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ABSTRACT: In radiation-cured acrylate coatings, a high conversion of monomer is

generally desired to improve hardness, prevent further slow reaction upon aging,
and avoid surface toxicity; however, shrinkage and, consequently, stress in coatings
tend to increase with conversion. One route to achieve high conversion while
maintaining low coating stress is to promote stress relaxation. In this study,
acrylate coatings were cured with a UV lamp that was cycled on and off, varying the
period from 2 to 60 min while keeping the total dose constant. All samples reached
nearly the same conversion, between 46 and 48% conversion of functional groups, as
measured by FTIR spectroscopy. The coating stress (measured with cantilever
deflection) at the end of the exposure cycles, however, was lowered from 8 MPa
(tension) to less than 3 MPa (tension) as the period was decreased from 60 to 2 min.
The cycling had no significant effect on either the coating hardness or the modulus,
as measured by a Hysitron triboscope. Stress relaxation and/or slower reaction
during the dark periods are the likely causes for the lower coating stress. It was
advantageous to introduce dark periods early in the processing. © 2002 Wiley Peri-

odicals, Inc. J Appl Polym Sci 84: 2784 -2793, 2002
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INTRODUCTION

Photopolymerization of multifunctional acrylates
coatings, initiated with ultraviolet (UV) light, is a
rapid method for converting liquid monomers and
oligomers into crosslinked, glassy polymer net-
works at room temperature. Acrylate coatings can
be formulated without solvent, leading to mini-
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mal volatile organic compound emission and re-
duced energy requirements during processing.
The high mechanical strength and good solvent
resistance of the resulting crosslinked polymers
have led to their application as protective layers,
adhesives, dental restorative materials, and pho-
toresists.’* Given the demands of applications
like these, there is an ongoing need to achieve
high conversion while minimizing coating stress
to avoid defects such as peeling, curling, cracking,
crazing, rippling, and bending.’~®

Shrinkage usually occurs during polymeriza-
tion because the polymer network formed is usu-
ally denser than the unreacted monomer. Be-
cause the coating adheres to a rigid substrate,



though, shrinkage (after solidification) can occur
only in the thickness direction. Frustration of in-
plane shrinkage leads to a tensile stress. How-
ever, at the same time that stress accumulates, it
can be relaxed by processes such as molecular
motion and flow. The measured stress at any time
is the result of the competition between stress
buildup from frustrated shrinkage and stress re-
lief from relaxation. In UV-cured glassy acrylate
crosslinked coatings, the final coating stress can
be on the order of 2-30 MPa.%?

In many UV-cured systems, a high crosslink
density (i.e., high conversion) is desired to im-
prove hardness and solvent resistance.'°~2 How-
ever, shrinkage and the formation of defects gen-
erally increase with conversion.®'%3-15 Exam-
ples of this are found in the fabrication of optical
disk and photoresist coatings. For these coatings,
a high conversion is important for high modulus,
pencil hardness, and abrasion resistance and to
avoid outgassing of unreacted monomers and pho-
toinitiators, which can contaminate the atmo-
sphere and/or corrode metal underlayers. How-
ever, excessive stress buildup resulting from po-
lymerization shrinkage can cause buckling,
cracking, and delamination of the polymer coat-
ing.'"2 Clearly it is an optimization problem to
balance increasing conversion against increasing
stress.

A number of processing variables have already
been shown to influence conversion®?16-2! and
stress development®? in UV-cured acrylate coat-
ings subjected to continuous radiation exposure:
monomer functionality, photoinitiator concentra-
tion, coating thickness, light intensity and wave-
length, and curing temperature. However, the ef-
fects of imposing a time-varying radiation pattern
on conversion, stress development, and mechani-
cal properties have received little attention in the
open literature, although such techniques are of-
ten used in commercial practice.

In this study we examine the effects of the
simplest time-varying exposure sequence: cycling
the UV lamp on and off (square wave) during the
processing. During the lamp on times, the conver-
sion increases rapidly but with the penalty of
increasing stress. During the off times, the curing
reactions proceed much more slowly and there is
opportunity for stress relaxation to occur. We in-
vestigate the effect of the duration of the dark
period on its ability to effectively reduce stress.
We also examine whether comparable conversion,
hardness, and modulus can be achieved when
incorporating dark reaction periods.
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Figurel Chemical structures of TMPTA and DMPA.

