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A dditives are incorporated into coat-
ings for specific reasons (e.g., vis-
cosity modification, surface tension 
modification, biocidal effects, etc.), 
but the influence of most additives 

goes significantly beyond their primary function. 
The influence of neutralizing alkanolamines on 
adhesion is one example of this kind of peripheral 
effect (sometimes referred to as an off-diagonal 
effect). Comparative waterborne coating formula-
tions that differ only in their alkanolamine content 
have markedly different adhesion properties on 
plastics, and the degree of difference is sufficient to 
warrant more detailed examination.

Introduction
Understanding and improving the adhesion of water-
borne coatings to various substrates is an important 
area of industrial research. One significant aspect of 
adhesion examined in this work relates to the infiltra-
tion of a liquid coating into the microscopic pores and 
irregularities of a surface prior to drying/curing. Such 
permeation is a prerequisite for good anchor-type 
adhesion of the coating to the surface. Some simple 
equations involving contact angles and interfacial ten-
sions can be derived to show the relationship between 
surface activity and surface permeation, and these 
equations have been developed herein to the point 
where they provide a good intuitive understanding of 
the mechanism of adhesion. More detailed and exact 
mathematical treatments of surface tension and micro-
scopic adhesion are also given in the literature.1-3 The 
model described herein has been developed to provide 
a useful model for understanding some of the more 
important forces involved in anchoring a coating to 
a surface via infiltration and in mating a coating to a 
substrate via general adhesive bonding.

This derivation starts by considering a simple hemi-
spherical pore on a solid surface. We imagine that the 
pore is covered with a liquid coating formulation such 
that a pocket of air is trapped inside the covered pore. 
Gravity works to dislodge the bubble while surface ten-
sion may be working either with gravity to dislodge the 
bubble or against gravity attempting to keep the bubble 
lodged. The influence of the surface tension depends on 
the nature of the solid and liquid involved. Using an 
energy balance approach, we have derived an equation 
for the maximum contact angle allowable for a coat-
ing to permeate pores on a solid surface. The results 
are approximate, but the equation does illustrate why 
consideration of the surface tension is important when 
optimizing a coating formulation.

A Simple Equation for Predicting Adhesion
Consider the plastic surface with a hemispheri-
cal pore irregularity shown in Figure 1. Then 
coat the surface with a thin layer of an uncured/
undried liquid coating, as shown in Figure 2. We 
assume that the coating has trapped a hemispheri-
cal pocket of air in the pore and that this trapped 
air now has the option of either escaping by rising 
up through the coating or staying where it is. If the 
air escapes, then the coating will f low into the pore 
and anchor itself to the surface. If the air does not 
escape, then the coating will have poor adhesion to 
the surface. The purpose of the following equation 
is to provide a model for predicting whether or not 
the bubble will escape. We will develop the model 
by first considering the total energy change that 
will occur if the bubble is expelled from the pore. 
Figure 3 shows the bubble escaping.

The only two components necessary for consider-
ation of the energetic driving force of bubble expul-
sion are surface tension and gravitational potential. 
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FIGURE 2 | Representation of a surface covered 
with a thin layer of liquid coating.
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FIGURE 1 | Representation of a surface with a 
hemispherical pore.
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FIGURE 3 | The bubble escaping through the 
coating. The thickness of the coating has been 
exaggerated to illustrate the spherical bubble.
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The total energy of surface tension for the bubble 
lodged in the pore is (γSA = surface tension of substrate 
to air, γLA = surface tension of liquid coating to air,  
γLS = surface tension of substrate to liquid coating):
Surface Energy (total, lodged bubble) = 2πr2γSA + πr2γLA

The total surface energy of the dislodged bubble is:
Surface Energy (total, dislodged bubble) = 4πR2γLA + 2πr2γLS  

