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Fig. 13. Effect of the corona treatment on the structure of polydimethylsiloxane
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treatment. The fact that, on certain un-
treated high-solid top coats, perfect adhe-
sion cannot even be achieved, when using
primers, is also very illustrative. This prob-
lem led to certain American manufacturers
covering the bonding areas of the window
flanges with masking tape after the appli-
cation of the electrocoat and later bonding
to electrocoat layers which do not have the
adhesive problems of high-solid top coats.

Explanations

Our examinations of the paint surfaces
before and after the ETA treatment by
means of IR spectrometry, electron mi-
croscopy, and ESCA-analysis have shown
chemical changes in a few molecular sur-
face layers of the top coat to be responsible
for the adhesive effect. As expected, the
oxygen content of the layers increased
through the corona treatment, but the even
bigger increase in nitrogen due to surface

Jean-Marie Loutz*

1. Introduction

In 1960, the first electrostatic spray ex-
periments were carried out allowing the
application of powder paint to cold and
intricately shaped metallic objects. With
this process, it is possible to apply films,
with a thickness varying from 40 to 300
~m, in one single coat. At that date pow-
ders based on epoxy resins and dicyandi-
amide hardener were used in the functional

nitration by formation of nitric oxides was
unexpected and astonishing. In Fig. 10 the
changing amounts of silicon, nitrogen,
oxygen, and carbon before and after the
corona treatment are displayed. The oxy-
gen increase due to the corona treatment is
between 10 and 20%, whereas the nitrogen
content increases by 40 to 100% depend-
ing on the paint system. To get a better
picture an Ar ion etching on the corona
treated surface has been carried out (Fig.
11). This etching process is able to level off
the very top nanometers of the surface and
thus may reveal the order of the nitrated
layers. By the Ar etch in this case, an ap-
proximate layer of 20 nanometers was car-
ried away. Therefore we can estimate the
modified surface layer thickness to be of
the order of 50-60 nanomters.

It is also remarkable to note that,
through the corona treatment, silicon ad-
ditives on the surface are partly changed to
adhesion-compatible oxidised products
and partly degraded to volatile fragments.
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coating field, e.g. for pipe protection. Due
to photodegradation of bisphenol A based
epoxies, leading to chalking and loss of
gloss, there was a need to develop alterna-
tive mixtures of resins and cross-linkers for
the decorative coating market.

Following the emergence of several pos-
sibilities to overcome the drawback, asso-
ciated with bad weatherability, various di-
rections were taken on the different conti-
nents. The USA and Canada chose the so-

In Fig. 12, the effect of corona treatment
on the surface of polydimethylsiloxane is
illustrated by the changing amount of sili-
con, oxygen, and carbon in the very top
surface layers measured by IR spec-
troscopy. The change of the molecular
structure of the polydimethylsiloxane into
hydroxymethyl-, hydroxy- and ether-
group-containing siloxanes was deter-
mined by ESCA analysis and illustrated in
Fig. 13.

Summary

Through the corona treatment, adhe-
sion resistant top coats become adhesion-
compatible substrates for polyurethane
adhesives. This reliable, purely physical
process which can be automated, replaces
the expensive, manual, wet pretreatment
using body primers containing solvents
which are inflammable.

called polyurethane powders (in fact the
urethane is made in situ from blocked iso-
cyanate and hydroxylated polyester), be-
cause the dominant position of the auto-
motive industry for which the flow of the
paint is of prime importance. Japan opted
for acrylic copolymers, recognized for their
resistance to UV-induced degradation,
containing glycidyl methacrylate which are
cross-linked by means of long chain
aliphatic diacids. Trials conducted with
these systems failed in Europe either due to
the volatile emission of caprolactam dur-
ing baking or to poor mechanical proper-
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PU 10
Epoxy 1.

TOIC 19

Hybrid. 67

Types {%)

tures, characterized by different melting
points [4]. The ratio between the two iso-
mers depends on the synthesis route and
further purification which have been se-
lected. The melting points of the two prod-
ucts are in the range of 103-104.5° and
156-157°, respectively, the latter being in-
soluble in boiling THF, can be easily iso-
lated. Depending on the supplier the ratio
between the 2 isomers can vary within
rather large limits (Table J).

Several triglycidyl isocyanurate mix-
tures manufactured in China are now
available on the European market. It
seems likely that the same producer is dis-
tributing its epoxy through different sales
organisations.

