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ABSTRACT: The performance of environmentally friendly water-based polyure-
thane dispersions (PUD) for waterproof breathable coating was studied. The effect of
the nature of PUD, number of coatings, incorporation of additives, and processing
conditions on the breathable properties of cotton fabric was evaluated. The relative
proportions of hydrophilic and hydrophobic components had a direct influence on
the breathable properties of the coated cotton samples. The increase in hydrophilic
component resulted in an increased water vapor penetration and lower water resista-
nce to water penetration in the coated samples. For all the compositions, the durabi-
lity of the coatings was found to improve with the incorporation of polymeric binder
in the coating formulation. The air permeability values of the coated samples were
found to be orders of magnitude lower than the control (uncoated) fabric sample.

KEY WORDS: breathable coating, polyurethane, water-based coating, water vapor
transmission.

INTRODUCTION

COMFORT IS DEFINED as a pleasant state of physiological, psychological,
and physical harmony between a human being and the environment [1].
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Textile products are particularly important for enhancing the comfort. Here,
the main focus is on the discomfort due to perspiration. During physical
activity the body provides cooling partly by producing insensible perspira-
tion. If water vapor cannot escape into the surrounding atmosphere, the
relative humidity of the microclimate inside the clothing increases causing a
corresponding increase in the thermal conductivity of the insulating air, and
the clothing becomes uncomfortable. In extreme cases hypothermia can
result if the body loses heat more rapidly than it is able to produce the same
[2,3]. Breathability is the ability of the clothing to allow the transmission of
moisture vapor by diffusion and therefore facilitating evaporative cooling
[4].
Polyurethane-based (PU) polymers have high flexibility even at low tem-

perature because of their low Tg. Also they have good abrasion resistance
and high resistance to chemicals and water. As compared to PVC, PU-
coated fabrics form soft, flexible films without the aid of plasticizers. In the
absence of plasticizers the coated fabrics can withstand dry-cleaning and
washing [5].
There are various commercial PU-based films, which are as follows:

. Permatex launched by J.B. Broadley is a PU-based film designed for
either transfer coating or laminating fabrics, or it may be used separately
as a drop liner. It offers a vapor permeability of at least 70% [6].

. Grabotter membrane (products of Grabo Ltd.) used in waterproof shoes
is a PU-based film.

. Tarka – microporous PU film is being produced by Acordis (formerly
Courtalds) and is applied by a transfer process from the release paper and
it can be applied to almost any type of substrate [7,8].

A large variation in the properties of PU is possible by selecting various
monomers, and the desired properties can be engineered. By altering the
molecular weight of the polyol (soft segment portion) we can create polymers,
which are chemically equivalent but have vastly different properties. Utilizing
various combinations of polyol/diisocyanate/chain extender we can produce
a range of different materials for many diverse end products [9–11]. Several
coating formulations based on the PU polymers are reported [12–17]. The
castor oil-based products have led to the further advantage of cost reduction.
However, the use of large quantities of organic solvents in PU production
and processing has caused concerns for the environment. Thus the alternative
to this approach is to try water-based polyurethane dispersions (PUDs)
manufactured from castor oil-based products.
The objective of the present study is to investigate the performance of the

combination of hydrophobic and hydrophilic PUDs for obtaining breath-
able coatings on cotton fabric.
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EXPERIMENTAL

Materials

A scoured and bleached cotton fabric of weight 120 gm�2 having 35 ends/
cm and 42 picks/cm, and yarns with a linear density of 140 dtex, was used in
this study.The PUDs used as coating materials were procured from VAPI
Industries Ltd Gujarat and suitably modified. The characteristics of PUDs
are as shown in Table 1.

Potassiumpersulfate obtained fromBDHLaboratoryChemicals,Mumbai;
acetone (99%) procured from Qualigens Fine Chemicals, Mumbai; methanol
and acetic acid obtained from SD Fine-Chem, Mumbai; were used as
obtained, without further purification.

Characterization of Polyurethane Dispersions

The PUDs were evaluated for solid content, Brookfield viscosity, and
thermal stability to optimize the coating concentration and the process
parameters for curing.

Solid Content (SC%) and Brookfield Viscosity

Solids content of PUD were determined by subjecting them to a temper-
ature of 120�C for 3 h, or more till the constant weight was attained.

Brookfield viscosity was measured using Brookfield Viscometer (Model
RVTD) and the related data is detailed in Table 2.

Table 2. Variation in Brookfield viscosity with PU blend composition.

Spindle Speed (rpm)

Brookfield Viscosity of
PU Blends (cps)

1 : 1 3 : 1

10 2400 7400
20 2350 6900
50 2120 5560
100 1850 4140

Table 1. Characteristics of polyurethane dispersions.