= 4 π(1/2)2/3r2γLA + 2πr2γLS

The total gravitational potential of the dislodged 
bubble will be approximately equal to the volume of the 
air bubble formed times the density difference between 
the coating and the air bubble times the acceleration of 
gravity times the thickness of the coating (ρL = density 
of liquid coating, ρA = density of air)4:
Gravitational Potential Energy (dislodged bubble) ≈ (ρL – ρA)

gh(2/3)πr3 = (2/3)(Δρ)ghπr3

One need not consider expansion of the bubble as it 
rises through the coating. The total thickness of the 
coating is assumed to be 1 mm or less, and the maxi-
mum density of the coating is assumed to be around 
10 g/cm3. Thus, the maximum pressure the coating 
could exert would be 1 g/cm2. Atmospheric pressure 
is about 1 Kg/cm2. We assume that air is trapped 
in the pore at ambient pressure, and the maximum 
expansion the bubble will undergo upon rising from 
the pore to the surface of the coating will be approxi-
mately 0.1% in total volume.

Summing terms for surface tension and gravitational 
potential, we can now calculate the energy change 
that will occur upon expulsion of the bubble (negative 
energy equates with a spontaneous process):
ΔE (bubble expulsion) = 4π(1/2)2/3r2γLA + 2πr2γLS – 2πr2γSA – πr2γLA  

– (Δρ)gh(2/3)πr3

Recall that Young’s equation relates the three 
interfacial tensions γLA, γSA and γLS.5 

Young’s Equation: γSA = γLS + γLAcosθ, where θ = contact angle 
between liquid and solid
The contact angle can be measured by taking 

a photograph of a drop of liquid on a flat solid 
surface under controlled conditions. Rearranging 
terms and using Young’s equation, we get:
ΔE (bubble expulsion) = 2π r2(1.26)γLA – πr2γLA – 2πr2(γLAcosθ) – 

(2/3)πr3(Δρ)gh
Further rearrangement yields the simplified bubble 

expulsion equation below:
ΔE (bubble expulsion, simplified) = π r2γLA{1.52 – 2cosθ} – (2/3)

πr3(Δρ)gh

The gravitational potential will, assuming the den-
sity of the liquid coating is greater than that of air, 
always be favorable for bubble expulsion. Assuming 
that the difference in density between the coating 
and the air bubble is 1 g/cm3 and that the coating is 
100 microns thick with acceleration due to gravity of 
9.8 m/sec2, a pore radius of 1 micron and a liquid-air 
surface tension of 0.030 N/m, then we have for ΔE 
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FIGURE 5 | Cosine contact angle x air/liquid surface tension product terms for 0.5% 
aqueous solutions of alkanolamines used in coatings. The γLAcosθ product term 
data was taken from Table 4.
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FIGURE 4 | Contact angles of 0.5% aqueous solutions of some commercially impor-
tant alkanolamines on seven different plastics. Contact angle data was taken from 
Table 1.
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(bubble expulsion, Δρ = 1 g/cm3, g = 9.8 m/sec2, h 
= 100 microns, r = 1 micron, γLA = 0.030 N/m) = ΔE 
(bubble expulsion, assumptions):
ΔE (bubble expulsion, assumptions) = 9.425 x 10-14 joule{1.52  

– 2cosθ} – 2.0525 x 10-18 joule

Thus, the predominant energy component for liquid 
wetting in a small pore is dependent on the surface 
tension and the contact angle, and this relative impor-
tance of interfacial tension increases as the pores get 
smaller. If we now assume that only small pores are 
important and ignore the favorable gravitational com-
ponent of the equation (Δρ = 1 g/cm3, g = 9.8 m/sec2, h 
= 100 microns, γLA = 0.030 N/m, r = 1 micron):
ΔE (bubble expulsion, interfacial tension) = 9.425 x 10-14 joule{1.52 

– 2cosθ}
This energy must be negative for the coating to 

wet the substrate and spontaneously flow into the 
pore. Thus:
1.52 – 2cosθ < 0        1.52 < 2cosθ        cosθ > 0.76        θ < 41°

Based on this model, for a coating to adhere to a 
substrate with microscopically dimensioned pores, 
the contact angle between the liquid and the sub-
strate must be less than 41°. In general, the lesser 
the contact angle of the liquid on the solid, the more 
effective the permeation of the liquid into the solid. 
Further, the better the permeation of a liquid coating 
into pores on a solid surface, the better anchored the 
dried/cured coating will be.