During the manufacture of the paint the
different components are mixed and
sheared in an extruder at temperatures
ranging from 90 to 130° but never as high
as 160°. This means that, in some cases,
substantially high quantity of the cross-
linking agent will only act as an inert filler
during extrusion. At baking temperatures,
above 160°, some interaction may occur at
the interface between the highly viscous
liquid polyester and partially fused gran-
ules of TGIC. Due to the fast increase of
viscosity during the network formation,
complete diffusion of the melt TGIC is hin-
dered. This is clearly noticeable in clear

Table I
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linking density is important, because it de-
termines the time-temperature parameters
to be used, which influences the energy
costs and the ability to paint heat sensitive
substrates. Reactivity is dependent on nu-
merous factors such as molecular weight of
the resin, branching, concentration of re-
active groups on the polymer backbone,
nature and level of catalyst, reactivity and
solubility of the cross-linking agent in the
polyester.

It has been shown that commercial
TGIC is made from a mixture of two
diastereoisomers, and not allotropic struc-
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2. Triglycidyl Isocyanurate

Fig. I

ties and incompatibility problems. In Eu-
rope two companies, UCB in Belgium and
Unilever in Holland, developed carboxy-
terminated polyesters specifically designed
in order to react with a unique solid
aliphatic trifunctional epoxy (triglycidyl
isocyanurate = TGIC) commercialized by
Ciha-Geigy [1]. The good outdoor perfor-
mance associated with high mechanical re-
sistance against deformation of these
paints explains, why over the last couple of
decades powder coating has gained a sig-
nificant market share of the metal protec-
tion and decoration activity. Apart from
the quality of the solid polyesters-based
paint, it is obvious that economic consider-
ations (no waste, lower energy require-
ment: air is renewed twice an hour instead
of 15 times for solvent paints) and the envi-
ronmental friendly character (no solvent)
are the strong driving forces resulting in
the extended use of this technique.

A thermogravimetric diagram of a typi-
cal polyester-TGIC paint is shown in
Fig. J. A weight loss of 0.8 % (mainly ad-
sorbed water) is only noticeable after 40
min at 270°.

In 1989, the total European thermoset-
ting powder coating consumption is esti-
mated to 110,000 tons and 210,000 tons
world-wide [2]. The average annual growth
rate in consumption is extended to be 10-
12% until 1996. In 1987, the market of
powder coatings in Europe by weight of
supplied industrial coatings on the whole
was about 5.3 % [3].

In this paper, we will restrict our com-
ments to some characteristics and actual
trends of the polyester-TGIC system which
ranks for 17% of the total thermosetting
powders market (Fig. 2).

The ability of a thermosetting system to
quickly achieve its maximum level of cross- Fig. 2
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varnishes in which small white crystals are
seen under the microscope.

The mechanical properties of a
polyester/TGIC powder paint are strongly
influenced by the stoichiometric ratio be-

p
tween -COOH and -c-t- groups.
Paints have been made from the same
polyester (acid value = 30 mg KOH/g) but
with the two forms of TGIC (A:
m. p. = 103°; B: m. p. = 156°), and the evo-
lution of the impact resistance of the film
with the curing time at 180° is visualized in
Fig. 3. With a theoretical stoichiometry -
COOH/epoxy ratio it is impossible to
reach a level of direct impact resistance
higher than 60 kg'cm with the high-melt-
ing-point isomer. The gel times of the pow-
ders at 180° are 135 and 210 s, respectively.

The situation is even more noticeable, if
the polyester has a higher molecular weight
(acid value = 20 mg KOH/g) and is de-
signed to react with a lower amount of
TOIC (weight ratio polyester/TGIC = 96/
4). In this case, where a precise balance
between reactive epoxy groups and homo-
geneity of the binder phase is critical, it

appears that the low solubility of the B
form makes the formation of a network
impossible. Thus, the paint remains ther-
moplastic and brittle even after long bak-
ing time (Fig. 4).

3. Flow

To obtain a powder coating which ex-
hibits the same surface appearance as a
solvent based paint is a major goal for solid
paint producers. The achievement of such
objective is, however, the result of a com-
promise between required characteristics
of the polyesters which are physically con-
tradictory: high glass transition tempera-
ture (Tg), low-melt viscosity, slow network
build up, high reactivity [5].

