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to be used as resin modifiers for waterborne coatings sys-

tems crosslinked with amino resins. These urethane diols are
a multipurpose chemical species that can be utilized to enhance
performance properties as well as resolve some of the common
issues experienced when formulating waterborne systems.

The above-mentioned resin modifiers are water soluble
without the presence of amine neutralizers, surfactants, or
co-solvents. Incorporating these urethane diols will thus
improve the water solubility of a resin system in a wet paint,
subsequently reducing the need for neutralizing amines and
additionally allowing for easier resin incorporation with less
co-solvent requirements. As resin modifiers, the urethane back-
bone allows formulators to enhance performance of aminoplast
crosslinked coatings by incorporating urethane groups into a
crosslinked network without the use of an isocyanate.

This work demonstrates the versatility of these urethane diols
and further discusses how they can be used to enhance coating
performance by improving corrosion and humidity resistance, as
well as increasing hardness while maintaining flexibility.

N ew water-soluble urethane diol resins have been developed
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INTRODUCTION

Waterborne Polyester Formulations Crosslinked
with Amino Resins

Polyester (PE) resins are often used as a primary binder
resin in a range of waterborne (WB) aminoplast crosslinked
coating formulations. The flexible nature of the polyester
combined with the toughness and good durability asso-
ciated with amino crosslinks enables these coatings to be
used in a variety of direct-to-metal interior and exterior
industrial applications. These types of resin systems are
often used as baking enamels for general industry as well

as for waterborne base coats and primers for can, coil, and
automotive applications.

The polyesters commercially available today for water-
borne applications are usually saturated polyesters and
contain both hydroxyl and carboxyl terminal groups.' They
are typically available as either water-reducible, thinnable,
or dilutable resins. Water-reducible resins are supplied in a
coalescing solvent, such as 2-butyoxyethanol or sec-butanol,
and require the use of amine to fully solubilize the resin in
water. In the case of the water-thinnable or water-dilutable
polyesters, these resins have already been reduced and

supplied partially in a coalescing solvent with amine and

water. Thinnable and dilutable resins differ in their water
compatibility, where water-thinnable resins are typically
more easily thinned via addition of water.

The hydroxyl and carboxyl groups of the saturated poly-
esters used in waterborne polyester-amino resin formula-
tions serve as the reactive sites available for reaction with
aminoplast crosslinkers. Examples of amino crosslinkers
typically used include melamine, urea, glycoluril, and
benzoguanamine-derived formaldehyde resins.? Melamine-
formaldehyde resins are still a standard selection of
crosslinker used in the applications previously mentioned.
Although crosslinkers derived from urea monomers are
generally faster reacting than those derived from melamine
monomers, melamine-formaldehyde resins are often chosen
for use due to their superior outdoor durability, chemical
resistance, and lower cost.

Formulating with Melamine Crosslinkers

The following terminology is commonly used to differenti-
ate between some of the common melamine-types available
in the market: fully, partially, and highly alkylated. These
terminologies refer to the method in which the crosslinkers



are produced and thus are also indic-
ative of the functionality of the final
product.

The functionality of a melamine
crosslinker will depend on both the
extent of methylolation with form-
aldhyde and the degree of alkylation
with a simple alcohol (e.g., methanol
or butanol). Many variations in func-
tionality arise during the synthesis
of melamine-formaldhyde resins.
However, with regard to methylated
melamines, fully, partially, and highly
alkylated resins are generally char-
acterized by the amount of methylol,
methoxymethyl, and imino (NH) func-
tional groups (Figure I).

When formulating a coating with
a hydroxyl-functional polymer using
a melamine crosslinker, it is ideal
to have equal amounts of available
hydroxyl groups and methoxymethyl
groups to optimize crosslinking. With
respect to fully methylated, or hexa-
(methoxymethyl)melamine (HMMM),
type resins, the equivalent weight of
the crosslinker should theoretically be
about 80 g/eq. However, this number
is somewhat misleading and, in some
cases, not necessarily accurate. Two
important characteristics of amino
resins to note include molecular weight
distribution and the resin’s tendency to
self-condense in aqueous environments.

First, regarding the molecular weight
distribution, an HMMDM crosslinker is
likely to contain only 60-65% monomer
with the rest being mostly dimers and

trimers along with small amounts of
other higher oligomer types. This can
become troublesome when formulating
based on theoretical equivalent weights,
especially if the molecular weight distri-
bution is unknown.

