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INTRODUCTION

combination with a water-reducible curing agent (amino-

amides, polyamidoamines, or epoxy adducts) represent
the state-of-the-art in waterborne epoxy technology.!” This
technology emerged a few decades ago in the course of a trend
towards environmentally friendly coating compositions. Cur-
rent commercial waterborne epoxy paints are generally com-
petitive with their conventional solvent-based counterparts
in a number of important application fields including the
construction industry, building engineering, and corrosion
protection.

I iquid epoxy resins or an aqueous dispersion thereof in

Whether the performance of waterborne formulations ap-
proaches that of their solvent-based counterparts in each
sphere of utility is still debatable. In particular, waterborne
epoxy paints are considered to suffer a few drawbacks:*’ shorter
pot life, lower chemical resistance (especially to organic ac-
ids), and poorer protective properties (anticorrosive coatings).

Nevertheless, waterborne epoxy paints are still one of the
most convenient classes of ambient cured coatings. They
provide outstanding decorative, mechanical, and protective
properties, combined with inflammability and lower toxic-
ity.*7 Relatively poor weather, light, and thermal stability are
drawbacks of both water and solvent-based epoxy coatings,
which in turn limit their outdoors application. These draw-
backs can be at least partly overcome by modification with a
suitable film forming resin—acrylic, vinyl, etc.®

Two principal technologies are used for producing water-
borne epoxy paints: (1) so-called “self-emulsifying technol-
ogy,” in which one component is liquid epoxy resin, and the
other is an aqueous composition based on a water-thinnable
epoxy hardener; and (2) “emulsion technology,” in which a
pre-made epoxy emulsion of liquid or (more frequently) solid
polyfunctional epoxy resin is mixed with an aqueous hardener
solution prior to application.*

This paper summarizes some results and observations ob-
tained in the course of development of a series of waterborne
epoxy paints (Tambour Ltd.). An attempt has been made to
give a deeper look into selected colloid aspects of the “liquid
epoxy resin plus water-thinnable hardener” approach. This
could give a better understanding of the means to control and
improve coating properties through proper selection of epoxy
resin, hardener, and colloid-affiliated additives (co-solvents,
co-emulsifier) and circumstances of film formation. Water-

*POB 2238, Akko 24121, Israel.

The colloidal aspects of formulating two-part am-
bient cured waterborne epoxy paints which utilize
so-called self-emulsifying technology (liquid epoxy
resin plus water-thinnable hardener) are discussed.
Experimental data are presented for commercial
amine-type water-thinnable hardeners on dilution
behavior, co-emulsification with liquid epoxy res-
ins, and performance of paint compositions. Ap-
proaches are offered for the selection of key compo-
nents and some additives (in particular, of co-sol-
vents and co-emulsifiers) for epoxy waterborne film
forming compositions.

borne epoxy paints based on epoxy emulsions will not be
discussed in this paper.

EXPERIMENTAL

Commercial water-thinnable hardeners (Table 1) and liquid
epoxy resins (Table 2) were used in this work for model
experiments and formulation of epoxy emulsions and paint
compositions.

Rheological measurements were performed using a rotor-
type viscometer (Sheen Rotothinner). Surface tension mea-
surements used a ring tensiometer (Torsion Balance, White
Elec. Inst. Co. Ltd.). Particle size distribution was determined
using a laser analyzer Galai CIS-1 (diluent: aq. solution of
Triton X 100, 0.05%). Molecular weight characteristics were
measured with GPC assembled instrument [RI Waters 410, IP
SP 8810, column by Polymer Laboratory 2 MIXE (3 um)].

Components and Compositions

PaiNT ComposITION: Guide formulations for two-part, am-
bient cured epoxy waterborne paints, which contain all nec-
essary functional components, are available from suppliers of
water-thinnable hardeners (curing agents) or liquid epoxy
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Table 1—Liquid Epoxy Resins (Commercial)

Viscosity at 25°C EEW®
m Pa s 9/Eq

870 195
11000 188

570 187

7200 178

(a) Epoxy equivalent weight.

resins.”!? Basically, these formulations can be presented in
two versions, comprising the following components (% wt):

Version 1

Part W (Water-Based):
Water-thinnable epoxy hardeners, 50-80% solids ...
CO-SOIVENE=] 1eviiiiieieiiieieieet ettt eaeee
Rheology additives

