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Abstract : Polyurethane(PU) foamed leathers having good permeability to moisture vapor have been
prepared by foaming a PU prepolymer obtained from hydroxy-terminated polyester diol(HTPD) and
tolylene diisocyanate(TDI) with catalyst and surfactant by dry process. Foaming ratio of the PU
foamed leathers increased as the NCO contents were increased and the surfactant concentration was
decreased. Tensile strength and elongation at break of the PU foamed leathers increased with in-
creasing surfactant concentration but decreased with increasing NCO contents. Foam density of the
PU foamed leather decreased with increasing catalyst concentrations and water contents. Tensile
strength and elongation at break of the PU foamed leather increased with increasing foam density.
Permeability to moisture vapor of the PU foamed leathers increased with increasing NCO contents.

INTRODUCTION prepared by dry or wet process. It was reported
that synthetic PU leathers prepared by dry process
Synthetic polyurethane(PU) leathers have been have substantially no air permeability and their
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touch is quite different from natural leather.!?
Synthetic PU leather prepared by wet process has
continuous microporous structure and exhibits
good air permeability. Instead, a very precise con-
trol is required to obtain excellent skin film in wet
process. In either the dry or wet process, a larger
quantity of organic solvent is released into air or
water, which causes environmental problems if no
post treatment is conducted for the removal of the
released organic solvent. Considerable cost is also
needed for the recovery of the organic solvent.

The formation of polyurethane foam used for
synthetic leather is more complicated than any of
the other urethane applications. In addition to the
chemical and physical aspects of the polymeriza-
tion system, foam formation adds the peculiarities
of a colloidal system.‘“ For these reasons, relati-
vely little is known in a quantitative sense about
the formation of polyurethane foam.

We will focus our study on the preparation of
PU foamed leathers having touch, feeling and ap-
pearance resembling those of natural leather and
a good combination of an excellent moisture per-
meability and surface scratching strength without
any organic solvent. The PU foamed leathers are
prepared from three basic components of urethane
prepolymer from polyester diol and tolylene diiso-
cyanate(TDI), surfactant, and catalyst by modified
dry process, which eliminates the release of sol-
vent and increase the permeability to moisture va-
por.

The present article deals with the effects of the
composition of urethane prepolymers, NCO con-
tent, surfactant concentration and catalyst concen-
tration on the properties of the PU foamed lea-
thers.

EXPERIMENTAL

Materials. The list of materials and their abbre-
viations or sources is shown in Table 1. The mate-
rials were used as received unless otherwise no-
ted. 1,4-BD was degassed at 60C for 6 hrs under
a vaccum of 0.5 mmHg. TDI was kept dry with
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Table 1. Materials and Their Abbreviations or Sour-
ces

Materials ) Abbreviations  Sources Remarks
Adipic acid AA Junsei
Ethylene glycol EG Junsei
) ) Urethane
1,4-Butane diol 14-BD Junsei
. Prepolymer
Tolylene diisocyanate TDI Wako
Tetra-n-butoxytitane TBT Wako
Dibutyltin dilaurate T-12 Fluka Catalyst
Triethylene diamine DABCO Junsei Catalyst

Polysiloxane-polyether TEGOSTAB Goldschmidt ~ Surfactant
copolymer B 8450

molecular sieve before use.

Synthesis and Identification of Polyester Diol.
Polyester diol was synthesized by the following
reaction Scheme 1.

A mixture of 4.45 mol of EG and 4.45 mol of 14-
BD was charged in a 3 £ separable flask equipped
with a Allihn condenser, reflux condenser, ther-
mometer, and nitrogen inlet. The mixture was agi-
tated and heated to 100C to react with 6.84 mol of
AA. Then, the reaction mixture was kept at 230C
under the nitrogen atmosphere for 4 hrs. 1.5¢g of
TBT was added to the reaction mixture and fur-
ther reaction was proceeded for more 2 hrs. When
the theoretical amount of water(246. 3 g) was con-
densed, the remained reaction mixture was trans-
esterified by applying vacuum at 200C for 10 hrs.
The polyester diol was further used after remo-
ving moisture at 80 for about 3 hrs under 0.1
mmHg vacuum. The polyester diol synthesized

) 0
I 1l
n HO C (CHp)y C OH-(n~1) HO R OH——
0 )
1 [
HO-R-[0-C-(CHplg-C~0-R1,-OH + 2n HaO

o} Q o} [¢]
fi i li I
HO R [0-C (CHy)4-C-O Rl OH+HO-R-[O € (CHp)y-C-O-R.,-OH—

0 a
It ]
HO-R-[O-C-(CHg)4-C-0-R 1y 4 5-Ol1+ HO-R-OH

where R is (CHy)y or (CHp)y.

