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Abstract Nonwovens are complex three-dimensional
anisotropic structures and consisting of fibres orientated in
certain directions, which are bonded by thermal, chemical,
mechanical entanglement or a combination of these tech-
niques. Thermally bonded are further classified in two
categories, i.e. through-air and calendared nonwoven
structures. In this study, a modified micromechanical
model describing the tensile behaviour of thermally bonded
nonwovens is proposed by incorporating the effect of fibre
re-orientation during the deformation. The anisotropic
behaviour of through-air bonded structures is demonstrated
through theoretical stress—strain curves and the relationship
between the fibre re-orientation and fabric strain is also
analysed. Furthermore, the failure criterion of thermally
bonded nonwovens is analysed using pull-out behaviour of
fibres in the system. A parametric study revealing the
dependencies of various structural and geometrical char-
acteristics of fibres on pull-out behaviour of fibres in
thermally bonded nonwovens is also discussed.
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Introduction

Nonwovens are complex three-dimensional anisotropic
structures and defined as fibres orientated in preferential or
random directions and bonded by thermal, chemical,
mechanical entanglement or a combination of these tech-
niques. Thermally bonded nonwoven structures are pro-
duced by applying the heat energy to the thermoplastic
component present in fibrous web and the polymer flows by
surface tension and capillary action to form fused fibrous
network. They are amongst the most widely used nonwo-
vens, with applications ranging from baby diapers to high
performance geotextiles. Thermal bonding can be further
classified in two main types, i.e. calendar and through-air
techniques. In calendaring, the fibrous web consisting of
fibres oriented in certain directions is passed through high
pressure heated rollers, whereas in through-air bonding the
fibres are heated to the melting temperature of the binder
fibres while moving through hot air oven. The latter is a
highly useful technique in producing high bulk and heavy-
weight thermally bonded structures, which have good
softness and drape characteristics [1]. Through-air and
calendared bonded materials can be described as uncom-
pressed and compressed fused fibrous networks, respec-
tively. Knowledge of the relationship between
microstructure and macroscopic properties is fundamen-
tally important in determining the mechanical behaviour of
such materials.

In general, the fibrous assemblies in the form of paper
and nonwovens are anisotropic in nature and have similar
structural characteristics except the fact that fibres can be
bonded by means of hydrogen bonding in case of paper [2].
Therefore, various theories and mathematical models have
been proposed for predicting the mechanical behaviour of
fibrous assemblies such as nonwovens by both textile and



J Mater Sci (2010) 45:2274-2284

2275

paper researchers. Cox [3] pioneered the approach of pre-
dicting the elastic behaviour of paper based on the distri-
bution and mechanical characteristics of constituent fibres.
The load transfer between the fibres has also been modelled
using shear-lag theory. In shear-lag analysis, the embedded
fibre in a matrix is subjected to a strain in the direction of
fibre such that the rate of transfer of load will depend on
the difference between displacements of fibre and matrix
(without fibre) from the same reference point. Subse-
quently, Kallmes and his colleagues [4-7] extended Cox’s
model based on geometrical probability theory to deter-
mine fibre bonds, free fibre lengths between the contacts
and their respective distributions for fibrous network in the
form of paper. In addition, a theory was developed to
predict the tensile strength of paper based on the fact that
the local rupture of a fibre or bond failure is responsible for
the total failure of sheet [8]. However, the usefulness of
Cox approach has been disputed for simulated random fibre
network and it has been revealed that the dominating mode
of load transfer is through axial stress at the fibre inter-
sections [9]. Nevertheless, the shear-lag model has been
successfully applied to predict the tensile strength of paper
by incorporating an important bond parameter, i.e. relative
bonded area (fraction of fibre surface area occupied by
bonds) [10]. The shear-lag mechanism has also formed the
basis for transferring the load in representative volume
element consisting of a fibre and portion of all crossing
fibres and successfully computed the -elastic—plastic
behaviour of paper [11, 12].