EXPERIMENTAL

Sample Preparation and Curing Conditions

In the present curing study, trimethylol propane
triacrylate (TMPTA; Aldrich Chemical, Milwau-
kee, WI) was the monomer and 2,2-dimethoxy-2-
phenylacetophenone (DMPA; Aldrich), the photo-
initiator. The chemical structures are shown in
Figure 1. The photoinitiator was added to the
monomer liquid in the dark to limit preexperi-
mental curing. The photoinitiator concentration
was 0.005 (expressed as the ratio of moles of
DMPA to total moles of double bonds). Curing
took place at room temperature (~ 21°C) and in a
nitrogen atmosphere to minimize oxygen inhibi-
tion of radicals.

A 365-nm UV lamp (Ultracure 100 SS Plus;
EFOS, Mississagua, Ontario, Canada) was used
to irradiate the samples with a light intensity of
100 uW/cm? (unless otherwise noted). The UV
intensity of the 365-nm radiation was monitored
with a digital radiometer (Spectronics, Westbury,
NY). A low light intensity (compared to that of
those used in industrial applications) was se-
lected to allow observation of the transient behav-
ior of conversion and stress development (i.e., ul-
trafast curing was not desired). Under these con-
ditions, the predicted light attenuation through
the film thickness (50 um) was estimated to be
less than 3%.

For all but one sample, the UV-exposure cycle
consisted of equal intervals of light and dark (i.e.,
X min on/X min off) with an on-interval intensity
of 100 uW/cm?. The UV lamp itself was on the
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entire time; however, a shutter was used to im-
pose the on/off exposures. If the UV lamp were
turned on and off, the lamp’s warm-up time would
have been an issue. The total time for the exper-
iment was held constant at 1 h. The cumulative
on and off times therefore totaled 30 min each.
The on/off interval X was varied between 1 and 30
min. For example, with X = 1 min, the UV lamp
was (on 1 min/off 1 min) 30 times. Henceforth, 2X
will be referred to as the period, but for conve-
nience, results will be presented and discussed in
terms of the half-cycle time (X). Note that if the
period becomes very small compared to the sys-
tem’s characteristic chemical reaction times, it is
as though the system were exposed to an average
intensity. This is discussed in more detail in the
literature.?*?? Therefore, the case of 50 wW/cm?
and 1 h of continuous exposure was also investi-
gated because it represents the limiting case as
the period 2X approaches zero. In all cases, the
total radiation dose was 0.18 J/cm?.

Stress Measurement

An automated draw-down coater was used to
meter coating thickness at a constant coating
speed (0.70 cm/s). The final coating thickness in
all cases was 50 um (+2 um), as measured with a
micrometer (Model 543-253B, 7004; Mitutoyo
Corp., Naucalpan, Mexico). Stress development
was monitored using a controlled-environment
stress-measurement apparatus based on the can-
tilever deflection measurement principle.?* Coat-
ings were prepared on steel feeler gauge stock
(thickness 0.35 * 0.005 mm, clamped dimensions
45 X 6 mm; L. S. Starrett, Athol, MA). Deflection
was measured with an optical lever consisting of a
small HeNe laser, a position-sensitive photodiode
(DL-10; UDT Sensors, Hawthorne, CA), and var-
ious intermediary optics. All data were acquired
via computer. The average in-plane stress in the
coating was calculated from the cantilever beam
bending equation

B Et3d
" 8cL(t + ¢)(1 — vy)

(D

o

where Eg and vg are the Young’s modulus and
Poisson’s ratio of the substrate, respectively; ¢ and
L are the thickness and clamped length of the
substrate, respectively; c is the coating thickness;
and d is the end deflection of the cantilever. The
derivation of eq. (1) with assumptions and exper-
imental constraints is given elsewhere.?5-27

Conversion Measurement

A Magna 75011 FTIR (Nicolet Instruments, Mad-
ison, WI) in transmission mode was used to mon-
itor conversion during cure. Samples were sand-
wiched between two NaCl plates separated by a
0.025 X 25 mm Teflon spacer (SpectraTech, Shel-
ton, CT) and were then UV-cured inside the in-
strument (in a nitrogen atmosphere at room tem-
perature). Spectra were acquired and the frac-
tional conversion of double bonds was obtained by
monitoring the drop in the C=C absorbance peak
area (peaks at 1635 and 1619 cm ™). To directly
compare the conversion and stress measure-
ments, the layer of acrylate between the salt
plates was made half as thick as the coating used
in the stress measurement, to account for reflec-
tion of photons from the steel substrates during
stress measurement.

