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ABSTRACT: The wetting properties of thermally bonded
polyester nonwoven fabrics with different basis weights
were studied. These nonwovens had the same composition:
85% poly(ethylene terephthalate) and 15% poly(butylene
terephthalate) fibers. Two techniques, the 3S wicking test
and sessile drop method, yielded similar water contact an-
gles for all the nonwovens, but these results differed from
the values obtained with the single fibers. In the nonwoven
fabrics, the pore structure played a dominant role in the
wetting properties: the existence of large pores in the thinner
nonwovens reduced the dimensions of the liquid—solid in-
terfacial perimeter. Compared with the water contact angle

of the constituent single fibers, the contact angle of the
fabrics was increased. A crenellated surface model was cre-
ated to quantify the influence of pores on the wettability of
nonwovens. It was possible to deduce the surface porosity of
the fabric with this model, but only in the case of contact
with nonwetting liquids such as water: this surface porosity
corresponded only to the outermost layers of the fabric
structure. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 102:
387-394, 2006
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INTRODUCTION

The interaction between liquid and fibrous assemblies
plays an important role in the textile industry, includ-
ing the processes of manufacturing, dyeing, and fin-
ishing. In this article, the wetting behavior of non-
woven fabrics is studied. Nonwovens are technical
textiles that are manufactured from a sheet or web of
directionally or randomly oriented fibers bonded by
friction, cohesion, or adhesion. The fibers may be of
natural or man-made origin, in staple or continuous
filament form, or can be formed in situ. Nonwoven
fabrics find applications in many fields such as hy-
giene products, industrial wipes, surgical packs, and
filter materials.

Liquid wetting on the surface of fibrous assemblies
is a topic of fundamental interest. In this process, the
solid—vapor interface is displaced by the solid-liquid
interface. The surface tension in the equilibrium of the
three-phase boundary is given by Young’s equation:

Ysv = YsL = YLyC0SOy (1)
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where sy, vsr, and v, are the solid-vapor, solid—
liquid, and liquid-vapor interfacial tensions, respec-
tively, and 6y is the equilibrium contact angle.! For
low-energy surfaces such as polymers, the surface free
energy in the presence of vapor (ysy) can be assumed
to be very close to the intrinsic value (ys).

The contact angle is an important characteristic pa-
rameter used to describe the wetting processes. A
contact angle of less than 90° means good wetting
between the liquid and solid, and capillary action will
take place, whereas a contact angle of 90° or more
indicates poor wetting, and this means that the liquid
will not flow by capillarity.

Three methods are commonly used in contact-angle
measurements. The first two methods are direct mea-
surement techniques: the sessile drop method and the
captive bubble method.” In the sessile drop method, a
static contact angle is usually measured, and the solid
surface is assumed to be smooth. The captive bubble
method can be used only under conditions in which
the density of the captive air bubble or liquid drop is
lower than that of the liquid in which the solid is
immersed. The contact angle measured by these meth-
ods is often influenced by factors such as the drop size
or the surface characteristics of the solid.”®

The third method is the Wilhelmy plate technique.
The wetting force at the liquid—solid interface (F,) is
measured by an electrobalance when a solid comes
into contact with a liquid (Fig. 1). Knowing the liquid
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Figure 1 Schematic illustration of the experimental setup
for the Wilhelmy method.

surface tension (7y) and liquid—solid interfacial perim-
eter (p), we can obtain the contact angle (6) according
to Wilhelmy’s principle:’

F., = pycoso (2)

The Wilhelmy plate technique has been widely used in
investigating the static or dynamic contact angles of
fibers'®~1? and fibrous assemblies.'*!®> However, it is
often difficult to accurately evaluate p. The most com-
mon way of determining this perimeter is via a wet-
ting force measurement in a total wetting lig-
uid.">'*7!” Because the contact angle is zero for a total
wetting liquid, p is then derived from eq. (3):

p="F,/y (3)