Polyurethane Sample Code Nature Isocyanate Polyol Chain Extender

PU4 Hydrophobic IPDI VIPOL-90 Ethylene diamine
PU5 Hydrophilic IPDI PEG-1500 Ethylene diamine
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Thermal Analysis

The thermal stability was determined using Thermo Gravimetric Analyzer
(Perkin Elmer–TGA 7). The samples were dried at 60�C for 48 h and
�5–10mg of dried sample was heated at a heating rate of 10�C/min under
the static air atmosphere.

Coating Formulations

The coating formulations using the following PUDs were used.

1. Hydrophobic PUD (PU4)
2. Hydrophilic PUD (PU5) was a thick gel, and was used after suitable

dilution with water to attain the requisite viscosity
3. Blend of hydrophilic and hydrophobic PUD

The coding procedure for the samples using varying proportions of the
hydrophobic and hydrophilic PUD is detailed in Table 3. Table 4 lists the
codes for the different coded samples.

Table 4. Sample codes for different coated samples.

Sample Code PU Blend Particulars

54012 PU4 Double coated
54102 PU5 Double coated
54231 PU5 : PU4 (1 : 1.5) Single coated
54232 PU5 : PU4 (1 : 1.5) Double coated
54233 PU5 : PU4 (1 : 1.5) Triple coated
54131 PU5 : PU4 (1 : 3) Single coated
54132 PU5 : PU4 (1 : 3) Double coated
54133 PU5 : PU4 (1 : 3) Triple coated
54311 PU5 : PU4 (3 : 1) Single coated
54312 PU5 : PU4 (3 : 1 Double coated
54313 PU5 : PU4 (3 : 1) Triple coated

*The value in the bracket indicates the relative proportions of PU5 and PU4.

Table 3. Coding of samples.

Sample
Code

Example
54233 Representation

First digit 5 PU5
Second digit 4 PU4
Third digit 2 Relative proportion of PU5
Fourth digit 3 Relative proportion of PU4
Fifth digit 3 Number of coats
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Coating Procedure

The performance of these blends was studied in comparison to the pure
PU4 and PU5 with and without the incorporation of binder (1%). Required
composition of PUD was prepared. And the resultant dispersion was coated,
dried, and cured on the cotton fabric using an Ernst-BenzTM machine,
model: KST-350.

The Ernst-BenzTM machine has a continuous knife over blanket arrange-
ment for coating and a convective hot-air type drying–curing arrangement.
Different samples were prepared with single, double, and triple coats. The
coating speed, coating weight, drying temperature, and time were control-
led. The coated samples were dried at 70�C for 5 min, and then cured for
4min at 140�C.

Characterization of Coated Fabric

The samples were evaluated for the uniformity and integrity of the
coating on the fabric surface as well as for the properties: resistance to
hydrostatic head, rate of water vapor transmission, and air permeability.

Add-on %

The add-on % on the fabrics is defined as

½ðy� xÞx� � 100

where x is the conditioned weight of the control fabric and y is the condi-
tioned weight of the coated fabric.

For characterization of coatings, the fabric samples were cut with a
template size of 10� 10 cm2. An average of three readings was reported.

Evaluation of the Integrity of Coating

The samples were evaluated for the integrity of the coating, according to
the accelerated washing test [18]. This test may be termed as a harsh wash as
steel balls were used during washing.

Coating Evenness

Coating evenness was evaluated by the cutting and weighing of dried
conditioned 70� 50mm2 pieces of coated fabric. The pieces were cut both
along the length and width of the fabric.
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Resistance to Water Penetration

The control and coated fabrics were evaluated for water resistance to
hydrostatic head using the Shirley Hydrostatic-head tester [19]. The coated
side of the fabric was placed in contact with water during evaluation.

Resistance to Air Penetration

The control and coated fabrics were evaluated for air permeability
according to Indian Standards [20] using the Shirley Air Permeability
Apparatus.

Rate of Water Vapor Transmission

The test for evaluating the water vapor transmission rate (WVTR) was
carried out using the Standard Test Methods for Water Vapor Transmission
ofMaterials [21]. The uncoated side of the fabric was placed toward the inside
of the beaker containing water. The samples were secured to the mouths of
beakers, by self-adhesive plastic tape. The surface area of the container
mouth was 3000m2. The ambient temperature was maintained in the range of
29–30�C and the weight of the container was measured to within 0.1mg
accuracy. For each test, the control sample was placed alongside and CaCl2
was regenerated in an air-circulating oven at 200�C.

Bending Length

The handle of the coated samples was evaluated using the Shirley Stiffness
tester [22], by determining the bending length of the fabric. The bending
length was expressed as percentage of control, uncoated fabric. The bending
length of the control fabric in the warp direction was 0.90 cm.