In powder coating, the unbaked powder
is not forming a continuous layer and con-
sists, at the application temperature, of
solid particles whose dimensions are of the
order of magnitude of the cured layer.
There is no transient component allowing
to adjust the levelling of the coating.

The Tg of the binder has a major influ-
ence on the physical stability of the pow-
der. If the Tg would be lower than the
storage temperature, the segmental mobil-
ity would be high enough to produce a
considerable degree of interpenetration of
the molecular chains belonging to adjacent
powder particles, resulting in caking of the
powder. Due to this practical constraint, it
is impossible to reduce the Tg of the
polyester below ± 50°. This affects the
melt viscosity which is directly dependent
on the Tg [6]. From a practical point of
view, it means that a good storage stability
must be associated to a high viscous
binder.

The two following formulas are also
well-known [7]:

AX=xoo- -
Mn

10g17= log Mw +B

(for low-molecular-weight substances like
polyester)
where X denotes a mechanical property
like impact resistance
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Mn number average molecular weight
17 melt viscosity
Mw mass average molecular weight
A, B empirical constants

To obtain a satisfactory level of mechan-
ical properties the level of molecular
weight must be high enough, and this has a
direct impact on the melt viscosity of the
polyester.

To improve the reactivity of a polyester,
that is its ability to develop quickly a three
dimensional structure with a given cross-
linker, it is possible to increase its function-
ality by introduction in its backbone,
branching components such as trimethy-
lolpropane.

Fig. 5 shows the evolution of functional-
ity with the extent of the reaction of a
polyester having a final acid value of20 mg
KOH/g (theoretical hydroxy value at the
end of the reaction = 0). High functional-
ity will consequently give a fast increase in
melt viscosity and shorten the time avail-
able for the coating to flow during film
formation. The result will be the obtaining
of a rough surface with a strong orange
peel effect.

It is obvious that during the last past
years a lot of work has been carried out by
resins and paint manufacturers in order to
reduce the viscosity of the polyesters, not
only to improve their flow properties for
better appearance but also to obtain a bet-
ter wetting of the substrate and increase
the corrosion resistance [8]. This goal has
been achieved by modifications of the
polyester compositions, improvements in
manufacturing process in order to obtain
better reactive telechelic backbone allow-
ing a reduction in the degree of branching,
introduction of some degree of crys-
tallinity in the polyester, and selection of
catalyst having a more temperature-depen-
dent efficiency allowing the fusion of the
resin while it still remains in its thermo-
plastic stage.

In Figs. 6 and 7 are shown the viscosity
measured with a Gottfert capillary rheome-
ter of old (polym I) and new generations of
carboxylated polyesters having the same
acid value = 30 mg KOH/g. Due to their
lower viscosity at low shear rate and less
pseudoplastic character, products like
Polym 3 and 4 exhibit a much smoother
surface appearance. It is interesting to note

the spectacular reduction of viscosity at
low temperature (120°) at which the reac-
tion with TGIC has not started allowing a
better spreading of the polyester before the
start of the cross-linking.

Fig. 8 schematically depicts the viscos-
ity-temperature history of these two types
of polyesters during a baking cycle. Apart
from the chemical composition, physical
parameters such as particle-size distribu-
tion of the powder play an important role
on the coating appearance, like what hap-
pens when a consolidated film is formed
from an aqueous emulsion. A more uni-
form structure is obtained, when the mean
diameter (R) of the solid particles is lower
as expressed by the general equation.

t=f(17:)
where t is the time required for two parti-
cles to coalesce, 17 the viscosity and y the
surface tension [9].

Fig. 9 shows the particle-size distribu-
tion of the same paint which has been
ground with an Alpine UPZ 160 at 2800
rpm one and four times (feeding
speed = 0.5 kg/min).
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Table 2

Trial Coating Binder yd [mJ/m21 ynd [mJ/m21 y [mJm21 Surface appear.