On the other hand, the study of tensile deformation of
nonwoven structure was pioneered by Backer and Petterson
[13], and they applied well-known orthotropic theory for
predicting the tensile properties of nonwovens. Moreover,
the fibre network theory was also developed, and it was
found suitable for nonwovens as it has included the effect of
structural characteristics [13]. In fibre network theory, the
fibre segments between the bonds are assumed to be straight,
and the theory was further modified in order to include the
effect of fibre curl or waviness [14, 15]. Parallel to these
studies, van Wyk [16] calculated the number of fibre-to-fibre
contacts, which is fundamentally important in determining
the mechanical properties of fibrous assemblies. The theory
was further generalised by computing the number of fibre
contacts based on any fibre orientation distribution, length
and arbitrary shape of the fibre cross-section [17, 18]. Pan
[19] pointed out that the model for calculating the number of
contacts deduced by Komori and Makashima [17] was
incorrect as the probability of contact changes with suc-
cessive contacts. Nevertheless, Pan et al. [20] employed a
micromechanical approach in addition to continuum theory
to compute the initial tensile response of two-dimensional
hybrid fibrous structures. A three-dimensional microme-
chanical model has also been proposed based on the

methodology of Cox [3] that predicted the initial response of
dense anisotropic fibrous assemblies [21]. It was assumed
that free fibre element is straight, and there is no slippage
between the fibres in order to analyse the axial load bearing
capacity of fibres. Since, it has been simulated earlier that
fibre and bond extensions are primary modes of deformation
in fibre networks in comparison to shear and bending
deformations during tensile loading [22]. However, the
micromechanical model was not validated experimentally.
The tensile properties of nonwoven structures were also
modelled using computer simulation techniques based on
fictitious model of a nonwoven fabric, which was designed
for mathematical convenience [23-25]. Furthermore,
Grindstaff and Hansen [26] developed a two-dimensional
computer model consisting of 30 bond points arranged in a 5
by 6 pattern for predicting the stress—strain properties of
thermally point-bonded nonwoven structures. The input
parameters included bond layout, fabric density, fibre ori-
entation, fibre curl, fibre and bond tensile properties. The
model can also incorporate the preferential orientation of
fibres but the failure criterion of fibres in the thermally
bonded nonwoven was highly intuitive in nature. For
instance, when the samples are extended in the machine
direction, fibre breakage at the interface was assumed to be
the predominant failure mechanism, whereas fibre pull-out
at a bond was considered as a failure criterion in the samples
extended in the cross-machine direction. More recently, a
force balance criterion is considered for computing the total
force required against the force required to fail all the fibres
[27]. A semiempirical model approach has also been applied
to predict the strength of thermally point-bonded fabrics
neglecting the fibre curl [28]. The effect of fibre curl along
with orientation distribution has been recently incorporated
in a modified micromechanical model for predicting the
tensile behaviour of thermal bonded nonwoven structures
assuming that there is no change in the orientation of fibre
during the extension [29]. Alternatively, finite-element
models have also been used for predicting the stress—strain
characteristics of thermal bonded nonwovens [30]. It was
indicated that the model can be potentially used for a wide
variety of fibre orientation distributions yet the random
orientation of fibres was considered in the finite-element
model. Furthermore, the fibre rupture was assumed as a
failure criterion in the model contrary to the previous
experimental evidence that the failure in a thermally bonded
structure occurs in the bond perimeter or at the interface
between the bond and fibre [31, 32]. A Monte-Carlo simu-
lation has also been applied for fibrous sheet consisting of
defined layers of fibres orientated randomly for determining
the tensile strength and elongation at break [33]. Poisson’s
ratio was assumed to be homogenous in nature, and it was
noted that bonds started to break at 2—4% of elongation
similar to the experimental results demonstrated using
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environmental scanning electron microscope (ESEM) [34].
More recently, an analytical model for the load distribution
along a fibre in a random nonwoven network has also been
formulated [35]. The constituent fibres in a nonwoven net-
work are assumed to be linearly elastic, and the forces
developed at a particular contact point are functions of
displacement and stress transfer coefficient. The stress
transfer coefficient was determined either randomly or
assigned as some constant value. There are several short-
comings of these theories/models before they can be applied
to any nonwoven structure. First, most of the theories for-
mulating three-dimensional models lack extensive experi-
mental validation as it requires accurate measurement of out
of plane fibre orientation angle and moreover, they are
computationally unmanageable [11]. Similarly, the aniso-
tropic characteristics in tensile properties of thermally
bonded nonwoven structures also lack experimental vali-
dation [36]. Second, the fibre network theory and related
models do not account for fibre re-orientation in order to
compute the stress—strain characteristics of nonwoven
structures. Finally, the failure criterion of nonwovens is
generally dominated by fibre rupture in the literature.
However, the fibre pull-out plays a key role in governing the
fracture process and to determine the strength of thermal
bonded nonwoven structures.

