyuzita pro predikci koeficientu vyuziti
pevnosti vlaken v piizi za pfedpokladu malych deformaci, konstantniho zaplnéni a konstantniho
pomeru pricné kontrakce. “Dvou-integralni® model popisuje zobecnény Sroubovicovy model a Ize jej
vyuzit pro predikci koeficientu vyuziti pevnosti vlaken ve staplovych piizich s ohledem na nahodny
charakter sklonu vlaken v ptizi. Tento model lze fesit na zakladé experimentalné stanovenych hodnot
poctu zakrutli pfize, priméru ptize, thlu sklonu vlaken a tahové kiivky vldken. V této prace byla k
feSeni rovnice pouzita numericka integrace.

Rizné typy vlaken (viskoza, bavlna, polyester, len, vina a akrylové) a pfizi vyrobenych z riznych
technologii byly pouzity pro ovéfeni navrzenych matematickych modelt pro koeficientem vyuziti
napéti vlaken. Viskdzové, bavinéné a polyesterové piize byly vyrobeny jak prstencovou, tak
rotorovou technologii, zatimco Inéné, vinéné a polyakrylonitrilové piize byly vypfedené pouze na
prstencovych dopiadacich strojich. Cesané prstencové piize z dlouhovlakenné bavlny byly rovnéz
pouzity pro ovéfeni modelu.

Bylo zjisténo, ze tahové kiivky pfizi lezi vzdy pod tahovymi kiivkami vldken. Experimentalni
koeficient vyuziti napéti vlaken byl ve srovnani se Ctyimi typy teoretickych modelii. Dobie zndma
Gegauffova teorie nadhodnocuje koeficient vyuziti pevnosti vlaken v pfipadé vSech sledovanych
pfizi. Model s jednoduchym integralem predikuje koeficient vyuziti pevnosti vlaken v kazdé hodnot¢
protazeni. Vysledky jsou blizké koeficientim stanovenym na zakladé Gegauffova modelu, ale neni
mezi nimi linearni zavislost. Caste¢né zobecnéni Sroubovicového modelu diky zahrnuti thlu sklonu
vlaken pfineslo uspokojivy soulad s experimentalnimi vysledky. Je ziejmé, Ze orientace vlaken hraje
daleZitou roli pii vyuziti pevnosti vlaken v ptizi. Cim je niZ§i variabilita sklonu vlaken vzhledem k
odpovidajicimu sklonu vldken ve Sroubovicovému modelu, tim vyssi je vyuziti pevnosti vldken v
prizi.

Koeficient vyuziti pevnosti vlaken v prstencovych ptizich byl vy$si v porovnani s koeficientem u
rotorovych ptizi diky lepSimu usporadani a orientaci vlaken v prstencové ptizi. Polyesterové ptize
vykazovaly vyznamné niz$i koeficient vyuziti pevnosti vlaken diky vysSimu prokluzu a specifické
struktufe vlaken. Bavlna ptize vykazovala vyssi koeficient vyuziti napéti vlaken v porovnani s
mykanymi bavinénymi pfizemi z diivodu lepsi orientaci vlaken z procesu ¢esani.

Dale na zaklad¢ odvozenych vztahti byly predikovany tahové kiivky prstencovych a rotorovych pfizi.
Kiivky byly porovnavany s experimentalné zjisténymi tahovymi kiivkami. Ukazalo se, Ze v oblasti
pred pretrhem prize predikované tahové kiivky odpovidaji kfivkdm experimentalnim u vSech
testovanych pfizi. Rovnéz v ptipadé viskozovych prstencovych ptizi byl navrzeny matematicky model
porovnavan s modelem.

Kli¢ova slova: Primérna vlakno deformacni ktivka vlakna, Primérna ptize deformacni kiivka ptize,
Koeficient vyuziti napéti vlaken. Pfedpovéd specifického napéti ptize deformacni kiivky, orientace
vlaken.
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1. Introduction

Yarn mechanics is known as an important branch of applied mechanics of textile structures. As yarn
strength is the most important quality parameter of yarn so its prediction is very important from
technical point of view. The tensile strength and tensile behavior have been widely researched topic in
yarn structure therefore it occupies a significant part of the literature on textile yarn mechanics. Most
of research work regarding structure, up to now, is related with the continuous filament yarns. Being
the extensive applications of staple spun yarns in woven and knitted fabric, it is more important to
solve the staple fiber yarn problem.

The discontinuities at the fiber ends and slippage among the fibers are main difficulties in analysis of
staple fiber yarn [1]. Particularly, the effect of yarn geometry on the yarn behavior has made the study
of staple fiber yarns more complex. The assembly of staple fibers is combined together as a yarn due
to twist and migration factors. There is huge variation in yarn linear density, yarn twist, fiber
arrangement and fiber migration in staple fiber yarns. The above said variables may have a significant
influence on the yam behavior which makes the analysis even more difficult.

Most of research work on staple yarns is focused on the prediction of the yarn modulus and the
maximum strength. Some researchers investigated the failure response and whole stress-strain curve
for the yarns. Also, little attention has been paid to the yarn behavior under tensile loading. Most of
the theoretical work Platt [2] and Hearle [3] including other empirical researches summarized a fact
that understanding tensile behavior of twisted yarns needs knowledge of constituent fiber properties,
structure of yarns and testing parameters.

The prediction of coefficient of fiber stress utilization, the ratio between the fiber tenacity and mean
yarn tenacity for staple yarns is important quality parameter of yarn to know the yarn strength. Yarn
structure provides information about the practical understanding of the coefficient of fiber stress
utilization of staple spun yarns. The twist level, fiber properties and fiber orientation are the main
parameters which may influence the coefficient of fiber stress utilization of staple spun yarns.

The coefficient of fiber stress utilization in yarn depends on yarn axial strain which contradicted the
well-known Gegauff’s theory [4]. Our proposed mathematical model, based on the assumptions of
small deformation, constant packing density and contraction ratio, can be calculated using numerical
integration considering real fiber stress-strain relationship and fiber orientation before the process of
yarn break when all fibers are mechanically stressed.

2. Purpose and aim of the thesis

The objective of this research is to apply a mathematical model for prediction of coefficient of fiber
stress utilization from fiber and yarn stress-strain curves, considering yarn twist and fiber orientation
before break when yarns are subjected to tensile loading. An attempt is made here to compare and
validate the theoretical models [5] in light of experimental results.

This work includes:

1 Understanding the mathematical model for prediction of coefficient of fiber stress utilization taking
into account the concept of nonlinearity in stress-strain curves of textile fibers and yarns and fiber
orientation in the staple spun yarns.

2 Understanding the stress-strain behavior of fiber and staple spun yarn before break using different
type of materials, ring and rotor yarns.



3 Analyzing behavior of fiber and staple yarn, producing the average stress-strain curves for fiber and
yarns before break using Matlab software.

4 Experimental coefficient of fiber stress utilization will be evaluated from experimental fiber mean
stress-strain curves and yarn mean stress-strain curves using different materials and technologies.

5 Comparing the predicted and experimental coefficient of fiber stress utilization on the basis of
theoretical model and experimental results for staple spun yarns before yarn breaking process.

6 Comparing the predicted and experimental yarn specific stress-strain curves before the process of
break for staple spun yarns.

3. Overview of the current state of problem

The research about mechanical behavior of textile yarns has been popular by the textile community.
The history of modem textile processing machinery is more than two hundred years old [6]. However,
the proper research work was conducted early 1900°s for establishing theoretical relationships among
fiber properties, yarn structure and material behavior. The well-known researchers Gegauff [4],
Gurney [7] and Peirce [8] introduced foundation for modem textile mechanics.

