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Abstract Nonwovens are highly porous structures con-
sisting pores of complex shapes and sizes which are
responsible for desired functional characteristics. In general,
a nonwoven is often subjected to uniaxial tensile loading in
various applications and it is of paramount importance to
account for changes in structural characteristics including
pore sizes during the loading conditions. In this research
work, the pore size of thermally bonded nonwoven struc-
tures under uniaxial tensile loading at various levels of
strains has been investigated. A theoretical model has been
proposed that accounted for fibre reorientation and changes
in the fibre volume fraction during the application of tensile
strain. A comparison has been made between theoretical and
experimental pore size distributions of thermally bonded
nonwoven structures at defined levels of strains. Moreover,
an attempt has been made to rationalise some of the con-
tradictory literature results of pore size distributions of
nonwoven structures under uniaxial tensile loading.

Introduction

Nonwovens are highly porous structures consisting pores
of complex shapes and sizes. These complex pores are
responsible for attaining certain functional characteristics
in a nonwoven. Over the years, the range of nonwoven
applications has become immeasurable due to their unique
structural and functional characteristics. Therefore, these
nonwoven structures are expected to perform more than
one function for any engineering application. In these
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applications, it is easy to envisage a nonwoven being
subjected to uniaxial tensile loading and accordingly
changes in structural characteristics such as pore size,
porosity, etc. need to be accounted. For example, a non-
woven scaffold is expected to have appropriate pore size
for proper cell growth, proliferation and differentiation and
simultaneously, the scaffold should be engineered to shield
the nascent tissue from the mechanical stresses [1, 2]. A
nonwoven acting as a separator squeezed between the fine
soil and the coarse material is subjected to concentrated
actions, i.e. perpendicular to the plane of the nonwoven
geotextile leading to the tensile stresses in its plane [3]. In
addition, the in-plane stresses and strains are also applied
during the installation of a nonwoven that can significantly
affect its performance for a desired application [4].
Numerous research papers have been published for
understanding and predicting the pore size characteristics of
stochastic fibrous assemblies such as nonwovens [5-8].
However, limited research work pertaining to the effect of
in-plane tensile loading on pore size characteristics of
nonwoven structures can be found in the literature [9-11].
More recently, Wu et al. [12] have studied the various levels
of uniaxial tensile strain on the pore size characteristics of
heat-bonded nonwoven geotextiles and woven slit films.
However, the results obtained from the literature is found to
be contradictory and in-conclusive as Fourie and Addis [10]
have found that there is a decrease in the pore size of
nonwoven structures under tensile loading whereas the
opposite behaviour is observed in the research work of Wu
et al. [12]. Moreover, the rationale for obtaining such results
is also not clearly presented in the above research papers.
Therefore, the main objective of this research work is to
theoretically and experimentally determine the pore size
distributions of thermally bonded nonwoven structures
under uniaxial tensile loading at various levels of strains.
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It is our intention to rationalise some of the results given by
Wu et al. [12] specifically in relation to the pore size of
nonwoven structures under uniaxial tensile loading.

Theoretical

In the past, we have been able to successfully predict the
pore size distribution of a monocomponent and hybrid'-
based nonwoven structures using the principles of sieving-
percolation pore network theory [13—15]. The pore network
theory assumed that a nonwoven is a three-dimensional (3D)
structure consisting of layers of fibres oriented in certain
directions. This 3D model of nonwoven structure can be
easily developed by assuming the fibres to be stacked in
elementary longitudinal planes (i.e. parallel to the plane of
sheet). It should be noted that there is no correlation between
the orientations of fibres in these longitudinal planes. In this
research work, we extend the previous pore model of hybrid
nonwoven structures for uniaxial tensile loading condition
[15]. Since, the pore model of hybrid nonwoven is more
generalised in nature and can be used for a variety of non-
wovens. In this model, the pore size of a nonwoven is
assumed as a circle of defined diameter inscribed in a
polygon formed by fibrous network and considering a
combination of gamma distribution of polygon-inscribed
circles along with a stereological approach accounting for
the effect of fibre orientation [13]. Hence, the cumulative
probability of a particle with diameter d, passing through the
layers of nonwoven (F¢(d)) is shown below [15, 16].

