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introduction

Conventional two-component polyurethane-based (2K-PL)
water-borne coatings have become increasingly popular over
recent vears, driven by market demands for higher-perfor-
mance, formaldehyde-free, low-VOC thermoset water-hased
coatings. Mowadays legislation, restricting emissions and
residues, is the major driving force for the development of low-
polluting or even pollution-free coatings. VOC (volatile organic
compound(s)) is the key phrase in the paint and/or binder
industry, and is one of the driving engines for the development
of new, environmenially compatible binders like high solids,
agqueous of powder coating resins.

For the moment there is no uniform definition for VOUCs. In the
UsA for example, YOUs are only those products which are
photochemically active in the atmosphere. European guideiines
however, define VOUs as those organic compounds which have
a vapour pressure > 1 Pa at 20°C. As with definitions, VCC reg-
ulation is also lacking uniformity. In the USA VOC regulations
have existed for several years. In burope only some countries
(UK, Austria and Switzerland} have set up regulations. The
other EU members are now following in converting the new sol-
vent directive (1999/13/EC) into national law. The logical con-
sequence is that environmentally compatible binders, for exam-
ple high sclids or water-bormes, will continue to grow in
importance.

Background

Conventional two-component polyurethane systems {2K-PU)
have been successfilly used in various high performance appli-
cations, Typical examples are OEM {original equipment manu-
facturing) topcoats and clearcoats, automotive repair coatings
{fillers, clear- and topcoats), industrial paints, furnfture lacguers,
plastic coatings, etc. The unique cross-linking chemistry, based
on the reaction of OH-functional binders with polylsocyanate
hardeners, results in high molecular-weight polyurethanes with
excellent outdoor durability, outstanding chemical resistance
and very good mechanical properties. The urethane linkage in
the polymer backbone provides high resistance against chemi-
cals (solvents as well as acids and bases), and the high density
of hydrogen bonding results in the formation of a stable physi-
cal network which contributes 1o the good mechanical proper-
ties of the coating.

Among the various options for very low emission coatings,
water-borne binders generally have a high potential for
decreasing VOUs. In addition to the usual problems which gen-
erally result from the use of water as a solvent, 2K-PU cross-
linking suffers from the undesired secondary reaction of the
polyisocyanate hardener with water.
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Figure 1; Reaction of poiyisocyanate with waler
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This well known side reaction was responsible for the fact that
the use of isocyanate hardeners in agueous systerns was
unthinkable amaong experts until the beginning of the 1990s,
when agueous 2K-PU systemns were introduced. Fortunately it
has been recognised that this side reaction s less critical than
was previously thought.The reactivity of aliphatic isocyanates
with water is much lower than with the hydroxyl groups of
polymers.? When mixed with an aqueous resin emulsion,
hydrophobic polyisocyanate hardeners tend to migrate prefer-
ably into the organic resin phase, due to their solubility charac-
teristics. There the productive cross-linking reaction with
hydroxyt groups of the resin is favoured.

Stafistical distribufion Rearrangement of Diffusion/coalescence
of polyol and hardener  the smaller polyol of the droplets
after mixing droplets

Figure 2; Mixture of polyol dispersion and polyisocyanate hardener

The undesired secondary reaction with water, which leads to
the by-products poly urea and carbon dioxide, takes place as
well, but it will not impair the coating properties If only low
amounts of these by-products are formed. After application,
coalescence of the polvmer droplets and evaporation of water
is a fast process. in this final stage the reaction with water can
he balanced sufficiently.

A major aspect in developing agueous 2K-PU systemns is to pre-
vent the undesired secondary reactions with water and obtain
the best cross-linking possible. Appropriate modification of the
hardener component thydrophillsed polylsocvanates) has
improved dispersibility of the hardener and ease of mixing, but
extensive hydrophilic modification may cause drawbacks in
hardness and chemical resistance. Sophisticated mixing equip-
ment is another tool 1o overcome some of the problems,? but
the use of this kind of machinery has not really been accepted
in the paint industry. The polyol is a major component in aque-
ous ZK-PU systems. 1t should suppont dispersibility and quick
incorporation of the polyisocyanate hardener, Optimisation of
the polyol component is a powerful measure which can con-
tribute much to the performance of the 2K-PU system. The aim
of this work was 10 investigate the effects of the synthesis route
of two waler-borne acrylic polyols on their application proper-
ties in agueous 2KK-PU coatings.

Acrylic polyol synthesis

Watet-barne acrylic polyols for cross-linking systerns are low-to-
medium molecuiar-weight polymers which are stabilised in the
aqueous phase mainly electrostatically. Thus amine salts of pen-
dant carboxylic groups have to be formed. With water-borne
binders the tailoring of the rheological behaviour is one of the
keys for good performance at the application stage. Rheology
can be affected by various parameiers. One of the most impor-
tant is suitably tailored polymer segmentation. It has been
proved that polymer structures with hydrophilic and hydropho-
bic segments that are separated, exhibit better rheclogy than
where these functions are distributed statistically along the
polymer backbone. Actually the authors use different synthesis
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routes to build polymers of segmented
hydrophitic/hydrophobic structures.