Scheme I. Synthesis of polyester diol.
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was identified on infrared spectra(Shimadzu IR-
435) using their films cast on KBr single crystal
cell. The acid and hydroxy values of the polyester
diol were measured by the JIS-K0078 standard.
Moisture content was measured by the Automatic
Karl-Fischer moisture Process(Metrohm 658KF)
with the JIS-K0068 standard.

Viscosity of the diol was measured with Brook-
field viscometer(model RV type).

Synthesis of Urethane Prepolymers . The isocya-
nate-terminated urethane prepolymer was pre-
pared. by reacting a given amount of the polyester
diol, as synthesized above, with TDI(2,4-TD1/2,6-
TDI=80/20) at 80T in a 1 £ four-necked flask un-
der dry nitrogen. Four PU prepolymers with dif-
ferent NCO contents were prepared, as shown in
Table 2. The PU prepolymers were characterized
by IR spectra and Brookfield viscosity. The isocya-
nate content was determined by dibutylamine
back-titration analysis(wet method).’

Preparation of PU foamed leather(PUFL) : by dry
process. The PU foamed leathers were formulated
with the viscous urethane prepolymers and requir-
ed amounts of surfactant(TEGOSTAB B 8450),
catalyst, and water. The surfactant concentrations
were varied from 0, 0.5, 1.0, to 1.5 pbw(parts by
weight) and the catalyst concentrations were vari-
ed from 0.5, 1.0, 1.5, to 2.0 pbw, respectively, bas-
ed on 100 pbw of PUFL. 1/1 mixture of T-12 and
DABCO was used for the catalyst. The water con-
tent was varied from 0.3, 0.5 to 0.7 php(parts per
hundred parts of polyol). The reaction mixture
was agitated for 10sec at 2000 rpm ; whereupon,
it was coated on a releasing paper to free-rise and
the foam with the initial coating thickness of about
300 um rose to about 430 to 850 um high for the
above-formulations. Upon completion of the rise,
the foam was placed in a mechanical convection
oven to cure at 85C for a specified period. The
cure time was adjusted properly according to the
reaction profile of each different formulation.

Physical Properties of PU Foamed Leather.

Foam density : The foam density of PU foamed
leather was measured according to JIS K-7112. Six
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Table 2. Preparation of Urethane Prepolymer for
Foamed Leather(PUFL)

PUFL
Ingredient
TDI? 300 300 300 300
Polyester diol” 1240 985 805 670

[NCOJ/[OH] 2.78 3.50 4.30 5.14

a) Molecular weight 174.16 g/mol
b) Average molecular weight 2000 g/mol

I I m v

measurements were averaged.

Foaming ratio and cure time : The foaming ratio
was measured based on free rise test using con-
ventional hand mixing methods. The foaming ratio
was calculated by the ratio of the maximum rise
height to the initial coating thickness of the foam
(about 300um). The cure time was defined as a
measure of the time elapsed for the reaction mix-
ture before foaming to be cured completely after
the foam has risen.

Tensile properties : The tensile tests were per-
formed using an Instron tensile tester(Model 11
01). The samples of the dumbell type II size were
prepared following the procedure of JIS K-7113.
The crosshead speed was 100 mm/min. Five mea-
surements were averaged.

Permeability to moisture vapor : Permeability to
moisture vapor was measured at 30C according to
JIS K-6549 method. One side of the foamed leather
was exposed to the air of R. H. of 80% and the
other side of the leather was let at dry state for
24 hrs. Then, the amount of moisture vapor per-
meated through the leather at the crossection
(cm?) was defined as the permeability to moisture
vapor.

Cell size . The cell size was determined by the
optical micrograph. The magnitude was set at
X 50.

RESULTS AND DISCUSSION
Characterizations of Polyester Diol and PU Foa-

med Leather(PUFL). The structure of the polyes-
ter diol synthesized for the work was identified by

Polymer (Korea) Vol. 17, No. 5, September 1993



Polyurethane Foamed Leather by Dry Process

Table 3. Characterizations of Synthesized Polyester
Diol

Characterization Value
Acid number 0.81
Hydroxyl number 56
Average mol. weight 2000
Water content( %) 0.03
Viscosity(cp/C) 980/75

IR spectrophotometry. The IR spectra of the poly-
ester diol exhibited characteristic absorption bands
at 3200~ 3600 cm™ (stretching vibration of OH),
2850~ 3000 cm ™ (stretching vibration of aliphatic
C-H), 1750 cm’!(stretching vibration of C=0),
and 1000~ 1300 cm(stretching vibration of C-O).
The acid value and hydroxyl value of the polyester
diol were determined using 0.1 N KOH aqueous
solution and 1 N KOH aqueous solution, respecti-
vely, by equation 1 following the JIS K-0078 stan-
dard. The average molecular weight of the polyes-
ter diol was determined by equation 2. Table 3
shows the results. The moisture contents and vis-
cosity measured at 75C are 0.03% and 980 cps,
respectively.