Co-emulsifier (lower molecular weight) .......ccooveieivieivininienne 0.2-0.5
Wetting QENT ..c.cuvvveiuiiviiiiiieiiicieieiiieiciceeieiceeeeeeiee e 0.6-1.2
Pigments and eXtenders ...........cceeueuerieieinieieinieieeeeeeeeeeeas 22-30
Other functional additives 0-1
WALET w.vvvvevverieteeieit ettt ettt ettt ettt es et est s s enaesaenees 34-35
Part R (Epoxy Resin-Based):
Liquid epOXY TESIN ..vvvviiiiiiieieieieieieieieieieieieieteteiet ettt 14-15
Plasticizer, modifier .. .03
CO-SOLVENE=2 1ottt ettt es st es e eaees 0-2
W/R weight ratio ca. 4:1
Version 2
Part W:
Water-thinnable epoxy hardener, 50-80% solids .........c.cccevn... 18-19
WWALET ettt ..25-30
Co-solvent-1 . .0.5-1
Wetting agent............... .0.5-1
Pigments and extenders....... ...22-30
Other functional additives ........ccceveieieiererieieeiieieeiiereeeenne 0-1.5
Part R:
Liquid epoxy resin 14-16
Emulsifier (higher molecular weight) .......c.cccocoeiiiiiiiiiiinnnn 2-3

Active diluent or co-solvent—2

W/R weight ratio ca. 4:1

These versions differ in their approach to the use of addi-
tives affecting colloid properties and the emulsification pro-
cess. In the first version, the emulsifying capacity of the
hardener is enhanced, while in the second version, the resin
phase is transformed into a more easily emulsifiable state.

HARDENER: Water-thinnable hardener is the first compo-
nent to be selected for epoxy waterborne paints.

The macromolecular composition and molecular structure
of amino-type hardeners designed for waterborne epoxy paints
is quite specific and resembles amphiphilic emulsifiers. For
example, amido-amines, synthesized by condensation of
polyamines with fatty acids or their dimers, consist of a hydro-
phobic (fatty) part and a hydrophilic part. The latter carries
amine groups or their salts with a volatile organic acid, which
makes the hardener molecule partially ionic, thereby increas-
ing its affinity to water. So, their properties are characteristi-
cally amphiphilic.'”

Therefore, a water-thinnable epoxy hardener, in addition
to being a polyfunctional curing agent, performs an emulsify-
ing function. It provides a film forming emulsion during the
mixing of the hardener and resin components in the case of
“liquid epoxy resin plus aqueous hardener solution” technol-
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ogy, or maintains colloid stability of a previously prepared
epoxy emulsion in the case of “epoxy emulsion plus aqueous
hardener solution” technology.

For example, let us estimate an emulsion particle size that
can be obtained with a standard liquid epoxy/water-thinnable
hardener combination (Araldite PY 340-2 plus Hardener HZ
340, Ciba Geigy).’

From the standpoint of the emulsifier/resin ratio (3-10%)
that has been used to obtain direct emulsions of resins, 1415
the recommended resin/hardener ratio 1.67/1 of solids by
weight (or 1.52/1 of solids by volume) for the PY 340-2/HZ
340 combination is excessive. Let us assume that the emulsifi-
cation proceeds until the full quantity of the hardener is
adsorbed on the water/resin interface.

The maximum interfacial area S developed with 1 cm?® of
the hardener can be calculated from the following formula:

S=%-SO-A (1)

where S, is the surface area per one adsorbed hardener mol-
ecule, p and M are the density, and the molecular weight of
the hardener, A is the Avogadro number.

The number average molecular weight of HZ 340 is 212
(GPC evaluation). For the magnitude of S, one may assume
40A?/molecule (in the range of the surface-active molecules
of higher molecular volume),'® and p = 1.08 g/cm’. Calcula-
tion according to equation (1) gives S = 1.22 x 107 cm? per 1
cm’ of the hardener or, for the resin/hardener ratio, 1.85 x 107
cm? per | cm? of epoxy resin.

The specific interfacial area of emulsions (Ssp) correlates!”
with their particle radius (r):

Ssp = % (2)

Using the resin-bound value of S, the calculation according
to equation (2) gives r = 1.62 107 cm (or 1.62 nm, and
particle volume 17.8 nm?). Correspondingly, each particle
contains ca. 42 of epoxy molecules and 49 hardener mol-
ecules. The calculated r value is a few order less than the
radius of regular liophobic emulsions, and corresponds to the
particle size of microemulsions and solubilizates.'® This means
that the stoichiometric hardener/resin ratio is sufficient for
formation of an epoxy emulsion even of high dispersity.