Single-step synthesis

The single-step synthesis route is based

on a special solution polymerisation

technigue, which additionally utilises the (M)A-Y
reaction between oxirane and' acid (M)A-X—OH
groups to produce water-borne binders

suitable for one and two-pack applica- (M)A-COOH
tions. After charging an oxirane-function- STy

al component, a monomer mixture con-

taining carboxyl- and
hydrosiyl-functional monomers is fed 0
into the reactor by constant feed rate f:
and polymerised continuously. During L

the early stages of the polymerisation the
carboxylic groups of the polymer are
consurmed by the oxirane component
and ester linkages are formed.

Thus non-ionic, hydrophobic polymer Y=okyl, (M.,
segments are created during the first !
stages of polymerisation, preferably X=akyl, CH,,
while fonic, hydrophilic polymer struc- 2=akyl, aryl

tures are built in the final reaction peri-
od, when all available oxirane function-
ality has been consumed. Hnally the
polymer is neutralised and emulsified by
addition of water.

Multi- step synthesis

(0OH
This synthesis route is subdivided into polymer
discrete  steps.  Carhoxyl-functional
(hydrophilic) and hydroxyl-functional
{hydrophobic) acrylic intermediates are
made separately by solution polymerisa- OH
tion techniques. After partial co-esterifi- 1
cation of the two intermediates, a water- polymer

soluble polymer is formed which s
consecutively emulsified by neutralisa-
tion of the mixture with amine (dimethyl
ethanol amine, DMEA) and the addition
of water. Polymers of this type have been used in thermosetting
applications for years with very good success (VIACRYL™). For
low temperature two-pack applications the surface properties,
for example leveiling of the existing one-pack-type polymers,
was rather poor. Therefore the flow properties had to he
improved, which was achieved mainly by lowering the molec-
ular weight.

In Table 1 the major characteristics of the two acrylic polyols are
summarised.

Table 1: Characterisation of the acryiic polyel dispersions

Polyol *1 Folyol *2
Synihesis roule single step mylti step
Selids H  DINISD 3261 47 43
Arid! v:m (“1 /gy, DIN 150 3682 36 36
Hydrony! vaiue (mg/al DIN 53246 13 10
Dynamic viscosity (mPa.s) 2000 1500

DIN EN IS0 3219
Cosolvents (%) 4 12
YOG (gh (ib/galy) W09 239(2.0)

Particle size (nm} 120nm 180nm

0 oH 0
(M)A —(00H —»
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Figure 3; Single-step synthasis schems

Neutralisation

Partial esterification (Anine)

Emoulsification

Figure 4: Multi-step synthesis scheme

Preparation of white paint

The polyol dispersions described in Table 1 were investigated in
a simple white paint formulation. The polyols were crass-linked
with commercially available polyisccyanate hardeners. A mix-
ture of a hydrophobic isccyanurate- type hexamethylene diiso-
cyanate (HDI} trimer containing 23% NCO and a hydrophilic-
modified type with 17.4% NCO (ratio 4:6) was used at a
NCO:OH ratio of 1.5, The pigment binder ratio was 0.8:1. No
cross-linking catalyst was used. A white pigment paste was put
down, and a polyol dispersion, additives and hardener {pre-
mixed with solvenis), were added in sequence by stirring. Final-

Table 2; Characteristics of while paint

Polvol *1 Polyol *2
NCO:0H ratio 1.5 15
Pigment/Binder ratic 0.811 0.8/1
Viscosity DIN 53211, 23°0(s) 28 29
VOO (ready to usai (o/} 129 244
VOO (ready 1o use) (ib/gah 1.1 2.1
High solids — valus (%) a1 8z
Painl solids (%} 57 57
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Iy the paint was diluted with water and viscosity was adjusted
to ahout 30 DINs (DIN 53211, 237, 4mm). After ten minutes
defeaming the paint was applied.

Results and Discussion
Cross-linking

Cross-linking very much depends on the drying temperature.
Several industrial applications preferably use elevated tempera-
tures, but in many cases (with heavy and bulky substrates) the
reaction must take place at ambient temperature only. A seri-
ous, and in terms of practice, relevant evaluation must consid-
er both cases. Therefore the following conditions were used for
testing: one and seven days drying at ambient temperaiure
(23°C}, and forced drying at 60°C for 45 minutes followed by
one and seven days drying at 23°C.

fn hardness as well as solvent resistance, polyol 1 outperforms
polyol 2. 1t is very significant that really good cross-linking is
reached only under forced drying conditions (see Figures 5 and
6). At ambient temperatures only polyol 1 reaches a sufficient
level. in both cases a significant part of the cross-linker capaci-
ty Is hindered from reaction probably by chain mobility restric-
tions.