22 N
Fi(d)=1- Kl +wd+wT>e‘“d} (1)
where
4V K
o= t_ o (2)
D
n/2—o
K, = / |cos Bilx(B;)dp; (3)
—n/2—a
T,
N==2 4
§ )
and
D = DV} + (Dy + Dy)V\Vy + D, V3 (5)

where N is the number of layers, o is the scale or coverage
parameter, V; is the total fibre volume fraction,y(f;) is the
distribution function of initial fibre orientation angle (f3;),
K, is the directional parameter indicating when the average
distance between the two bonds is projected on planar

! Hybrid term refers to the material consisting of two types of fibres.
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direction (a), d is the inscribed circle diameter, D is the
probabilistic mean fibre diameter, D is the fibre diameter of
defined fibre type, T,is the nonwoven thickness, V is the
fibre proportion and subscripts, 1 and 2 refer to fibre types
present in a hybrid nonwoven.

Consider a fibre oriented at an initial orientation angle,
pi, with respect to the loading direction and reorientated to
fr under uniaxial tensile loading based on the affine
deformation of fibre [17]. Therefore,

I (1+¢)
\/(1 +&)% + tan? f;(1 — ve)*

where v is the Poisson’s ratio of the nonwoven with respect
to the loading direction and the level of tensile strain (¢).

Hence, the directional parameter need to be updated
based on the reorientation of fibres during the application
of tensile loading. Thus, Eq. 3 has been modified to the
following expression.

P = cos™

(6)

n/2—a

Ka(B) = / lcos(B0)l2(B)dfy )

—n/2—a

Furthermore, there is relative change in the fabric
volume during the application of uniaxial tensile loading
and hence, the fibre volume fraction needs to be updated as
derived by Giroud [18].

Vi

Vi(e) = (1+e)(1—ve)? ®)
Also,

Vi = % (9)
and

o P1P2 (10)

~xpy+ (1= x)p,

where p is the mass per unit area of nonwoven, T, is the
nonwoven thickness, x is the weight fraction or proportion
of fibres in a hybrid nonwoven, p is the density of fibres
(subscripts 1 or 2 refer to fibre types) and p; is the
equivalent fibre density.

A Matlab® programme was written to calculate the pore
size distribution of hybrid nonwoven structures at defined
levels of strains by combining the Eqgs. 1-10.

Experimental

The reported study is based on two thermally bonded
nonwoven structures, produced and supplied by the com-
pany, i.e. Libeltex in the previous research work [19, 20].
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These structures were produced by blending the homofil
and bicomponent (core-sheath) polyester fibres in equal
proportions by weight and labelled here as TB1 and TB2.
The basic difference between the above nonwovens is that
the finer and the coarser fibres have been used in the TB1
and TB2, respectively as illustrated in Fig. 1. Some of the
important constituent fibre properties are given in
Table 1. The nominal mass per unit area of both non-
wovens is 30 g/m* and the thickness of TBI1 and TB2
were found to be 0.44 and 0.43 mm, respectively at a
pressure of 0.69 kPa. The stress—strain curves of these
nonwovens were determined by cutting the fabric strips of
20 x 15cm and tested on an Instron tensile testing
machine under uniaxial loading at a strain rate of 10 mm/
min. Figure 2 shows a comparison between the stress—
strain curves of thermally bonded nonwoven structures.
In-plane fibre orientation distributions of thermally bon-
ded nonwoven structures have also been determined and
reported earlier [17]. Furthermore, the Poisson’s ratio of
nonwoven structures was determined at defined strain
levels of 4, 8 and 12% using Messphysik® videoextens-
ometer. The videoextensometer works on the principle of
evaluation of the grey contrast between the specimen
surface and the markers. The details of the above mea-
surement technique can be obtained in Rawal et al. [20].
Table 2 presents the Poisson’s ratio values in both
machine and cross-machine directions at defined levels of
strains. Pore size is measured in the unstrained samples of
nonwoven structures using image analysis software (Leica
Qwin®) by fitting the circles of maximum diameter
formed between the polygonal networks of constituent
fibres, as shown in Fig. 3. In case of strained nonwovens,
two glass slides were glued on the sample using a com-
mercial adhesive (Quickfix®) whilst it is kept under
strained condition on the tensile testing machine. The
samples were kept for an average of 5 h such that the
adhesive can set well and no further relaxation of non-
woven can take place after being removed from the ten-
sile testing machine. Subsequently, the region consisting