Viscosity and surface tension of the hardeners listed in
Table 2 are compared in Figure 1. A somewhat sharper drop in
viscosity on dilution with water and somewhat higher values
of surface tension are characteristic for epoxy adduct-type
hardeners (H3, H4, and H5) in comparison to amido-amine
HI. Polyamino-amide H2 exhibits a flatter dilution profile,
with substantial viscosity dropping below 10% solids.

Table 2—Commercial Water-Thinnable Hardeners
(Curing Agents)

Viscosity

at 25°C AHWe
Sample Hardener Type mPas Solids, %  g/Eq
HT ... Amido-amine 9000 55 175
H2........ Polyamidoamine 22000 50 150
H3........ Modified amino-adduct 25000 70 200
H4 ... Polyamine adduct 2300 80 200
H5........ Polyamine adduct 20000 80 115

(a) Active equivalent weight hydrogen.




All tested hardeners only reach a state of cloudy solution
when diluted with water in the concentration range of 6-25%
solids (so-called cloud-point). As for any solutions of partially
soluble polymers and oligomers, the cloud-point reflects their
transformation from the state of a true solution into a state of
microemulsion.!” Addition of 2-5% water-miscible co-sol-
vents (ethyl alcohol, methoxy propyl acetate, propylene gly-
col ethers, etc.) causes substantial improvement in dilution
profile of these hardeners, decreasing viscosity and shifting
the cloud-point concentrations to more dilute solutions.

Continuing dilution of hardener solutions below their cloud-
points did not result in an inflection in the surface tension
versus concentration dependence; such an inflection would
be attributed to the critical concentration of micelle forma-
tion (CCMF). For example, a solution of hardener H2, upon
dilution below the cloud-point concentration range of 7-10%
solids, yields a dispersion with particle size of 210-230 nm.

Therefore, these hardeners should be referred to as
“noncolloid” (i.e. nonmicellar) surfactants, as is characteristic
for water-soluble polymers and oligomers having a nonregular
molecular structure. Correspondingly, they can be effective in
emulsification processes at elevated concentrations compared
to typical micellar emulsifiers (soaps).?°

Liquip Eroxy REsIN: The major criterion for selection of
epoxy resins for waterborne paints is their performance in
coatings. Their emulsifiability is another important factor.
Special grades of liquid epoxy resins, hydrophilized and hav-
ing reduced viscosity, have been offered for commercial use
[for example, see references (9) and 10)]. General purpose
liquid epoxy resins can also be used if their viscosity and
hydrophobicity are reduced by addition of a co-solvent, active
diluent, or emulsifier.

VOLATILE ADDITIVES (C0-SOLVENTS): Waterborne epoxy
paint formulations may contain one or more volatile organic
liquids to perform the following functions:

—Improve compatibility between the hardener and water,

Table 3—Functions of Volatile Additives (Co-Solvents)

Waterborne Epoxy Paints
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Figure 1—Dilution/viscosity (a) and dilution/
surface tension (b) profiles of curing agents
(1-cloud-point).

providing a better dilution profile and a later cloud-point;

—Promote the emulsifying process (as a component of the
water phase);

—Promote the emulsifying process (as a diluent of the resin
phase);

—Extend the colloid stability of the paint (influencing its
pot life);

Example®
Compatibility
Function with Water Volatility ) SwW ER
Propylene glycol
Improvement in dilutability for a hardener ............... Medium Medium Methyl Ether Acetate
9.2 18.5 34
Emulsification promoter (in water phase)................. High Medium Propylene glycol methyl ether
10.4 Unlimited 68
Emulsification promoter (in resin phase) ................... Medium Medium Methoxy Propyl Acetate
9.4 20 —
ColloId StADINZET w....coocvvevievevceieeceeeee e, High Medium Butyl glycol
9.9 Unlimited 6
ProMOTEr fOr AYNG ...ovv.vevveeevsenesses s High Low Propylene glycol
14.9 Unlimited <1
Water-reledser ..., High High Methyl alcohol
14.5 Unlimited 610
Codlescing AGENT ..o Low Low Butyl carbitol acetate
9.1 6.5 <1

(a) & = solubility parameter, (cal/cm?®) 0.5; SW = solubility in water, %; and ER = evaporation rate, Bu-Ac = 100.
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— Figure 2—Particle size distribution: I—R4/H2 emulsion, l—R1/H2 emulsion. a—after mixing R and W, 2 min  —
severe stirring and 30 min agitation; b—the same emulsion, 30 min without agitation.

—Keep the structure of the drying film “open,” allowing

complete release of water and promoting a coherent film;
—Ease the removal of water from a drying film; and
—Act as a coalescing agent.

