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INTRODUCTION

into coating formulations because they promote

adhesion of coatings to a wide variety of sub-
strates, including metals and glasses.!® Reactions of epi-
chlorohydrin (ECH) with hydroxyl, carboxyl, and amino
functional groups will lead to the formation of epoxide
functionalities, which are capable of withstanding higher
shear stresses, but exhibit weaker peel strength. Epoxide
modification of phenolic novolac resins will improve the
peel strength by reducing shrinkage during cure, as well
as improving chemical resistance, film strength, and ad-
hesion.*® Phenolic novolac resins, which under acidic
conditions are the reaction products of formaldehyde
and excess phenol, form repeating units such as shown
in Scheme 1.7 Due to high reactivity of hydroxyl
functionalities, phenolic novolacs are easily modified
with ECH in the presence of an alkali catalyst.5?
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In order to cure epoxy resins as thermoset networks,
it is necessary to use crosslinkers, such as amines, hydra-
zines, carboxylic acids, or anhydrides. The choice of a
crosslinker will strongly influence mechanical proper-
ties and cure time of the final polymer network. In this
study, the use of a phenolic novolac crosslinker will
produce a hard, tough thermoset that exhibits excellent
adhesion.® The mechanism of cure involves two
etherfication reactions. The first is the reaction of a phe-
nolic hydroxyl and epoxide to form an aromatic ether
and 2° hydroxyl via a carbonium ion complex (Scheme
2A). The second involves the reaction of 2° hydroxyl
groups and epoxide to form an aliphatic ether (Scheme
2B).1011 The second reaction depends on the concentra-
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These studies were undertaken to examine how par-
ticle size of epoxy phenol novolac (EPN) powder coat-
ings may affect adhesion to metal substrates. Particle
sizes of 21 and 83 um diameter were utilized. DSC
analysis shows that the activation energies of
crosslinking for the 21 pm particle size is 41 kJ/mol
and 58 kJ/mol for 83 um particle size which is attrib-
uted to the effect of particle size, and time-tempera-
ture-particle size (TTPS) parameters are used to de-
scribe powder-liquid-solid film transformation pro-
cess. Although, the TTSP term represents a combina-
tion of intrinsic and extrinsic properties. We believe
that this is the TTPS term that adequately describes
the processes in which, in order for crosslinking reac-
tions to occur, particles must initiate the flow. Quan-
titative attenuated total reflectance (ATR) Fourier
transform infrared (FTIR) spectroscopic analysis was
used to follow crosslinking processes by monitoring
the decrease of oxirane concentration, and showed
that for thermal cure at 185 °C for 20 min, the oxirane
concentration decreases at a similar rate for 21 pm
and 83 pm particle sizes. The results of pull-off adhe-
sion measurements from an Al substrate show that
when the 21 um particle size is crosslinked for 10 min
at 110, 140, and 170 °C, adhesion is consistently higher
than for the same coating system at 83 um particle
size. This difference is attributed to the finite time
required for powder particles to reach a proper melt
viscosity, followed by reactions of functional groups
leading to crosslinking. Extended cure times to 120
min for the 83 pm particle resulted in adhesion simi-
lar to the 21 pm particle size.
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tion of oxirane and the nature and concentration of cata-
lyst. When 2-MI is used as a catalyst, the extent of reac-
tion for secondary hydroxyl groups has been shown to
vary from 50 to 90%.12

One of the advantages of using epoxy phenol novolac
(EPN) resins is their ability to be formulated into pow-
der coatings. In this study, we investigated how particle
size of EPN powder coatings affects chemical reactivity
at the film-substrate (F-S) interface and their adhesion.
In an effort to understand the crosslinking reactions of
EPN with phenol novolac resins, we utilized isothermal
DSC measurements to monitor thermal kinetic behavior
of EPN powder coatings and obtain activation energies
of the crosslinking reactions. In an effort to understand
molecular level processes as a function of particle size,
time, and temperature leading to crosslinking reactions,
attenuated total reflectance (ATR) Fourier transform in-
frared (FTIR) spectroscopy was used. In view of these
considerations, we attempted to correlate these findings
with pull-off adhesion measurements.