In the first part, the primary objectives is to modify the
existing two-dimensional tensile model of thermally bon-
ded nonwoven structures formulated by Rawal et al. [36]
by incorporating the effect of fibre re-orientation during the
tensile deformation. The failure criterion of thermal bon-
ded structures has been determined by computing the
maximum ‘pull-out’ stress required for interfacial deb-
onding between the fibre and bond. In the second part, the
full tensile model would be validated for thermally bonded
nonwovens including spunbonded structures, by deter-
mining the Poisson’s ratio of the structures at various strain
levels. The anisotropic behaviour of nonwoven structures
under tensile mode of deformation would be further
investigated using optical full field strain measurement
technique. A comparison between the other theoretical
models including fibre network theory and experimental
results would be made in the successive part [14].

The organisation of the article is as follows: ‘Theoreti-
cal’ section describes the modification of existing tensile
model by incorporating the fibre re-orientation in the
model. It also focuses on the theoretical analysis of pull-out
stress of fibres in through-air bonded nonwoven structures.
‘Experimental” section presents the previous experimental
work that has been carried out to understand the initial
tensile response of through-air bonded nonwoven struc-
tures [36]. In ‘Anisotropic behaviour of through-air bonded
nonwoven structures’ section, the anisotropic behaviour of
through-air bonded structures is demonstrated through
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theoretical stress—strain curves, and the relationship
between the fibre re-orientation and fabric strain is also
analysed. ‘Pull-out behaviour of fibres in through-air bon-
ded nonwovens’ section represents a parametric study
revealing the dependencies of various structural and geo-
metrical characteristics of fibres on pull-out stress in
through-air bonded nonwovens, and finally conclusions are
given in ‘Conclusions’ section.

Theoretical

Modified micromechanical model for thermal bonded
nonwoven structures

In general, the following assumptions have been made in
order to simplify the analysis.

e The structure consists of large number of fibres fused at
the cross-over point, and it is homogenous in nature.

e The transfer of loads is mainly carried out by heat or
nonslippage bonds and therefore, frictional character-
istics between the fibres or the effect of slippage
contacts have been neglected. Since, the heat or
nonslippage bonds are stronger than the slippage
contacts thus the load transfer is conceded through
nonslippage bonds.

e Each fibre segment of microelement is straight before
loading and therefore, local fibre curl or crimp is
neglected. Since, the average bond-bond distance is
considered to be small such that the fibre segment
between the two successive bonds can be assumed as a
straight line.

e Shear and bending deformations of the fibre segments
are so small that they can be neglected. Since, it has
been simulated earlier that fibre extension is the main
deformation in fibre networks in comparison to shear
and bending deformations during tensile loading [22].

Consider a microelement of average length b between
the two bonds whose direction with respect to spherical
coordinate system is defined by out of plane () and
in-plane (¢) fibre orientation angles, as shown in Fig. 1.
Assuming, the fibre orientation distribution function, €,
describing the probability of finding a fibre in the infini-
tesimal range of angle 6 and 0 4 df and ¢ and ¢ + do, is
defined by Q(0,p)sin 6d0dp. However, the following
normalisation condition must be satisfied:

T 7'[/2
Q(0, @) sin 0d0de = 1 (1)
0=0 ¢p=—n/2

According to Komori and Makashima [17] and Lee and
Lee [37], the mean length of the fibre between the centre of
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Fig. 1 Projection of fibre between two bonds

two neighbouring bonding points projected on the tensile
test direction (o) be b, as shown in Fig. 1:
1%
=—K
2DLI "

b, = bK, (2)