When selected to perform each of these functions, the co-
solvent needs to be considered according to its volatility and
polarity, which indicates its affinity to key components (wa-
ter, hardener, epoxy resin) and its distribution between the
phases on emulsification and film forming processes. Since no
commercially available solvents are capable of performing all
functions simultaneously, the use of more than one co-solvent
(2-5% volume total) may be recommended. Table 3 provides
examples of co-solvents and their volatility and miscibility
with water.

When a stable emulsion is produced, any surface active
component in the composition will be distributed between
the interface and solution, and any nonsurface active compo-
nent, for example, a co-solvent, will be distributed between
the water and resin phases.

Table 4—Particle Size of Emulsions, Obtained in Different
Regimes

Mean Particle Size, nm

) 2 min of After After After
Regime Intense Stirring 0.5 hr 1hr 2 hr
R1/H1 Emulsion
Stirring 849 1000 984
1010
Resting 742 1210 1170
R1/H2 Emulsion
Stirring 296 831 2440
828
Resting 431 639 2670
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As the hardener, which stabilizes the emulsion, becomes
more involved in the reactions with epoxy resin, a shift in the
distribution of a co-solvent toward the water phase will be
stimulated. This improves the solubility of the hardener in the
aqueous phase and maintains its effectiveness as a surfactant,
while resisting early aggregation and loss of application char-
acteristics.

Co-EMULSIFIERS: Two types of emulsifiers are offered to
promote emulsification of liquid epoxy resins: lower molecu-
lar weight emulsifiers (having a higher diffusion mobility and
surface activity from aqueous phase) and higher molecular
weight surfactants. Both are nonionic and, having HLB > 12,
enable direct emulsions formation.

Correspondingly, emulsifiers of the first group are to be
introduced into the aqueous phase, serving simultaneously as
wetting agents and temporary emulsifiers during the emulsifi-
cation process (Surfynol 104 [Air Products| as an example).
The higher molecular weight emulsifiers (Atlas G 1350 [ICI],
etc.) are more suitable for the resin phase.

OT1HER CoLLOID ADDITIVES: Functions of a few other addi-
tives are conventional, particularly:

—Defoamer and antifoam agents. Water-thinnable harden-
ers are different in their foam-build properties (which tend to
be more expressed in a diluted state), and defoamers tend to
show substantial selectivity.

—Pigment wetting agent. As a regular process, pigments and
extenders are dispersed in a moderately diluted hardener solu-
tion. Except in some special cases, no additional dispersant is
needed.

—Substrate wetting agent. A few substrate wetting agents
(Borchigol VL 73 S is an example) are recommended to
reduce surface tension of aqueous hardener solutions. Some-
times, especially for amino-adducts without an additional
surfactant, the surface tension of the hardener solution falls in



the range of 36-40 dynes/cm, i.e., 2-6 units higher than is
needed for architectural and industrial substrates.

—Rheology additives should also be viewed as colloid modifi-
ers, since they act to modify inter-particle interaction. Just as
for regular water-based paints, molecular thickeners and in-
ter-particle bridgers (associative thickeners, particularly) and
disperse structure-formers (e.g. selected brands of bentones)
can be utilized.

EMULSIFICATION PROCESS

The standard procedure to prepare two-part waterborne paints
for application is hand mixing or mechanical stirring (severe
stirring is not obligatory) and dilution with water if necessary.
A rest period of 20-30 min (induction period) is allowed
between mixing and use.

The mixing of the two parts of a waterborne epoxy paint
prior to application initiates two spontaneous processes: (1) a
mass transfer across the water/resin interface (thus providing
conditions for self-emulsification); and (2) a chemical reac-
tion between epoxy resin and a hardener. These processes
proceed simultaneously and, to a certain extent, are mutually
dependent. Both affect all the technological properties of the
paint: flow behavior, drying time, stability of the coating
properties during the pot life, the pot life limit, etc.

Emursion Type: Waterborne epoxy paint technology is
based on direct emulsions (epoxy-in-water); otherwise the
binder is not water-dilutable.

The hydrophilic-lipophilic balance number (HLB), the criti-
cal packing parameter, and some other criteria’! stand for the
emulsion type. An illustrative criterion to predict the type of
emulsion, which utilizes a classical colloid approach,? was
suggested in terms of viscosity (1), surface activity of corre-
sponding components in both phases (A), and their concen-
trations (c) on condition of equality of volumes of the co-
emulsifying phases (V, = V)):

D= M . Aw  Cu (3)
where r indicates the resin and w the aqueous phases. Condi-
tion D > 1 refers to oil-in-water (resin-in-water, r/w) emul-
sions, and D < 1 to inverse emulsions (w/r).