Formulating aqueous amino resin for-
mulations then becomes more challeng-
ing when considering that the cross-
linking reactions between hydroxyl
and methoxymethyl groups are always
competing with the self-condensation
reaction of the melamine crosslinker.
The self-condensation reaction begins
with the hydrolysis of the methy-
oxymethyl groups, followed by demeth-
ylolation and the subsequent release of
formaldehyde (Figure 2).

Due to these variables, it can be bene-
ficial to begin formulating by evaluating
aresin’s crosslinking capability with
a melamine through experimentation
rather than using a theoretical equiva-
lent weight to ensure that hydroxyl-
methoxymethyl crosslinking is optimized.

Necessity and Effects of Amine in
PE/HMMM Coatings

In terms of stability, fully alkylated
melamine-formaldehyde resins are
inhibited by amines, where reactivity

is linearly proportional to the pH of the
system. In the case of high imino-type
crosslinkers, the presence of amines will
have less effect on cure response.’ The
differences in stability enable formu-
lators to use HMMM crosslinkers for
one-component (1K) systems.

FIGURE 1—(a) Fully methylated, (b) partially methylated, and (c) highly methylated/high imino.
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FIGURE 2—Hydrolysis of methoxymethyl group and demethylolation of a fully methylated melamine.
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The need for the presence of amines
in WB PE/HMMM formulations is thus
two-fold, requiring to first reduce and
solubilize the saturated polyester in
water and then to stabilize the HMMM
crosslinker to prevent the melamine from
undergoing self-condensation via hydroly-
sis. However, amines can be problematic
for reasons other than being difficult to
work with due to their high volatility.

A plethora of issues arise when residual
amine remains in the film after cure.
Some amines tend to react with the
formaldehyde byproduct of melamine
self-condensation, forming color bodies
and thus causing discoloration issues
such as yellowing. Residual amine will
also increase the coatings polarity, mak-
ing it more susceptible to moisture attack
and, therefore, decreasing the coatings
weathering durability, especially in the
case of humidity resistance. Furthermore,
it would be logical to assume that a film
that is more susceptible to moisture
attack would also allow water to easily
penetrate the film'’s surface, weaken the
integrity of the coating, and attack the
substrate. This notion would thus indi-
cate that residual amine could reduce the
corrosion resistance of a film coated over
steel or other metal substrates.

Polyurethane Coatings

Polyurethane coatings produced
through polyisocyanate crosslinking
will usually provide the robust perfor-
mance with superior exterior durability
properties that a formulator seeks. For
instance, in comparison to melamine
crosslinks, urethane crosslinks are
generally more hydrolytically stable
and more resistant to hydrolysis under
acidic conditions, allowing for superior
environmental etch resistance.

However, there are still disadvan-
tages when using polyisocyanates. Not
only are polyisocyanates generally of a
high cost, but they can also pose safety
hazards. Prolonged exposure to these
materials can be very detrimental to a
worker’s health, causing serious skin
damage with the potential for subse-
quent sensitization.®

Polyisocyanates are additionally
quite difficult to use, particularly with
regard to formulating aqueous systems.
Polyisocyanates will react with water
producing amine and CO, byproducts.
The amine will react with another iso-
cyanate group rather quickly, forming
aurea linkage. Not only is this an issue
with formulating stable systems, but it



is also detrimental during the curing
process as gassing or foaming can often
be observable in the cured material, and
it can also reduce film gloss.

Urethane Linkages in
Melamine Coatings

An ideal situation would be to syner-
gize these technologies and reap the
benefits of the lower cost and better
stability associated with melamines and
the superior durability associated with
urethane linkages. There have been a
variety of approaches proposed to incor-
porate carbamate groups into the back-
bone of melamine coatings in an attempt
to obtain a hybrid melamine-urethane
crosslink coating. Nonetheless, these
approaches have exhibited copious chal-
lenges inclusive of cost effectiveness and
poor reactivity.

For instance, by using triazine as the
foundation of the resin, tris(alkoxycar-
bonylamino)triazine crosslinkers, or
TACT, were developed as a formald-
hyde-free melamine crosslinker resin.°
When catalyzed properly, this cross-
linker is said to be capable of crosslink-
ing with trifunctional epoxy resin to
provide a urethane-linked backbone.
Not only does this technology struggle
due to high cost but also presents issues
with reactivity. Other methods of incor-
porating urethane groups in the back-
bone of a melamine crosslinked network
are by crosslinking a polyurethane dis-
persion with a melamine. Nonetheless,
this technology also has issues pertain-
ing to reactivity as the reactive sites
on many of the commercially available
polyurethane dispersions are often
tertiary carboxyl groups that tend to
have a relatively sluggish reaction with
melamine crosslinkers.”