Hydroxyl number=>56.1X1000/equivalent
weight
= functionality X 56100/mole-
cular weight of polyol (1)

Molecular weight=functionality X 56100/
hydroxyl number (2)

The PUFL was also characterized by identifying
that the characteristic peak of O-H bond around
3200~ 3600 cm™! was disappeared, while new peaks
due to N=C=0 around 2250 cm™ and those due
to N-H around 3050~3500 cm ™ were appeared, on
the IR spectrum. The NCO contents of the four
synthesized PUFL |, II, III, and IV were determined
as 6.0, 80, 10.0, and 12.0%, respectively. The
Brookfield viscosities of the formulated PUFL be-
fore foaming are shown in Fig. 1.

It is seen that the viscosity of the PUFL strongly
depends on the NCO contents of the formulated
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Fig. 1. Semi-log plots of viscosity of the synthesized
PU foamed leather(PUFL) with different NCO con-

tents vs. temperature : (@) 60%, (O) 80%, (A)
100%, (A) 12.0%.

urethane prepolymer before foaming : For a given
temperature, the viscosity decreased with increa-
sing NCO contents. The temperature dependence
of the viscosity of PUFL is also plotted in Fig. 1.
As expected, the viscosity decreases with increa-
sing temperatures.

It should be pointed out that the structure of the
polyester diol employed can have a large effect on
the physical properties of final foamed leathers. In
this work, however, we used only one diol system.

Foam Density.

Effect of Catalyst Concentration . Table 4 shows
the effect of catalyst concentration on the rise time
and the foam density. In this case, the surfactant
concentration and water level were fixed as 0.5
pbw and 0.5 php, respectively. It is seen that both
the rise time and the foam density decrease with
increasing catalyst concentration. Here, the rise
time is a measure of the time elapsed between the
reaction mixture coating on a releasing paper and
the completion of the expansion of the foam.?

Effect of Water Content : The use of water to con-
trol the foam density containing 1.0 pbw catalyst
and 0.5 pbw surfactant was investigated. The ad-
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Table 4. The Effect of Catalyst Concentration on Rise
Time and Foam Density

Catalyst conc. Rise time Foam density
(pbw) (sec) (g/cm®)
0.5 120 0.21
1.0 80 0.17
1.5 65 0.14
2.0 50 0.12

Table 5. The Effect of Water Content on Foam Den-
sity

H.O(php) Foam density(g/cm®)
0.3 0.23
0.5 0.17
0.7 0.14

ded water reacts with isocyanate and produces
carbon dioxide as a blowing agent. The water con-
tent was varied between 0.3 and 1.0 php and the
data are summerized in Table 5. Table 5 shows
that the foam density decreases with increasing
water content, which is attributed to the formation
of more carbon dioxide from the water-isocyanate
reaction as water content increases. The foams
looked good in that they had good texture and
good resilience. The foam using 1.0 php water and
above, however, showed cracks. The water content
was fixed as 0.5 php, unless ctherwise specified, in
order to investigate the effects of other experimen-
tal variables such as NCO content and surfactant
or catalyst concentrations on the properties and
cell structure of the PUFL foams.

It should be noted that the utilization of carbon
dioxide from the water-isocyanate reaction as a
blowing agent is playing an important role in most
polyurethane foam applications because of its chlo-
rofluorocarbon(CFC) alternative potentiality. From
an environmental standpoint, carbon dioxide is
certainly the most attractive of such CFC alterna-
tives in spite of its several drawbacks such as dif-
ficult processability, decreased dimensional stabil-
ity, and increased system cost, since more isocya-
nate may be needed in the formulation to react
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Table 6. The Effects of Isocyanate Contents and Sur-
factant Concentrations on the Thickness(mm)' and
the Foam Density(g/cm?)? of the PU Foamed Lea-
thers(PUFL)

PUFL [ I m I\
NCO con-
tents( %) 6.0 80 10.0 12.0
Surfactant
concentration
(pbw)
00 0.54 0.61 0.74(0.16) 0.85
0.5 0.5000.19) 0.56(0.18) 0.68(0.17) 0.80(0.16)
1.0 045 0.53 0.65(0.17y 0.70

L5 043 0.52

1. Coating thickness © 0.3 mm.
2. The numbers in parentheses denote the foam densities.

0.65(0.17) 0.68

with the water added.’