Taking into account the well-known influence of phase
volume ratio on direction of emulsification process,” equa-
tion (3) can be rewritten as:

n
D:i.A_w.C_w(hJ @
C

where n > 1.

So, adding a water phase gradually to a resin phase, we are
in a condition of V, < V.. Having a co-emulsifier in the resin
phase, we provide A, A, and Dy, < 1 and, correspondingly,
observe formation of an inverse emulsion in the first step of
the emulsification process. In the next step, when V,, be-
comes larger than V,, the emulsion transforms into a direct
emulsion in excess of hardener solution through the phase
inversion point (PIP-technology). This technology demands
that the viscosity of epoxy resin be as low as possible.

According to a more widely distributed technology, a resin
phase is added to a water phase, providing V , >V, and higher

Waterborne Epoxy Paints

surface activity from the water phase. Therefore, this technol-
ogy from the beginning stands for the emulsion “resin-in-
water” (direct emulsion technology).

It is to be noted that any waterborne epoxy emulsion or
paint is in a nonequilibrium state from the moment of its
formation up to the cured state. So, any predictive calcula-
tions based on equilibrium characteristics (solubility param-
eter, surface tension, surface activity, etc.) should be viewed
as approximate.

Nevertheless, the design of commercial water-thinnable
hardeners finally provides the formation of resin-in-water
emulsion at any order of mixing, when the stoichiometric of
somewhat higher resin/hardener ratio is used along with a
moderate dilution of a hardener with water.

Wegmann* considers inverse emulsification more effective.

In our experience, a well-formulated composition has to allow
both consequences for mixing parts W and R, giving finally in
both cases a resin-in-water emulsion with close particle size,
application characteristics, and coating performances.

ForCED AND SELF EMULSIFICATION: Description of the tech-
nology as “self-emulsifying” is quite conventional. This term
is based on the experience that the mode and intensity of co-
emulsification W and R parts have little influence on the flow
behavior, other technological characteristics, and coating per-
formance, if the composition is well-balanced. Practically, it
is enough if these parts are properly mixed during a few
minutes and allowed a stand-by period of 20-30 min before
application.

Figure 2 and Table 4 provide a comparison of particle sizes
for emulsions obtained with or without agitation. Conditions
for this experiment, which illustrates the contribution of self-
emulsification, are described in the following:

Parts W and R were mixed (room conditions, stoichiomet-
ric resin/hardener ratio) and stirred rapidly for two minutes.
Then the emulsion was separated into two portions. One was
stirred continuously (half as intensively, 500 rpm), and the
other was kept resting in a separate container.

a. water water phase T
phase
resin
phase resin phase

water phase water phase

b
@) o

resin hase
resin phase P

Figure 3—Two types of self-emulsification
(schemattic representation), distinguished in
direction of mass fransfer: (a) water-into-resin;
(b) co-solvent, opposite direction.
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Table 5—The Formation of Cured Films on Epoxy Resin/Hardener
Interfaces (Hardener H2, 10% Solids, 48 hr for Interfacial Contact)

Film Thickness
um

347

57
207
147

Weight of Cured Films

Immediately after intensive agitation, the emulsion ob-
tained from R4/H2 system shows unimodal particle size distri-
bution. In 30 min of rest it becomes bimodal due to appear-
ance of a finer fraction of 155 nm (Figure 2a). Emulsion R1/
H2 shows bimodal particle size distribution from the very
beginning (Figure 2b). In 30 min without agitation this emul-
sion forms a fraction of highly dispersed particles (460 nm),
whereas its rough fraction decreases.

As seen from the data in Table 4, both agitated and non-
agitated emulsions are characterized by rather similar particle
size distributions 30 min after mixing. In time, both emulsions
of R1/H2 exhibit the same character of change in particle size,
since self-emulsifying process soon becomes overlapped with
coagulation. Both emulsions of R1/H2 remained practically
unchanged over the two hour observation period, thus exhib-
iting greater stability in comparison to emulsions R1/H2.

These data show that emulsification of liquid epoxy resins
in water-thinnable hardeners proceeds as a conjunction and
overlapping in time of two processes: forced emulsification
(controlled by supply with an external energy) and self-emul-
sification (controlled by spontaneous internal processes).