A paint 1 44 2.1 46.1 orange peel
B paint 2 44 2.3 46.3 smooth
C paint 3 44 3.3 47.3 strong cra ler
D paint 3 26 1.0 27.0 smooth
E varnish 2 32 6.1 38.1 smooth
F varnish 2 41 9.6 50.6 cratering

As a result of more intensive milling, the
mean particle size, measured with a
Malvern PS 64, is reduced from 172 to 68
11m.The evolution of the surface smooth-
ness of cured films obtained from these
paints can be recorded with a Diavile DT
100 micro probe which visualized the to-
pography. For the powder ground at 172
11m,the mean thickness deviation between
peaks and valleys is 1.27 11m,and the maxi-
mum difference in surface thickness is 6.9
11m;for the powder ground at 68 11mthese
respective values drop to 0.33 Ilm and 1.8
Ilm. These differences are macrospically
noticeable, as the surface appearance visi-
ble to the naked eye changes from a strong
orange peel structure to a smooth surface.

In powder coating and contrary to what
happens with emulsions, there is no contri-
bution of the capillary forces due to inter-
stitial water. These forces being the deter-
minant coalescing factor because fusion
occurs when [10]:

266 y
G<---

R

G = elasticity modulus of the polymer
y = surface tension of H20 in the capillary

The Hp content of powder stored, at
room temperature, in open container dur-
ing 6 months is less than 0.8%. Neverthe-
less, this absorption induces a spectacular
drop of viscosity of about 10 % which may
be attributed to a reduction of strength of
H-bonding between -OH and -COOH
end groups and maybe to some hydrolysis.

In the process of film formation from
powders, the main driving force is proba-
bly generated by the phenomenon of au-
toadhesion or mutual interdiffusion of free
polymer chain ends across the particle-par-
ticle interface under the influence of the
viscous flow of the melt polyester at the
beginning of the baking cycle [11].

The surface tension of the paint works
against the surface appearance of the coat-

ing. On one hand following the Rhodes and
Orchard theory describing the formation in
function of time of a continuous fused film
from an irregular surface, it appears that a
good levelling is related to high surface
tension [6] [9]. On the other hand according
to the Young's equation, the interfacial
tension between the fused coating and the
substrate (y sp) must be as low as possible
in order to avoid the cratering effect.

From our experience it seems that the
viscosity of the system and its evolution
during the curing plays a much more criti-
cal role than a high y on the orange peel
effect. On the contrary, decreasing the
value of y is of prime importance in order
to get an uniform wetting of the surface
without formation of pinholes. In Table 2
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Table 4. % ofConvers;on

Temperature ASTM Borchardt Tg
[0C] [%] [%j [0C]

160 51 38 78
170 60 54 79.5
180 68 68 82
190 75 77 84.5
200 81 85 85
210 86 90 86

COOH groupS. The increase of cross-link-
ing density can be evaluated among other
means by the modification of the gel con-
tent of free films, their swelling in DMF
and the increase of Tg evaluated by differ-
ential scanning calorimetry (DSC).

Table 3 shows the evolution for a paint
cured at 160°.

After 10min baking time, it is difficult to
evaluate a significant increase of Tg and
the build-up of a three dimensional struc-
ture is better assessed by the solubility re-
sults.

DSC may be used to follow the cure
kinetics of an epoxy-polyester powder
coating. An exemplary thermogram of a
polyester-based powder heated at an uni-
form speed of 200/min is shown in Fig. 10.
The main characteristics of the system may
be identified, Tg (56°8), endotherm from
the relaxation of the binder (60°5), total
heat of the reaction (20.2 J/g), maximum of
the exotherm (176°) and outset of the reac-
tion (130°). However, a system which is
fast from a kinetics point of view (speed of
heat evolution) is not necessarily fast, re-
garding the formation of a cohesive net-
work. In fact, it is the conversion of the
reactive groups that can be correlated to
end-use performance property data such as
impact resistance.

n = order rate reaction

dF(t T)
--' -= k[l-F(t T)]"

dt '

H(t,T)----
Ho

= fractional extent of conversion
= partial heat of reaction involved

up to a specific time and temper
ature

= total heat of reactionHo

F(t,T)

F(t,T)
H(t,T)

taking into account the Arrhenius equation
k = A exp( - E/RT) where the change of
heat flow with increasing temperature is
used to obtain a working expression in
terms of measurable experimental parame-
ters [16].

From the measured exotherm in the
thermogram, it is possible to collect valu-
able information on the addition kinetics.
Borchardt and Daniels make the assump-
tion that the heat evolution is generated by
a fully completed reaction, and that the
heat generated during any time interval is
proportional to the number of molecules
having reacted during this time [15].