Another method of integrating
urethane linkages into the backbone
of a melamine crosslinked network is
through the use of a urethane diol resin.
The hydroxyl functionality of these
diols will allow for reaction with the
melamine via a transetherification reac-
tion between the hydroxyl and alkoxyl-
methyl groups of the urethane diol and
melamine, respectively (Figure 3).

The urethane diol resins described
will allow for incorporation of urethane
groups in the backbone polymer matrix
of melamine crosslinked coatings
without the use of polyisocyanates or
polyurethane dispersions. Moreover,
these urethane diol resins are not
produced using isocyanate chemistry
and thus will neither contain residual
isocyanate nor pose a risk of urethane
deblocking or degrading to produce free
isocyanates.

Pursuit of Non-VOC Coatings:
The Rise of Aqueous Formulations
and Their Limitations

An increase in the use of aqueous
formulations began in the 1990s as

an attempt to address government
regulations being placed on volatile
organic compound (VOC) emissions.
The automotive industry, for example,
has remained steadfast in its efforts to
reduce the immense quantity of VOCs
emitted during application of automo-
tive coatings by using waterborne auto-
motive primers and basecoats. This has
subsequently pressed coatings formula-
tors and manufacturers to develop more
aqueous coatings formulations.

An optimal scenario would be to for-
mulate a homogenous, stable, aqueous
formulation that provides good flow and
leveling with very low levels or—more

FIGURE 3—Reaction scheme of a urethane diol/fully methylated melamine-formaldehyde.
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favorably—completely free of VOCs. As
previously mentioned, many aqueous
formulations will contain a coalescing
solvent to aid in solubilizing resins in
water to aid in compatibility as well
as to provide good film formation. For
example, ethylene glycol monobutyl
ether (EGBE) is a rather popular
co-solvent used to reduce and compati-
bilize saturated polyesters in water.

While VOC levels are largely
decreased when using a water-based
system, toxicity of selected coalescing
solvents should not be disregarded.
A somewhat recent petition in 2015
was submitted to the Environmental
Protection Agency (EPA) to remove
EGBE from the EPA’s Emergency
Planning and Community Right-to-
Know Act (EPCRA). The EPA denied
the petition for removal from EPCRA
after concluding that it can be rationally
predicted to cause serious or potentially
even irreversible chronic health issues
with major concerns for liver toxicity
and hematological effects.®

It should not be overlooked that for-
mulating aqueous coatings can be quite
challenging, especially when compared
to solvent-based coatings. When formu-
lating a solvent-based system, a formu-
lator will have the option to select a
solvent with physical properties that are
best suited for the formulation require-
ments. Selecting the proper solvent
will enable a formulator to have better
control over formulation characteristics
such as cure time, flow and leveling, and
viscosity. Although solvent is tolerated
and is often necessary to formulate
aqueous coatings systems, water-based
systems still significantly limit the pre-
viously mentioned options offered by a
variety of solvents.

Urethane Diols for Modifying
Aqueous Formulations Crosslinked
with Amino Resins

The urethane diols of topic are com-
pletely water soluble without the use
of amine neutralizers or co-solvents.
Incorporating these diols into aqueous
amino resin crosslinked coatings will
thus inherently reduce amines and
coalescing solvents that are normally
required to prepare a homogenous,
stable aqueous system with good flow
and leveling.

Urethane diols have a range of
physical properties inclusive of but not
limited to variations in hydroxyl value,
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solid content, and viscosity. Physical
properties of the diols referenced in the
subsequent experimental section are
presented in Table 1.

EXPERIMENTAL

The following experiments (I-IV) serve
as examples demonstrating the many
benefits that can be attained when using
these diols as modifier resins.

Experiments I and II investigate
crosslinking capabilities of urethane
diols with an HMMM crosslinker and
reactivity differences of primary vs
secondary hydroxyl functional diols,
respectively. The potential of using
urethane diols as a method of improving
acid etch resistance of aqueous amino
crosslinked coatings is explored in
Experiment III. Film property evalua-
tions using a newly developed urethane
diol as a modifying resin in aqueous
polyester-HMMM formulations are
included in Experiment IV.