I= O/dHO/J(H,(p) sin 0Q(0, p)do, (3)

s

J(0,0) = [ dy [ siny(0,9,7,0)Q(y, ) sinydl, (4)
o]

0
cos y = cos 0 cosy + sin O siny cos(p — (). (5)
Also,
n/2—o
sin” 0d0 / |cos(p — a)|Q(0, ¢ — a)dep, (6)

—n/2—a

K, =

o\:\

where D is the fibre diameter, L is the total length of the
fibres in a volume V, K, is the directional parameter or
geometric coefficient when b is projected on the test
direction and y is the angle between the two axes of fibres
having orientation distributions Q(6,¢) and €Q(y,0).

In a 2D micromechanical model, assuming the fibres
lying parallel to the XY plane (sheet-like assembly), i.e.
0 = ©/2 such that Q can be expressed using Dirac’s delta
function, ie. Q(0,¢p) = Q,(¢) - 6(0 — n/2) [17]. For a
sheet-like assembly consisting of majority of fibres orien-
tated in the machine or cross-machine direction (also
known as preferential orientation of fibres), Q,(¢) can be
easily obtained from the experiments:

Consider a mesodomain consisting of a fibre connected
with the bonds at its ends and having a length of b, [20].
Without losing generality, the mesodomain is a constituent of
a macroscopic volume, V, such that it has a unit cross-
sectional area and volume, dV or b,. Therefore, the number of
bonds ngy are calculated inside the volume dV assuming that
the fibres are distributed uniformly in the space, and hence,
ngy — I’lb—;, (8)
where n is the total number of bonds in the volume V, as
shown below [17].

DL?
n= 7[ . 9)

In Eq. 9, it must be noted that Komori and Makashima
[17] have not accounted for the change in the probability of
contact with successive contacts, i.e. steric hindrance effect.
Here, an existing contact reduces the effective contact
length of a fibre, which reduces the probability of formation
of new contacts. However, the existing fibre contact will
also reduce the free volume of fibrous assembly leading to
an increase in the chances of making new contacts [38].
Therefore, the effect of steric hindrance is contradictory in
nature and may not have much relevance in computing the
number of contacts per unit volume specifically for low
fibre volume fraction-based nonwovens.

In addition, the total fibre length in the volume V is
L = N(V) - I, where [; is the average fibre length, and N(V)
is the total number of fibres in the volume V:
V-V

1=

N(V) (10)

Combining Egs. 2, 8-10,

ngy = %Ka (1 1)
where V; is the fibre volume fraction.

According to Rawal et al. [36], the stress in the sample
can be computed as sum of tensile forces, experienced by
the fibres connected by ngy bonds based on the fact that
each bond comprises two fibres. Thus, the stress in the
fabric, T(«), can be calculated as follows:

T(x) = mK, Z cos ﬁij%(ﬁij)gf(ﬁi»5)3 Bi= ¢ — o, (12)
=1

where m is the mass per unit area, y(f;;) a frequency of j-th
bin of a histogram, representing the distribution as a
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function of the initial fibre orientation angle (f;) and o' the
fibre tensile stress.

Equation 12 can be extended for fused fibrous network
containing n types of fibres, thus tensile stress can be cal-
culated as follows:

T(o) = ZamKy ZCOS Byr(Bi)at (Bie) + ...
=

+;anKan iCOS ﬁniX(ﬁin)gi(ﬁiaé) (]3)

j=1

where subscripts 1 and n refer to the components of the
blend, ¢ the fabric strain, A; and A, fractions of the com-
ponents (4; + -+ + 4, = 1).

In general, the constitutive model of fibre in tension is
given by the following equation:

o' = fley) (14)

where ¢ is the fibre strain.

According to Hearle and Stevenson [15], the strain
exhibited by a fibre oriented at an initial angle f; can be
related to fabric strain by the following expression (see
Fig. 2):

& = (cos2 Bi(1+8)% + (1 — &v)* sin? ﬂi)l/z—l (15)

where v is the Poisson’s ratio of the fabric in various test
directions.