EXPERIMENTAL

Sample Preparation

Epoxy-modified phenol novolac powder coating samples
with a well defined mean particle diameter of 21 + 1 pm
and 83 £ 1 pm were obtained from H.B. Fuller. This
system is a two-component formulation which consists
of the epoxy-modified phenol novolac and a phenolic
crosslinking agent. To accelerate the crosslinking pro-
cess, 2-methyl imidazole (2-MI) was added as a catalyst.
Each particle size powder was applied to a 3 cm % 10 cm
Al substrate using electrostatic spray (Nordson Versa-
Spray II) at a 30 kV potential under operating pressures
of 20 psi (atomizing), 30 psi (flow), and 3 psi (fluidizing).
All specimens were crosslinked at 110, 140, and 170°C
for 5, 10, 15, and 20 min. Crosslinked film thickness of
100-125 pm was determined using optical microscopy.

DSC Measurements

Differential scanning calorimeter (DSC) (Perkin-Elmer
Model 7) was used to measure kinetics of the crosslinking
reactions. Prior to analysis, temperature and calorimet-
ric parameters were calibrated using indium. Dynamic
DSC (DDSC) and isothermal DSC (IDSC) were performed

Table 1—Dynamic Reaction Kinetics Parameters

Average
Reaction System Scan Rate (°C/min) Q; (MW) Q; (MW)
EPN 21 um particle size ....... 1 611 625
5 613
10 618
15 639
20 644
EPN 83 um particle size ....... 1 561 585
5 581
10 589
15 594
20 601
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on powder coatings sealed in an Al cell under an N»
atmosphere (flow rate: 10 ml/min). The sample weight
used in these experiments ranged from 9-14 mg. DDSC
analysis was performed to determine the reaction
exotherm and extent of crosslinking.!® The average reac-
tion heat was measured from DDSC traces using heating
rates of 1,5, 10, 15 and 20°C/min. For IDSC analysis, the
sample was heated at 500°C/min to the isothermal tem-
perature, after which data was collected until a stable
baseline in the thermogram was achieved. Kinetic pa-
rameters were calculated using Perkin-Elmer 7 Series/
UNIX isothermal kinetics software.!415

Spectroscopic Measurements

Attenuated total reflectance (ATR) FTIR spectroscopy
was used to analyze the EPN specimens by observing
the film-substrate (F-S) and film-air (F-A) interfaces. The
spectra were collected on a Nicolet Magna 850 spec-
trometer, by co-adding 50 scans at a resolution of 4 cm™,
Happ-Genzel apodization, and two levels of zero-filling.
A variable angle ATR accessory equipped with a rectan-
gular KRS-5 ATR crystal (Spectra Tech) was aligned to
give an incident beam angle between 45 and 60°. Using a
polarized filter, spectra were obtained with TM (0°) and
TE (90°) polarizations to spectroscopically determine ori-
entation of surface species. Calibration curve for oxirane
band at 900 cm™ was determined by monitoring IR in-
tensity of a known concentration of biphenol-A and
plotting it as a function of concentration. The spectra
were corrected for optical effects using the Q-ATR algo-
rithm with Grams/32 (Galactic Industries Corporation)
software.1®

Adhesion Measurements

Adhesion was measured using an Elcometer Model
106 adhesion tester (Elcometer Instruments, Ltd.). All
powder coating specimens for adhesion analysis were
electrostatically sprayed onto aluminum panels and
crosslinked at temperatures of 110, 140, and 170°C for
time intervals corresponding to the particular experi-
ment. Al dollies were attached to the crosslinked films
with a two-component epoxy adhesive (Araldite), and
allowed to cure for 72 hr prior to dolly pull measure-
ments.