The basic mathematical model of yarn was introduced by Gegauff [4] in the form of coaxial helices,
all having a pitch equal to the reciprocal of yarn twist. He derived an expression for variation of the
breaking load of staple fiber yarn with higher twist, assuming that the fiber extensions followed
Hook’s law. A similar model was explained by Gurney [7]. He studied the effect of stress distribution,
fiber length, fiber friction and twist on strength of cotton yarns.

Sullivan [9], in his study proposed theoretical approach to relate yarn strength with the fiber strength
and yarn twist considering parallel fibers with and without twisted fiber structures. Platt [10] derived
an expression for strength of continuous filament yarns similar to the Gegauff’s except Hook’s law
was not assumed. The total force on yarn was derived in the direction of yarn axis by integrating the
components of the forces due to individual fibers. Platt [2] also studied the variation of yarn modulus
with twist and derived an expression for it.

Gregory [11] — [13] modified the formula given by Sullivan for calculation of maximum strength of a
parallel strand. He studied that strength of staple spun yarn is less than individual fibers due to
variation in load of individual fibers in group of fibers, inclination of fiber to the axis of twisted strand
and slippage of fiber in outer layers. Hearle [14] proved that the transverse forces between and
through the fibers play an important role in determining mechanical properties of yarns. He analyzed
the transverse forces through the yarn, their effect on fiber extension and their contribution to yarn
tension from the theoretical model for small strain. The model was not good at higher strain because
of change in yarn geometry and deviation of Hook’s law.

Afterward, Hearle et al. [15] modified the previous theory, considering yarn extension and breakage
at large extension and also taking into account deviation from Hook’s law. Hearle [16] introduced
more simpler energy method similar to Treloar and Riding instead of force method to predict the
stress-strain behavior of continuous filament yarns.

Hearle [17], [18]studied the effect of migration in staple fiber yarns and he made a consistent analysis
of the behavior and cohesion of an idealized short fiber yarns and concluded that fiber arrangement,
fiber migration and yarn twist have effect on mechanical properties of yarns.



Treloar and Riding [19] developed an equation to evaluate the yarn specific stress from the concept of
energy method.The effect of torsional and bending forces was studied by Treloar [20] in a theoretical
analysis of rubber models and it was established that they are negligible in the tensioned yarn. Later
on Treloar [21] applied rubber model to a filament yarn of idealized migration pattern and it was
concluded that migration has slight effect on geometrical and tensile properties of filament yarns.

Holdaway [22] studied the strength of single worsted yarn and a new concept of "ineffective outer
layer" of fibers was introduced. He found that the stretched yarn caused limited lateral pressure
immediately below an outer layer of fibers. A new approach was introduced by White. et al [23] and
Cheng et. al. [24] in mechanics of continuous filament yarns using the method of continuum
mechanics and tensor matrix analysis. Carnaby et al. [25] studied the tensile behavior of staple fiber
yarns at small strains. A theoretical model was developed by Thwaites [26], analyzing the tensile and
torsional behavior of highly twisted yarns.

A serious of papers was published by Pan [27] — [30] in the field of mechanics of staple fiber yarns.
He studied the relationship between fiber and yarn strength and developed constitutive theory
governing the behavior of short fiber yarns with and without slippage effect.

A statistical theory was developed by Realff et al. [31] to explore the relationship between the
statistical strength and the properties of the constituent fibers as well as the structural parameters of
twisted fiber. Onder and Baser [32], [33] examined the stress-strain behavior and strength of staple
yarns. A yarn model was established in which the fiber migration follows a conical helix path. Their
approach is similar to Hearle’s model of staple fiber yarns.

A theoretical model was developed by Langenhove [34] — [36] to predict the tensile load and
untwisting moment of a yarn at a given strain from fiber properties and yarn structure. Morris et al.
[37] developed method for yarn modelling by dividing the series of yarn cross sections at small
intervals along its length.

Many other researchers [38] — [48] predicted yarn strength from fiber properties and process
parameters from empirical and regression equations. Hafez [49] developed the relationship for
predicting the lea strength and single yarn strength from yarn twist, yarn count, mean fiber length and
fiber bundle tenacity. Hunter [50] considered the different fiber properties and presented different
regression equations to evaluate the strength of ring and rotor yarns. Rajamanickam et al. [51] studied
the structural and material parameters of air jet spun yarns and derived the regression equation for
yarn tenacity. Chasmawala et al. [52] introduced regression equation which can determine the
breaking load from number of core fibers for air-jet yarn.

A mathematical model was developed by Krause et al.[53] for coefficient of fiber strength utilization
for the air-jet spun yarn. They derived the expression for coefficient of fiber strength utilization for
lower and higher fiber frictions. Frydrych [54] developed a mechanistic model for prediction of yarn
strength using the modified Peirce’s equation. Most of the Frydrych’s model are based on previous
work by Zurek [55] and Zurek et al. [56].

Das et al. [57] used simulated annealing to solve Frydrych’s equation for yarn strength from fiber
properties and twist of ring spun cotton yarns to explore the best combination of parameters that can
produce yarn with required strength. Ghosh et al. [58], [59] developed an equation for prediction of
yarn strength from the number of fibers at the place of yarn break, average number of fibers in the
yarn cross section, fiber bundle tenacity, percentage of broken fiber in the yarn failure zone, and the
mean helix angle of fibre at the time of yarn failure. Sami et al. [60] studied the mechanical behavior
of yarn using technical parameters by tensile relaxation tests at different strain levels. Dang et al. [61]



studied tensile behavior of wool / spandex core spun yarn and introduced theoretical model to
determine coefficient of fiber strength utilization taking into account the fiber and yarn properties.

Guha et al. [62] compared the mechanistic model described by Frydrych with statistical and neural
network models. The results indicate the success of all three models in predicting yarn strength. Liu et
al. [63] established a theoretical model to predict tensile and torsional behavior of bulky wool single
yarns. They used energy method to calculate the applied force on the yarn and considered nonlinear
behavior of the fiber at large strain. Sripateep et al. [64], [65] presented a method for modelling the
tensile behavior of multifilament twisted yarn using computer aided design approach for tensile
analysis.

4. Theoretical modelling

A brief proposed theoretical model is described here which follows the paper series of Neckar el. al.
[5] and Zubair et al. [66].

4.1 Stress-strain diagram of fiber and yarn

Figure 1 illustrates schematically the specific stress-strain curve of twisted staple yarn and similar
curve of corresponding fiber. The yarn curve has more or less similar shape to the fiber curve in the
twisted staple yarns but the yarn curve lies under fiber curve. It is inconsequence to a very specific
fibrous arrangement and fiber to fiber interaction in the yarn. The corresponding stress difference is h;
at the yarn breaking strain £y = ay.