The relative final conversion was also deter-
mined directly for the coatings from the stress
measurement apparatus using diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS).
Coated samples were abraded with 320-grit SiC
paper (SpectraTech) so that material from the
coating surface adhered to the SiC paper, which
was then analyzed by DRIFTS. Successive layers
(three to five per sample) were transferred onto
the SiC paper so that the average extent of cure
through the thickness could be calculated and
compared to that obtained by transmission FTIR.
However, this average could be calculated using
data from only the top half of the film because the
sanding process triggered film delamination be-
low the 25-um point. Three to six samples from
each coating were obtained and two to three coat-
ings were tested for each cure pathway.

Absorbance values using DRIFTS depend on
the quantity of sample; therefore, C=C peak ar-
eas were normalized using the 1748 cm ™! car-
bonyl peak. Absolute conversion of the coatings
could not be calculated because spectral interfer-
ence from the SiC paper broadened and shifted
the carbonyl peak, as shown in Figure 2. This
problem was discussed by Dumont and De-
pecker?® and Moradi et al.?; these researchers
recommend depositing nonabsorbing powder on
the sample surface to decrease the penetration
depth of the incident beam and to increase the
irradiated surface by lateral expansion of the
beam in the nonabsorbing material. In this study,
however, when nonabsorbing spectral-grade KBr
was used, the percentage transmission was se-
verely reduced. Moreover, samples with KBr



Monomer &

. / (ATR)

0.6

Cured Sample

Absorbance

2000 1900 1800 1700 1600 1500
Wavenumbers {cm"}

Figure 2 Spectral interference of SiC using DRIFTS
leads to broader and shifted carbonyl peak for cured
samples. Monomer spectrum was obtained by attenu-
ated total reflectance (ATR).

needed very long purge times to remove interfer-
ence of water peaks, and there was concern that
samples be tested quickly to minimize the error in
measurements caused by further reaction. For
these two reasons, relative final conversion, not
absolute final conversion, is reported. A spectrum
of the abrasive paper was used as the back-
ground. DRIFTS tests were performed on samples
immediately after indentation experiments,
which are discussed in the next section. Area
ratios were analyzed using a one-way analysis of
variance (ANOVA) and the Tukey—Kramer mul-
tiple comparison test (p < 0.05) to assess differ-
ences in the final extent of conversion.

Hardness and Modulus Measurement

A Hysitron triboscope®® with a diamond tip Berk-
ovich indenter (radius = 1 um) was used to mea-
sure the hardness and reduced modulus of the
coatings cured by the different exposure path-
ways. To minimize the error resulting from
changing properties attributed to further cure or
physical aging, indentation was performed in
darkness within 90 min after cure. Transmission
FTIR results showed that conversion increased no
more than 2% during this 90-min dark period.
The trapezoidal-type load profiles consisted of
loading at 4000 uN for 1 s, holding for 30 s, and
then unloading in 1 s. Under these conditions, the
indenter tip penetrated less than 2% into the film.
The hardness of the coatings was calculated using
the equation
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H=P/A, (2)

where A, is the contact area between the indenter
and the film at load P. The reduced modulus E,
for all samples was determined based on a
method developed by Doerner and Nix! and can
be expressed as

m dP 1
E,ZW%W 3)

where dP/dh is the tangent to the curve P versus
h (depth) at the onset of unloading. The reduced
modulus can also be expressed as

11— 1-17

E- E ' E

(4)

r

where E and v are the Young’s modulus and Pois-
son’s ratio for the sample, respectively; and E; and
v; are the same parameters for the indenter.
When E; > E, eq. (4) reduces to

(5)

Ten to 20 indents were made on each coating and
the hardness and modulus values were then av-
eraged to obtain a mean hardness and modulus
for that coating. The hardness and modulus for
the two or three specimens for a cured pathway
were then averaged to obtain a group hardness
and modulus. These data were analyzed using a
one-way ANOVA and the Tukey—Kramer multi-
ple comparison test (p < 0.05).