RESULTS AND DISCUSSION

In order to elucidate the origin of crosslinking reactions
of the polyfunctional epoxide and phenolic forming a
crosslinked macromolecular structure, it is important to
determine how particle size will affect kinetics of
crosslinking reactions. For that reason, we compared
reaction kinetics of 21 and 83 pm diameter powders to
determine activation energies of the crosslinking reac-
tions shown in Scheme 2. Ultimately, our goal is to deter-
mine the relationship between the particle size and ad-
hesion of powder coatings. In a typical coalescence sce-
nario for powders, the EPN powder is heated and pow-
der particles will reach a molten state in a finite time
period in which the reactions involved in the crosslinking
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process will occur. Since the ring-opening of the oxirane
functionality is an exothermic reaction, it can be fol-
lowed by DSC. Although both powder coatings have the
same chemical makeup, the effect of particle size on the
reaction kinetics may be affected by diffusion processes
occurring at a given time and temperature.

Previous studies have examined kinetic behavior of
epoxies using thermo-analytical measurements.!”!® The
basic assumption in DSC kinetics is that reaction rates
are proportional to a heat flow, as denoted by the fol-
lowing equation:

d_azix% (1)
dt  Q; adt

where o is the fractional conversion of the reactants to
products (for the extent of reaction), t is the reaction time
(s), and Qr is the total heat of reaction (mW). The rate of
reaction, da /dt, is assumed to be the product of two
functions, k(T) and f(a). While k(T) is defined by the
Arrhenius equation, f(a) will be defined by the reaction
rate. To describe an nth order reaction in terms of the
extent of reaction, the kinetic equation is shown as:

Z—T:K(‘]—G)n:K xfa) 2

where K is the reaction rate constant (s!), and n is the
reaction order. By utilizing equations (1) and (2), the
kinetic parameters can be obtained from isothermal DSC
analysis at different temperatures. Fitting data from an
isothermal curve for a given value of a, kinetic equa-
tions can be simplified to yield the reaction rate con-
stant, K. Using linear regression analysis of the rate con-
stant data at each isothermal temperature, the activation
energy (Ea.q) of this reaction can be determined.

In an effort to determine temperature ranges for iso-
thermal measurements, DDSC was performed. As shown
in Figure 1, scanning over the crosslinking temperature
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| | Figure 1—Dynamic DSC thermogram of 21 pm

EPN powder coating scanned from 25 to 250°C
at 10°C/min; reaction exotherm measured at
144°C.

range allows us to monitor the reaction exotherm. As
can be seen from the thermogram, the onset of the reac-
tion exotherm is at 80°C, which is the point at which the
lowest isothermal measurement will be made. Subse-
quent isothermal measurements were made at equal
intervals throughout the exotherm range. The reaction
heat (Qr) measured from DDSC traces is shown in Table
1, from which the average Qr is calculated.

In isothermal analysis, the DSC curve shape is indica-
tive of the kinetics, and in the isothermal trace shown in
Figure 2, an immediate exothermic peak is followed by
exponential decay, which is characteristic of an nth or-
der kinetics model. Using these data, an extent of cure
(0) as a function of isothermal reaction temperature was
determined using equations (1) and (2). This is shown in
Figure 3, and it appears that a 21 pm particle diameter
powder system exhibits a higher extent of reaction at
temperatures up to 155°C, as compared to that of the 83
pm diameter. As the temperature increases above 155°C,
the extent of crosslinking difference between the two
particle sizes narrows, and at 185°C, the extent of
crosslinking between the two powder coatings is simi-
lar. Based on these data, it is apparent that the delayed
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Figure 2—Isothermal DSC thermogram at 140°C
for 21 um EPN powder coatings; reaction
exotherm measured at 1.2 min.
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Figure 3—Extent of crosslinking for 21 and 83
um particle size powder coatings as a func-
tion of reaction temperature.

increase in the coarser particle reaction is due to the
difference in particle size.