A = Arrhenius frequency factor (S-I) and
E = activation energy (KJ/mo\)

In [_1 dH(t,T)]
Ho dt

lEI [HO - H(t,T)]=nA-+nn
RT Ho

The reaction kinetics parameters n, E,
InA and, thus, the rate constant k may be
obtained simultaneously from this equa-
tion using a linear multiple-regression
analysis. This allows the prediction of the
degree of conversion for specific tempera-
ture-time profiles (Fig. 11).

Another approach to determine the ki-
netics parameters is based on the fact that
the peak maximum temperature changes
with the heating ratet (Fig. 12). This

Tg
IDSC)

57
63
68
70
70

Table 3

Time Gel content Swelling
[min] [%j [%j

0 0 soluble
5 19 470

10 74 200
15 80 165
20 83 165

4. Degree of Cure

are given the values of yd, ynd and their
sums for different paints.

y d: represents the contribution of dis-
persive forces to y and ynd represents the
contribution of polar forces to y. yd and
ynd can be calculated starting from the
experimental values of contact angles of
liquids having different dispersive/polar
balance dropped on the surface of the coat-
mg.

Comparisons between trials C-D and
E-F show the results of reducing on crater-
ing. The paints used for trials A and B
which exhibit the same surface tension are
made of polyesters having significant dif-
ferences in viscosity (see Fig. 6, Polym 1
and Polym 4). The polyester used in trial C
has a particular composition, and its sur-
face tension must be dramatically reduced
(27 mJ/m2; trial D) in order to get rid of
cratering. In these trials the lowering of y is
obtained by addition of the conventional
acrylic copolymers. In trial D, a silicone
fluid is added to the formulation.

An interesting approach to get a good
compromise between storage stability and
reduced viscosity has been described by
Eastman making use of crystalline
polyester [23].

Cure is the term used to describe the film
formation process of organic coatings in
which relatively low-molecular-weight ma-
terials are transformed via chemical reac-
tions into a thermoset material.

One major objective of paint manufac-
turers is to extend the service lifetime of
their products. The cross-linking density
that can be reached with a thermosetting
system is considered, as long as detrimen-
tal internal stress does not impart its me-
chanical properties or reduce its adhesion,
as a positive factor favouring the good age-
ing behaviour of a coating, its resistance to
deformation and to chemicals [13].

The network density depends on the
polyester functionality and on the extend
of the reaction between the epoxy and
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~80 deg C
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method developed by Duswalt has been
adapted as ASTM E698-79 standard.

The calculation makes three restrictive
assumptions:

1) the peak maximum represents a
point of constant conversion for each heat-
ing rate; 2) the temperature dependence
of the reaction rate constant obeys the
Arrhenius equation; 3) the reaction is first
order.

From the plot oflog B/T2 (B = heating
rate) vs. 1fT, the activation energy of the
Arrhenius equation can be calculated as
well as

E/RTA=BEe--
RT2

If these hypotheses are verified it is pos-
sible to calculate the conversion in func-
tion of time at different temperatures
(Fig. 13).

However, this information has to be ex-
amined with care. In Figs. 14 and 15, we

compared starting from the same kinetic
parameters the evolution of the conversion
at 1800 of two paints based on different
polyesters considering a first or second re-
action order. Depending on the assump-
tion made on the order, large differences
are observed, mainly at higher conversion.
However, it seems likely that as the reac-
tive components are close to stoichiometry
that a second-order reaction will better suit
the kinetic reaction between epoxy and
carboxylic groups.

In Table 4, we compare the % of conver-
sion calculated according to the methods
of Borchardt or following ASTM E698-79
(n = 2) after 10 min curing at different
tem pera tures.

We observe a large disagreement be-
tween the two theories mostly at low con-
version. If we compare with the evolution
of Tg, the degree of conversion obtained
following ASTM (n = 2) seems more real-
istic.

If it is difficult to know the true conver-
sion rate of the reaction making use of a
DSC equipment, it, however, appears as a

powerful tool, if we want to compare dif-
ferent experimental products to well-estab-
lished ones. Fig. 16 compares the time re-
quested to achieve 95% of conversion at
1800 following ASTM E698-79 (n = 2) for
the same formulations based on different
polyesters.