RESULTS AND DISCUSSION

Conversion: Transmission FTIR

Figure 3(a) shows transmission FTIR data for
conversion as a function of time during the differ-
ent curing sequences. For each of the samples,
conversion increases rapidly at early times be-
cause diffusion coefficients of monomers and rad-
icals are high in the liquid and rubbery states, but
conversion increases less rapidly later in the pro-
cessing because crosslinking and vitrification
slow diffusion.®916-21:32-36 Pigyre 3(a) suggests
that the division between these two regimes is at
about 35% conversion. For all curing sequences
examined, the final conversion was found to be in
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Figure 3 (a) Conversion (transmission FTIR) is not
affected by the cycling and depends only on the dose of
UV. Plot of conversion in magnitude, labeling with half-
cycle times (in minutes), with total dose = 0.18 J/cm? for
all cases. Each data point represents the conversion ob-
tained from one FTIR scan. A line connecting points rep-
resents the interpolated conversion between points. (b)
Conversion at early times shows separation between the
5-, 10-, 15-, and 30-min half-cycle time curves and the
1-min half-cycle time curve. The coating exposed to a
1-min half-cycle time is different because the lamp is first
turned off before vitrification has occurred. Each data
point represents the conversion obtained from one FTIR
scan. A line connecting points represents the interpolated
conversion between points.

a very narrow range from 46 to 48%, and did not
appear to be substantially influenced by the half-
cycle time. Moreover, as the half-cycle time grew

shorter, it was found that the conversion profile
approached that for continuous exposure at half
the intensity (50 uW/cm?). Apparently, then, for
these samples it does not matter much when the
free radicals are generated; nearly the same con-
version can be achieved.

Figure 3(b), an expansion of the first 15 min of
Figure 3(a), shows that at early times there is a
separation between the 5-, 10-, 15-, and 30-min
half-cycle time curves and that for 1-min half-
cycle time. The separation between these curves
for the 1- and 5-min half-cycle times suggests that
there is a sharp decrease in reactant diffusivity
and radical concentration between 1 and 5 min of
exposure, followed by a much more gradual de-
crease at longer times. If the diffusivity and rad-
ical concentration had decreased more uniformly
with conversion over the entire span between 1
and 30 min, one would expect that all of the
curves would have separated from one another.
Therefore, it appears likely that the samples have
not yet vitrified by the 1-min mark (when the
lamp is first turned off for the 1-min half-cycle
time sample). However, for times exceeding 5
min, vitrification has likely occurred before the
lamp is first turned off. Figure 3(a) shows that at
later times, the conversion for the 1-min half-
cycle time sample and the continuous exposure
for the half-intensity sample gradually increase,
to reach about the same conversion as the other
cured samples.

Using a 1-min half-cycle time, the first dark
periods were introduced at low conversion, when
the conversion was still increasing quite rapidly.
One can readily detect the departure of this con-
version curve from the others at 1 min, when the
first dark period was introduced. However, using
a 5-min half-cycle time, the first dark period was
introduced after about 37% conversion, that is, at
such a late time that conversion was not increas-
ing very rapidly. It is not as easy now, however, to
detect the departure of this conversion curve from
the others at the 5-min time point. In general, the
slope of the conversion curves changes less
sharply when the first dark reaction time is in-
troduced later in the processing (as the period is
increased).

Final Conversion: Diffuse Reflectance IR

Final averaged relative conversions among cured
coatings processed in the stress measurement ap-
paratus (obtained using DRIFTS) are shown in
Figure 4. The numerical results, along with stan-
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Figure 4 Final relative conversion (DRIFTS) is not
affected by the lamp cycling. All samples exposed to

cycling had area ratios within 9% of the grand average
of 0.082 (represented by dashed line).

dard deviations, are shown in Table I. For all of
the coatings prepared with UV cycling, the area
ratio was within 9.0% of the grand average
(0.082). The Tukey—Kramer analysis (p < 0.05)
showed that there was not a significant difference
in conversion of the coatings prepared in the
stress-measurement apparatus. This conclusion
is consistent with the transmission FTIR results,
which showed only small differences in conver-
sion after cycling was complete. When data for
the half-intensity samples (exposed the full time)
are included in the statistical analysis, all area
ratios were within 8% of the grand average
(0.0814) with Tukey—Kramer analysis (p < 0.05)
still showing no significant differences between
samples. Therefore, the DRIFTS tests confirmed
the transmission IR results: final conversion of
the cured coatings does not depend on the radia-
tion history.