If one assumes that crosslinking kinetics at various
temperatures obey Arrhenius behavior, the following
relationship can be applied:

In (K) =In (A) — Eac/RT (3)

where A is the frequency factor (s), R is the gas con-
stant (8.31 ] mol'K™), T is the temperature (K), and Eac
(kJ/mol) is the activation energy. The thermal response
data can be fitted to equations (1) and (2) to derive the
crosslinking reaction rate constant, K. In Figure 4, In (K) is
plotted as a function of 1/T which will allow us to obtain
activation energies (E.«) for 21 and 83 pm particle size
powder systems. From the slopes shown in Figure 4, the
Eact values of 41 k] /mol for the 21 pm powder and 58 kJ /
mol for the 83 um powder are determined. The E, data,
as well as the frequency factor, In (A), and reaction
order, n, are summarized in Table 2.
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Figure 4—Arrhenius plots for (A) 21 um particle
diameter EPN powder coating and (B) 83 um
particle diameter EPN powder coating.

Based on the previous data, if the crosslinking reac-
tions are solely controlled by the kinetics of chemical
reactions, the E, values for the 21 and 83 pm diameter
powder coatings should be the same. In view of the
differences of the activation energies, two questions need
to be addressed: why activation energies are different
and, what processes, other than kinetics, control
crosslinking behavior? Before we address these issues,
let us consider differences between the particle kinetic
data which suggest that activation energies are intrinsi-
cally related to the film formation process. In order for
crosslinking reactions to occur, reacting functional groups
must be in a close proximity to each other. Because
diffusion of polymer chains depends on viscosity, par-
ticles converted to a molten, lower viscosity state react
faster. Thus, it is appropriate to consider thermal con-
ductivity and its effect on melting behavior of both di-
ameter powder particles.

Several studies have shown the dependence of reac-
tion rates in thermally crosslinked systems with the in-
crease of molecular weight, which directly involves a
change in melt viscosity.*?° In the reactions shown in
Scheme 2, the rate of crosslinking is kinetically controlled,
up to the point of vitrification.?! At the onset of melting,
the extent of crosslinking and the melt viscosity are low.
As reactions continue, the coating will form a stable
interface with the substrate as the adhesive interphase
forms. In order to understand the crosslinking behavior
of EPN powders, let us consider the effect of particle size
on the melting point. Observation of the melt behavior
of powders as a function of temperature shows that
powder packing plays a key role in which the melting
point of a specimen will depend on the thermal conduc-
tivity of the heated surface. Since the thermal conductiv-
ity coefficient of air is much lower than that of organic
polymers, the presence of voids will extend the time
required for a specimen to melt due to lower contact
area between neighboring particles. In the case of EPN
powders, thermal conductivity of a 21 pm particle size
will be approximately four times greater than an 83 pm
particle.?? Therefore, smaller particle size powders will
be expected to reach a molten state in 25% shorter times
than larger sizes. Therefore, extent of crosslinking reac-
tions at a given temperature will be greater for smaller
particles. As the temperature increases, the magnitude
of thermal transfer will also increase, and thus, extent of
reactions for larger particle sizes will be similar to those
with a smaller particle size. In essence, a combination of
time-temperature-particle size transition will determine
the extent of crosslinking.

Although thermal analytical techniques are useful in
determining thermal behavior of polymers, they are in-
sufficient when quantitative analysis of crosslinking
groups is desired. The degree of crosslinking in EPN
powder coatings can be determined spectroscopically

Table 2—Isothermal Reaction Kinetics Parameters

E IC]
Reaction System InA (™) n (kJ/tHoI)
EPN 21 um particle size ....... 6.84 2 41
EPN 83 um particle size ....... 8.47 2 58
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Figure 5—ATR FTIR spectra of 83 um powder
specimen: (A) uncrosslinked EPN powder coat-
ing, (B) EPN powder coating crosslinked at
110°C for 10 min;, (C) EPN powder coating
crosslinked at 110°C for 30 min; and (D) EPN
powder coating crosslinked at 110°C for 60
min.

by monitoring oxirane and hydroxyl functionalities.
However, our particular interest was reactions occur-
ring near the F-S interface because this interface is ulti-
mately responsible for adhesion. For that reason, we
utilized ATR FTIR spectroscopy.