Because the real solid surface is usually rough and
heterogeneous, difficulties are encountered in both the
contact-angle measurement and theory. In the work of
Marmer,” definitions of intrinsic, apparent, and actual
contact angle are presented. Different theoretical mod-
els of rough surfaces are proposed in the studies of
Tamai and Aratani,® Palasantzas and Hosson,?° Bico
and coworkers,”"** and Herminghaus.** In the case of
fibrous assemblies, it is also difficult to quantify the
wetting phenomena because of the fabric’s complex
geometry and the simultaneous processes of wetting
and liquid penetration inside the porous structure.
Furthermore, although some work has been done on
the wetting properties of woven fabrics,'>'*1%%* few
articles have been published concerning the wetting of
nonwoven fabrics.
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In our study, a 3S balance and a Cahn balance based
on Wilhelmy’s principle were used to measure the
wetting properties of polyester nonwoven fabrics and
their constituent fibers, respectively. The wetting force
and liquid capillary absorption were deduced from
the total weight measured by the electrobalance. The
sessile drop method was additionally employed to
compare the results for water contact angles measured
by the 3S balance. The influence of the fabric basis
weight on the fabric wetting behavior was also ex-
plored.

EXPERIMENTAL
Materials

Five nonwovens composed of two polyesters, 85%
poly(ethylene terephthalate) (PET) and 15% poly(bu-
tylene terephthalate) (PBT), were studied. They were
obtained on the same processing lines with a thermal-
point spun-bonded technique. The PBT fibers were
used as thermofusing fibers that, upon melting, pro-
vided cohesion to the nonwoven structure. In the final
product, PBT was therefore found not in the fiber form
but either in the form of small film patches or droplets
across the PET fiber web. The main difference between
the nonwovens was their basis weight (g/m?), which
was given by the supplier. Their characteristics are
listed in Table I. The fabric thickness (mm) was mea-
sured under 0.1 kPa according to EDANA standard
ERT 30.5-99 for nonwoven thickness. The fabric po-
rosity (%) is defined by the fraction of the nominal
bulk volume of the material that is occupied by void
space. This parameter is calculated from the fabric’s
characteristics, such as the thickness, basis weight, and
the material density (1.39 and 1.28 g/cm? for PET and
PBT, respectively).

For the experiments, the samples were cut into rect-
angular strips (30 mm X 50 mm). The direction in the
longer dimension was in the machine direction (the
direction of the web course in the nonwoven manu-
facture process). All samples were free from impuri-
ties.

TABLE 1
Characteristics of the Nonwoven Fabrics

Nonwoven 8 (g/m?)? e (mm)® e (%)°

a-20 20 0.182 92.0

b-30 30 0.204 89.3

c-35 35 0.208 87.7

d-65 65 0.290 83.7

e-90 90 0.453 85.5

“ Basis weight.
® Thickness.
© Porosity.



THERMALLY BONDED POLYESTER NONWOVEN FABRICS 389

TABLE 11
Surface Energies of the Test Materials
(Liquids and Solids)

Liquid v (mN/m) ¥ (mN/m) Y (mN/m)
Distilled water 72.8 21.8 51
Silicone oil 20.4 20.4 0
Decane 23.6 23.6 0
Dodecane 25.2 25.2 0
PBT 43.65 43.6 0.05
PET 454 43 24

The testing liquids were distilled water, silicone oil
(viscosity = 20 mPa s), decane, and dodecane. Table II
shows their surface tension (), which was obtained
by platinum plate tensiometry, and the values of their
dispersive component (") and polar component (v’)
found in the literature."” The surface energies of the
two polyesters obtained from the literature® are also
presented in Table II.

Cahn balance

The contact angles of water on randomly sampled
single fibers were measured with a Cahn balance. This
apparatus included an electrobalance with an accu-
racy of 1 pg and recorded the wetting force at the
fiber-water interface (F,,) as a function of the immer-
sion depth. A typical curve is shown in Figure 2. Thus,
the dynamic contact angle could be determined when
the stage moved up and down. The stage speed used
in the study was 20 um/s. The advancing and reced-
ing contact angles corresponding to the advancing
wetting force (F,,) and receding wetting force (F,,),
respectively, were calculated with eq. (2).