Contact Angle and Surface Tension Results
The contact angles made by 50%, 5% and 0.5% aqueous 
solutions of seven different alkanolamines on seven dif-
ferent plastics at 22 ºC are given in Table 1. The contact 
angle measurements were made with a Kruss Contact 
Angle Measuring System G10 (contact angles rounded 
to the nearest integer). The plastic panels were prepared 
by washing with dilute Liqui-Nox (Alconox) followed 
by rinsing with DI water. The panels were allowed to 
air dry on paper towels for 24 hours prior to testing. 
The contact angles were calculated via the tangent 

TABLE 1 | Contact angle measurements for six different aqueous alkanolamine solu-
tions on six different substrates at 22 ºC. Contact angles measured in degrees by 
the tangent method.

Plastic DI 
Water

50% 
Advantex*

50% 
Vantex-T*

50% 
AMP

50% 
MAE

50% 
DGA

50% 
MEA

50% 
TEA

PTFE 102 56 63 66 71 117 83 85
Porous PE 119 0 0 53 56 97 93 90
Polycarbonate 104 27 7 50 66 33 63 82
Nylon 67 5 19 31 35 49 44 59
Acetal 86 33 31 56 61 73 63 69
ABS 78 13 6 37 50 51 51 67
Acrylic 74 21 21 30 38 53 52 52

Plastic DI 
Water

5% 
Advantex

5% 
Vantex-T

5% 
AMP

5% 
MAE

5% 
DGA

5% 
MEA

5% 
TEA

PTFE 102 54 60 88 90 89 92 84
Porous PE 119 87 81 108 104 123 115 111
Polycarbonate 104 64 54 94 71 93 86 80
Nylon 67 36 31 48 52 62 64 67
Acetal 86 58 56 79 80 76 77 74
ABS 78 36 44 85 67 70 56 62
Acrylic 74 30 39 57 59 87 65 86

Plastic DI 
Water

0.5% 
Advantex

0.5% 
Vantex-T

0.5% 
AMP

0.5% 
MAE

0.5% 
DGA

0.5% 
MEA

0.5% 
TEA

PTFE 102 99 88 110 99 99 116 103
Porous PE 119 103 103 115 114 116 115 115
Polycarbonate 104 56 88 92 98 90 84 80
Nylon 67 74 71 81 88 96 75 77
Acetal 86 83 82 85 87 81 91 90
ABS 78 79 84 83 80 80 81 85
Acrylic 74 63 78 75 72 77 75 77

*Advantex and Vantex are products of TAMINCO, Allentown, PA.

DKSH North America, Inc.

DKSH is the No. 1 Market Expansion Services 
Group with focus on Asia. DKSH enables and 
supports companies in expanding their businesses 
in existing markets and launching into new ones. 

Performance Materials

www.dksh.com
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method using Drop Shape Analysis soft-
ware (Version 1.0, Kruss Corporation). 
All measurements were rounded to the 
nearest integer value.

The plastic pieces used were ana-
lyzed by scanning electron micros-
copy (SEM). A small piece of each 
sample was coated with a gold/palla-
dium alloy using an ion-beam coater 
from South Bay Technologies (model 
IBS/e). SEM images were obtained 
using the In-Lens detector of a LEO 
1530 field emission electron micro-
scope. The accelerating voltage was 4 
kV, the working distance was varied 
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TABLE 2 | SEM characterization at various mag-
nifications of plastics used for contact angle 
measurements.