Figure 5illustrates ATR FTIR spectra of 83 pm particle
size epoxy-modified phenol novolac powder coating
films at various stages of crosslinking. Traces A-D illus-
trate the spectra recorded at the F-S interface of 83 pm
particle powder crosslinked at 110°C for 0 to 60 min. As
a first step in spectroscopic analysis, it is necessary to
establish the origin of infrared bands. As a means to
interpret bands involved in crosslinking reactions at vari-
ous stages of crosslinking, Table 3 lists the observed
bands and their tentative assignments.??> As seen in

I
E

1II"'}

Wercngenher -]

Figure 6—ATR FTIR spectra of (A) uncrosslinked
EPN powder coatfing; (B) 60 min crosslinked
EPN powder coating, and (c) subtracted spec-
fra, A—B.

Figure 5, it is apparent that the bands at 1012 and 900
cm™ due to the asymmetric and symmetric C-O-C
stretching modes of oxirane decrease with increasing
crosslinked time. The bands at 1029 and 826 cm™! due to
the O-H and C-O groups of the phenolic crosslinker
also exhibit lower intensity at extended crosslinking
times. The 1461 cm™ normal vibrations of phenolic hy-
droxyl groups and detected 1440 cm™ band due to hy-
drogen bonding, also decrease. The band at 1507 cm™ is
due to the benzene ring and therefore, independent of
the degree of cure, but proportional to the amount of the
coating. Since this band remains constant at all stages of
cure, it will be used as an internal reference standard in
these studies.?® To further define the functional groups
involved in the crosslinking process, Figure 6 illustrates
the difference spectrum of an 83 pm EPN film crosslinked
at 110°C for 60 min, subtracted from an uncrosslinked 83

Table 3—Tentative Infrared Band Assigments for Uncured Epoxy-Modified Phenol Novolac Powder Coating

Wavenumber (cm-') Band Assignment Component
3493 v(OH) PN
3053 Vas(CH2) EPN
TOOB i v(C=C) ¢ PN
1883 v(C=C) ¢ PN
1807 oo v(C=C) ¢ + v (N=C-N) PN
1461 . ..0(OH) + v (C-0) PN
1440 . .. H-bonded & (OH) PN
1295 v(C-C) +v (C-0) PN
1283 i v(C-O) + 3 (¢-H) in-plane PN
TT8T 3(¢-H) in-plane PN
TOOO v Vas(p-O-C) PN
TO29 v($-O-H) PN
TOT2 i Vas(C-O-C) EPN
D36 8(¢-H) out-of-plane PN
Q00 1.t vs(C-0O-C) EPN
820 i v(C-0O) + v (O-H) in-plane and out-of-plane PN
770 i 3(¢-H) out-of-plane PN
755 wW(CHy) EPN
BAT i 3(C-OH) out-of-plane PN

v: stretching

d: deformation

w: wagging

¢: aromatic ring

PN: phenolic novolac

EPN: epoxy-modified phenolic novolac
2-Ml; 2-methyl imidazole (catalyst)
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Figure 7—Calibration curve for oxirane band
(P00 cm) plotted as a function of oxirane
concentration.

pHm specimen. The criterion for subtraction is elimina-
tion of the 1507 cm™ normalization band. The major
features of the difference spectrum are observed at 1461,
1029, and 826 cm™ due to the phenolic resin participa-
tion in the crosslinking reactions, as well as the 1012 and
900 cm~! band responsible for oxirane group consump-
tion. This analysis shows that band intensities of the
difference spectra due to phenol groups diminishes their
intensity at a higher rate than that due to epoxy. This
discrepancy comes from the fact that phenol groups are
consumed in reactions not resulting from the crosslinking
with epoxy; instead condensation of the hydroxyl groups
in the presence of a catalyst may occur. It should be
noted that 21 and 83 pm particle size powders exhibit
the same chemical composition prior to crosslinking re-
actions, thus any spectroscopic changes observed in the
spectra result from crosslinking reactions.