3s wicking test

The 3S balance from GBX Instruments (France) was
used to measure the liquid contact angle of the non-
woven fabrics. The apparatus mainly consisted of an
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Figure 2 Wetting force as a function of the stage position
for PET fiber in water.
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Figure 3 Experimental curve recorded by the 3S balance
system and the decoupled components of the wetting
weight and capillary absorption.

electronic microbalance with an accuracy of 0.1 mg, a
mobile stage that could move up and down, and a
data-acquisition computer station. At the beginning,
the surface of the liquid reservoir was brought close to
the base of a vertically suspended sample whose
weight was zeroed. Then, the stage was moved up at
a speed of 100 um/s and was stopped when a weight
change of more than 2.5 mg was detected. This corre-
sponded to the formation of a meniscus due to the
wetting force (Fig. 1).17 At the same time, the liquid
flowed into the fabric by capillarity, and the relation-
ship between the total weight and time was recorded,
as shown in Figure 3. When the total weight reached a
constant value, the experiment was ended. The liquid
absorption weight at saturation (W,,) was read from
the screen directly when the fabric was separated from
the liquid. In general, the experiment time was in the
range of 120-300 s. Because the characteristic time for
the meniscus rise was much less than 1 s,%° the wetting
force could be considered constant. Its value was ob-
tained by the subtraction of W, g (where g is the
acceleration due to gravity) from the total force (F,) at
the end of the experiment:

Ft = th = Fw + Wasg (4)

where W, is the weight recorded at time t.

The contact angle was then deduced from eq. (2),
perimeter p being that at the nonwoven-liquid inter-
face. When the contact angle of water was measured,
however, the wetting force was hard to detect with the
apparatus. Generally, when a vertical fabric touches
the surface of a liquid, a positive meniscus quickly
forms around the hydrophilic fabric [Fig. 4(a)]. How-
ever, for a hydrophobic polyester nonwoven, water
has poor wettability: this was evident in the prelimi-
nary observation of a drop on the nonwoven surface
(Fig. 5). Therefore, when the bottom line of the poly-
ester nonwoven just came into contact with water, a
meniscus did not form spontaneously, and the wetting
force could not be detected [Fig. 4(b)]. It was necessary
to add a small quantity of water to the beaker to form
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Figure 4 Illustration of water meniscus formation in dif-
ferent fabrics: (a) hydrophilic fabric, (b) hydrophobic fabric,
(c) and hydrophobic fabric upon the addition of water.

a negative meniscus and to measure the contact angle
[Fig. 4(c)]. In our experiment, after the apparatus de-
tected the weight change and movement was stopped,
water was added gradually to the beaker, 2 mL at a
time, until the total weight recorded by the apparatus
reached equilibrium. A typical curve of W, versus time
is shown in Figure 6.

On the basis of the Wilhelmy principle, when the
water contact angle is calculated, the total force (W,g)
is divided into two components by a consideration of
the buoyancy (F,):

th:qu+Fb:p7wCOS 0 — ngv (5)

where p,, is the density of water and V is the immer-
sion volume of the sample in water. The perimeter of
the water—fabric interface (p) was determined by the
wetting force measurement in a total wetting liquid
such as decane [eq. (3)]. The samples after 3S balance
measurements in water were dried in an oven at 100°C
for 5 min to evaporate the water completely. Then, the
measurements with decane were performed to deter-
mine the precise interface dimension.

Sessile drop method

The contact angle between the fabric and water was
additionally evaluated by the sessile drop method
with a Digidrop apparatus (GBX Instruments). In this
method, a water drop was deposited on the sample
surface with a microsyringe, and the contact angle of

Figure 5 Water drop on the surface of a PET nonwoven
fabric.
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Figure 6 Typical curve of the weight versus the time upon
the addition of water.

the water drop was directly measured by a video
camera and calculated from the height and base diam-
eter of the drop.

RESULTS AND DISCUSSION

Preliminary determination of the theoretical
contact angles

For comparison with our results, the theoretical con-
tact angles between PET, PBT, and the different lig-
uids were first calculated. Indeed, in theory, if the
surface free energy () is assumed to depend on dis-
persive and polar components (f and v, respec-
tively), such that y = fP + 4¥, the work of adhesion
(W,) and spreading coefficient (S,) of liquid L on solid
surface S can be determined with the following equa-
tion:*%°

Wa = Z(ng')’gv)l/z + 2(')’€V’)”szv)1/2 (6)
Se=W, =2y (7)

If S, is negative, the contact angle between liquid L
and solid surface S can be determined by

W, = (cos 6 + 1)vy,y (8)

W, and S, were calculated for each liquid, with the
surface energy values®> shown in Table II. The ob-
tained results are presented in Table IIl. For both
solids, PET and PBT, S, was greater than O; that is,
there was complete wetting with a zero contact angle
for the three liquids: silicone oil, decane, and dode-
cane. With water, the contact angle values were quite
high: 81.7° with PET and 96.3° with PBT.