However the yarn breaking strain a, is mostly smaller then fiber breaking strain a; So the fiber
specific stress increases usually more to h, to the final value o¢ on the distance from ay to a;. This
mechanism is related to the difference in process, yarn structure and yarn variation. Thus the
coefficient of fiber stress utilization in yarn is consequence of process in yarn structure by its
tensional deformation (without significant fiber breaks) and process of fiber breakage due to yarn
destruction. There are two regions on specific stress-strain curve of yarn in figure 1.
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Figure 1 Schematic of specific stress-strain curves [5]

Original structural character of a yarn remains relatively stable and all fibers are mechanically
workable in first part (white). However the structure is prominently changed and more and more
fibers break in the second part (grey). Of course, the border between these two regions is not too clear,
the first portion is continuously changing to the second type as illustrated in the figurel. However, this
idea of separation of both processes reveals for building of theoretical models.
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4.2 Coefficient of fiber stress utilization

The coefficient of fiber stress utilization can be evaluated by studying the area before break of fiber
and yarn. By the same strain £ = £, we can find the specific stress in fiber, o¢(£¢) and specific stress

in yarn, oy (€y). The ratio between yarn specific stress and fiber specific stress is in fact “coefficient
of fiber stress utilization” in the yarn expressed as below

oy (ey=¢f)
a5 (££)

@ (ey) = (D

The above said expression for coefficient of fiber stress utilization is not constant, it is function of
yarn strain gy.

4.3 Tensile behavior of twisted yarns according to helical model

The helical model of fibers in yarn of fineness T, diameter D and twist Z and number of fibers in cross
section N is based on the following assumptions: (1) All fibers have same cross-sectional area S; (2) all
fibers are ‘infinitely’ long; (3) the axes of all fiber create helices with same direction of rotation; (4)
all helices have one common axis which is yarn axis; (5) the height of each coil of fiber is constant
and equal to 1/Z. Based on the assumption of helical model the equations for coefficient of fiber stress
utilization are given in this section.

4.3.1 Coefficient of fiber stress utilization from Gegauff’s model

Gegauff [2] assumed that the specific stress by axial tension of fiber is a linear function of fiber strain
o =K &s. )
Where k = E / p = constant, the constant K is the ratio between fiber Young’s modulus and fiber
density.

He derived equation for the coefficient of fiber stress utilization g as follows

_ , n(in cos? Bp)
g = (1 +n)cos*Bp + T 3)

At n =0, the above equation is reduced to
(pg = cos?Pp.

4
4.3.2 Coefficient of fiber stress utilization considering real stress-strain function

Considering real fiber and yarn stress-strain relationship and from idea of yarn helical model the
Gegauft’s equation can be modified as single integral equation which is given as follows

oy (gy) 2 B
(pcl (EY) = of '[S'!'} = of 'EEY} tan? BD jﬂ Gf (Ef) tan B dB (5)

Where £¢ = 8y (cos?p — 1 sin?p). (6)

or (g¢) is fiber stress-strain function, f is general twist angle and fp is maximum twist angle in yarn.

& and g, are fiber and yarn strains. This equation can be solved by numerical integration using stress-
strain function of fiber and maximum twist angle fp. The contraction ratio 7 = 0.5 can be used for
textile materials for constant volume body.
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4.4 Coefficient of fiber stress utilization from partial generalization of helical model

It is considered in above model that all fibers are inclined at certain angle £ in accordance with helical
model. After partial generalization of helical model let us imagine that all the fibers in the differential
layer situated at radius r are lying on the corresponding cylindrical surface, but they do not have the
same angle f, rather they form the angle 6 with the yarn axis.

In spite of the fact, we assumed that packing density g and contraction ratio 7, of differential layer in
yarn depends generally on the radius, we assumed for the simplification that these quantities are
independent to the radius r similar to yarn strain &. From partial generalization of helical model and
considering real fiber stress-strain relationship and fiber orientation distribution in yarn, coefficient of
fiber stress utilization in yarn ¢, can be expressed as follows

2 i 8y i
Gea(ev) = gy Ly " o1 (e) cos?0 u(0)d0] 5 dB. 9

Where g, is yarn axial strain, /4 is general twist angle of fibre, af (g¢) is fiber specific stress of as a

function of fibre strain &, U(6) denotes probability density function of fiber inclination angle &, and 6,
indicates upper limit of fibre inclination angle. The unimodal probability density function, u(é) of
non-oriented angles 0 € (G,%) was derived earlier by Neckar et al.[67]. Fibers with angles &

approaching ; are being found in yarn structure only very seldom, however, they were identified by

experimental analysis of internal structure of yarns derived by Neckar et al. [67][68].

1 c 1 c
u(®) = nCc2—(c2-1)cos?(8+B) +Ec2—{cz—1)coszce—s)' ®)

Where C is parameter which depends on directional distribution of fibers in yarn, and it varies
according to fiber type and spinning technology. Furthermore, the following expressions are required
for calculations.

tan fp = nDZ. 9)

gr and B,, can be obtained as follows

gr = gy (cos?0 — 1sin?0). (10)
.1

B, = sin T (11)

Where 7 is yarn lateral contraction ratio and it can be taken as 0.5 for textile materials. D is yarn
diameter, Z is twist per unit length, fp is maximum twist angle and 6, is upper limit of fiber
inclination angle 6.

5. Methods used and studied materials

Experiments were carried out to validate the theoretical model described in section 4. The different
types of fibers and staple spun yarns with different linear densities and materials were used for the
validation of the mathematical model and brief procedures for the measurement of the necessary
parameters are being explained in this section. The mean curves and experimental coefficient of fiber
stress utilization are elaborated in this section.

5.1 Materials

The five types of fibers cotton, polyester, viscose, worsted and acrylic were used to produce staple
spun yarns. The yarns were produced by ring and rotor technologies with different linear densities.
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5.1.1 Fibers

The five types of fibers viscose, cotton, polyester, worsted and acrylic were used for validation of
model. The measured and / or nominal specification of the fibers are given in the table 1.
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Table 1 Fiber specifications

Yarn type Viscose Carded Combed Polyester Worsted Acrylic
fiber cotton cotton fiber fiber fiber

Parameters fiber fiber
Breaking force [cN] 3.66 4.88 6.40 6.11 5.90 4.71
Breaking strain [%] 18.04 6.35 6.93 18.35 31.07 26.21
Tenacity [cN / tex] 29.53 30.5 44.28 42.98 1543 353
Fineness [dtex] 1.29 1.6 1.46 1.43 3.81 1.34
Staple length [mm] 38 28 35 38 40 40
5.1.2Yarns

The different yarn linear densities of different types of materials viscose, cotton, polyester, worsted
and acrylic from ring and rotor technologies were used to validate the modal. The mean values of all
parameters obtained from equipment were recorded in the tables 2, 3, 4, 5, 6 and 7.

5.2 Methods

The standard test methods for evaluation of different parameters fiber fineness, fiber force and
elongation, yarn fineness, yarn force and elongation, yarn diameter and yarn twist are described here.

5.2.1 Fiber tensile test

Tensile force, elongation, titer and tenacity of all types of fibers were measured on Lenzing Vibrodyn
- 400 according to the standard test method CSN-ENISO 1973. A total of fifty measurements were
made for all types of fibers. The gauge length was 10 mm and force was applied at a rate of 10 mm /
min. The stress-strain curves data for each type of the staple fibers were obtained from the equipment
software which was used to produce mean curve for each type of fiber in Matlab software.

5.2.2 Yarn tensile test

All types of yarns were tested on Instron-4411 in accordance with standard test method CSN-ENISO
2060. The yarns were tested for force and elongation at the corresponding speeds depending upon the
yarn type and the gauge length being 500 mm for all type of yarns. The tensile force application time
was kept from 17 to 22 seconds for all types of yarns. A total of fifty tests were performed on each of
the yarns. The individual raw stress-strain curve data of the each yarn was used to obtained average
stress-strain curve using linear interpolation and Matlab software.