In an effort to relate oxirane consumption to adhe-
sion, let us quantify oxirane concentration. Using quan-
titative procedures outlined in the previous studies,?*?”
analysis of the decrease in oxirane concentration as a
function of crosslinking time is made. ATR FTIR spec-
troscopy is used to monitor the intensity of the oxirane
bands at 900 cm™ due to oxirane breathing vibrations.?
Because quantitative use of ATR FTIR spectroscopy re-
quires a calibration curve, Figure 7 was constructed, plot-
ting known concentrations of oxirane as a function of the

900 cm™ band intensity.?* Using Beer-Lambert’s Law,
one can determine a molar absorption coefficient of
oxirane from the slope of the calibration curve which is
equal to 528.7 L/mol-cm, followed by quantitative as-
sessment using Q-ATR of the oxirane concentration at
various crosslinking times.1®

When oxirane concentration is plotted as a function of
the reaction time for a given temperature, oxirane con-
centration decreases. This is illustrated in Figure 8 which
shows decreasing oxirane concentration for the 21 and
83 pm powder systems at increased reaction times and
temperatures. Quantitative analysis of the F-S interface
shows a change in oxirane concentration from 5.87 x 10~
M to 2.11 x 103 M for the 21 pm particle size upon
crosslinking at 185°C for 20 min. Likewise, for the 83 pm
particle under the same conditions, the oxirane concen-
tration decreases from an uncrosslinked concentration
of 5.02 x 103 M to 2.63 x 10 M. Thus, the oxirane
functionality decreases at a faster rate for smaller par-
ticle sizes, with the differences more apparent at inter-
mediate temperatures and reaction times.

As a means to determine differences in reactivity as a
result of the surrounding environment, powder coating
films were analyzed using ATR spectroscopy at the F-A
and F-S interfaces. A spectral comparison between the
interfaces show virtually no variation in the 900 cm™
band for the 21 pm particle size. For the 83 pm particle,
slightly higher oxirane concentration (10~ M difference)
is observed at the F-A, suggesting that the thermal and
chemical conditions encountered at the F-A and F-S are
similar for the 21 pum particle size powder system, but
other factors may influence crosslinking reactions of the
83 pm coating. In addition, depth profiling studies of the
powder coatings revealed that no crosslinking stratifica-
tion is observed from 0 to 2 pm below the surface. Since
adhesive interactions will be localized at the coating-
substrate interface, the remainder of this study will fo-
cus on the analysis of the F-S interface.

Spectroscopic determination of the orientation of sur-
face species is accomplished by the use of polarized
light.?> The polarized ATR FTIR spectra of 21 and 83 pm
EPN powder coating indicate that the oxirane and the
hydroxyl functionalities have no preferred surface ori-
entation near the F-S interface. Therefore, the particle
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Figure 8—ATR measured oxirane concentra-

tion (mM) plotted as a function of crosslinking
time under isothermal conditions.

140 Journal of Coatings Technology

1hlly Poll Aadhcsion
i)

110 140 170
Core Temperature (1)

&1 mem
21 nm

WA w21 um

Figure 9—Pull-off adhesion (psi) measured for
powder coating on Al substrate for 21 and 83
um particle powder films crosslinked at 110,
140, and 170°C for 10 min.
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Figure 10—Pull-off adhesion (ppsi) measured for
powder coating on Al substrate for 21 um and
83 um particle powder films crosslinked at
110°C for 10, 30, 60, and 120 min.

size does not appear to play a role in the orientation of
these groups. This behavior is expected since the chemi-
cal composition of each particle size is the same, and the
diameter of the particle has no influence on the oxirane
group orientation.