Stress

Figure 5 shows stress as a function of time during
the different curing sequences. To point out the
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Figure 5 Final stress is affected by the lamp cycling.
Plot of residual stress in magnitude, labeling with half-
cycle times (in minutes), with total dose = 0.18 J/cm?
for all cases. Stress for half intensity (limit as half-cycle
time — 0) coating exposed the full hour (not shown) has
a final stress of 8 MPa, an indication that the optimal
half-cycle time (X) is 0 < X < 5 min.

most salient features of stress behavior in a
crosslinking system, we first focus on the stress
profile for a coating exposed to a half-cycle time of
30 min. During the first minute or so, no stress
develops because the coating is still a liquid. At
this stage, the volume change from shrinkage can
be accommodated by flow. The stress-relaxation
time during this period is almost instantaneous.
However, as the polymerization proceeds further,
the elastic modulus of the coating increases and
the stress-relaxation rate slows until stress can
be supported. After this point, further conversion
leads to frustrated shrinkage and, therefore, an
increase in coating stress. Although most of the
conversion takes place during the first 5 min [see
Fig. 3(a)l, stress steadily continues to rise after
that point because the magnitude of the stress
depends not only on shrinkage but also on modu-
lus, which increases significantly as conversion

Table I Final Relative Conversion, Reduced Modulus, and Hardness for the Lamp Cycling X On/X

Off Experiments, Where X is the Half-Cycle Time

X (min) C=C Area/C=0 Area E, (GPa) H (GPa)
30 0.0852 = 0.0021 2.716 + 0.216 0.1094 = 0.0061
15 0.0789 = 0.0033 2.737 + 0.028 0.1122 = 0.0002
10 0.0797 = 0.0016 2.783 + 0.062 0.1147 = 0.0003
5 0.0798 = 0.0016 2.694 = 0.030 0.1105 = 0.0016
1 0.0852 + 0.0029 2.720 = 0.034 0.1090 = 0.0017
0 (1/2 intensity) 0.0808 = 0.0021 2.431 + 0.308 0.1031 = 0.0029
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proceeds. When the lamp is turned off at the
30-min mark, stress continues to grow, though
less quickly. It is difficult to detect stress relax-
ation during this dark period because, by the time
the lamp is turned off, the modulus and stress-
relaxation time are large enough that even a
small increase in conversion during the dark pe-
riod will lead to an increase in stress. Instead, it
would seem that the change in slope is the result
of a slower chemical reaction rate. For the coat-
ings exposed to half-cycle times of 15 and 10 min,
the stress behavior is similar to that of the 30-min
case. The slopes of these stress curves during the
lamp on periods are about the same at any given
stage of the process, as are the lamp off periods.
Therefore, the final coating stress in all three
cases is roughly the same, about 8 MPa.

The stress profile using a half-cycle time of 5
min is quite different. Aside from the first 5 min of
radiation, the slopes of the stress curve for this
coating during the lamp on and off times are
smaller than those for the 30-, 15-, and 10-min
half-cycle time coatings. This difference can al-
ready be seen at the 20-min time point; at that
moment, the 5- and 10-min half-cycle time coat-
ings have been exposed to equal amounts of light
and dark. However, the coating exposed to the
5-min half-cycle time has a significantly lower
stress than that of the coating exposed to the
10-min half-cycle time. Therefore, using a half-
cycle time of 5 min, the final stress reaches only 5
MPa. There are several factors that may contrib-
ute to the difference in stress. The modulus of the
coating may be lower at a given time, or the
conversion itself may also be causing less shrink-
age resulting from a different structural develop-
ment. Both possibilities would result in a lower
stress. Furthermore, the lower stress may be at-
tributable to the greater amount of stress relax-
ation, especially early in the process.