5.2.3 Yarn linear density

The yarn linear density was measured from a lea of one hundred meters according to standard test
procedure CSN 80 0050. Five samples for each type of yarn were prepared on lea making machine
and each sample was weighed in grams on weighing balance and yarn tex was determined from mean
of five samples.

5.2.4 Yarn diameter

The yarn diameter was determined by image analysis method according to the standard test

method (Interni norma) C.22.102-01/01. Image of yarns at different places were saved in the software
and then measured for each sample. Mean value of diameter from hundred observations were taken
and recoded.
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5.2.5 Yarn twist

Twist per meter were measured on twist testing machine according to standard procedure CSN 80
0701. Thirty samples from each type of yarn were measured and mean value of twist was recorded.
The measured diameter and yarn twist were used to determine the twist angle by using equation tan fp
= 7DZ Where D is yarn diameter, Z is twist per millimeter and fp is maximum twist angle.

5.3 Evaluation of mean specific stress-strain curves

The brief procedures to plot the mean specific stress-strain curves both for fiber and yarn are
explained as follows.

5.3.1 Mean specific stress-strain curve for fiber

The preliminary fiber stress-strain curve data for fifty fiber samples obtained from vibrodyn-400 was
used to produce average specific stress-strain curve in Matlab for each type of fiber. The mean fiber
specific stress-strain curve was evaluated at each strain with a step of 0.001using linear interpolation
before the fiber break occurred.

5.3.2 Mean specific stress-strain curve for yarn

The individual raw stress-strain curve data for all type of yarns from fifty specimens from Instron-
4411 was used to predict the average specific stress-strain curve for yarn with a step of 0.001 using
linear interpolation in Matlab before the process of break.

About 10 % of individual stress-strain curves, having smallest and highest breaking strains were
excluded from the experiment data for all fiber and yarn specimens as outlier curves.

The mean experimental specific stress-strain curves for fiber and yarns before the process of break are
shown in the figure 2. The mean fiber specific stress-strain curve occupies on higher position and all
position of yarn specific stress-strain curves are lower than the fiber curves while rotor yarn curves lie
slightly under the ring yarn curves. The shape of specific stress-strain curves both for fiber and yarn
are similar for each type of material. All ring yarn curves occupy same position and same is true for
all rotor yarns.

=25 Fiber —

720 I Rotor 73.8 (b) (=
] > Rotor 59
= 520

= L Ring 73.8

(=]

= [ A I LL

tj: 6-15 ......... UL

L ]

@ 10 210

@ &

— o

<o 55

= [+8]

2 &

&0 0

0 0.03 0.06 0.09 0.12 0 002 004 0.06
Strain &, &y (-) Strain &, &y (-)

Figure 2 Experimental stress-strain curves for fiber and yarns (a) viscose (b) carded cotton
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Figure 2 Experimental stress-strain curves for fiber and yarns (c) combed cotton (d)
polyester (e) wool and (f) acrylic

5.4 Experimental coefficient of fiber stress utilization

The average specific stress-strain curves for fiber and yarns produced in section 5.3 were used to
evaluate experimental coefficient of fiber stress utilization using equation (1). The theoretical
relations are not fully valid in the area of very small strains probably as consequence of relative
imperfections by process of measurement and / or fiber crimp. Liu et al. [63] presented the similar
conclusion for fiber and yarns strains. They also studied stress-strain curves beyond the limit of 2 %.
Therefore we shall analyze the mutual relations starting from strain value of 0.02 (2 %). The graphs of
experimental coefficient of fiber stress utilization curves for all types of yarns are given in figure 3.

5.4.1 Experimental coefficient of fiber stress utilization of viscose yarns

The different specifications of viscose ring and rotor yarns used for investigation of coefficient of
fiber stress utilization were measured and recorded in the table 2.

Table 2 Parameters of viscose staple yarns

Yarn Yarn linear densities Yarn Yarn dia.  Twist Twist Test speed
type twist angle coefficient
Nominal [tex] Actual [tex]  Z[m '] D [mm] Bo [deg] a [m'ktex"?] [mm/min]
Ring 29.5 32.45 650 0.210 20.93 117 220
20 20.07 840 0.169 23.59 119 220
Rotor 29.5 30.71 680 0.222 23.13 119 170
20 20.03 900 0.177 26.97 127 170
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The experimental coefficient of fiber stress utilization for all types of viscose ring and rotor yarns was
evaluated at each strain and was plotted against the different values of strain as shown in the figure 3a.
The experimental coefficient of fiber stress utilization for all viscose ring yarns is lying at higher
position because of the better orientation of fibers in that yarn due to its structure.

5.4.2 Experimental coefficient of fiber stress utilization of cotton yarns

Carded and combed cotton yarns were used for experimental evaluation of coefficient of fiber stress
utilization. The carded and combed cotton yarns were produced from short and long staple cotton
fiber respectively.

Experimental coefficient of fiber stress utilization by carded cotton yarns

Two sets of cotton staple yarns ring and rotor were tested for investigation of coefficient of fiber
stress utilization. Cotton fiber stress-strain curve data was obtain from the vibrodyn-400.The fineness
could not be measured on Vibrodyn - 400 due to smaller staple length of cotton fiber. So the cotton
fiber fineness was measured with the help of micron air equipment according to the standard
procedure, IS-3674-1966 and value was converted into dtex. The parameter of carded cotton ring and
rotor yarn are given in the table 3.

Table 3 Parameters of carded cotton staple yarns

Yarn Yarn linear densities Yarn twist  Yarn Twist Twist Speed
type dia. angle coefficient
Nominal [tex] Actual [tex]  Z[m '] D[mm] pp[deg] a [m'ktex"?] [mm/min]
Ring 59.0 58.4 532 0.258 233 128 120
73.8 72.2 493 0.301 25.0 133 120
Rotor 59.0 58.5 529 0.337 29.5 128 95
73.8 73.5 454 0.380 28.5 123 95
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Figure 3 Experimental coefficient of fiber stress utilization for staple spun yarns, (a) viscose (b)
carded cotton
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Figure 3 Experimental coefficient of fiber stress utilization for staple spun yarns, (¢) combed cotton

The experimental coefficient of fiber stress utilization curves for all types of carded cotton yarns are
presented in the figure 3b. All experimental coefficient of fiber stress utilization curves for ring yarns

are lying at higher position and for rotor yarns at lower level due to the better orientation of fibers in

ring yarns. The shape of all the coefficient of fiber stress utilization curves for ring and rotor are
similar. The experimental coefficient of fiber stress utilization curves for cotton yarns also reveal

more linear behavior as compared with the viscose and polyester yarns.

Experimental coefficient of fiber stress utilization by combed cotton yarns

The specifications of both combed cotton yarns used for investigation of coefficient of fiber stress

utilization are presented in table 4.

Table 4 Parameters of combed cotton staple spun yarns

Yarn Yarn linear densities Yarn Yarn Twist Twist Speed
type twist dia. angle coefficient
Nominal [tex]  Actual [tex] Z[m '] D [mm] fp[deg] o [m ktex'?] [mm/min]
Ring 11.5 11.28 955 0.13 21.30 101 65
20.0 19.78 726 0.17 21.20 102 65

The experimental coefficient of fiber stress utilization curves for combed cotton yarns are presented in

figure 3c. The experimental coefficient of fiber stress utilization curves for both combed cotton yarns
lie on the same position and also exhibit same shape.
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5.4.3 Experimental coefficient of fiber stress utilization of polyester yarns

Two types of polyester staple spun yarns one ring and other rotor were tested for investigation of
coefficient of fiber stress utilization. The polyester ring and rotor yarn parameters are given in the
table 5.