Equation 12 is modified by incorporating the effect of
fibre re-orientation, as shown in Fig. 2, here fibre OB is
aligned at an initial orientation angle, f3;, with respect to the
loading or test direction. Under uniaxial loading, the upper
end of the fibre moved from B to C and the orientation
angle is changed to f; with respect to the loading or test
direction. The re-orientation of the fibre can be related with
the fabric strain, Poisson’s ratio and initial fibre orientation

Loading
Direction c‘i,

Fig. 2 Relationship between fibre and fabric strain

@ Springer

angle by the following expression. The detailed mathe-
matical treatment is presented in ‘Appendix’ section:
i (1+¢2)

\/(1 +8)% + tan? B;(1 — v&)?

Thus, the fabric stress, T(«), given in Eq. 12 can be
calculated using modified relation in order to consider the
effect of fibre re-orientation, as shown below:

pr = cos™ (16)

T((X) = mKo( Z Ccos ﬁf_j%(ﬁf_j)af<ﬁf> E)a (17)
=
n/2—o
K, (B;) = lcos(Be)|x(Br)dp. (18)
—n/2—a

A Matlab® program was written to calculate the value of
tensile stress in various test directions at different levels of
strains.

Pull-out behaviour of fibres in through-air bonded
nonwoven structures

In the past, experimental observations have pointed that
that the failure in a thermal bonded structure occurs in the
bond perimeter or at the interface between the bond and
fibre [31, 34]. Thus, the pull-out behaviour of fibres in a
thermally bonded nonwoven structure plays a key role in
determining the failure criterion. According to Pan [39],
the pull-out force for a single fibre can be calculated for a
microelement consisting of two bonds of average length b
and mean free fibre and bond lengths of by and by,
respectively, as shown in Fig. 3. Therefore, the maximum
pull-out force (Py,) is given by Eq. 19 assuming that the
fibre is fully embedded in the matrix or bond:

Py = W tanh pby. (19)
p

Also,

GbWb
=,/ 20
P Efnrfztb7 ( )

b_b —

O
[y

Sl

Fig. 3 A microelement
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wp =/ (b = D)" + D2, (21) n—sin1<12) >y > sin1<§—)). (29)
f f

where wy, is the mean width of the bond, r; is the radius of
the fibre, D is the diameter of the fibre, #,(~0.8r¢) is the
thickness of the bond, E; is the fibre modulus and Gy, 1y, are
the shear modulus and shear strength of bond between the
fibres, respectively.

As discussed earlier, consider a mesodomain consisting
of a fibre connected with the bonds at its ends having a
volume, dV. The total pull-out stress for mesodomain
system consisting of ngy, number of bonds in a volume, dV

is given below:

P= Int(ndV)TbWb
p

tanh pby, (22)

where Int() is the integer function, which omits the frac-

tional part of the result as to indicate the discrete bonds.
From Egq. 11,

2V, _
P =Int (—fK )wtanh pby.
p

It is well known that fibres will be re-orientated in the
loading direction due to the applied tensile strain, and
therefore, the projection of fibre length needs to be
updated, i.e. K, will be replaced by K,(fy in Eq. 23.
Furthermore, the ratio of mean bond length to the mean
length of the fibre between the centres of two neighbouring
bonding points indicates the embedded length, i.e. %b needs

to be incorporated in Eq. 23. Hence,
2Ve by

P =Int (K > oW tanh pby,.
p

o 24
nD? " p (24)

Therefore, the maximum pull-out stress is obtained
when bond length, 2 approaches unity as shown below:

2V

Prax = Int <—K >Tb—;%tanh p[;b. (25)

nD?"”
According to Pan [19], the overall mean bond dimension
can be obtained by the following expression:

by = DR. (26)
Also,
R= /d@/Q(H, ©)K (0, @) sin 6de (27)
0 0
and
siny
K(0, :/dw/Q,_id, 28

where y is the angle between the two axes of fibres having
orientation distributions Q(6,¢) and Q(y,().