Physical properties of the saturated
polyesters used in Experiments III and
IV are detailed in Table 2.

All formulations involved in these
experiments were mixed via high-speed
dispersion using a high-speed mixer
from FlackTek Inc. Films were prepared
over polished, bare cold rolled steel
(CRS) and applied via draw down. All
films tested were given a ~10 min flash at
room temperature (RT) prior to bake.

Experiment I: Crosslinking
Capabilities of Urethane Diols
with Amino Resins

Diol B was reacted with a fully methyl-
ated melamine-formaldehyde (HMMM)
with varying ratios of urethane diol

to HMMM. Systems were evaluated
for cure response at relatively low
temperatures to determine the solids
required to achieve optimal crosslink-
ing. Crosslinking of cured films was
assessed by MEK resistance.’ Dry film
thicknesses (DFT) of the films were
maintained between 1.6-1.8 mil.

All systems consisted of only the
urethane diol, HMMM crosslinker, a
flow and leveling agent, acid catalysts,
and equal amounts of water (40% on
total resin solids). The Diol B-HMMM
systems showed good cure response at
relatively low temperatures with moder-
ate catalyst levels. Decreasing the cure
temperature to below 100°C required
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high catalyst loading. Results are shown
in Figure 4.

Optimal crosslinking of Diol B with
HMMM was achieved with a 50/50 mix
ratio based on solids. This data suggests
that the melamine can be assigned a
hypothetical equivalent weight of nearly
160-170 g/eq. when reacting with a
urethane diol.

Experiment I1: Reactivity of 1° vs 2°
Hydroxyl Functional Urethane Diol

Reactivity of these urethane diols was
evaluated to determine if resins con-
taining less sterically hindered hydroxyl
groups will more readily react with an
HMMM crosslinker. Diol B has a mix-
ture of primary (1°) and secondary (2°)
OH groups but the latter predominates
rather significantly. Only 1° OH func-
tional groups are present in Diol C.

The urethane diols and the HMMM
crosslinker were the only resins present
in the aqueous systems. Each of the
two diols was solubilized in water and
precatalyzed with an amine blocked
acid catalyst. A flow and leveling agent
was then incorporated followed by the
HMMM crosslinker. Water content was
maintained at 40% on total resin solids.

Cure Response

The ratios of HMMM/OH equivalence
were held constant between the two
systems using the hypothetical HMMM
eq. wt. experimentally determined in
Experiment I. The mix ratios of the
Diol B/HMMM and Diol C/HMMM
systems were 50/50 and 47/53 based on
resin solids, respectively.

Cure response was evaluated by
testing the MEK resistance of the baked

TABLE 1—Physical Properties of Urethane Diols

URETHANE DIOL H(cP) SOLIDS WATER OH #
A 3,315 100% 0.0% 620-630
B 4,000 88% ~12% 330-350
C 75,000 100% 0.0% 380-390
D 4,350 85% ~15% 280-290
TABLE 2—Physical Properties of Saturated Polyesters
POLYESTER SOLIDS  WATER DMEA voc OH# ACID # CO-SOLV.
WATER-REDUCIBLE |  75.0% 0.00% 0.0% 25.0% 64 60 2° BUT®/ EGBE®
WATER-DILUTIBLE 50.0% 25.5% 3.7% 20.8% 110-120 | 40-50 EGBE®
WATER-THINNABLE 65.0% 12.6% 4.6% 17.8% 110-120 | 40-50 EGBE®
(a) 2° But = secondary butanol.
(b) EGBE = ethylene glycol butyl ether.
FIGURE 4—Cure response of Diol BZHMMM with varying solid mix ratios.
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films once cooled to RT. The Diol C
system was significantly more reactive
with HMMM than Diol B. Results are
shown in Figure 5.

Thermal Gravimetric Analysis

The following resin systems were
analyzed for weight loss via thermal
gravimetric analysis (TGA): 1. HMMM
Only, 2. Diol B/HMMM, and 3. Diol C/
HMMM. The systems were evaluated
with urethane diol to HMMM mix
ratios of 0/100, 50/50, and 47/53, respec-
tively. The three systems were catalyzed
with 1.2% p-TSA on total resin solids
using an amine blocked acid catalyst.
EGBE was needed to compatibi-
lize the system that contained only
the HMMM resin. Equal amounts of

coalescing solvent were added to all
three systems. All formulations con-
tained just over 62% total solids.