It is interesting to look at the evolution
of practical important characteristics of
the paint like mechanical properties and
ageing with the conversion calculated from
DSC measurements. Experiments have
been conducted on a 93/7 polyester/TGIC
formulation. The paints applied on de-
creased steel (0.5 mm) at a thickness of
65 ± 5 I.t. In Fig. 17, we represented the
evolution of some mechanical properties in
function of the conversion as calculated
from ASTM (see Table 4). Fig. 18 gives the
same evolution following the values of
measured glass transition temperatures
(see Table 4).

The speed of acquisition of a typical
property follows the sequence: resistance
to slow deformation 12 mm/min (Erich-
sen) > resistance to fast deformation ap-
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plied on the paint (direct impact) > resis-
tance to bending (conical mandrel) > re-
sistance to fast deformation applied on the
back of the panel. These results suggest the
importance of elasticity and adhesion of
the paint performances. It is important to
notice that adhesion (cross-cut test) and
gloss are obtained readily at low conver-
sion and may not be taken into consider-
ation as a reliable measurement of cross-
linking.

Evolution of Tg appears to be an inter-
esting but delicate way to follow the addi-
tion process. For this particular system, a
calculated conversion following ASTM, of
more than 85 % is requested to reach the
maximum level of resistance against defor-
mation. At such high degree of conversion,
the Tg begins to flatten out and the limit
between acceptable and good mechanical
properties is not accurately detected by
DSC (Fig. 19).

Abrasion resistance is an important
characteristic related to paint erosion. The
weight loss ofTGIC + polyester systems is

considered to be 1 !lm/year [17]. From
Taber abrasion tests (2 x Hl6 mills, 0.5 kg
each), the weight loss observed in function
of the number of revolutions for the same
paint baked at 2 different temperatures
normally indicates that the surface hard-
ness depends on the cross-linking density
(Fig. 20).

However, this property is much more
influenced by the chemical structure of the
polyester and its ability to fully cross-link'
with TGIC which behaviour is probably
linked to the mobility of the chains and the
speed of viscosity build up (Fig. 21).

Another interesting result comes out of
the Q-panel evaluation. As shown in Fig.
22, the gloss retention of a white paint after
exposure to UV B 313 nm rays is not de-
pendent on the curing conditions and after
21 days all the coating level off at 40%
retention of the initial gloss. These results
have been confirmed with other polymeric
structures: paints made of polyesters man-
ufactured from other components exhibit
the same gloss retention (50%, in this case)

after 41 days whatever the curing conQi-
tions are (at least between 170 and 210°)
(Fig. 23).

These results can be attributed to the
fact that the Q-panel test is significant for
the photodegradability of the polymer
which is more dependent on its structure
than on the concentration of the end
groups [18].

5. Ageing

The obtaining of a high level of mechan-
ical properties is only one of the numerous
requirements which are to be fulfilled in
order to meet the specifications for paints
to be applied to aluminum frames (Quali-
coat label, BS 4842, GSa, JISK 5400).
These tests are intended to predict the
long-term behaviour of coatings exposed
to outdoor atmosphere and their ability to
protect the metal from the corrosion.
Among the evaluations to be performed we
may point out Q UV exposure, Sun test,

Fig. 23
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Kesternich, Machu test, Florida exposure,
solvent-, hot-, acetic and a1cali-, soft spray-
, stain resistances. Results of some typical
trials are given in Figs. 24-29 in various
shades (RAL 8014 = dark brown, RAL
9010 = white, RAL 3000 = red, RAL
6005 = green). Polyesters with the same
acid value belonging to old (CC 430,
TG = 74°; E 2373, Tg = 52°) and new (E
3301, Tg = 55.5°) generations are com-
pared.

The low Tg of E 2373 is obtained
through plastification with aliphatic di-
functional -OH and -COOH com-
pounds. E 2988 is a carboxylated polyester
developed to be used as a clear varnish on
top of metallized paint. Kesternich and
Machu tests indicate that it is not advisable
to reach a good flow through conventional
plastification, because it builds easily hy-
drolysable ester groups in the polymeric
backbone (Figs. 24 and 25).

Sun test and Q-panel results indicate
that a high Tg has no favourable influence
on the accelerated weathering (Figs. 26 and
27).