Pl
as

ti
c

Morphology from SEM Images

PT
FE

Smooth but scratched up to 1KX; 
smooth with 30% plateau irregularities 
up to 5KX; smooth, craters < 1 
nm deep, no pores, 20% plateau 
irregularities at 25KX.

Po
ro

us
 P

E

Deep pores of at least 100 µm depth, 
spherical cell structure polished flat 
up to 1KX; semi-smooth with over 
50% crystalline surface irregularities 
up to 5KX; semi-smooth, craters < 
1 nm deep, no pores, 50% plateau 
irregularities at 25KX.

Po
ly

ca
rb

on
at

e

Very smooth up to 5KX; very 
smooth, craters < 1 nm deep, 
1 surface imperfection 
per 10 square µm at 25KX.

N
yl

on

Smooth but scratched up to 1KX; 
smooth with 50% plateau irregularities 
up to 5KX; semi-smooth, craters < 1 
nm deep, 50% covered with plateau 
irregularities at 25KX.

A
ce

ta
l

Smooth up to 100X; completely porous 
surface with tiny pores apparent 
at 1KX; completely cracked surface 
apparent at 5KX; covered with deep 
cracks of typical dimension 30 nm by 
200 nm at 25KX.

A
BS

Very smooth at 100X; approximately 
10% crystalline/plateau irregularities 
at 1KX; completely covered with rough 
scalloping at 5KX; smooth, craters < 1 
nm deep, 1 surface imperfection per 
square µm at 25KX.

A
cr

yl
ic

Smooth with occasional spot 
irregularities up to 5KX; smooth, 
craters 10 nm deep, 1 surface 
imperfection per square µm at 25KX.
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between 4 mm and 9 mm and the samples were 
imaged at various magnifications. The surface fea-
tures of the plastics used are given in Table 2.

The room temperature liquid/air surface tensions 
(millinewtons/m; equivalent to dynes/cm) of the aque-
ous alkylalkanolamine solutions used for contact angle 
measurements are given in Table 3 (liquid/air surface 
tension of DI water @ 22 ºC = 72.8 dynes/cm).

Surface Affinity
The affinity of a liquid for a solid can be assessed with 
Young’s equation: γSA = γLS + γLAcosθ (θ = contact 
angle between liquid and solid). The rearrangement 
of Young’s equation yields: γLS = γSA - γLAcosθ. The 
solid/air surface tension term (γSA) is a constant. 
Thus, the larger the γLAcosθ term (cosine term), the 
smaller will be the liquid/solid surface tension (γLS). 
We can assume that the affinity of one phase for 
another is in some way inversely proportional to the 
interfacial tension between the two phases, as the 
interfacial tension is a macroscopic indicator of the 
microscopic incompatibility of the two phases with 
each other.6 Thus, the cosine term is directly propor-
tional to the affinity of the liquid for the solid. Table 
4 gives cosine term values (γLAcosθ) for 0.5% aqueous 
alkanolamine solutions on a number of plastics.

Figure 4 tabulates contact angle values on seven 
different plastics for 0.5% aqueous solutions of some 
commercially important alkanolamines used in coat-
ings. Examination of the data reveals that the contact 
angles for 0.5% aqueous solutions of Advantex® and 
Vantex®-T vary from somewhat to significantly lower 
on all substrates tested. Figure 5 tabulates γLAcosθ 
(theta is the contact angle) product terms on seven dif-
ferent plastics for 0.5% aqueous solutions of some com-
mercially important alkanolamines used in coatings. 
The 0.5% concentration is typical for use in coatings.

A quick examination of the data in Figure 5 reveals 
that the contact angle multiplied by the air/liquid 
surface tension (we designate this the product term) 
for 0.5% aqueous solutions of Advantex and Vantex-T 
are anywhere from somewhat to significantly higher 
on all the substrates tested. Combined, the data in 
Figures 4 and 5 indicate that coatings containing 
Advantex and Vantex-T should exhibit better anchor 
type adhesion (based on the expulsion of bubbles 
from microscopic pores on the plastic surface) and 
better chemical adhesion (based on surface affinity) 
than coatings containing alternative alkanolamines.