Experimental coefficient of fiber stress utilization curves for all ring yarns are at the same position
and also all rotor yarn curves exists at the same level as shown in the figure 3d. The trend of all curves
has some analogy. The coefficient of fiber stress utilization is higher at the start then decreases at the
middle at strain of 0.07~0.08 and again increase before break.

Table 5 Parameters of polyester staple yarns

. .. Yarn Yarn Twist Twist
Yarn Yarn linear densities . . . Speed
) twist dia. angle coefficient
e
P Nominal [tex]  Actual [tex] Z[m '] D[mm] pp[deg] o [m'ktex"?] [mm/min]
Ring 29.5 30.02 661 0.223 24.84 114 230
45 43.84 543 0.274 25.50 115 230
Rotor 33 33.77 720 0.250 29.48 131 230
50 50.54 593 0.313 30.24 133 230

5.4.4 Experimental coefficient of fiber stress utilization of worsted yarn

Two worsted yarns were used to validate the results of the mathematical model. The specifications of
both worsted yarns were presented in table 6. The experimental coefficient of fiber stress utilization
curves for both the worsted yarns are shown in the figure 3e. Experimental coefficient of fiber stress
utilization curves for both the yarns lie at the same position and also have compare able shape.

Table 6 Parameters of worsted staple spun yarns

Yarn Yarn linear densities Yarn twist Yarndia. Twistangle Twist coefficient Speed

type Nominal [tex] Actual [tex] Z[m '] D[mm] pp [deg] a [m'ktex'"?] [mm/min]

Ring 20 20.03 790 0.177 23.7 112 230
23 23.25 640 0.190 21.0 98 230

5.4.5 Experimental coefficient of fiber stress utilization of acrylic yarns

Two acrylic ring spun yarns were measured for investigation of coefficient of fiber stress utilization in
yarn. The specifications of acrylic yarns were measured and recorded in the table 7.

Table 7 Parameters of acrylic staple spun yarns

Yarn  Yarn linear densities Yarn Yarn Twist Twist Speed
type twist dia. angle coefficient
Nominal [tex] Actual [tex]  Z[m '] D[mm]  fp [deg] o [m'ktex"] [mm/min]
Ring 12 12.70 725 0.141 22 82 280
18 17.95 568 0.167 23 76 280

The experimental coefficient of fiber stress utilization for both acrylic yarns is shown in the figure 3f.
The experimental coefficient of fiber stress utilization curves for all acrylic yarns are lying at same
position and possess similar shape and trend but exhibit nonlinear behavior.
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6. Summary of the results achieved

In this section the predicted and experimental coefficient of fiber stress utilization for all types of
yarns is explained in brief. Further, we also compared predicted and experimental yarn specific stress-
strain curves for all types of yarns studied.

6.1 Predicted and experimental coefficient of fiber stress utilization

We have predicted the coefficient of fiber stress utilization of all the yarn specimens using the
theoretical model in section 4. The fully experimental coefficient of fiber stress utilization curve
(P express ratio between yarn specific stress and fiber specific stress by the same strain value

according to equation (1). Both functions in the numerator and denominator are determined
experimentally. The predicted coefficient of fiber stress utilization in relation to the yarn strain
obtained from five different types of staple spun yarns using equations (3), (5) and (7) are being
explained here along with the experimental results. The theoretical results are actually the result of
relatively complicated process. The mathematical model developed is implemented using Simulink
technique in the Matlab software. The reason that why we choose Simulink for computation is that it
can easily provide the information for coefficient of fiber stress utilization by changing the block
parameters like fiber specific stress-strain function, twist angle, yarn contraction ratio and angular
preference C. Fiber response in the yarn and its contribution to the coefficient of fiber stress
utilization in yarn can be investigated both in the form of curve and data. Only at the initial strain up
0.02 (2%), the difference between experimental and predicted coefficient of fiber stress utilization is
higher, which might be due to pre-tension yarn, fiber crimp and / or process of measurement. Treloar.
[19] proved that theoretical stress-strain curves agreed with the experimental curves except at small
values of strain and higher twist. Therefore we shall analyze the mutual relations starting from strain
value of 0.02 (2 %). The coefficient of fiber stress utilization behavior for all types of yarns is studied
before the process of fiber and yarn breakage.

6.1.1 Predicted and experimental coefficient of fiber stress utilization of viscose yarns

Four graphs of coefficient of fiber stress utilization are shown in the figure 4 related to two ring and
two rotor yarns. The parameters from table 2 and n = 0.5 were used for calculations. Moreover
empirical common values, C = 4.9 and k = 0.79 for all ring yarns and C = 1.6 and k = 0.55 for all rotor
yarns were used to predict theoretical coefficient of fiber stress utilization as shown by curves ¢, and

k. De1-

A reasonably good inferred regular trends of coefficient of fiber stress utilization was observed by
viscose staple yarns. Zubair et al. [66] compared the similar results for viscose ring and rotor yarns
and found good agreement for predicted and experimental coefficient of fiber stress utilization.
Similar flat experimental curves for coefficient of fiber stress utilization by viscose staple yarns were
published in the research report [69]. However, the level of experimental curves was a little higher
about 0.75 for ring yarns, 0.55 for rotor yarns from same type of viscose fibers and 0.4 for woolen
yarns.

At lower yarn strain coefficient of fiber stress utilization is high which is due to low slippage among
the fibers. Dang et al. [70] studied as the yarn extension is increased, force along the fiber axis
reduces resulting lower coefficient of fiber stress utilization due to more fiber slippage specially for
outer layer fibers.

We can observe from figure 4 that Gegauff’s straight line ¢, are relatively far from experimental
curves ¢, on graph in term of their position as well as their shape. The coefficient of fiber stress
utilization curve ¢; have a similar shape to the experimental curves but they are lying too high in our
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graph near Gegauff’s line. A suitable k-multiple of ¢; curves are very near to the experimental curves
@e. It is interesting that one common value empirically determined parameter k = 0.79 satisfies to all
ring yarns as well as another common value k = 0.55 satisfies to all rotor yarns.
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Figure 4 Predicted and experimental coefficient of fiber stress utilization in viscose staple yarn

The analysis offers one idea of distribution of fiber orientation expressed by the coefficient of fiber
stress utilization curve ¢,. These curves lie in close contact with curves k. ¢y in all graphs. The
suitable value of characteristic C in equation (7) of fiber angular preference is also interesting. The
relatively high common value C = 4.9 was necessary to choose for ring yarns in which by
consequence to intensive drafting process fiber directions are concentrated mostly round helical
model angle f. For rotor yarns we must choose much smaller common value C = 1.6 which
corresponds to the level of orientation of short fiber portion in carded web [3]. In other words free
flying moving fibers in air channel of spinning unit of rotor technology produce at last the structure
like carded web on the internal surface of rotor yarn.

It is evident from figure 4 that all the viscose ring and rotor yarns exhibits similar mean peak
coefficient of fiber stress utilization and strain at peak coefficient of fiber stress utilization both
experimental and predicted.

6.1.2 Predicted and experimental coefficient of fiber stress utilization of cotton yarns

Two sets of cotton yarns one from carded and other from combed technology were used for validation
of mathematical model. The carded cotton yarns were produced from ring and rotor technologies. The
same model and procedures were applied as for viscose yarns.
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Predicted and experimental coefficient of fiber stress utilization of carded cotton yarns

The experimental and theoretical coefficient of fiber stress utilization for various carded cotton ring
and rotor yarns were calculated at a range of strain values and the results were presented graphically
in figure 5 for ring and rotor yarns. The parameters from table 3 and = 0.5 were used for
calculations. Moreover empirical common values, k = 0.79 for both ring yarns and k = 0.55 for both
rotor yarns were used for estimation of curve K. ¢. It is interesting that similar values of C for both
ring and rotor cotton yarns were used as for viscose yarns C = 4.9 and C = 1.6 respectively.