The weight loss of the HMMM
crosslinker is likely due to the evolution
of water, methanol, formaldehyde, and
nitrogen-based compounds. The Diol
C system repeatedly exhibited the least
amount of weight loss and contained
more parts melamine than the Diol B
system. A possible explanation for this
is that the Diol C/HMMM reaction is
occurring at a lower temperature than

the melamine self-condensation reaction.

Systems were evaluated using a 10°C/
min heat ramp to 150°C followed by a
90-min isotherm. Data was collected by
using a Q50 TGA from TA Instruments.
The TGA curve is shown in Figure 6.

FIGURE 5—Cure response of Diol B and Diol C with HMMM crosslinker.
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Experiment lll: Acid Etch Resistance
of Diol D Modified White Pigmented

Polyester Coating

Acid etch resistance of a urethane diol
modified white polyester formulation
crosslinked with HMMM was evaluat-
ed using Diol D as a modifier resin. The
component breakdown of the grind is
shown in Table 3, and the letdown formu-
lation is shown in Table 4a. Formulation
characteristics are presented in Table 4b.

TABLE 3—White Pigmented

Water-Thinnable PE Grind
GRIND COMPONENTS %
WATER-THINNABLE POLYESTER | 30.57
DEFOAMER (10% IN DIH,0) 0.47
T10, (AL, ZR TREATMENT) 36.46
DIH,0 32.50
TOTAL 100.00

TABLE 4a—Formulation Components of White
Pigmented Water-Thinnable PE

CONTROL

MATERIAL  yomopiFication  DIOLD
GRIND 56.35 59.89
LET DOWN
WATER-THINNABLE
POLYESTER .2 0.4
URETHANE DIOL
MODIFIER 0.00 251
HMMM 512 6.45
LEVELING AGENT 017 018
DIH0 B 201
DMEA 0 0
AMINE BLOCKED ACID
g 0.26 027
TOTAL 100.00 100.00

TABLE 4b—Characteristics of White Pigmented
PE Formulation

CONTROL

MATERIAL  yvomopiFicaTion  DIOLD
% MODIFIER 0.00 8.00
(SOLID) ON TRS
% POLVESTER 80.00 68.36
(SOLID) ON TRS
% HMMM (SOLID) 20.00 23.64
ONTRS
PE/HMMM 80/20 80/20
(SoLIDs)
DIOL/HMMM 0/0 5545
ADDED (SOLIDS)
% SOLIDS 46.5 495
% TRS 257 274
P/B 0.80 0.80
oH 816-8.23 816-8.23
VISCOSITY (cP) 325-365 325-365
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Additional melamine was added to
the Diol D modified formulation to
account for the increase in hydroxyl
groups after incorporating the lower
molecular weight diol. The ratio of Diol
D to HMMM was determined by using
the experimental eq. wt. determined in
Experiment I. Pigment to binder ratio
was held constant for the control and
Diol D formulations.

Films were baked at 130°C for 30 min.
Both the control and Diol D modified
systems were adequately cured as deter-
mined by MEK resistance. Each of the
films achieved 100+ MEK double rubs.

Acid resistance was tested by sub-
jecting the films to a diluted solution
of sulfuric acid (H,SO,) at elevated
temperatures. Equal amounts of a 20%
H,SO, solution were placed onto the
film in three spots of equal surface area.
Test areas were covered, placed in an
oven at 60°C, and evaluated in 15-min
intervals. The acid solution was rinsed
off the panel using dIH, 0 after the films
were near RT. Excess acid or dTH,0
was removed by lightly pressing with a
towel. Results are presented in Table 5.

Experiment IV: Diol A Modifications
of WB PE Crosslinked with HMMM

Formulations: Clear Water-Reducible,
Clear Water-Dilutable, and White
Water-Thinnable PE

Diol A was evaluated as a modifier resin
in three polyester systems. Formulations
included a clear water-reducible PE
(Formulation 1), a clear water-dilutable PE
(Formulation IT), and a white pigmented
water-thinnable PE (Formulation III).

All formulations were crosslinked
with HMMM. Modified formulations
were formulated to have 8% urethane
diol modification based on solids on total
resin solids. The melamine content in
the modified systems was increased to
account for the rise in available hydroxyl
groups incorporated upon addition of the
lower equivalent weight urethane diol
modifier. The ratio of Diol A to HMMM
is based on the HMMM eq. wt. experi-
mentally determined in Experiment I.
The ratio of HMMM per part polyester
was held constant between the control
and the modified systems in all three
formulations. The pigment/binder ratio
was held constant between both systems
in Formulation II1.