Self-emulsification phenomena are caused by mass transfer
across the resin/water interface. Two possible mechanisms are
shown schematically in Figure 3: depending on circumstances,
mass transfer across an interface can produce a new disperse
phase when proceeding in either direction.

Mechanism A is more characteristic for epoxy emulsions,
since it demands conditions that can be satisfied easily in
technical compositions: high enough concentration of an
emulsifier (the functionof which is performed by the hard-
ener) and low viscosity of the resin. According to this mecha-
nism,?* self-emulsification of liquid epoxy resin proceeds
through the following steps: (1) penetration of aqueous hard-
ener solution into the resin phase (with the help of fluctua-
tions of its density and viscosity, which co-solvents and co-
emulsifiers introduced into the resin phase intensify); (2)
formation of pre-shaped particles (especially with the help of
microphase separation); and (3) detachment of the pre-shaped
particles under the action of osmotic-type forces.

In particular, higher molecular weight emulsifiers incorpo-
rated into the resin phase may cause microseparation and
formation of a hydrophilic network of nuclei for self-emulsifi-
cation?’ due to their incomplete (nonmolecular) compatibil-
ity with liquid epoxy resins. Such micro separation is stimu-
lated when even a small amount of water is added to the resin
phase.

Mechanism B demands that a substantial amount of water-
miscible co-solvent be introduced into the oil phase (which
has to be nonviscous), and that a stabilizer be present in the
water phase. The latter function can be performed by the
hardener molecules. Compared to the previous mechanism,
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this mechanism has been claimed to generate finer
ultramicroemulsions.?* In our experiments, however, no di-
rect evidence was obtained that this mechanism generates a
new and more disperse phase in the presence of a reasonable
(5-10%) amount of water-miscible co-solvents in the liquid
epoxy resin.

The agitation applied during the first step of emulsification
probably (1) advances the resin/hardener interface, forming a
rough emulsion, and (2) promotes detachment of self-emulsi-
fied fine particles from the resin surface, which is restricted
due to relatively high viscosity of the aqueous phase. Such
agitation is needed immediately after mixing, but then the
self-emulsification processes mainly contribute to disperseness
of the emulsion.

According to Rehbinder,? self-emulsification may only oc-
cur when the interfacial tension is less than 0.1 dynes/cm
(25°C), which is well below the accuracy of a regular instru-
mental interfacial tension measurement. But this consider-
ation was developed for homophase liquids. Any subphase or
phase nonuniformity of the resin phase should be viewed as a
factor promoting emulsification processes and self-emulsifica-
tion particularly.?®

Simple experiments with undisturbed resin/hardener inter-
face can illustrate the intensity of self-emulsifying and the
other affiliated processes on the interface.

When a layer of hardener solution is spread over a liquid
epoxy resin surface (in a regular Petri-dish, with layers of
aqueous and resin phases of 3-7 mm thick), within 6-20 hr a
crosslinked polymer film will be formed that is durable enough
to be collected, washed out with appropriate solvent, dried,
and weighed. Then one can calculate the amount of cured
resin per unit area. Table 4 exhibits some typical results.

When this experiment is carried out with a nonviscous
liquid epoxy resin, which is suitable for self-emulsifying tech-
nology, or with a more viscous species, modified with a sol-
vent, active diluent, or an emulsifier, a milky-white interfa-
cial layer appears in one to two hours. This layer remains
redispersible in a hardener solution for a few hours as an
emulsion of partially cured epoxy resin. Then, in another four
to six hours, an interfacial reaction terminates with coagula-
tion of the previously formed emulsion and with formation of
a coherent cured film, insoluble in epoxy solvents.

A few liquid epoxy resins are compared in Table 5 in respect
to their ability to form a cured film on the resin/hardener
interface, showing a qualitative correlation between the resin
viscosity and quantity of the cured polymer film.

Assuming for these polymer films that density is 1.0, solids
content and conversion is 50%, their weight per unit area was
recalculated into film thickness. The data, which is repre-
sented in Table 5, ranges between 60 and 350 microns. In
order to produce, for instance, a film of 200 um thickness by
the Fickian diffusion?” of one oligomer (hardener) into the
other (epoxy resin) with a diffusion coefficient?® D = 10-1
cm?/s in place of self-emulsification mechanism, the system
needs, according to approximate calculation, ca. 230 days.

STABILIZATION: In order to produce a stable emulsion, the
process of emulsification has to consist of two steps, partially
overlapped with time: emulsification and stabilization. When
the self-emulsifying step is over, the system needs either the
hardener, possessing sufficient stabilizing functions, or an ad-
ditional higher molecular weight surface active component as



a stabilizer in order to maintain its dispersity and associated
properties.