Table 1 Fibre types used in the production of thermally bonded
nonwoven structures

Fibre parameters TB1 TB2
Fibre length (mm) Homofil 48.83 47.80
Bicomponent 58.38 61.22
Linear density (dtex) Homofil 33 12
Bicomponent 22 44
Diameter (pm) Homofil 18.30 34.90
Bicomponent 14.90 21.10
Density (g/cm®) 138 1.38
Melting temperature of homofil fibre (°C) 250 250

Melting temperature of sheath in bicomponent fibre 110 110
0

TB1
- -TB2

Stress (N/mm)

0 5 10 15 20 25
Strain (%)

Fig. 2 Stress—strain curves of thermally bonded nonwoven structures

Table 2 Poisson’s ratio of TB1 and TB2 under defined strain levels

Strain (%) TBI1 (MD) TBI (CD) TB2(MD) TB2 (CD)
4 2.90 0.71 3.81 0.51
8 2.64 0.75 2.92 0.50
12 2.38 0.83 261 0.51

MD machine direction, CD cross-machine direction

of glass slides was cut free from the remaining sample
and a procedure to measure the pore size of a nonwoven
was followed as that of unstrained sample.

Fig. 1 Images of a TB1 and b TB2 nonwoven structures, scale bar 1 mm
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Fig. 3 Measurement of pore size as circles of maximum diameter
fitted in the polygonal network of fibres, scale bar 200 pm

Results and discussion

TB1 has pores of smaller sizes in comparison to TB2 that
has coarser constituent fibres as illustrated in Fig. 4 and it
is also evident from micrographs (shown in Fig. 1) that a
dense assembly of fibres is observed in various regions of
TB1. In general, there is a decrease in the pore size of
thermally bonded nonwoven structures with the applied
tensile strain, as shown in Fig. 5. For example, Oogg
(defined as the particle diameter at which 98% by weight is
retained on the nonwoven) values decrease with an
increase in the longitudinal strain, as shown in Table 3. It
must be noted that these pore sizes are measured in the
machine direction and the directional parameter values
computed using Eq. 3 for TB1 and TB2 is found to be 0.81
and 0.77, respectively under unstrained state [20]. The
value of directional parameter (K,) for randomly isotropic
distributed fibres is 0.63. We will discuss later about the
importance of the machine direction in determining the
pore sizes at defined levels of tensile strains.
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Fig. 4 Comparison of pore size distributions for thermally bonded
nonwoven structures, TB1 and TB2

@ Springer

—_
&
~
N
© o
o o

o
)
I

—2— (0% Strain
| | =& 4% Strain
—0—8% Strain
—0—12% Strain

o N
o o
I

I
o

w
o

=
2

Cumulative Frequency (%)
w
o

P
£

300 250 200 150 100 50 0
Pore Diameter (um)

—_
=
~

100¢
90

80 [ =4~ 0% Strain
70 || = 4% Strain
-—8% Strain
60 [ =—12% Strain

. i
0 BB

: s,

1000 800 600 400 200 0
Pore Diameter (um)

Cumulative Frequency (%)