In order to avoid the singular value of sin y, the range of
angle y should range between the following limits,

In a2D micromechanical model, assuming the fibres lying
parallel to the XY plane (sheet-like assembly), i.e. 0 = 7/2
such that Q can be expressed using Dirac’s delta function,
ie. Q0,p) = Q,(¢) - 6(0 — n/2) [17]. Furthermore, on
applying the load, the fibres tend to move towards the loading
direction. Therefore, the above expressions can be
represented in terms of final fibre orientation angle
(dependent upon fabric strain) as shown below:

n/2—a+B |
: sin(g P )
—n/2—a+p;
Also
> B> B (31)
where
D
Bi =m—sin”! (—) (32)
lg
and
D
B = sin”! (Z_) (33)
f

Moreover, the mean length of the fibre between the
centres of two neighbouring bonding points projected on
the test direction, i.e. b, can be calculated by following the
approach of Komori and Makashima [17] and Lee and Lee
[37]. In addition, the effect of fibre re-orientation has been
considered as shown below:

\%4 D

b=——=—"". 34
2DLI  8V;l (34)

The value of I can be obtained from Eq. 3, however, it
can be deduced in 2D micromechanical model by using
Dirac’s delta function as shown below:

n/2—a

1B = / sin(Bo) (e

—n/2—a

(35)

Thus, pull-out stress can be obtained by combining
Egs. 24, 30 and 34, and iterations were performed for
calculating the fibre orientation angle and its distribution at
various levels of strains using Eq. 16.

Experimental

The reported work is based on two through-air bonded
nonwoven structures, produced and supplied by the
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company, i.e. Libeltex in the previous research work [36].
These structures were produced by blending the homofil
(melting temperature: 250 °C) and bicomponent (core-
sheath type with sheath melting temperature: 110 °C)
polyester fibres in equal proportions by weight and labelled

Table 1 Properties of through-air bonded structures

Property TB1 TB2 Source
Mass per unit 31.09 28.46 Rawal et al.
area (g/mz) [36]
Thickness (mm)  0.44 + 0.0012  0.43 + 0.0038 Rawal et al.
[36]

here as TB1 and TB2. These fibres were opened, blended
and carded in the preferred direction, i.e. machine direc-
tion. In order to reduce the anisotropy, the fibres were
randomised by means of random rollers similar to the
process shown by Lin et al. [40]. Some of the important
fabric and constituent fibre properties are given in Tables 1
and 2, respectively. Furthermore, the fibre orientation was
measured by digitally capturing and analysing the images
using optical microscope and LEICA QWIN software. The
histograms of the relative frequency of fibres for 10° ori-
entation angle interval with respect to the machine direc-
tion were computed to characterise the orientation
distribution. Figure 4 shows the histograms of relative

Table 2 Properties of fibres used in the production of through-air bonded structures

Property TB1

TB2 Source

Type of fibres Polyester (homofil)
Linear density (dtex) 2.2 33
Length (mm) 48.83 58.38

Diameter (um) 14.9 18.3

Polyester (bicomponent)

Rawal et al. [36]
Rawal et al. [36]
Rawal et al. [36]
Calculated

Polyester (homofil)  Polyester (bicomponent)
44 12

47.8 61.22

21.1 349

Fig. 4 In-plane fibre
orientation distribution: a TB1
and b TB2
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frequency of fibres that have been used in the production of
thermal bonded nonwovens TB1 and TB2 (0° indicating
the machine direction).

Anisotropic behaviour of through-air bonded nonwoven
structures

Figure 5 shows the theoretical stress—strain curves of
through-air bonded nonwoven structures, i.e. TB1 and
TB2. The slope of stress—strain curves decreases with an
increase in the angle of test direction. The results are also
reflected in the fibre orientation distribution as shown in
Fig. 4. Here, the effect of Poisson’s ratio is not considered,
however, the second part of the article will reveal the
results of Poisson’s ratio at various levels of strains using
optical full field strain measurement technique.
Furthermore, a typical relationship between initial fibre
orientation angle, fabric strain and final fibre orientation

angle by neglecting the effect of fabric Poisson’s ratio is
shown in Fig. 6. It can be clearly seen that the initial load
(up to 5% strain) is insufficient to re-orientate the fibres

Beta Final (degrees)