Commercial water-thinnable hardeners normally manifest
a sufficient stabilizing function during the emulsification pro-
cess and later on. But this function becomes gradually de-
pleted during the pot life in the course of hardener consump-
tion in the curing process. Higher molecular weight surfactant
or polymer dispersant can promote colloid stabilization for a
longer period, thereby extending the pot life.

MACROCONDITIONS FOR EMULSIFICATION: According to the
previous analyses and practical experience,”* the conditions
for effective emulsification by mixing and stirring parts W
(aqueous pigmented phase, hardener-based) and R (liquid
resin-based) include:

—volume W/R ratio well > 1;

—viscosity n,/m,, ratio > 1;

—surface tension (W part) < 38 dynes/cm (substrate-toler-
ant application demands < 34 dynes/cm); and

—solids content—above cloud-point: amido-amines > 6-
8%, amine adducts > 10-12%.

FILM FORMING PROCESS AND POTLIFE

Film formation from waterborne epoxy paints was studied
extensively.? It was pointed out that when the chemical
reaction starts between the epoxy resin and the hardener, the
minimum film forming temperature (MFFT) of the emulsion
rises gradually, therefore putting a time limit on the ability of
full coalescence of resin particles. So, in the case of water-
borne epoxy paints, it is more appropriate to determine its pot
life according to the coating performance, rather than rheol-
ogy (the latter approach is accepted for epoxy solvent-based
paints). Here it is worthwhile to discuss a few features of film
forming processes associated with colloid behavior of the

binder.

From experiments with synthetic latices and film forming
emulsions it was shown™ that the MFFT depends on T, of the
latex polymer as well as on the colloid stability of the polymer
dispersion. So, each measure that helps to elevate or maintain
colloid stability of epoxy/hardener emulsion can extend its

pot life.

The phase inversion point (PIP) is desired to be as late as
possible. In case of early phase inversion, microdrops of water
will be locked in the curing film, causing porosity. From the
colloid standpoint, this may be avoided by the use of co-
solvents and a co-emulsifier that lower the chemical reaction
rate.

Four types of co-solvents (see Table 3) can improve the
drying process: a water-releaser (highly volatile water-mis-
cible liquid), and those which are retained in a drying layer:
coalescents, capable to maintain the ability for coalescence in
spite of the development of curing reactions, promoter of
drying and colloid stabilizer, which maintains solubility of the
hardener in water.

Figures 4 and 5 exhibit a typical situation for the time
dependence of paint viscosity, surface tension, dry time, and
coating gloss (experimental paints | and II).

Paint I, whose behavior is shown in Figure 5, becomes a gel
in five hours after mixing W and R parts. Surface tension
remains unchanged and as low as 32.5 dynes/cm during the
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— Figure 4—Semigloss paint (), based on R3/H3  [—
emulsion: change in viscosity (1), gloss (2),
and surface tension (3) with time (R,H—vis-
cosity of the resin and hardener parts before
mixing, G—unrecoverable gel).

whole period of experiments (4.5 hr). The later the composi-
tion is applied to a substrate, the shorter its drying time.
Coating gloss remains almost unchanged during two hours
(paint 1, Figure 5) or three hours (paint 11, Figure 6) and then
drops rather fast.

For high gloss epoxy waterborne paints, the pot life limit is
relatively short and sharp. According to the data presented in
Figure 5, the following approximate formula is applicable to
these paints:

t, + ty = Const (5)

where t, is the period between the W + R mix and application
and t, is the touch-dry time.

So, the total time, including the stand-by period and the
drying time, is a characteristic for each glossy paint. Hence,
the faster curing the paint one wants to prepare, the shorter
the pot life will be. For instance, when the demand for touch-
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— Figure 5—Gloss paint (Il), based on R3/H2 emul-  [—
sion: change in viscosity (1), gloss (2). and
touch-dry (3) with time (R H—viscosity of the
resin and hardener parts before mixing; G—
unrecoverable gel).
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dry time is no longer than five hours, paint Il can be practi-
cally used for 1.5-2 hr after mixing W and R parts. Well
balanced formulation of a gloss decorative paint allows pot
life >2 hr (without losing gloss with time) and touch-dry time
two to four hours.

As a continuation of Figure 3, a scheme of colloid transfor-
mations during the pot life and film forming processes is
represented in Figure 6. This scheme outlines considerations
regarding various components of waterborne epoxy paints.