Although there are numerous sources that may con-
tribute to improvement of adhesion, it is known that a
smaller particle size will have more efficient packing,
less void space, and therefore, may exhibit enhanced
adhesion due to the greater number of surface
functionalities present at the F-S interface. Increased sur-
face area allows for increased functional group interac-
tions which leads to a higher reaction efficiency.3! An
important factor to consider is improved wetting during
the crosslinking stages which, for the smaller chemical
powder makeup, would be enhanced for smaller par-
ticle powders due to higher thermal conductivity, in-
creased particle-particle contact, and a lower viscosity,
resulting in improved penetration into the substrate. As
shown in the previous studies,?? finer powder particles
exhibit improved flow properties and the time (t) re-
quired for a powder particle to completely coalesce into
a continuous film is shown by:

_Xxnr
p= 200 (4)
y

where X is a constant, ) is the viscosity of the powder
coating, r is the radius of the powder particle, and y is the
surface tension of the coating.*??

Due to oxirane concentrations measured at the par-
ticle surface and particle size effect on surface area and
packing efficiency, let us examine how adhesion varies
with the particle size for a given time-temperature-par-
ticle size-transition. Adhesion measurements for both
particle sizes crosslinked at 110, 140, and 170°C for 10
min are illustrated in Figure 9. These results indicate that
consistently higher adhesion occurs at all crosslinking
temperatures for the 21 pm particle size. Correlation of
the data obtained from DSC and ATR measurements
indicates that a significantly higher extent of crosslinking
would be expected for the 21 pm particle coating under
these conditions. Since the reactions involved in the
crosslinking process will also contribute to chemical and
mechanical interactions, enhanced adhesion would be
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Figure 11—Pull-off adhesion (psi) plotted as a
function the extent of crosslinking for 21 um
and 83 um particle powder films crosslinked at
110, 140, and 170°C for 10 min.

expected. The thermal lag associated with larger particle
size may also reflect the lower adhesive values for the 83
pm film, as the film fails to properly wet the substrate.
These observations are reflected in the difference in the
activation energies, in which 21 pm is lower than 83 pm
diameter particles. It should be noted that these results
also indicate an obvious connection between the effect
of particle size on the production throughput and eco-
nomics of the process.

Figure 10 further defines the relationship between
powder coating melt behavior and adhesion for extended
cure times at 110°C. This experiment shows that the two
particle sizes will approach similar adhesion perfor-
mance, given the required time for crosslinking. As cure
time increases from 10 min to 120 min, adhesion of the
83 pm powder improves dramatically, while the 21 pm
powder improves at a comparatively slower rate. As
was shown in Figure 8, the reaction of oxirane
functionalities at 10 min is more pronounced for the 21
pum particle size when compared to 83 pm, but similar
oxirane concentrations are observed at extended time
periods. These results clearly show that the extent of
crosslinking in powder coatings, which for liquid coat-
ings would be adequately described by time-tempera-
ture-transition (TTT),* is affected by a particle size, and
for that reason time-temperature-particle size (TTPS)
transformation reflects processes in crosslinking of pow-
ders. As shown in Figure 10, overcoming the lower ther-
mal conductivity inherent to the larger particle sizes,
crosslinking of both powders are found to be nearly
identical, which is reflected in a correlation between the
extent of crosslinking and adhesion as a function of
temperature. Although these data were indirectly pre-
sented in Figures 3,9, and 10, Figure 11 was constructed
to illustrate that for 21 pm particle size the highest
crosslinking enhances adhesion.

CONCLUSIONS

These studies show that the effect of particle size may
significantly influence the crosslinking kinetics as well
as adhesion of powder coatings to metal substrates. En-
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hancement of pull-off adhesion for the 21 pm particle
size crosslinked is attributed to time-temperature-par-
ticle size transition, and it appears that smaller particle
sizes exhibit higher adhesion. The effect of particle size
is attributed to the higher thermal conductivity of the
finer powders, resulting in improved wetting of the sub-
strate in a molten state, thus promoting chemical and
mechanical adhesion. Smaller particles provide shorter
cure times, thus powder coalescence plays a very impor-
tant role in achieving crosslinking and proficient adhe-
sion.
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