The component breakdown and
formulation characteristics of
Formulations I, IT, and I1I1, are given in
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Table 6a-b, Table 7a-b, and Table 8a-b,
respectively. The grind formulation
used for Formulation I11I is presented in
Table 3.

Amine Required for Neutralization

The effects on pH were observed for
modifying Formulations I, IT, and 11T
with Diol A.

A titration curve for Formulation I is
shown in Figure 7. The Diol A modified
formulation required less DMEA for
neutralization and exhibited overall bet-
ter water compatibility with less haze

present at lower amine levels. Images
of the control and the Diol A systems at
the start of the titration are shown in
Table 9.

Additional amine was not required
to neutralize Formulations IT and ITI.
Systems modified with Diol A con-
tained a lesser amount of the polyesters
and thus subsequently contained less
DMEA. Extra DMEA was added only
to the Formulation I1I systems. The
amounts of amine required for neu-
tralizing Formulations IT and III to the
desired pH ranges are given in Table 10.

TABLE 5—Acid Etch Resistance of Diol D Modified White PE Formulations
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TABLE 6a—Formulation I: Clear Water-Reducible PE-HMMM

ONTROL

MATERIAL NO MODIFICATION DIOLA
WATER-REDUCIBLE POLYESTER 31.07 26.94
DMEA 2.23 1.99
HMMM 5.83 9.91
URETHANE DIOL MODIFIER 0.00 2.62
LEVELING AGENT 1.00 0.99
DIH,0 59.30 56.90
AMINE BLOCKED ACID CATALYST 0.58 0.65
TOTAL 100.00 100.00

TABLE 6b—Characteristics of Formulation |
CONTROL

MATERIAL NO MODIFICATION DIOLA
% MODIFIER (SOLID) ON TRS 0.00 8.00
% POLYESTER (SOLID) ON TRS 80.00 61.71
% HMMM (SOLID) ON TRS 20.00 30.29
% TOTAL SOLIDS 30.95 35.95
% TRS 29.30 32.95
PE/HMMM (SOLID) 4.0/1.0 4.0/1.0
DIOL/HMMM ADDED (SOLID) 0/0 35/65
% DMEA ON TRS 7.64 6.07
pH 8.10-815 810-815
VISCOSITY (cP) 80120 80-120




TABLE 7a—Formulation II: Clear Water-Dilutable PE-HMMM

CONTROL

MATERIAL NO MODIFICATION DioLA
WATER-DILUTABLE POLYESTER 48.89 45,56
HMMM 428 9.42
URETHANE DIOL MODIFIER 0.00 280
DIH,0 46.84 nn
TOTAL 100.00 100.00

TABLE 7b—Characteristics of Formulation Il
CONTROL

MATERIAL NO MODIFICATION DIOLA
% MODIFIER (SOLID) ON TRS 0.00 8.00
% POLYESTER (SOLID) ON TRS 8511 65.08
% HMMM (SOLID) ON TRS 14.89 2692
% TOTAL SOLIDS 87 35.00
%TRS 87 35.00
PE/HMMM (SOLID) 8511/14.89 85.11/14.89
DIOL/HMMM ADDED (SOLID) 0/0 34166
% DMEA ON TRS 630 482
oH 124-133 124-133
VISCOSITY (cP) 220-260 225-250

Solids, Water, and VOC Content

The control and Diol A modified formu-
lations were evaluated at equal viscos-
ities in Formulations I, IT, and III. The
viscosities of the unmodified and modi-
fied systems were reduced using deion-
ized water (dTH,0). The only VOCs
present in the formulation are from the
polyesters used in the formulation.

Viscosity differences between systems
were no greater than 40 cPs. Viscosities
were determined using an AR1000 rhe-
ometer from TA Instruments (2° steel
cone, T=25°C, Shear Rate=100 s™). Solids
comparisons of the control and Diol A
modifications are in Figure 8. A compar-
ison of solvent content is presented in
Figure 9.

Film Properties

Film properties were evaluated for all
three of the aqueous polyester-HMMM
formulations. Test specifications for
evaluating Formulations I, IT, and III are
given in Table 11. Film properties tested
include MEK resistance, gloss measure-
ments,*° cross-hatch adhesion," pendu-
lum hardness,"? pencil hardness," impact
resistance,* GE impact-flexibility,'* and
mandrel bend.!