In these tests, the temperature does not
exceed 60°. In the Florida-exposure test,
there is no significant difference in be-
haviour during the first year, but after-
wards the gloss retention remains better
for the product with higher Tg (Fig. 28). It
appears that the increase in free volume
and in freedom of movement of parts of
molecules of low Tg can result in an in-
crease in permeability for H20 which will
induce the hydrolysis of the polyester. This
behaviour is only noticeable after some
time (one year in Florida) which may indi-
cate that the phenomenon is autocatalyzed
by the appearance of COOH groups when
their concentration reaches a critical leveL

It is important to note the influence of
the pigmentation on the colour stability
(Figs. 28 and 29).

As far as salt spray tests are concerned,
we found that the pretreatment of the
metal is certainly the determinant factor
affecting the corrosion resistance, when
the paint is fully cured. Undercured films
are more easily degraded, probably follow-
ing an acid autocatalyzed mechanism,

which induces brittleness and loss of adhe-
S1On.

Acidic and salt spray resistances (E 3301):
Curing 10 min at 200°:
1250 h on Granodine 124: no rust creeping
from the cross; 1250 h on Alodine 1200: no
rust creeping from the cross < 250 h on
degreased steel: 3-mm rust creeping from
the cross

Curing 10 min at 190°:
500 h on Granodine 124: 3-mm rust creep-
ing from the cross

Curing 10 min at 1800:
< 250 h on Granodine 124: 3-mm rust
creeping from the cross.

6. Applications

6.1. Precoated Metal
An interesting application of the car-

boxylic polyester- TGIC application re-
cently introduced in Europe and initially
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contact and then separated, results in a
charge transfer from one material to the
other [21]. Technically, the powder parti-
cles (ground to 40 to 50 11m) are suspended
by air in a t1uidised bed and transfer under
pressure in the gun. The driving force for
charge exchange is related to the difference
in the work function of the contacting sur-
faces that can be evaluated by Kelvin-type
contact potential difference measure-
ments.

In this technique, the electrical charges
are localized on the paint particles, and
there is no ionization of the air located
between the gun and the substrate. The
resulting sharp decrease of the electrical
field allows a better coverage of the intri-
cate shaped articles as well as a far better
wrapping effect.

The absence of back ionization also al-
lows to get a smoother surface appearance
and less porosity of the film.

For mechanical (abrasion resistance) as
well as for physical reasons (electronega-
tivity of fluor), the PTFE (Teflon) is used

30
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6.2. Tribo Ionization
Eltrostatic powder coatings have, in re-

cent years, been applied by means of guns
that charge the particles through the
Corona principle. In this equipment, a high
voltage (30-100 keY) is applied to, at least
one electrode, located into the sprayer
which is sparged with flowing ionized air.
When the air molecules collide with a pow-
der particle, a transfer of electrical charge
occurs, and the solid particle will follow
the field lines towards the earthed metallic
object to paint.

Due to the electrostatic field, many
problems are encountered by the screening
effect of the Faraday cages hindering the
penetration of the paint in geometrically
complicated areas. To overcome this diffi-
culty, tribo charging of powders has been
developed. The tribo effect is based on the
fact that, when two materials having dis-
similar dielectric properties brought into

Fig. 3]

developed by Nippon Paint making use of
polyurethane systems is the painting on
cut, pretreated steel panels running at
about 6 mlmin (Pre Coated Metal) [19].
The curing is obtained in a short time (less
than I min) by heating the substrate with
IR radiations at high temperature (250°).
In radiation curing, there is a risk of heat·
ing the powder before the metal, this re-
sults in poor adhesion. The temperature of
the IR heating elements must be selected in
order to emit wavelengths outside the spec-
tral absorption of the polyester (2.5-3.511).
Final baking occurs in a convection oven
during I min at 230°. The coated metal
sheets are embossed at the end of the line.
The finished panels are used to manufac-
ture domestic appliances such as refrigera-
tors, washing machines, and microwave
ovens (20). The major requirements such a
paint has to possess are high gloss, very
good flow, flexibility (O-T bending at 20°)
and resistance to detergent and stain resis-
tance from various chemicals.

Due to the particular application condi-
tions and required characteristics of the
paint, the structure of the polyester has to
be specially designed, and the paint has to
be formulated with additives such as flow-
ing aid, anti-crater agent, in order to ob-
tain very low surface tension (Table 2,
Trial D) addition catalyst and anti-oxidant
to improve the high temperature resistance
(Fig. 30).