A similar variation in liquid/solid contact angles 
is observed for prototype coating emulsions. Table 5 
and Figure 6 give the contact angles for 50% resin 
emulsions (Acronal Optive 130, 100% acrylic resin in 
water, product of BASF Corporation) with 0.5% added 

TABLE 4 | Product term (γLAcosθ) for 0.5% aqueous alkanolamine solutions on dif-
ferent types of plastic. Contact angle data was taken from Table 1; liquid/air surface 
tension data was taken from Table 3.

Plastic DI 
Water

0.5% 
Advantex

0.5% 
Vantex-T

0.5% 
AMP

0.5% 
MAE

0.5% 
DGA

0.5% 
MEA

0.5% 
TEA

PTFE -15.0 -9.4 2.1 -24.1 -11.3 -11.1 -31.7 -15.8

Porous PE -34.9 -13.5 -13.5 -29.8 -29.3 -31.0 -30.6 -29.7

Polycarbonate -17.4 33.4 2.1 -2.5 -10.0 0.0 7.6 12.2

Nylon 28.1 16.5 19.6 11.0 2.5 -7.4 18.7 15.8

Acetal 5.0 7.3 8.4 6.1 3.8 11.1 -1.3 0.0

ABS 15.0 11.4 6.3 8.6 12.5 12.3 11.3 6.1

Acrylic 19.8 27.1 12.5 18.2 22.3 15.9 18.7 15.8

TABLE 3 | Room temperature liquid/air surface tensions in milliNewtons/m.

Concentration 
(% wt/wt) Advantex Vantex-T AMP DGA MAE MEA TEA

0.5% 59.8 60.1 70.4 72.1 70.7 72.3 70.2
1.0% 52.8 54.8 68.8 70.9 69.7 72.3 70.1
5.0% 37.9 41.0 60.6 68.0 64.6 70.6 66.6
50.0% 29.8 33.4 41.3 55.6 46.0 60.7 54.8

Note: Samples were measured by the maximum bubble pressure method on a Sita t60 
maximum bubble pressure tensiometer with a bubble lifetime of 1 second. Sample size 
was less than 4 ml, and a slow bubble rate was used to keep the liquid level constant. Ten 
bubbles were averaged per reading with five readings per sample for a total of 50 reading 
per sample.

TABLE 5/FIGURE 6 | Contact angles for 50% aqueous resin emulsion with 0.5% added 
alkanolamines on various plastics. Designations for alkanolamines and plastics are 
identical to that used in Table 1.

Plastic 0.5% Advantex 0.5% Vantex-T 0.5% 
AMP

0.5% 
MAE

0.5% 
MEA

PTFE 36 61 68 43 54

Porous PE 32 48 46 61 64

Polycarbonate 33 41 42 52 56

Nylon 41 50 49 47 51

Acetal 48 56 54 56 57

ABS 45 37 47 57 55

Acrylic 43 46 47 45 55
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alkanolamine on the plastics listed above. Again, 
the contact angles for 0.5% aqueous emulsions with 
Advantex and Vantex-T are anywhere from some-
what to significantly lower on all the hydrophobic 
plastic substrates tested.

Adhesion Testing
The hypothesis that contact angles can be used to 
predict adhesion on plastic, as presented herein, was 
tested by the cross-hatch adhesion method (ASTM 
D 3359). A prototype waterborne coating was made 
from a 50% solids resin emulsion of Acronal Optive 
130 with 0.5% wt/wt alkanolamine and 5% wt/wt 
Dupont R960 TiO2). A 10 mil coating was applied to 
Leneta paper and dried for 120 hours. Adhesion test-
ing results are given in Table 6.

TABLE 8 | Torsion pull adhesion results for a dried (72 hours) coating on four different 
plastics. Torsion pull force was measured with a modified top loading balance.