7
27 Z 7 T A e i 7
047 e i
0 O e
LRI T AR Z AR T
1 PR e e e e 40
T e e e 2
2 R LT
X 20

Strain (%) 5 0 Beta Initial (degrees)

Fig. 6 Relationship between initial and final fibre orientation angles

Fig. 5 Theoretical stress—strain (a) 0.7 T T T T T T T
curve: a TB1 and b TB2 : ; :
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orientated in the cross-machine direction (90°) towards the
loading direction (0°). Here, beta final and beta initial
denotes including and excluding the effect of fibre re-ori-
entation, respectively. This result is similar to the experi-
mental observations made through environmental scanning
electron microscopy (ESEM) revealing that the fibres ori-
ented in the loading direction are the load bearing elements,
whereas the fibres lying perpendicular to the loading
direction tend to break the bond followed by the small
displacement in the loading direction (up to 5% strain) [34].

Pull-out behaviour of fibres in through-air bonded
nonwovens

A parametric study demonstrating the effects of important
structural and mechanical properties of constituent fibres

on pull-out behaviour of fibres in through-air bonded

Fig. 7 Relationship between

nonwovens is shown in Figs. 7 and 8. These relationships
are obtained using Eq. 24 and a fibre volume fraction cal-
culated for TB1 and TB2 nonwovens, i.e. a value of 0.05,
has been used for computing pull-out stresses at different
embedded lengths. Figure 7 shows that an increase in the
ratio %, i.e. a stiffer bond in shear or a lower fibre tensile
modulus, results in a lower pull-out stress for the same
embedded length. Thus, to better utilise the strength
potential of the fibres, nonwovens with weak fibre—fibre
bonds can yield in higher force to pull the fibres from the
system. Furthermore, for the fibres that are randomly dis-
tributed in the system, the value of directional parameter
(K,) is found to be 0.63 using Eq. 7. Figure 8 shows that the
randomly orientated fibres require lower pull-out stress in
comparison to the anisotropic nonwoven structures for a
given embedded fibre length. Since, the fibres orientated in
a certain preferential direction tend to give more resistance
than the randomly distributed fibres in the system.
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Conclusions

The tensile behaviour is studied for through-air bonded
nonwoven structures by incorporating the effect of fibre
re-orientation in the existing model [36]. A relationship
between initial fibre orientation angle, fabric strain and
final fibre orientation angle has yielded that initial load is
insufficient to re-orientate the fibres that are oriented per-
pendicular to the loading direction. The anisotropy in
through-air bonded nonwovens has also been revealed
through theoretical stress—strain curves. Since, the slope of
the curves decreases with an increase in the angle of test
direction and the tensile behaviour correlates well with the
experimentally obtained fibre orientation distribution. The
failure criterion of thermal bonded nonwoven is analysed
using pull-out behaviour of fibres in the system. A para-
metric study of important structural and mechanical prop-
erties of constituent fibres on pull-out behaviour suggested
that stiffer bond or randomly orientated structure can result
in lower fibre pull-out stress.

Appendix

Figure 2 shows fibre OB aligned at an initial orientation
angle, f;, with respect to the loading or test direction.
Under uniaxial loading, the upper end of the fibre is
re-orientated to f, with respect to the loading or test
direction:

Initial fabric length = OA = s and

‘ , (36)
Extended fabric length = OA" =x + 3,
AA/
Fabric strain (g8) = — = f, (37)
OA s
CB'/AB tan f3;
Fabric Poisson’s ratio (v) = / = y/stanf
AA’/OA x/s
-y
xtan f5;
or
y = vxtan f3;, (38)
Original fibre length = OB = s/ cos fi;, (39)

Extended fibre length = OC = / OA”? + CA”?
- \/OA’2 + (AB - B C)?

or

ocC = \/(x—l- 5)> 4 (stan §; — y)*.
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From Eq. 38,
0C = \/(x+ ) + (stan , — vrtan )2, (40)
Also,
cosﬁf:g—[g: s (41)

\/(x +5)* + (stan ff; — vxtan f5;)?
Dividing Eq. 41 by s and from Eq. 37,
cos fiy = Lre (42)
\/(1 +2)% + tan? B;(1 — v&)?
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