The advantages of the PCM technique
compared to the painting of shaped appli-
ance goods are: reduction of inventory,
minimization of labour costs, in plant
coating and quality control, low reject rate,
better edge coverage, and higher chemical
and physica.l properties. Frequently, in
powder coating one property may be detri-
mental to another. In PCM polyester, the
high resistance against staining which re-
quires high cohesive energy density in the
order of 640.000 llmol and a certain level
of crystallinity is obtained by chemical
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in tribo guns as the friction material. The
dielectric constant ofPTFE being very low
(e = 2.1), all substances with higher will get
a positive charge when brought into inti-
mate contact and separated from PTFE.
Compared to other system used in powder
coating such as epoxies + dicyandiamide
(e = 4), polyesters + blocked isocyanates
(e = 5), or certain hybrid systems (e = 4),
the mixtures polyesters + TGIC have not
been found to be appropriate (e = 3) for
charge acceptance due to small differences
in dielectric constant with Teflon [22].

By analogy with what is used in xero-
graphic toners, the addition of quaternary
ammonium of phosphonium salts has been
found to increase the positive charging
characteristics of the powder, improving
the transfer efficiency. Addition of col-
loidal oxides like Si02 or Alp) due to their
specific surface have also been used to im-
prove the charging characteristics. The use
of external additives, however, brings the
drawbacks associated with a non-uniform
composition leading to problems associ-
ated with segregation and difficulty of
paint recycling. To overcome these draw-
backs, work is now in progress to intro-
duce functional groups in polyesters to de-
termine and control their triboelectric
properties.

7. Conclusions

In this communication, we have dis-
cussed some aspects of the powder coating
system based on polyester- TGIC mixtures:

- the TGIC isomeric composition
- the main parameters affecting their sur-

face appearance
- the influence of extend of reaction on

coating properties
- their ageing behaviour
- development in PCM and tribo applica-

tions

Apart from these selected topics, there
are many other basic items or new applica-
tion fields of polyester based powder coat-
ings which would be interesting to examine
such as the painting of non-metallic sub-
strates, alternative cross-linkers to TGIC,
new paint manufacturing process, low
bake temperature systems, dry clear coat
on dry paint, etc.

All these developments contribute to the
growth of the sole high performance, air-,
water- or soil-non-polluting coating tech-
mque.

I would like to thank my colleagues of the Po/yeon-
densation Group; D. Maetens, W. Demarteau, M. Sau-
dour, L. Moens, J.-M. Hoebeke, and N. Dewez for their
help in this work.
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Enantiomers of
2,2' -Spirobichromenes**:
Energy Barrier for Thermal
Racemization during HPLC
on Tribenzoylcellulose
Barbara Stephan, Herbert Zinner, Fritz Kastner, and Albrecht Mannschreck*

Abstract. As a first case in the field of spirochromenes, the energy barrier for thermally
reversible ring opening of 2,2' -spirobichromenes (Scheme) is measured by racemization
of preparatively enriched enantiomers. In addition, this barrier is estimated via racemiza-
tion during HPLC (Fig.) on tribenzoy1cellulose without preparative enrichment. The
significance of the latter procedure is discussed.

mochromism has been encountered less
frequently and was considered to be less
spectacular. The only barriers for re-
versible ring opening have been reported
for some spiro[chromene-2,2' -indolines] [3]
and spiro[chromene-2, l' -(2)-oxaindans]
[4]. In both cases, diastereotopic groups
were a prerequisite for variable-tempera-
ture IH-NMR measurements. However,
this would not be necessary if separated
enantiomers were available to be race-
mized, in order to determine their barriers
for ring opening. For instance, 2,2'-spiro-
bichromenes (Scheme) might be studied in
this way. Indeed, Okamoto et al. [5] re-
solved some bridged diaza derivatives of
this series by HPLC on (+)-poly(trityl-
methacrylate)/Si02• However, they did not
detect thermal racemizations [5]. There-
fore, we intended to separate the enan-
tiomers of simpler 2,2' -spirobichromenes
(Scheme) and to determine their barriers
for ring opening.

Introduction

Spirochromenes have been studied very
actively in the past, since many of them are

photochromic owing to a C(spJ)-O bond
opening reaction [2]. The thermal be-
haviour of these compounds has received
less attention, probably because ther-
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Universitiit Regensburg
Universitiitsstrasse 31, Postfach 397
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