Plastic 0.5% Advantex 0.5% Vantex-T 0.5% 
AMP

0.5% 
MAE

0.5% 
MEA

PTFE 18 g 17 g 16 g 12 g 17 g
Porous PE - - - - -
Polycarbonate 58 g 60 g 58 g 42 g 42 g
Nylon 45 g 48 g 44 g 38 g 32 g
Acetal 109 g 104 g 75 g 96 g 99 g
ABS - - - - -
Acrylic - - - - -

TABLE 7 | Cross-hatch adhesion results for a dried (120 hours) coating on three differ-
ent plastics.

Plastic 0.5% Advantex 0.5% Vantex-T 0.5% 
AMP

0.5% 
MAE

0.5% 
MEA

PTFE - - - - -

Porous PE 0% 5% 10% 20% 20%

Polycarbonate - - - - -

Nylon - - - - -

Acetal - - - - -

ABS 70% 80% 70% 80% 80%

Acrylic 60% 40% 100% 100% 100%

PCI10084Shep.indd   1 9/8/08   3:53:57 PM
Visit ads.pcimag.com

TABLE 6 | The amount of coating (%) removed by Permacel tape 
after 30 seconds brushing and 30 seconds of set time.

Alkanolamine % Coating Removed
Advantex 40%

Vantex-T 60%

AMP 85%

Proof C
opy



The coating used in Table 6 was 
tested for adhesion to the different plas-
tics discussed above. The data is given 
in Tables 7 and 8. For coatings that 
adhered to the plastic more strongly 
than they cohered together, we used 
a cross-hatch adhesion test (ASTM D 
3359) to assess adhesion (Table 7). For 
coatings that cohered together more 
strongly than they adhered to the sur-
face we used a torsion pull test (maxi-
mum pulling force in grams necessary 
to peel the coating).

The results in Tables 7 and 8 
clearly support the contention that an 
improvement in adhesion, particularly 
on hydrophobic surfaces like plastic, 
can be a significant benefit of the par-
ticular alkanolamine used in a water-
borne coating formulation.

Summary
Coating adhesion is an important part 
of the coating’s overall performance. 
Optimal adhesion can be obtained 
through both chemical and physical 
means. In the case of chemical adhe-
sion, the general affinity of the coating 
for the solid substrate is most impor-
tant. In the case of physical adhesion, 
anchor type attachment of the cured 
coating to the substrate is most impor-
tant. The improvement of the perme-
ation of a liquid coating into a solid 
surface allows for better anchor type 
attachment of the cured/dried coating 
to the surface. In this paper we have 
shown that contact angles between 
uncured/undried liquid coatings and 
solid substrate surfaces can be used to 
predict the ease of ejection of trapped 
air bubbles from micropores on the 
solid surface, and this tendency for 
bubble ejection can, in turn, be related 
to the degree of anchor type adhesion 
that develops. In addition, we have 
shown that the product of the liquid/
solid contact angle with the air/liquid 
surface tension (cosine term of Young’s 
Equation) can be used as a good assess-
ment of the general surface affinity of 
a liquid coating for a solid surface. We 
have found that better surface affinity 
of a liquid coating for a solid equates 

to better overall chemical adhesion of 
the coating to the solid. Thus, lower 
contact angles between a liquid coat-
ing and a solid substrate equate to 
better adhesion by both physical and 
chemical mechanisms. Some alkano-
lamines, despite their typically low 

percent composition in coatings, can 
have a significant impact on the inter-
facial properties of the coating, and 
we have observed that certain alkano-
lamines have a significant effect on 
the adhesion of dried waterborne coat-
ings on plastics. Specifically, alkano-
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lamines with mid-range calculated HLB values (hydrophile 
to lipophile balance – calculated as 20 times the hydrophilic 
GMW divided by the total molecular weight), like Advantex 
and Vantex-T, yield coatings with lower solid/liquid contact 
angles and measurably better adhesion. n
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