The rather low cross-linking level of polyol 2 at amblent tem-
peratiire was surprising, hecause this kind of polyol performs
well in one-pack thermosetting applications. The authors sui-
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Figure 5: Dependence of hardness development on drying
conditions (200um wet film thickness application on glass plate}
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Figure 6: Chemical resistance of paint films under various
hardening conditions (one day and seven days) (200um wet film
thickness application on glass plate)
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mise that there are two possible explanations for this finding
baoth of which are refated to the synthesis route. During partial
esterification of the two acrylic componenis a certain armount
of carboxyl-functional intermediate remains unreacted in the
mixture. This component probably does not participate in
cross-linking, since it is bearing COOH groups only. it behaves
like a plasticiser. Further partial esteritication of the two acrylic
intermediates teads to small amounts of pre-crass-linked micro-
gel, which could probably be responsible for early freezing of
the cross-linking reaction.

Potlife

For evaluation of potlife the behaviour of the paint was moni-
tored visually (gassing, viscosity change, coagulation). Unlike con-
ventional 2K-PU systems, which exhibit a steady increase of vis-
cosity, water-borne ZK-PU paints do not always have a reliable
relationship between viscosity increase and potlife (see Table 3}
Well stabilised aqueous paints can remain nearly unchanged in
terms of viscosity and appearance, even though a large portion of
the reactive groups of the hardener have already been consumed.

Table 3: Viscosity change during paint potiife (DiNs, DIN
53211, 23°C, 4 mm}

Polyol 1 Polyol *2
Oh 28 30
2N 26 72
in 29 foam, gelled

Therefore the paints were applied additicnally onto glass plates
instantly after mixing with the hardeners, and at intervals of two
and four hours {induction time) after paint preparation respec-
tively. Pendulum hardness and gloss of the coating were mea-
sured after one and seven days drying at 23°C ee Hgure 7).

These data, combined with the authors’ visual chservations,
were used 1o estimate potlife. Polyol 1 shows significantly bet-
ter potlife {four to five hours) than polyol 2 {maximum two
hours). Paints based on polyol 2 become increasingly foamy
when approaching the end of potlife, which indicates a higher
ameunt of side reaction with water, This was not expected,
because this kind of polymer is known to be an even betier
emulsifier for other (hydrophobic) partners than polyol 1. The
lowering of pendulum hardness, which is observed in both sys-
terns with increasing induction time, clearly indicates that sig-
nificant amounts of the isocyanate have reacted with the poly-
ol and/or water in the pot already and hence are missing for the
cross-linking reaction after film formation. This is seen in the

80
0 @ Polyol*1 n
E 60 W Polyol*2 )
g 34
£ 4
E 0
10 4
- L L) L) L L
0 hours 2hours 4 hours Ohours 2hours 4 hours
1 day 1 days

Figure 7 Effects of potlife on development of hardness {application
on glass plate, 200um wet film thickness)
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ambient temperature results (see Figure 7} as well as at an ele-
vated temperature. Fortunately the pre-cross-linked domains of
the paint are smali encugh to cause no surface defects, because
gloss remains more or less unchanged (see Table 4).

Table 4: Measurement of gloss with increasing induction
fime {% gloss at 20° angle; application on glass plate,
200pm wet film thickness; seven days dried at 23°C)

Folyol *1 Polyol *2
Gh 74 I
2hn 74 73
ah 0 —

Paint application

Application was characterised by spraving a thickness gradient
on steel panels (30x20cm} with a series of holes of 0.5cm diam-
eter arranged diagonally to evaluate sagging. The plates were
inspected after drying for one day at ambient temperature.

Table 5: Spray application resulls

Polfyoi *1 Polyel *2
Lavelling {um} =20 =15
Finholes (imj =62 =48
Saguing (um) = 66 =44
Gioss 207/60° 73706 B2/
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Coalescence and levelling are very good in both systems. With
polyol 2 significantly better gloss is obtained, but polyol 1 also
shows good gloss and is superior in sagging and solvent popping
{degassing). Scratch hardness behaves as expected from pendu-
lum hardness results.

Table 6: Humidily cabinei lest (144 hours freaimeni)

Paoivol *1 Polyol *2
Dryina conditions: 7 days, 23°0
Gioss 207 T2 g1727/64
Dagree of blistering, DIN 53209 ma/g mzfo3
Drying conditions: 45 min, 60°0 followad by 7 days, 23°C
Gloss 207 73731 80/72/73
Degres of blistering, DIN 53209 mofy0 mO/gO
a Initial result/ "“w adialely after testfalier 16 hours reganeralior
e n w
?I | I Polyol*1
VA
60 I Polyol*2
& 54
a N
&
T 40 4
n 26
30 4
20 4
10 4
0
0 500 1000
Hours

Figure 8; Weather resistance (144 hours treatment, accelerated
waathering/UVCON)
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Even under ambient dry conditions polyol 1 already shows
good performance, whereas polyol 2 dearly fails. Obviously
pobyol 2 is cross-linked insufficiently under those conditions.
After applying higher temperatures the performance level sig-
niticantly improves.

Accelerated weathering results are good for both systems, Long-
term exterior durability tests are still running. The preliminary
results are very promising for both acrylics.
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