Wetting properties of single fibers (cahn balance)

The wetting characteristics of different liquids on the
surfaces of single fibers are shown in Table IV. The
fiber-water interfacial dimension (p) was derived
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TABLE III
Theoretical Contact Angle (6) Values of Different Liquids on PBT and PET
Liquid /PBT Liquid/PET
Liquid W, (m]/m?) S, (m]/m?) 6 (%) W, (mJ/m?) S, (m]/m?) 6 (°)
Water 64.85 —80.75 96.32 83.36 —18.64 81.70
Silicone oil 59.65 18.85 0.00 59.24 59.24 0.00
Decane 64.15 16.95 0.00 63.71 63.71 0.00
Dodecane 66.29 15.89 0.00 65.84 65.84 0.00

from F_, values in decane and in silicone oil with eq.
(3) because the contact angle was zero with these
liquids. The calculated value, 69.2 um, was close to the
perimeter dimension measured by microscopy, which
was evaluated to be 66.1 £ 3.5 um. With the mean
value of the perimeter deduced from the wetting lig-
uids, it was possible to calculate the contact angles of
water with the fibers. The wetting properties of the
single fibers were in accordance with the literature
results for PET fibers® and with the theoretical values
previously calculated (Table III). This means that all
the fibers picked out from the nonwoven were com-
posed of PET and not PBT, backing up our assumption
that PBT was not in a fiber form in the nonwoven. To
measure the contact angle with PBT, separate PBT
fibers were obtained from an independent source.
However, it was difficult to measure the water contact
angle with the Cahn balance because the fibers, being
very hydrophobic, showed strong repellence with wa-
ter and it was impossible to immerse them into water
vertically. This confirmed the high value of the contact
angle calculated theoretically (96.3°).

Wetting behavior on the surface of nonwovens: the
case of wetting liquids (3S wicking test)

The contact angles of different liquids were investi-
gated on the surfaces of nonwovens by the 3S tech-
nique. All samples had the same perimeter of 60 mm,
which was measured simply by a ruler before the
experiments. The results are presented in Table V: a 0
value close to 0° (i.e., case of total wetting) means that
cos 6 is close to 1. Silicone oil, decane, and dodecane
totally wetted samples d-65 and e-90 but did not com-
pletely wet the thinner nonwovens (a-20, b-30, and

¢-35). The composition of the surface was the same for
all the nonwoven fabrics: polyester and pores. Both
solid constituents of the nonwoven had theoretically a
zero contact angle with these three liquids: the real
wetted interfacial perimeter could thus be determined
from eq. (3), as shown in Table VI. In comparison with
the physical interfacial perimeter of 60 mm for all the
samples, the wetted interfacial perimeter of the thick-
est nonwovens was quite close. For the thinner ones,
however, the variation between these two perimeters
increased. The reason that the wetted perimeter was
smaller on thinner nonwovens was obvious from the
microphotographs of the different samples (Fig. 7): as
the basis weight increased, the fibrous density per unit
of area increased accordingly, and there were fewer
and fewer pores across the nonwoven structure.
Therefore, in the low-density nonwovens, the real fi-
ber-liquid interface was much smaller than the theo-
retical value of 60 mm because of the presence of large
pores, and hence few fibers, at the wetting interface.

Wetting behavior of water on nonwovens

Two methods were used to measure the water contact
angles: sessile drop and 3S measurement. Water
showed poor wetting on polyester nonwovens (Table
VII): the measured contact angles were all greater than
90° and ranged from 102 to 121°. There was no obvi-
ous difference among these five nonwovens, and both
methods gave close values of the contact angles.