The stress behavior for the coating exposed to a
half-cycle time of 1 min is also very different from
that for the other coatings. During the first 8 min,
very little coating stress is apparent. Dark-period
stress relaxation is playing a key role during this
time, which can easily be seen in Figure 6. There
are clear increases in stress during the lamp on
periods (starting at even-numbered minutes) and
gradual decreases in stress during the off periods
(starting at odd-numbered minutes). Note that at
early times and during the lamp off periods, con-
version is still increasing, although the modulus
of the coating is small. The stress accumulated
from the additional conversion is small and stress
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Figure 6 Dark reaction period stress relaxation that
is apparent, especially at early times, for the coating

exposed to a 1-min half-cycle time. All the data points,
acquired every 5 s, are plotted.

relaxation can occur. After about the 8-min point,
stress gradually begins increasing with time.
Now, the increase in stress during the lamp on
times is larger than the relaxation of stress (or
slower rate of cure) during the lamp off times.
Much later in the processing (after the 40-min
time point), decreases in stress are not apparent
during the dark reaction periods; instead, there
are decreases in slope for the stress curves, just
like with the 30-, 15-, 10-, and 5-min half-cycle
time coatings. Therefore, later in the processing,
changes in slope when the lamp is turned off
indicate a slower rate of cure. The final stress for
the coating cured with a 1-min half-cycle time is
only 3 MPa. Therefore, Figure 5 illustrates that
final stress, unlike conversion, depends strongly
on the radiation history. One can conclude that
there is a characteristic time before which the
first dark reaction period must be imposed to be
effective in lowering stress.

For the limiting case as the cycling period ap-
proaches zero (50 uW/cm? and 1 h of continuous
exposure), coating stress climbs more slowly but
once again reaches 8 MPa (not shown). This value
is higher than the final values for 1- and 5-min
half-cycle time coatings, suggesting that an opti-
mal curing sequence exists for a given overall
dose of radiation. For equal-interval on/off cycling
and the above conditions, the optimal cycle time
for the present combination of monomer and ini-
tiator appears to be between the half-cycle times
of 0 and 5 min.

Although conversion profiles shown in Figure
3(a) for half-cycle time = 5 min are roughly the



same, their stress profiles shown in Figure 5 are
different. Specifically, there are sharp changes in
slope for the stress curves when the UV lamp is
switched on or off. These changes in slope are not
apparent for the conversion curves, which might
mean that even a very slight change in strain rate
(small change in slope for conversion) may lead to
sharp changes in the slopes of the stress curves
because the modulus at higher conversions can be
large.

In this study, stress relaxation seems to be
playing a major role; however, it is not easy at
this point to determine a priori the stress-relax-
ation time. For viscoelastic materials, stress-re-
laxation time may be expressed as®’

7= wE (6)

where p and E are the material’s viscosity and
modulus, respectively. According to Maxwell’s
model, when a step strain is applied to a vis-
coelastic sample, stress decays exponentially with
time according to

o= e (7

Note that it is not possible to directly determine a
numerical value for stress-relaxation time by fit-
ting eq. (7) to the dark intervals of the stress
curves in Figure 5 because a competing chemical
reaction during the dark reaction periods causes
strain to change during these intervals. Unfortu-
nately, current theoretical models also cannot be
used to estimate the evolution of stress-relaxation
time for the conditions in this curing study. Most
of these models predict behavior only for linear
chains and involve polymeric chain reptation
through a three-dimensional network, to deter-
mine the diffusion coefficient and stress-relax-
ation time as functions of polymer molecular
weight; the models are inadequate for branched
or crosslinked systems.?® One way to determine
the evolution of stress-relaxation time is to per-
form rheological measurements. If one deter-
mined the dependency of modulus and viscosity
on frequency, a curve fit would provide the evolu-
tion of stress-relaxation time. Such a study is
currently under way and will be used to compare
the three characteristic times: stress-relaxation
time, chemical-reaction time, and cycle time.
This study has shown that, in general, impos-
ing dark reaction periods earlier in the processing
is more effective in lowering stress because the
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stress-relaxation time is shorter than the lamp off
time. Presumably, the best way to have both the
most stress relaxation and the most chemical re-
action would be to have the cycle time propor-
tional to the polymer relaxation time. For a given
dose, shorter and more frequent dark periods
should be imposed early in the processing when
stress-relaxation time is shorter.