The shape and position of all the predicted and experimental coefficient of fiber stress utilization
curves is similar. The predicted coefficient of fiber stress utilization curves ¢ determined from the
single integral equation (5) for all ring yarns is function of yarn strain and is not linear as the curve ¢,
from the Gegauff’s equation (3). All the coefficient of fiber stress utilization curves ¢, predicted from
equation (7) are similar in shape to experimental curves @..
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Figure 5 Predicted and experimental coefficient of fiber stress utilization in carded cotton staple yarn

The comparison between the experimental and theoretical results in figure 5 for ring and rotor cotton
yarns indicates that predicted peak coefficient of fiber stress utilization and strain at peak coefficient
of fiber stress utilization are in good agreement with the experimental results.

Predicted and experimental coefficient of fiber stress utilization of combed cotton yarns

Two combed yarns from long staple cotton fiber were used for validation of model. The experimental
and theoretical coefficient of fiber stress utilization for both combed cotton yarns was calculated at a
range of strain values and the results are presented graphically in figure 6.

The parameters from table 4 and 7 = 0.5 were used for calculations. Moreover empirical common
values, k = 0.73 for both combed yarns was used for prediction of theoretical coefficient of fiber stress
utilization K. ¢;. The relative higher value of C = 5.5 and lower value of empirical constant k was
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used for evaluation of coefficient of fiber stress utilization because of better orientation of fibers in
combed cotton yarns.

The comparison between the experimental and theoretical results in figure 6 for combed cotton yarns
show the prediction of coefficient of fiber stress utilization and yarn peak coefficient of fiber stress
utilization behavior are reasonable. In general the theoretical prediction agrees well with the
experimental results.
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Figure 6 Predicted and experimental coefficient of fiber stress utilization in combed cotton staple
yarn

The coefficient of fiber stress utilization for combed cotton yarn is higher as compared with carded
cotton yarns which might be due to longer staple length of cotton fiber, better orientation and fiber
migration in such yarns due to the combing process.

6.1.3 Predicted and experimental coefficient of fiber stress utilization of polyester yarns

The four graph for experimental and theoretical coefficient of fiber stress utilization related to
individual polyester yarns are presented in figure 7 for ring and rotor yarns.

On the face of it, these graphs have more or less similar logic then the previous curves of viscose and
cotton yarns. Of course, it was necessary to use another parameters specific for these polyester yarns.
The values from the table 5 and # = 0.5, parameter C = 2.0 and k = 0.60 for ring yarns and C = 1.17
and k = 0.51 for rotor yarns were used for prediction of theoretical coefficient of fiber stress
utilization.

It is also valid that Gegauff’s lines are relatively far from experimental curves. The coefficient of fiber
stress utilization curve ¢; have roughly similar shapes to the experimental curves but these are lying
too high in our graphs near Gegauff’s line. By suitable empirical values of k, the curve k. ¢gare lying
near to the experimental curves ¢, especially by smaller values of strain &. The predicted coefficient
of fiber stress utilization curves ¢, from double integral equation (7) are lying along with curves k.
@1 with respect to position and shape.

The comparison between the experimental and theoretical results in figure 7 for ring and rotor spun
polyester yarns show the prediction of coefficient of fiber stress utilization, least coefficient of fiber
stress utilization behavior and strain at least coefficient of fiber stress utilization are in good
agreement.
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Figure 7 Predicted and experimental coefficient of fiber stress utilization in polyester staple yarns

The polyester yarns presented low coefficient of fiber stress utilization when compared with viscose
and cotton yarns. The shape of the experimental curves is different at higher strain values when
compared with the predicted coefficient of fiber stress utilization curves.

6.1.4 Experimental and predicted coefficient of fiber stress utilization of worsted yarns

The predicted and experimental coefficient of fiber stress utilization for two worsted yarns is
presented in the figure 8. The position of the experimental coefficient of fiber stress utilization curve
@. 1s far from the Gegauff’s straight line ¢,. The coefficient of fiber stress utilization curve ¢ is lying
near to the Gegauff’s line but it is not linear.

The predicted coefficient of fiber stress utilization curve ¢, from double integral equation (7) is
similar in position as well as in shape to the experimental curve @.. The parameters from table 6 and 7
= (.5 were used for calculations. We also used the parameter C = 4.9 and k= 0.79 similar to cotton
and viscose ring yarn.
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Figure 8 Predicted and experimental coefficient of fiber stress utilization in worsted staple yarn

The comparison between the experimental and theoretical results in figure 8 for worsted yarns show
the prediction of coefficient of fiber stress utilization, peak coefficient of fiber stress utilization
behavior and strain at peak utilization are in reasonable agreement.

6.1.5 Predicted and experimental coefficient of fiber stress utilization of acrylic yarns

The predicted and experimental coefficient of fiber stress utilization for both acrylic yarns is
presented in the figure 9. The position of the experimental curve ¢is far from the Gegauff’s straight
line ¢y. The coefficient of fiber stress utilization curve ¢ is near to the Gegauff’s line but it is not
linear. The predicted coefficient of fiber stress utilization curve ¢, from double integral equation (7)
is similar in position as well as in shape to the experimental curve ¢..
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Figure 9 Predicted and experimental coefficient of fiber stress utilization in acrylic staple yarn

The comparison between the experimental and theoretical results in figure 9 for acrylic yarns show
that the prediction of coefficient of fiber stress utilization, peak coefficient of fiber stress utilization
behavior and strain at peak utilization are in good agreement.

6.2 Experimental and predicted yarn specific stress-strain curves

The theoretical coefficient of fiber stress utilization obtained from our model equation (7) was used to
evaluate the yarn specific stress from the fiber stress-strain curve data for each type of ring and rotor
yarns. The equation (1) was used to predict the yarn specific stress-strain curve for all types of yarns.
The predicted and experimental specific stress-strain curve before break for viscose, cotton, polyester,
wool and acrylic yarns produced from ring and rotor technologies is being described in this section.
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6.2.1 Predicted and experimental specific stress-strain curves of viscose yarns

The experimental and theoretical specific stress-strain curves for viscose ring and rotor yarns are
shown in the figure 10. For all viscose yarns, predicted yarn specific stress-strain curves have good
agreement with the experimental specific stress-strain curves both in position and shape before break.
Zubair et al. [71] compared the predicted and experimental specific stress-strain curves for cotton and
polyester staple spun ring and rotor yarns and found reasonable agreement.

The slight difference in predicted and experimental specific stress-strain curves in case of rotor yarn
might be the result of yarn structure due to rotor technology. Variation of migration and twist between
both inner and outer layer in rotor yarn causes its structure to separate into two phases unlike unified
helical structure in ring spun yarn. [72].
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Figure 10 Predicted and experimental specific stress-strain curves of viscose ring and rotor staple
yarns.

6.2.2 Predicted and experimental specific stress-strain curves of polyester yarns

The experimental and theoretical specific stress-strain curves for polyester ring and rotor yarns are
drawn in the figure 11. The polyester yarns could not present good results as by viscose yarn for yarn
specific stress-strain curves. Results indicate that predicted yarn specific stress-strain curve captured
well the experimental results before yarn break. However, difference was observed at higher strains in
both ring and rotor yarns which might be the result of higher slippage among the polyester fibers.