The contact angles of water on the five nonwovens
were much larger than those of the constituent single
fibers in our study (cf. Table IV). The high porosity of
the nonwovens was one factor responsible for the

TABLE IV
Wetting Characteristics of Single PET fibers
p
Liquid F (uN) For (N) 0, 6,° (pm)
Silicone oil 1.36 = 0.04 1.36 = 0.05 0 0 66.4
Decane 1.72 = 0.03 1.74 = 0.08 0 0 72.0
Water 0.68 = 0.09 3.04 £ 0.34 823+ 1.0 52.8 + 4.8 —

@ Advancing contact angle.
P Receding contact angle.
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TABLE V
Contact Angle (0) Values of Different Liquids on the
Surfaces of Nonwovens

cos 0
Nonwoven Silicone oil Decane Dodecane
a-20 0.768 + 0.071 0.805 * 0.066 0.781 = 0.059
b-30 0.942 + 0.015 0.958 + 0.004 0.959 + 0.028
c-35 0.968 =+ 0.008 0.963 * 0.020 0.987 + 0.024
d-65 0.98 = 0.002 0.973 + 0.007 1.000 = 0.020
e-90 0.997 + 0.010 0.998 + 0.017 1.000 = 0.009

increase in the contact angle. It is known that if a solid
surface is ideally smooth and homogeneous, the con-
tact angle can be predicted by Young's relation [eq.
(1)]. However, if the solid surface is very rough and
contains a lot of pores (Fig. 7), the contact angle will be
modified.*** A liquid drop with a large equilibrium
contact angle may not completely wet the solid sur-
face. Such an incompletely wetted surface, where air is
entrapped between the liquid and solid, is called a
composite interface.*

In our study, the nonwoven fabrics were composed
of 85% PET fibers, 15% PBT, and pores. A crenellated
surface, which includes three components (solid 1,
solid 2, and air), can be considered a theoretical model
to quantify the effect of surface pores on the contact
angles (Fig. 8).> ¢, and ¢, represent the percentages
of solid 1 and solid 2 in the whole solid, respectively.
If the contact line has a little displacement (dx) on the
composite surface, the change in the surface energy
(dF) is as follows:

dF = (1 - 85)[‘1’1(7le = Ys,v) + Galys — Vszv)]dx
+ Ss'yLvdx + 'yLde cos 6 (9)

where v is the surface energy (subscripts s, and s, refer
to solids 1 and 2, respectively; L and V as usual refer
to liquid and vapor) and 6 is the contact angle of the
crenellated surface. ¢, defined as the surface porosity,
is the fraction of the surface pores in which air is
entrapped. When surface energy F reaches a mini-

TABLE VI
Wetted Interfacial Perimeters of Nonwovens Deduced
from the Total Wetting Liquid Experiments

Wetted interfacial
perimeter (mm)

ZHU ET AL.

Figure 7 Microphotographs of the five nonwovens.

mum, an equilibrium contact angle can be obtained by
the combination of egs. (1) and (9):

cos 0 = (1 — &5)(¢picos Os, + bycos 6s,) — &5 (10)
This is in accordance with the well-known Cassie—
Braxter equation.® If the contact angle between the
PET fiber and water surface is 65, (65, = 82.3° as
measured by a Cahn balance) and the theoretical wa-
ter contact angle of the PBT solid, 96.3°, is used as 6,,,
g, can be determined from the results of the 3S balance

test with eq. (10). It is also assumed that ¢, and ¢, are
identical on the surface as in the bulk nonwoven. The

TABLE VII
Water Contact Angles Measured by the Sessile Drop
Method and 3S Balance Test

Water contact angle

Nonwoven Silicone oil Decane Dodecane Nonwoven Sessile drop method 3S balance test
a-20 46.1 £ 43 48.6 3.6 475+ 3.6 a-20 112.1 = 8.0 116.8 = 5.3
b-30 56.5 0.9 575+0.3 56.5*+ 1.6 b-30 115.5 + 6.0 1195+ 1.9
c-35 581+ 0.5 578 £ 1.2 581+ 14 c-35 1135+ 7.6 1164 = 1.3
d-65 588 = 0.1 58.4 + 0.4 59.9 £ 0.8 d-65 107.6 = 5.8 1129 £ 6.2
e-90 59.8 = 0.6 599+ 1.0 60.5*0.5 e-90 110.0 + 7.4 117.8 + 3.9
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Solid
(Solid 1 +Solid 2)

| dx A pore

Figure 8 Crenellated surface model for the composite in-
terface.