RESULTS AND DISCUSSION

Characterization of Coating Material (Polyurethane Dispersion)

Thermal Stability of Polyurethane Dispersion

The thermogravimetric data summarized in Table 5 show that both
the samples were stable up to 160–185�C, with negligible or no weight loss.
In the polyurethane sample PU4 (the more unsaturated PU sample)
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degradation was initiated at a lower temperature of 160�C, with a peak
temperature at 303�C and an associated weight loss of 41.8%.

For PU4 and PU5 the second and third steps of degradation occurred in
two different stages (335–418�C) 34.2%, (418–497�C) 18.9% and (185–
283�C) 10%, (282–497�C) 83.3%, respectively. The above variations were
due to the nature of polyol used for the preparation of these urethane
polymers. Based on the overall thermal behavior the PU coatings should be
safely cured up to 185�C. However, the treatment of PU film on a glass
slide or PU-coated fabric at 160�C resulted in yellowing of the film, there-
fore curing conditions were optimized for all coatings studied, curing was
carried out at 140�C for 4 min.

Effect of the Nature of PUD on Brookfield Viscosity

As shown in Table 2, the viscosity of the hydrophobic and the hydrophilic
dispersions are very different. Hydrophobic PUD has a very low and the
hydrophilic PUD has a considerably higher Brookfield viscosity. So the
combination of the two yields different viscosities depending upon their
proportions in the blend.

Coating Studies

Effect of the Nature of PUD on the Performance of Coated Samples

Results of moisture and water transport testing were obtained with the
pure hydrophobic (PU4) and pure hydrophilic PUD (PU5) in comparison to
the control cotton fabric are shown in Table 6. The two PUDs varied in
their behavior toward moisture absorption because of their different natures
(hydrophobic and hydrophilic). The hydrophobic PUD-coated samples
exhibited a relatively higher water penetration resistance, lower water vapor
transmission rate, and lower air permeability.

Table 5. Thermal stability of polyurethane dispersions.

Sample Temperature Range (�C) Wt Loss (%) Tpeak (�C)

PU4 50–166 – –
166–335.4 41.8 303
335.4–418.4 34.2 384
418.4–497.9 18.9 436

PU5 50–185 – –
185–282.0 10.4 266
282.0–497.2 83.3 334
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Performance of Coated Samples with Combination of Hydrophobic and
Hydrophilic Polyurethane

Integrity of coating on cotton fabric: The integrity of coated samples was
very poor in samples coated with hydrophilic PUD. Therefore, a combi-
nation of two polyurethanes in varying proportions was studied with and
without polymeric binder.
The coated samples were subjected to a harsh washing cycle and the

integrity of the coatings was evaluated as percentage of weight loss of the
original add-on as shown in Table 7. The washing treatment resulted in
a greater weight loss (of around 78–89%) in coating formulation rich
in the hydrophilic PU5 sample and lower weight loss (29–31%) in coating
formulation rich in hydrophobic PU4. Whereas, on incorporation of the
binder in the coating formulation a significant drop in the weight loss was
observed for all the compositions. The role of binder in providing integrity
to the PU coating was evident from these results and in the subsequent wash
cycles the weight loss was negligible.

Resistance to water penetration: The resistance to water penetration as
determined by hydrostatic head values is given in Table 8. All samples
coated without the incorporation of binder showed a low hydrostatic head
indicating the poor integrity of coating on the fabric. Triple-coated samples
with a higher hydrophobic PU component (in the presence of binder) gave
high values of hydrostatic head. The higher the number of coatings and
higher the proportion of hydrophobic component, the more likely is the
formation of a continuous, defect-free film with good barrier properties.
The hydrostatic head values were lower after the samples were washed
because of the loss of coating on washing. Those samples coated without
incorporation of binder exhibited unacceptable hydrostatic head values
after washing. Therefore, the data related to air permeability and water

Table 6. Performance of the pure polyurethane dispersion (double
coatings) coatings on cotton.

Sample Code 54012 54102 Control

Description Pure PU4 Pure PU5 –
WPR (mm of water) 485 105 0
WVP (g/m2/24 h) 496 1616 2592
AP (cm3/cm2/s) 1.21 158.65 263.17
BL (%) 112 104 100
% Loss 7.8 �100 –
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vapor transmission rate of samples coated without the binder has not been
included in this study.

Resistance to air penetration: The air permeability value for the coated and
control samples were measured at a pressure of 2400 and 200 Pa,
respectively and are given in Table 9. The air permeability value for the
control fabric was 263.17 cm3 cm�2 s�1. The air permeability values of the
coated samples were found to be orders of magnitude lower than the control
(uncoated) fabric sample. The reduction in the air permeability values with
increase in hydrophobic component suggests a continuous, defect-free film.
The higher add-on values also gave better barriers to air penetration as
expected.