Polyester fibers consist of amorphous and crystalline regions and another amorphous region taking a
phase called mesamorphous phase. During fiber stress-strain process, amorphous region initially align
similar to mesamorphous phase. Subsequently, the load strains the bonds in both crystalline and
amorphous phases and slippage occurs [73].
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Figure 11 Predicted and experimental specific stress curves of polyester ring and rotor staple yarns

6.2.3 Predicted and experimental specific stress-strain curves of carded cotton yarns

The experimental and theoretical specific stress-strain curves for cotton carded ring and rotor yarns
are drawn in the figure 12.

The predicted specific stress-strain curves have a reasonable agreement with the experimental specific
stress-strain curves before the yarn break. Again, the higher difference near the breaking point of
specific stress-strain curves for rotor yarns might be attributed to the structure of rotor yarn and
variability in strength and fineness of cotton fibers. The specific stress-strain curves are more linear as
compared with viscose and polyester yarn curves due to the chemical nature of cotton fiber.
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Figure 12a Predicted and experimental specific stress curves of carded cotton ring and rotor staple

yarns
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Figure 12b Predicted and experimental specific stress curves of carded cotton ring and rotor staple

yarns

6.2.4 Predicted and experimental specific stress-strain curves of combed cotton yarns

The experimental and theoretical specific stress-strain curves for combed cotton yarns are shown in
the figure 13. The predicted yarn specific stress-strain curves captured well the experimental specific
stress-strain curves before break of yarns. Again the specific stress-strain curves are more linear as
compared with viscose and polyester yarn curves. The predicted and experimental specific stress-
strain curves exhibited less difference because of better orientation in combed cotton yarn and also

due to the longer staple fiber used in combed yarns.
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Figure 13 Predicted and experimental specific stress-strain curves of combed cotton staple yarns

6.2.5 Predicted and experimental specific stress-strain curves of worsted yarns

The experimental and theoretical stress-strain curves for worsted yarns are presented in the figure 14.
The predicted yarn specific stress-strain curves have good agreement with the experimental curves
before break of yarns. The difference near the breaking point of yarn for 23 tex yarn is also attributed
to variability in the wool fiber fineness, strength and length.
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Figure 14 Predicted and experimental specific stress-strain curves of worsted staple yarns

6.2.6 Predicted and experimental specific stress-strain curves of acrylic staple spun yarns

The experimental and theoretical specific stress-strain curves for acrylic yarns are produced in the
figure 15. The predicted yarn specific stress-strain curves have good agreement with the experimental
specific stress-strain curves before break of yarns for both types of studied yarn. The results of yarn
specific stress have increasing agreement near to the point of break.
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Figure 15 Predicted and experimental specific stress-strain curves of acrylic staple yarns

7. Evaluation of the results and new finding

This thesis presents a mathematical model that predicts fiber stress utilization along with its validation
for staple spun yarns. The theoretical model considers fiber stress-strain curve, twist angle, yarn
contraction ratio and fiber orientation. The four types of coefficient of fiber stress utilization from
Gegauff’s model, single integral model, double integral model and k times single integral model were
predicted and compared with the experimental coefficient of fiber stress utilization. Further the
specific stress-strain curves for different types of yarns were estimated from the knowledge of
predicted coefficient of fiber stress utilization and the experimental fiber specific stress-strain curves.

7.1 Conclusions

It can be concluded that the yarn specific stress strain curves are always lying under the fiber specific
stress strain curves for all types of yarns studied. The shape of the fiber and yarn curves are similar for
one type of yarn materials. The ring yarn specific stress strain curves are occupying position above
the rotor yarns specific stress strain curves. The experimental coefficient of fiber stress utilization is
also higher than rotor yarns. We can also summarize for predicted and experimental coefficient of
fiber stress utilization of viscose, cotton (carded and combed), polyester, wool and acrylic yarns as
shown through figure 4 to 9 in section 6.
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o Coefficient of fiber stress utilizations from Gegauff’s model ¢y are relatively far from

experimental coefficient of fiber stress utilization curves (p, on graph in term of their position as

well as shapes for all type of yarns.
o The predicted coefficient of fiber stress utilization curves ¢, from single integral equation have

a similar shape to the experimental coefficient of fiber stress utilization curves ¢, but these are
lying too high in our graph near Gegauff’s straight lines @g. Both Gegauff’s model and single

integral model overestimate the coefficient of fiber stress utilization.

o When multiplying the coefficient of fiber stress utilization curves ¢ by the empirical constant k
the results are so close to experimental coefficient of fiber stress utilization curve ¢, but it is
without logical interpretation.

o It was interesting phenomena that one common empirical parameter k = 0.79 satisfies to all
viscose, wool, acrylic and cotton ring yarns while another common value k = 0.55 fulfils to all
rotor yarns.

o One empirical value of k gives us an insight about the prediction of coefficient of fiber stress
utilization curves ¢, from our double integral model considering fiber orientation in yarn. That is
why we are able to explain technically that the position of predicted coefficient of fiber stress
utilization curves ¢, lie in close contact with curves K. ¢, in all the graphs.

o The suitable value of parameter C in double integral model is also interesting which is
synchronized with the fiber directional distribution in the yarn. The relatively higher parameter of
C = 4.9 was necessary to choose for viscose, cotton (carded), wool and acrylic ring yarns due to
controlled drafting process which produced the fiber directions concentrated mostly round helical
model angle £.

o We have to choose considerably smaller common value C = 1.6 for rotor viscose and cotton
yarns, which might be due to poor fiber orientation and more short fiber portions in these yarns.

o We have to use a little less value of empirical constant k = 0.7 and higher value of parameter C =
5.5 for combed cotton yarns which reveals that fiber orientation in combed cotton yarns is
enriched due to the combing process.

o The considerable lower value of parameter C = 2.0 and k = 0.60 for ring yarns and C = 1.17 and k
= 0.51 for rotor yarns enable us for evaluation of coefficient of fiber stress utilization in polyester
yarns which might be due to higher slippage among the fibers in these yarns.

It can also be concluded from figure 10 through 15 from section 5 that predicted yarn specific stress-
strain curve agreed well with the experimental yarn specific stress-strain curves for all type of yarns
before the process of yarn break. The higher difference in specific stress for carded cotton and wool
yarn near the breaking point might be the result of variation in strength, staple length and fineness of
these natural fiber materials. The slight difference between predicted and experimental curves in rotor
yarns might be the result of the structure of rotor yarn due to difference in twist and migration
between inner and outer yarns layers.

We are unable to predict the coefficient of fiber stress utilization at lower strains 0.02 (2%) and higher
values of strains because of catastrophic failure due to pre-tensioned yarn and higher friction near the
point of break. All our results are valid for standard yarn twist.

7.2 Recommendations

o There is an important question of research regarding polyester fiber. The lower value for fiber
orientation parameter C gives us an insight that there may be some reason behind, which can
affect coefficient of fiber stress utilization of polyester fiber. The experimental coefficient of
fiber stress utilization of polyester fiber is increased tremendously after 0.07 to 0.08 strain as

30



compared with the predicted coefficient of fiber stress utilization. The reason may be studied
up to microscopic level.