calculated values are tabulated in Table VIII and show
that for all nonwoven fabrics, about 65% of the surface
was occupied by pores that water could not wet. The
surface porosity is not related to the fabric thickness or
fibrous density; this can seem surprising if we con-
sider the nonwoven images in Figure 7. This is due to
the fact that water does not penetrate the structure
because of the presence of hydrophobic PBT. If we
consider each nonwoven as composed of a number of
superposed fiber layers, the number of layers can be
calculated by the division of the fabric thickness by the
fiber diameter: this parameter varies roughly from 8
layers for the a-20 sample to about 20 layers for the
thickest sample, e-90. The water stays in contact only
with the outermost layers and does not touch the inner
fibers. With a cross section of the nonwoven repre-
sented very schematically by a multiple-layer struc-
ture, the wetting behavior obtained with water and a
wetting liquid is shown in Figure 9. In the case of a
wetting liquid that, with both PET and PBT, presents
a zero contact angle, all the pores of all the layers will
be filled with liquid by capillarity. In the case of water,
if the nonwoven is composed of pure PET, the contact
angle being less than 90°, the liquid will penetrate the
structure by capillarity. In our case, we think that PBT
predominates over PET in the wetting behavior of the
nonwoven: PBT in fact plays the role of a binder in the
nonwoven, and even if it amounts to only 15%, it is
not concentrated in small regions of the fabric but is
distributed like a very thin film across the whole struc-
ture. Therefore, if we consider the case of water, the
contact angle with PBT being greater than 90°, there is
no wetting, and capillary action cannot occur: the
nonwetting liquid cannot go past the first fiber layer,
and the pores inside the structure remain empty. The

TABLE VIII
Surface Porosity Deduced from the
Cassie-Braxter Equation

Nonwoven Surface porosity (%)
a-20 66.1 + 5.1
b-30 68.7 £ 1.8
c-35 657+ 13
d-65 623 + 6.1
e-90 67.1 £3.6

NOMWOVen
(multiple fiber layers)

— — — — e — — — —
— — — — — — — —
g N
Wetting liquid Water

Figure 9 Top-view, schematic, cross-section representation
of the wetting of a nonwoven with water or a wetting liquid.

calculated surface porosity is thus related to the po-
rosity of this outer layer and does not take into ac-
count all the inner fiber layers and their pores, which
are, however, visible on the image photographs of the
nonwovens in Figure 7.

CONCLUSIONS

The contact angles of different liquids on the surfaces
of polyester nonwoven fabrics and their constituent
single fibers were measured with techniques based on
Wilhelmy’s principle. In the study of the contact be-
tween the wetting liquid and fabric, the wetting force
and capillary absorption were separated from the total
weight measured by an electrobalance. Because no
positive meniscus could be formed when the base of
the fabric came into contact with water, an improved
measurement by the addition of water to the container
was used. The values of the water contact angles mea-
sured by this method turned out to be close to those
measured by the sessile drop method.

The wetting properties of nonwoven fabrics are in-
fluenced by their basis weight or, more exactly, by
their pore structure, which is related to this character-
istic. The presence of bigger pores in thinner fabrics
through which a wetting liquid can go means that the
real liquid—fabric interfacial perimeter that is wetted
by the liquid is smaller than the measured interfacial
perimeter. The water contact angle of the constituent
single PET fibers measured by the Cahn balance was
close to the theoretical reference, and that of PBT was
calculated from the surface energies of PBT found in
the literature. In comparison with the values obtained
with single fibers, the water contact angle of the non-
woven fabrics was much greater. This difference was
attributed to the interface, which was composed of
water, polyester, and air. The surface porosity calcu-
lated by the Cassie-Braxter equation was found to be
about 65% for the nonwovens of all series. This pa-
rameter was presumably related to the outermost fiber
layers of the nonwoven because water could not pen-
etrate the inner structure by capillarity.
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