PAINTS

Based on liquid epoxy resin/water-thinnable curing agent
combinations, epoxy waterborne paints expand their applica-
tion in building engineering, for maintenance, in anticorro-
sive coatings and more. Aminoamide and polyamidoamine
hardeners are more suitable for architectural coatings, whereas
adduct-type hardeners should be preferred for anticorrosive
and chemical resistant coatings.>! An incomplete list of their
technological applications is as follows:

BuiLDING PAINTS: Waterborne epoxy paints, due to their
excellent adhesion to building substrates, including damp
concrete, easy washability, chemical, solvent, and wear resis-
tance of coatings, are exploited successfully and increasingly:

—for sealing, healing, and priming concrete and similar
building substrates;

—as intercoats between old paints and new topcoats, espe-
cially in case the latter contains some active solvents (thereby
preventing lifting); and

—as topcoats for indoor and limited for outdoor applica-
tion, mainly for laundries, kitchens, hospitals, and other spe-
cial compartments, that demand easy decontamination and
chemical resistance of the coatings.

FLooRING PaINTs: Compositions with elevated solid con-
tent (>70% in W + R mixture), and thereby having relatively
low volume shrinkage, are useful for industrial flooring, but
mainly for toppings.
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Figure 6—Colloid processes during pot life and film
formation (schematic representation):

(1) Epoxy emulsion, fine particle (secondary
particle, formed due to the self-emuilsification pro-
cess) and big particles (primary particle, formed by
the forced emulsification), (2) fine particle, stabi-
lized with adsorbed molecules of a hardener; (3)
fine particle, stabilized with hardener molecules,
partially consumed in curing reaction, (4) aggre-
gate of the secondary particles; (6) applied to a
substrate emulsion or emulsion paint; (6) phase in-
version point; and (7) coherent coating.

PrasTic PaiNTs: Having very low VOC, waterborne epoxy
paints do not damage polymer substrates, even thermoplas-
tics. At the same time, they have a high potential for adhe-
sion. Thereby, the paints with surface tension <32 dynes/cm
are convenient for application directly to plastics.

ANTICORROSIVE PRIMERs: With suitable anticorrosive pig-
ments, which here are key components and as important as
resin and hardener, properly formulated waterborne epoxy
metal primers provide corrosion resistance comparable to sol-
vent-based counterparts.

MAINTENANCE PAINTs: This type resembles the building
topcoat, but contains more volatile co-solvents, adhesion
promoter, polymer modifier, and sometimes an anticorrosive
pigment.

CONCLUSION

Selected colloid properties of five commercial water-thinnable
epoxy hardeners (as representing various types of amine-type
curing agents, particularly amido-amine, polyamidoamine, and
polyamine adduct) were studied to provide a better founda-
tion for their use in epoxy waterborne paints.

Their viscosity/dilution (with water) profiles are substan-
tially different, as are their cloud-point concentrations (in a
range of 6-25% solids). Surface tension ranged between 33
and 40 dynes/cm for different hardeners, remaining practi-
cally unchanged on moderate dilution below the cloud-point.
Above the cloud-point their aqueous solutions can provide
effective emulsification of liquid epoxy resins when the
stoichiometrical epoxy/hardener ratio has been used (which is
near the technically recommended ratio).

By measurement of particle size in emulsions obtained in
different regimes (with and without continuous stirring), two
characteristic sizes of disperse particles were found in liquid
epoxy/waterborne hardener emulsions: “secondary” particles
(200-400 nm), produced due to a self-emulsification process
from the rough primary particles, produced by the forced
emulsification, and aggregates of the secondary particles (ca.

3000 nm).

A simple method was used to evaluate the result of interfa-
cial processes: formation of a cured epoxy film on an undis-
turbed interface. A thicker interfacial layer of emulsion is a
reflectance of effective self emulsification, and the thickness
of an insoluble film is a proof of well-balanced emulsifiability.

Functions of co-solvents and co-emulsifiers are discussed to
promote their well-grounded selection for paint composi-
tions.



A well-known effect of performance deterioration for the
gloss waterborne epoxy paints after a few hours of standby
before application (particularly, reduction of their gloss) that
normally occurs well before the paint gels, should be ex-
plained as a result of reduction in colloid stability, early
aggregation, and restricted particle coalescence.

A properly selected liquid epoxy resin, water-thinnable
hardener, amount of additives (particularly co-solvents and
co-emulsifiers), and a properly timed application are needed
to provide a reliable emulsification of liquid epoxy resins, an
acceptable pot life, and a stable performance for epoxy water-
borne coatings.
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