Hardness and Modulus

Hardness and modulus values for coatings adher-
ing to cantilever bars are shown in Figures 7 and
8, respectively. These numerical results, along
with standard deviations, are shown in Table I.
For all of the samples prepared using UV cycling,
the hardness was within 6% of the grand average
(0.110 GPa), whereas the reduced modulus values
were all within 8% of the grand average (2.73
GPa). The Tukey—Kramer analysis (p < 0.05)
showed that lamp cycling had no significant effect
on hardness and modulus. When the half-inten-
sity samples (exposed the full time) were included
in the statistical analysis, all hardness values
were within 12% of the grand average (0.109 GPa)
and all modulus values were within 20% of the
grand average (2.65 GPa), with Tukey—Kramer
analysis (p < 0.05) still showing no significant
differences in hardness or modulus between sam-
ples. To be even more confident that any differ-
ences in hardness or modulus could be revealed,
more samples would need to be tested.

The hardness and modulus data obtained for
all the samples were within the commonly re-
ported range for acrylate polymers.?*~*! Varia-
tions among samples subjected to the same cure
pathway could be attributed to differences in the
roughness of the surfaces being sampled during
the indentation process. Small differences in the
local topography can produce discernible devia-
tions in the hardness and the modulus because of
the dependency of these parameters on the con-
tact area. Substrate contributions in the results
are not important, given that the maximum depth
reached during the indentation (1.1 wm) was just
about 2% of the film thickness. The so-called sub-
strate effect in nanoindentation becomes signifi-
cant only when the penetration depth is greater
than 20% of the film thickness.*?

This analysis indicates that there were no sig-
nificant differences in mechanical properties for
coatings prepared by the various cure pathways,
which may have been predicted given the conver-
sion results. Therefore, although the processing
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stresses are found to decrease with the radiation
cycle time, the final properties of the coatings are
virtually unaffected. Therefore, by cycling the ra-
diation, stress in the coating can be reduced with-
out incurring a commensurate reduction in final
properties.

CONCLUSIONS

This study showed that by cycling a UV lamp on
and off, keeping the total dose constant, it is pos-
sible to achieve the same conversion, hardness,
and modulus, but with lower stress. Stress and
conversion results are summarized in Figure 9.
Stress was lowered from 8 MPa to less than 3
MPa as the half-cycle time was decreased from 30
to 1 min. When the sample was exposed to half
intensity for the full amount of time (the limit as
the period — 0), final stress reached 8 MPa, an
indication that for the conditions chosen in this
study, the optimal half-cycle period is between 0
and 5 min. It is not clear whether the 1- and
5-min half-cycle time coatings might reach simi-
lar stress values as those of the other coatings
upon aging, but it is nevertheless clear that a
lower stress is attained even at the same conver-
sion.

When UV exposure is cycled, the chemical re-
action response time, polymer-relaxation time,
and cycle time period are all key parameters de-
termining the final stress. From this study, one
may conclude that to optimize UV-cure, the cycle
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Figure 7 Hardness is not affected by the lamp cy-
cling. All samples exposed to cycling had hardness val-
ues within 6% of the grand average of 0.110 GPa (rep-
resented by dashed line).
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Figure 8 Reduced modulus is not affected by the
lamp cycling. All samples exposed to cycling had re-
duced modulus values within 8% of the grand average
of 2.73 GPa (represented by dashed line).

time should be proportional to the stress-relax-
ation time. This would mean that the cycling pe-
riod should increase with increasing conversion
(and hence, increasing relaxation time). A study
is currently under way to examine these pros-
pects.

A half-cycle time of 1 min was the best curing
sequence investigated thus far because conver-
sion remained close to 47% and final stress was
less than 3 MPa. However, this curing sequence is
most likely not the optimal one. There are infinite
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Figure 9 Summary of residual stress and conversion
results, labeling with half-cycle times, for the lamp
cycling study.



ways of carrying out an exposure sequence. A
model is currently being formulated to point out
key experiments that can be used in the optimi-
zation of UV cure.
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