Effects of NCO Contents and Surfactant Concentra-
tion . The foam density decreases as the NCO con-
tents and the surfactant concentrations increase,
but the effects are negligible when compared to
those of the catalyst concentration as well as the
water level. The foam density was in the range of
0.17+ 0.02 depending on the NCO contents and
the surfactant concentrations(see Table 6).

Foaming Ratio, Cell Structure, and Cure Time.

Effects of NCO Contents and Surfactant Concentra-
tion . The nucleation and growth of a cell in pre-
paring a foam is dependent on several factors inc-
luding the system chemistry and foaming additi-
ves.*1% In this work, the effect of NCO contents
and surfactant concentration were investigated. A
surfactant is capable of stabilizing a cell wall by its
unique ability to act at the cell wall interface. It
was known that the surfactant decreases the sur-
face tension of the system, increases surface elas-
ticity and surface viscosity to result in smaller ce-
lls, stable foams, and reduced deformation of the
cell structure !~ 1

Table 6 and Fig. 2 show the effect of NCO con-
tents on the thickness of foamed leathers and
foaming ratio, respectively. The amount of catalyst
was fixed at 1.0 pbw. The foaming ratio increases
(but the foam density decreases) with NCO con-

Polymer (Korea) Vol. 17, No. 5, September 1993



Polyurethane Foamed Leather by Dry Process

30h
o 20
Z
«
[
2
q
[+]
™9
1ot
Ly , ; . \
0 ) 8.0 10.0 12.0

NCO(%}

Fig. 2. Plot of foaming ratio of the PU foamed leather
with different surfactant concentrations vs. NCO con-
tents . The amount of catayst was fixed at 1.0 pbw :
(A) 00 pbw, (A) 05 pbw, () 1.0 pbw, (@) 15
pbw.

tents and inversely with the surfactant concentra-
tion. Fig. 3 shows the effect of NCO contents and
surfactant concentration on the cell size of the
foamed leathers. It can be seen that the cell size
decreases with increasing surfactant concentration
but it increases with increasing NCO contents.
This effect may be explained by considering the
fact that the rising surfactant concentration increa-
ses the surface viscosity and in turn the growth of
a cell is restricted. Typical cell structure of the
foamed leathers were shown in Fig. 4. The cell
size ranged from 63 um to 132 um. It has been re-
ported that the foam structure and stabilization are
strongly governed by the nature of surfactant be-
cause it affects the surface tension of the system.11
It was also reported that the initial viscosity of the
system is also one of the significant factors in the
stabilization of the foam."® For example, if the ini-
tial viscosity of a prepolymer is high, no surfactant
is required, while a prepolymer of lower viscosity
necessitates the use of a surfactant as a foam sta-
bilizer.

It should be noted that in the foaming process
the relative rates of the gas evolution from the wa-
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Fig. 3. Plot of cell size of the PU foamed leather with
different NCO contents vs. surfactant concentration.
The amount of catalyst was fixed at 0.5 pbw . (@) 6.0
%, () 80%, (A) 100%, (A) 120%.

ter-isocyanate reaction and the viscosity increase
caused by the polymerization reaction must be in
proper balance to vield stable foams.!®

Effect of Catalyst Concentration . The effect of ca-
talyst concentration on the cure time of the foam-
ed leather 1s shown in Fig. 5. The surfactant con-
centration was fixed at 0.5 pbw. The cure time de-
creases with increasing catalyst concentrations. It
was already mentioned that the rise time and the
foam density also decreased with increasing catal-
yst concentration. The foam flowability and reacti-
vity are known to be optimized by catalyst selec-
tion. The optimum concentration and kinds of sur-
factant to prepare a foamed leather was reported
to depend on the foaming process, foam pressure,
and cure time, etc.!'

Tensile Properties. The effect of the foam den-
sity on the tensile properties is illustrated in Fig.
6. The foam densities referred to in this figure are
taken from the data in Tables 4 and 5. As ex-
pected, the tensile strength as well as the elonga-
tion at break increase with increasing foam den-
sity.