Fig. 5 Pore size distribution as a function of tensile strain in a TB1,
b TB2 nonwovens

Table 3 Oyg (um) values of TB1 and TB2 under defined strain levels

Strain (%) TBI TB2
0 250 770
4 210 640
8 195 550
12 175 520

Comparison between theoretical and experimental
results

The pore size distributions of thermally bonded nonwoven
structures have been theoretically calculated using Egs. 1-10
and subsequently, a comparison has been made between
the theoretical and experimental results. In general, a good
agreement has been found between the theoretical and
experimental results of pore size distribution with the
applied strain, as shown in Figs 6 and 7. The small dif-
ferences between two sets of results are due to the fact that
the tensile test is assumed to be a ‘perfect’ uniaxial test
which may not be the case in reality [18]. Since, it is well-
known that the lateral strain is non-uniform over the entire
length of the specimen.
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Fig. 7 Comparison between theoretical and experimental pore size distributions of TB2 under a 0%, b 4%, ¢ 8%, and d 12% strain

Rationalisation of literature results of pore size
distribution of nonwovens under uniaxial tensile
loading

According to Fourie and Addis [10], the pore size of
nonwoven structures decreases with an increase in uniaxial
tensile strain. On the other hand, Wu et al. [12] have shown
the contrary trend of pore size distribution of thermally

bonded nonwovens under uniaxial tensile loading. This
clearly shows that there is a high level of ambiguity
existing between these results. In general, nonwoven
structures are anisotropic in nature and most of them are
preferentially orientated, i.e. majority of fibres/filaments
are aligned around one direction. When a uniaxial tensile
loading is applied in the preferential direction, significant
amount of fibre reorientation occurs, leading to high degree
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Fig. 8 Theoretical pore size distributions of TB2 at various levels of
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Loading Direction

Bonds

Fig. 9 Shearing of fibres in nonwoven structures. Here solid and
dotted lines represent initial and final state of fibres before and after
uniaxial tensile loading, respectively

of lateral contraction in the nonwoven structure. This
reorientation of fibres would decrease the space between
them and the fibre volume fraction is expected to increase

@ Springer

with the uniaxial tensile strain. We demonstrate this phe-
nomenon by predicting the pore size distributions of pref-
erentially orientated nonwoven, TB2, in the machine
direction, as shown in Fig. 8a. However, when the pore
size is predicted in the cross-machine direction for the
same nonwoven, the opposite trend can be observed (see
Fig. 8b). This may be due to the fact that the majority of
the fibres aligned in the preferential direction would tend to
experience shear forces whilst moving towards the applied
direction resulting in bending of fibres forming pores of
relatively larger size corresponding to the unstrained
positions, as shown in Fig. 9. Surprisingly, Wu et al. [12]
neither determined the fibre orientation distribution nor the
direction of measurement for pore size distribution was
explicitly stated in their results. Therefore, we believe that
the test direction has a significant role to play in deter-
mining the pore size distribution of a nonwoven structure.

Conclusions

In this research work, the existing model of pore size dis-
tribution for hybrid nonwoven structures based on sieving-
percolation pore network theory has been modified by
accounting for uniaxial tensile loading condition. In gen-
eral, a good agreement has been observed between the
theoretical and experimental results of pore size distribu-
tion of thermally bonded nonwovens under defined levels
of tensile strains. In general, it was found that there is a
decrease in the pore size of thermally bonded nonwoven
structure in the machine direction with an increase in
tensile strain. However, the pore size of a nonwoven can
increase with the application of tensile strain when the
former is analysed in the cross-machine direction owing to
the fact that it is a preferentially orientated type of struc-
ture. Therefore, it is utmost important for a nonwoven
designer to account for the direction of placement of
nonwoven structure and quantify its anisotropic charac-
teristics specifically for pore related applications. In future,
the sensitivity of pore size distributions needs to be ana-
lysed by means of first and second moments.
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