The prediction of coefficient of fiber stress utilization in the yarn and yarn specific stress-
strain curves might be evaluated up to the point of yarn break by modification of the
mathematical model including the effect of coefficient of variation in fiber breaking strength
and strain, variability of fiber crimp and the friction among the fibers (slippage effect).
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The work includes the analysis of stress-strain curves of fiber and staple spun yarns.
The study of staple spun yarns is somehow difficult becasues of discontinities in such
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yarns were performed to produce mean curves from fibers and yarns. In this study the
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and theses yarns have many application in woven and knitted fabrics. The wool and
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fiber stress utilization. Results reveal that coefficient of fiber stress utilization
considering real fiber stress-strain function and fiber orientation are in good
agreement with the experimental results. From the concept of theoretical coefficient
of fiber stress utilization, the yarn specific stress-strain curves were also predictied
which were in reasonable agreement with the experimental yarn specific stress-strain
curves. Only for polyester yarn a very small value of parameter C and empirical
constant k have to be used which might be the result of slippage among the fibers and
the problem might be studied up to microscopic level in future. The effect of slippage
was not considered in the model so coefficient of fiber stress utilization can be
predicted before the breaking process of yarns. In future the mathematical model can
be modified for pediction up to the point of break in staple spun yatns.

The thesis is written in clear English and the quality of graphs and tables is very good
and they were well analyzed. The overall quality of thesis is very good and I
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/
/

Prof. Ing.}{)huslav Neckar, DrSc.
Supervisor

TECHNICAL UNIVERSITY OF LIBEREC | Faculty of Textile Engineering | Studentska 1402/2 | 461 17 Liberec 1

tel. +420 485 353452 | jmenoc.prjmeni@tul cz | www.ft tul cz | IC 467 47 885 | DIC. CZ 467 47 885

38



Reviews of the opponents

Dissertation Review
TENSILE BEHAVIOR OF STAPLE SPUN YARNS

Author: Muhammad Zubair, M.Sc.
Technical university of Liberec
Faculty of Textile Engineering

In accordance with the internal “Study and Examination Rules” of the Technical university in
Liberec Liberci" article 22, | have worked up following Dissertation Review of the
dissertation of PhD. Student Mr. Muhammad Zubair, M. Mc.

Research and development focused to the improving quality of textile yarns is at the
moment mostly running by the principle “try and error” when the samples of yarns, produced
under different conditions, are tested in the laboratory for their mechanical properties without
deep study of the internal structure of the yarn and the influence of this structure to the
relevant yarn parameters. The possibility to predict the parameters of the yarn, based on the
internal structure could be very interesting for continuous progress in the field of textile
spinning and this dissertation could be a good step into such a direction.

The study starts with a description of stress-strain curves of fiber and yarn. The effect
of yarn structure can be characterized by coefficient of fiber stress utilization in the yarn.
Author of the dissertation work first analyzed accessible theoretical information from the
literature and aggregated them The four types of models, for coefficient of fiber stress
utilization in yarn were introduced and explained. From these four models it seems that the
"double integral" model suits the best to the experimental results, evaluated in the second
part of the work and predict relatively well t the coefficient of fiber stress utilization in staple
spun yarns considering also random character of fiber inclination in the yarn..

The different types of fibers (viscose, cotton, polyester, linen, wool and acrylic) and
yarns were used for experimental validation of proposed mathematical models for coefficient
of fiber stress utilization before the breaking process of yarn. Viscose, cotton and polyester
yarns were produced from both ring and rotor technologies while flax , wool and acrylic yarns
were made from ring spun technology only. Combed cotton ring spun yarns from long staple
cotton fiber were also used for verification of the model.

Theoretical results were confronted with the extensive set of laboratory results. It has
to be appreciated at this place, that author has invested a really high effort to collect such a
wide set of experimental results. The experimental part of the study was performed according
the valid industrial norms and in some cases according the internal rules of the Technical
university. The experimental results were processed by the utilization of Matlab system .

There were conducted experiment with all generally available fiber materials ( cotton,
viscose, polyester and wool) which were spun on ring spinning machine and where feasible,
also on rotor spinning machine. It is a pity, that no Airjet yarn was included to this study,
because of its specific construction.

Concerning the rotor yarns, | am missing in the work the information about the
nominal ( mechanical) twist, which was set on the machine, because the real twist of the
rotor yarn, measured in laboratory is always lower, than the machine twist. The difference is
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related to the several conditions on the machine, like rotor type, take nozzle etc. and the
twisting difference could also bring some information, how the fibers are formed into the yarn.

It is a pity, that author on his own did not mention in the work, how this results could
be used in the research and development of the new type of the yarns. It would be
appreciated from the community if there will be available a methodology, able to show if the
mechanical parameters of the existing yarns are already on its limits concerning the yarns
strength or if there is still some reserve , coming out from the yarn construction

As is commonplace today, most of the doctoral work has been published on-line on
the Internet, which undoubtedly brings benefits to the general public. Further work was
published in the framework of seminars organized by the Technical University for PhD
students. These seminars, however, serve primarily to improve future academic staff in
presentation and communication skills, and the importance of these events for public is
comparatively small.

| propose that the doctoral student answer the following questions in his defense:

1) How could the results of this work be used to improve the parameters of the yarns
produced on existing spinnig machines ?

2) Are the models also valid for the Airjet yarn (Murata MVS, Rieter J20), or what adjustments
to the methodology would be needed?
| recommend the dissertation for defense.

in Usti nad Orlici 12" of May 2017

doc. Ing. Jifi Sloupensky, CSc.
Rieter CZ s.r.0. Usti nad Orlici '
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Dear Ing Drasarova 19" June 2017

Dean, Faculty of Textile Engineering

I have examined the Ph.D thesis entitled “Tensile behavior of staple spun yarn “ submitted by
Mr Muhammad Zubair.

The candidate has done a commendable job of organising and presenting the proposed research
study. The candidate has demonstrated a very good understanding of the subject and the underlying
limitations in the understanding of the tackling of knowledge that is needed in modelling the
mechanical behaviour of staple spun yarns. The objectives of the present research are very well

defined.

The thesis is very well documented and presented. The candidate has done very exhaustive survey of
literatures by critically articulating the reasoning and understanding of the prior works in the present
area of research. The overall flow of presentation of the thesis is excellent and bridging of one chapter

to the next chapter has been maintained very carefully.

The candidate has made original cantribution in the area of mathematical modelling for prediction
of coefficient of fiber stress utilization from stress-strain curves of fiber and yarns considering
yarn twist and fiber orientation and to validate the experimental coefficient of fiber stress
utilization before yarn break, is a good example of his contribution to the profession of a

technologist.
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The candidate has made a very diligent attempt to experimentally measure the various parameters

that characterize the tensile behavior of staple spun yarn.

The exhaustive and in-depth research of the present topic shows that the candidate is very hard

working and competent in carrying out independent research.
The following observations given below need corrections in the thesis:

1. Page 4, section 2.1 - It should be modern not modem.

2. Page 8, Fig 2.5 — Citation of Fig 2.5 should have equation number i.e. equation 2.5 instead of
giving full equation.

3. “Wool” is a3 material and “worsted” is a spinning process but number of places word worsted
has been used as wool.

4. Why for linen fibre and linen yarn, technical fibre and technical yarn is used. Linen is simply a
natural fibre.

S. Page 53, Table 5.1 — the values of yarn twist and diameter of viscose ring yarn has to be
corrected. Finer yarn has higher twist and lower diameter in comparison to coarser yarn.

6. At few places the thesis needs some grammatical mistakes.

Based on the above observations, | strongly recommend the thesis for award of Ph.D. in its present

form.

Dr. 5.M. Ishtiague
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