TABLE 8a—Formulation I1l: White (Ti0,) Water-Thinnable PE-HMMM

MATERIAL

CONTROL

NOMoDIFiCATION ~ DIOLA
GRIND 56.35 62.85
LET DOWN
WATER-THINNABLE POLYESTER 1428 811
URETHANE DIOL MODIFIER 0.00 228
HMMM 512 8.50
LEVELING AGENT 017 019
DIH,0 B 17,64
DMEA 011 013
AMINE BLOCKED ACID CATALYST 0.26 0.29
TOTAL 100.00 100.00
TABLE 8b—Characteristics of Formulation IlI
CONTROL

MATERIAL NO MODIFICATION DioLA
% MODIFIER (SOLID) ON TRS 0.00 8.00
% POLYESTER (SOLID) ON TRS 80.00 62.22
% HMMM (SOLID) ON TRS 20,00 2978
PE/HMMM (SOLIDS) 80/20 80/20
DIOL/HMMM ADDED (SOLIDS) 0/0 36/64
%S0LIDS 465 51.9
%TRS 2517 2.6
P 0.80 0.80
oH 816-8.23 816-8.23
VISCOSITY (cP) 325-365 325-365

FIGURE 7—Titration curve of Formulation I.

6.00 6.25 6.50 6.75
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7.00 7.25
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TABLE 9—Pot Appearance of Formulation | at Start of Titration

7.75

%DMEA
on TRS

515

TABLE 10—DMEA Content of Formulations I and Il

FORMULATION Il FORMULATION Il
SYSTEM CLEAR WATER-DILUTABLE PE WHITE WATER-THINNABLE PE
pH7.24-1.33 pH8.16-8.23
CONTROL 6.30 6.11
DIOLA 4.82 4.87
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FIGURE 8—Solids comparison at equal viscosity.
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FIGURE 9—Water and VOC comparison at equal viscosity.
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TABLE 11—Test Specifications for Film Property Tests
FORMULATION POLYESTER-HMMM CURE SCHEDULE DRY FILM THICKNESS
| CLEAR WATER-REDUCIBLE 150°C/20 MIN 1.0-1.2 MIL
Il CLEAR WATER-DILUTABLE 150°C/15 MIN 1.0-1.2 MIL
1l WHITE WATER-THINNABLE 130°C/30 MIN 1.6-1.8 MIL
Formulations with Diol A provided Moisture Resistance

comparable to improved gloss and
MEK resistance in Formulation I.
Formulations IT and I1I were relatively
similar in terms of these properties. All
films showed 100% adhesion. Results
are given in Figure I0.

In all three formulations, Diol A mod-
ifications provided a significant increase
in film hardness without any observ-
able loss of flexibility. Both the control
and Diol A systems exhibited excellent
flexibility properties. All flexibility
tests were evaluated to their maximum
testing capabilities for both systems in
all three of the formulations. Results are
shown in Figures 11 and 12.
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The clear polyester—-HMMM formulations
were evaluated for humidity resistance?”
upon exposure to Cleveland humidity
conditions. The humidity chamber was
maintained at 70°C/100% relative humid-
ity. Systems modified with Diol A provided
an overall superior resistance to moisture
attack in both Formulations I and IT.

The control and Diol A modifica-
tion both developed a severe haze in
Formulation I. The Diol A systems
showed improvements in recovery of
gloss, hardness, and appearance follow-
ing moisture attack. Results are pre-
sented in Table 12 and Figures 13-14.

In Formulation II, a white-yellow
haze appeared around the edges of the
control but not in the film of the Diol A
system. Both systems showed good gloss
after exposure. The modified formu-
lation additionally exhibited improve-
ments in recovery of hardness and
color. Results are shown in Table 13 and
Figures 15-16.

Salt Fog Resistance

The clear polyester-HMMM formu-
lations were evaluated for corrosion
resistance® following exposure to salt
fog conditions.” Films were scribed ver-
tically with a length of approximately

7 cm. In both Formulations I and 11,
systems modified with Diol A displayed
an overall superior resistance to salt fog.

In Formulation I, the control devel-
oped blisters around the edges of the
scribe during early stages of testing;
corrosion quickly followed. Results are
presented in Table 14.