The effects of surfactant concentration and NCO
contents on the tensile properties are shown in
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Fig. 4. Typical cell structure of the PU foamed leather : (a) NCO contents of 8.0% and surfactant concentration
of 0.0 pbw, (b) NCO contents of 8.0% and surfactant concentration of 1.5 pbw, (¢) NCO contents of 120%

and surfactant concentration of 0.0 pbw, and (d) NCO contents of 120% and surfactant concentration of 1.5
pbhw.

35+ 760
300}
o 30 600
8 8
3 / "
s 200} S /f“ 1500 ;
;_ E 20 - ~{ 400 E
8 -._ s
100}
15 -1300
(I . . . o
Qo a1 0.2
1 1 1 N S
(o] 0.5 1.0 1.5 2.0 Foam density{g/ca3)
Catalyst{pbw) Fig. 6. Plots of tensile strength (@) and elongation
Fig. 5. Plot of cure time vs. catalyst concentration : at break(A) of the PU foamed leather vs. foam den-
The surfactant concentration was 0.5 pbw. sity(g/cm®).
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Figs. 7 and 8. The foamed leather was formulated
with constant catalyst concentration(1.0 pbw). The
tensile strength and elongation at break of foamed
leathers increased with surfactant concentration
but decreased with NCO contents. This may be
caused by the fact that the cell structure become
coaser and the foam ratio becomes higher when
the surfactant concentration is lower and NCO
contents are higher. In general, the foam ratio de-
creases with increasing foam density and then the
latter is one of the critical factors to govern the
physical properties such as tensile strength. Since
the effects of NCO contents and surfactant concen-
trations on the foam density were almost negligi-
ble, as already seen in Table 6, however, the re-
sults referred to in Figs. 7 and 8 may be described
in terms of the cell structure, not the foam density
or other factors.

Permeability to Moisture Vapor. The influence
of NCO contents and surfactant concentration on
the permeability to moisture vapor should also be
noted, since the permeability to moisture vapor is
the key property needed in synthetic leather.! On
increasing the surfactant concentration as well as

.

30+

Tensile strength(kg/cn?)

o I 1 i 1
0.0 0.5 1.0 1.5

Surfactant (pbw)

Fig. 7. Plots of tensile strength of the PU foamed lea-
ther with different NCO contents vs. surfactant con-
centration : The amount of catalyst was fixed at 1.0
pbw : (@) 6.0%, (O) 80%, (&) 100%, (A) 120
% .
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Fig. 8. Plots of elongation at break of the PU foamed
leather with different NCO contents vs. surfactant
concentration . The amount of catalyst was fixed at
10 pbw I (@) 6.0%, (O) 80%, (A) 100%, (A)
12.0%.

Elongation at break(x)

[} . ' 1 o
0.0

0.5 1.0 1.5
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HMoisty> vapour permeability(mg/cm?-hr)

Fig. 9. Plots of permeability to moisture vapor of the
PU foamed leather with different NCO contents vs.
surfactant concentration ! The amount of catalyst was
fixed at 1.0 pbw ! (@) 6.0%, (C) 80%, (A) 10.0%,
(~) 120%.
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NCO contents, the permeability to moisture vapor
increased, as shown in Fig. 9. In this figure, the
catalyst concentration was fixed at 1.0 phr.

It may be assumed that the permeability to moi-
sture vapor is also affected by the cell structure of
the foamed leather, rather than by the foam den-
sity as are the tensile properties. The reason, how-
ever, is not clear at present why the permeability
to moisture vapor becomes higher as the surfac-
tant concentrations are higher, although the foam-
ing ratio as well as the cell size decreases with in-
creasing surfactant concentrations.

CONCLUSIONS

In this work, polyurethane(PU) foamed leathers
by dry process have been prepared by foaming a
PU prepolymer, from hydroxy-terminated polyes-
ter diol(HTPD) and tolylene diisocyanate(TDI),
formulated with catalyst and surfactant. The
effects of surfactants, catalysts and NCO contents
on the properties of the PU foamed leather were
investigated. The important results are summariz-
ed as follows.

1. Foam density of the PU foamed leather dec-
reased with increasing catalyst concentrations and
water content.

2. Foaming ratio of PU foamed leather increased
as the NCO contents increased and the surfactant
concentration decreased.

3. The cell size decreased with increasing sur-
factant concentration but it decreased with increa-
sing NCO contents.

4. Tensile strength and elongation at break of
the PU foamed leather increased with increasing
foam density.

5. Tensile strength and elongation at break of
the PU foamed leather increased with increasing
surfactant concentration and decreased with inc-
reasing NCO contents.

6. Permeability to moisture vapor of the PU
foamed leather increased with increasing NCO
contents as well as surfactant concentration.
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