Table 8. Hydrostatic head values for water penetration.

Sample Code

Hydrostatic Head (mm)

Without Binder With Binder

Before Wash After Wash Before Wash After Wash

54231 140 45 560 550
54232 170 65 650 640
54233 200 65 800 760
54311 120 – 480 440
54312 130 – 495 460
54313 135 – 540 530
54131 240 115 760 740
54132 240 140 920 880
54133 290 160 980 940

Table 7. Integrity of PU coating on cotton based on harsh wash.

S. No. Code Add-on %
Loss of Coating

(without binder) %
Loss of Coating
(with binder) %

1 54231 18.14 57.6 32.5
2 54232 29.63 47.2 26.0
3 54233 40.81 40.1 26.0
4 54311 16.49 88.7 25.0
5 54312 30.89 82.3 26.0
6 54313 34.05 78.4 32.0
7 54131 27.83 30.7 25.3
8 54132 40.27 28.7 24.0
9 54133 45.67 28.8 23.5
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Rate of water vapor transmission: The water vapor transmission (WVT)
values for the fabric samples coated with different ratios of the hydrophobic
and hydrophilic PU are shown in Table 10. The WVP of the control fabric
was 2592 gm�2 24 h�1. In general, WVT values decreased with increase in
number of coatings because of increase in coating add-on. Interestingly, it
was observed that, as the proportion of hydrophilic component in the
coating was increased WVP values also increased. This was probably
because of higher number of micropores and/or the higher hydrophilicity of

Table 10. Water vapor transmission values for samples before
and after washing (coated with binder).

Sample
Code

WVTR Values (gm�224h�1)

Before
Wash

After
Wash

54231 1456 1475
54232 1180 1183
54233 928 950
54311 1984 2030
54312 1775 1780
54313 1720 1736
54131 984 1005
54132 828 854
54133 732 730

WVTR value for control sample¼ 2592 gm�2 24 h�1.

Table 9. Air permeability values of samples before and after
wash test (coated with binder).

Sample
Code

Air Permeability Values (cm3 cm�2 s�1)

Before
Wash

After
Wash

54231 44.5 58
54232 8 8
54233 2 2
54311 77.5 93.2
54312 14.43 19.6
54313 10.5 14.3
54131 2.65 2.6
54132 3.05 3
54133 0.43 0.43

Air permeability value of control sample¼ 263.17 cm3 cm�2 s�1.
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the coating. The sample 54313 gave a WVP value of 1720 gm�2 24 h�1,
which was about 34% less than that of the control fabric. The decrease in
the WVP values for samples (sample code 54131-54133) coated with a higher
proportion of hydrophobic PU was significantly higher (�62% for single
coating). However, the opposite trend was observed in the air permeability
value. Therefore, this approach of blending the hydrophobic and hydro-
philic PU polymers for breathable coating offers an advantage similar to
that reported by Desai and Athawale, and Athawale et al. [10,11], where the
hydrophobic and hydrophilic segment balance was adjusted by changing the
molecular weight of polyethylene glycol (PEG).

In another study, by Hayasi and Ishikawa [23], PEG and poly(oxy-
tetramethylene) glycol (PTMG) molecular weights varied from 600 to
2000 and PUs were prepared in N,N0-dimethyl formamide. It was found that
the moisture permeability depends upon the molecular weight of polyols
under the constant ethylene oxide concentration, i.e. the diffusion coeffi-
cient of the water molecules increases with increasing length of soft
segments.

Effect of Number of Coating Treatments

At the same clearance of the blade, with an increase in the number of
coats an increase in the add-on% was observed. When tested with a
formulation containing varying proportions of hydrophobic and hydro-
philic components, the air permeability and water vapor permeability
decreased with add-on level.

On increasing the number of coats from 1 to 3 (add-on from 18.14 to
40.8%), the WVP decreased from 56.1 to 35.8% (of control fabric), while
the air permeability dropped from 16.9 to 0.8% of the control. Even after
triple coat the bending length was not adversely affected.

CONCLUSIONS

Environment friendly PUDs using very low solvent content were
developed. The water vapor permeability values were found to increase
with an increase in hydrophilic component while the water penetration
resistance increased with an increase in hydrophobic component. By varying
the relative proportion of hydrophilic and hydrophobic components, the
WVP and water penetration resistance for different end applications can be
optimized. The launder ability, an indication of the durability of the coating
was found to improve with the incorporation of polymeric binder without
adversely affecting the performance of coated samples.
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