In Formulation II, the Diol A modified
systems provided improved resistance
to salt fog conditions. The control
formed a white haze around the edges of
the scribe and had more of a tendency to
corrode. The results for Formulation 1T
are shown in Table 15.

Age Stability

The stability of Formulation I was
evaluated after being aged at RT, 50°C,
and 60°C. The effects on pH, viscosity,
pot appearance, film gloss, and cure
response were explored for both the
control and Diol A modified polyester-
HMMM formulations.

The Diol A modified system exhibited
overall better heat aged stability com-
pared to the control.

Sample bottles were sealed to prevent
volatiles such as neutralizing amine
from escaping. All heat aged pots were
cooled to RT prior to testing.

The control was found to be signifi-
cantly hazier when removed from the
50°C and 60°C storage ovens. Results
are presented in Table I6.

The pH and the viscosity of the con-
trol and Diol A modified formulations
both decreased upon aging. The pH
of two systems appeared to decrease
at a similar rate during the three days
of testing. However, the viscosity of
the control system exhibited a more
significant change in viscosity than the
Diol A modified formulation. The larger
decrease in viscosity could potentially



FIGURE 10—Gloss, MEK, and adhesion of Formulations I, Il, and II.
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FIGURE 11—Direct/indirect impact and pendulum hardness of Formulations I, II, and Ill.
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FIGURE 12—GE impact, Mandrel bend, and pencil hardness of Formulations I, II, and Il
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TABLE 12—Appearance Recovery after 215 h of Humidity Exposure

120 min 180 min

FIGURE 13—Percent recovery in pendulum hardness after 215 h of humidity exposure.
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FIGURE 14—Percent recovery in gloss (20°) after 215 h of humidity exposure.
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TABLE 13—Film Appearance after 1500 h of Humidity Exposure

1500 h of Humidity Exposure

Diol A

Control

—> Haze Formation
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FIGURE 15—Change in b* after 1500 h of humidity exposure.
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FIGURE 16—Percent recovery in pendulum hardness after 1500 h of
humidity exposure.
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TABLE 14—Film Appearance after Salt Fog Exposure

TABLE 15—Film Appearance after Salt Fog Exposure

400 h of Salt Fog Exposure

Control Diol A




be due to poorer water compatibility of
the unmodified resin system when at a
more neutral pH. This could cause the
resin system to be less likely to exist
within the water phase of the aqueous
system and subsequently result in a
less homogenized solution. Results are
shown in Figures 17-18.

Gloss and cure response of films
prepared from paints that had been
aged for three days were compared
to those that were prepared when the
paint samples were initially made. The
control formulation exhibited a much

more significant change in gloss vs the
Diol A modified system. The heat aged
control samples additionally displayed a
more severe decrease in MEK resistance
compared to the Diol A modified for-
mulation. Results are shown in Figures
19-20.

CONCLUSION

This work demonstrates that newly
developed urethane diols can be used
to incorporate urethane groups into the

TABLE 16—Formulation | Pot Appearance upon Aging—RT, 50°C, and 60°C

50°C

polymer matrix of an aqueous melamine
crosslinked coating. This was achieved
without the use of an isocyanate or
polyurethane dispersion.

Crosslinking capabilities of urethane
diols with amino resins were explored.
Urethane diols containing primary
hydroxyl functionality were confirmed
to be more reactive with an amino
crosslinker than diols with secondary
hydroxyl groups. Furthermore, this
work shows the potential for using these
urethane diols as modifiers to improve
acid resistance of melamine baked films.

60°C

Control Control Diol A

Control Diol A

FIGURE 17—pH stability of Formulation I—RT, 50°C, and 60°C.
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FIGURE 18—Viscosity stability of Formulation I—-RT, 50°C, and 60°C.

RT
Diol A

50°C

Control Control

% Change

=1 Day

=2 Day

60°C

Diol A Control Diol A

=3 Day

FIGURE 19—Percent change in gloss (20°) of heat aged Formulation I3 days/50°C and 60°C.
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FIGURE 20—MEK 2X of aged Formulation I-3 days/RT, 50°C, and 60°C.
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The full benefits of using urethane
diols were demonstrated by showing
the effectiveness of Diol A as a resin
modifier in aqueous polyester formula-

tions crosslinked with a melamine resin.

Such benefits of using Diol A included
increased formulation solids; decreased
co-solvent and amine content; improved
hardness while maintaining flexibility,
enhanced moisture, and corrosion resis-
tance; and better heat-aged stability.
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