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SYNOPSIS

A technique has been developed based on Fourier transform infrared spectroscopy (FTIR)
in the attenuated total reflectance (ATR) mode, which is suitable for the investigation of
the heterogeneous cure of surface-initiated redox polymerizations in thin and thick bondline
situations. The results of the investigations into the surface-catalyzed and anaerobically
promoted cure of some model adhesives using this method are reported. The systems under
investigation were designed to exhibit different levels of cure heterogeneity or “cure through
volume” (CTV) so that the influence of the bondline thickness and the formulation variables
may be assessed. The analysis of the data provides evidence that supports our concept of
the heterogeneous cure distribution existing in the form of a cure gradient. This concept
of a cure gradient is developed further using dielectric spectroscopy. Here the cure gradient
is characterized in terms of the parameters obtained using an empirical equation to fit the
dielectric relaxation data. The results obtained using the infrared and dielectric spectroscopic
methods are in satisfactory agreement and are shown to be most informative in charac-
terizing and quantifying the CTV performance of the model anaerobic adhesives. © 1994

John Wiley & Sons, Inc.

INTRODUCTION

Real-time Fourier transform infrared spectroscopy
(RT-FTIR) as a means of examining cure was first
proposed by Decker and Moussa.! The method al-
lows the continuous, nondestructive monitoring of
polymerization at the molecular level, and it has
been widely used in radiation curing studies.!® The
polymerization process may be followed by observing
changes in the infrared intensities of the signals as-
sociated with specific functional groups. Thus, for
example, in the case of vinyl polymerization the
chemical reaction may be monitored by observing
the absorption peaks characteristic to the carbon-
carbon double bond as a function of cure time. The
absorption peaks at 1634 and 810 cm™! are specific
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to the C==C stretching and the C— H deformation
mode of the vinyl group, respectively. The decrease
in intensity of these peaks as cure progresses may
be attributed to the gradual disappearance of the
vinyl double bond.!?*#1! Thus, the progress of vinyl
polymerization may be spectroscopically recorded
in real time as cure ensues.

We report the use of RT-FTIR using the atten-
uated total reflectance (ATR) technique.!? ATR is
widely used in the depth profiling and the charac-
terization of polymer interfaces.!>!” The funda-
mental principle of ATR is illustrated in Figure 1.
A beam of radiation entering a crystal or internal
reflection element (IRE) will undergo total internal
reflection when the angle of incidence between the
sample and the IRE is greater than the critical angle,
which is a function of the refractive indices of the
two surfaces. At the point of reflection the infrared
beam penetrates slightly into the rarer medium
(sample), and it is displaced a distance D upon re-
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Figure 1 Illustration of the attenuated total reflectance
(ATR) technique. The inset illustrates the penetration of
the evanescent wave into the sample and the displacement
D of the infrared beam upon total internal reflection.

flection. This results because of an electromagnetic
disturbance in the sample. The disturbance is an
evanescent wave arising from the interference of the
incident and the reflected waves. It exhibits the same
frequency as the incident wave, and its electric field
amplitude falls off exponentially with the distance
from the IRE-sample interface as in Eq. (1):

E = Eexp(—Z2/d,) (1)

where E is the electric field amplitude, Ej is the elec-
tric field amplitude at the IRE-sample interface, and
Z is the decay constant. The distance required for
the electric field amplitude to fall to e ~* of its value
at the interface, d,, is given by Eq. (2):

A
P 9rn,(sin%0 — n)Y?

(2)

where A is the irradiation wavelength in vacuum, #
is the angle of incidence, and n,; is the ratio of the
refractive indices of the sample and the IRE. n, is
the refractive index of ZnSe crystal. d,, is of the order
of several microns. Coupling to the evanescent wave
extracts energy from it and makes the reflection less
than total. In the case of attenuated total reflectance
(ATR) energy is absorbed by the sample and there
is an energy loss that may be detected.

The use of dielectric spectroscopy in the study of
the cure process in epoxies cured with amines has
been extensively reported in the literature.’®* 2 Some
of the present authors have recently shown the
method to be one of the most useful techniques for

the study of cure in anaerobic acrylic adhesives.?’2°

In the present study the physical properties of iso-
thermally cured anaerobic adhesive samples are de-
scribed by analyzing the observed dielectric relax-
ation data in terms of the Cole-Cole empirical
expression.®®

The object of this work is to characterize the cure
of surface-initiated model anaerobic acrylic adhe-
sives,3"3* which are formulated to exhibit varying
levels of cure heterogeneity or cure through volume
(CTV). While the term anaerobic is meant to imply
that such adhesives will cure in the absence of air,
for example, between closely mating substrates, it
is actually redox chemistry initiated by metallic
species on the substrates that is responsible for the
vast majority of their room temperature, isothermal
cure. The curing mechanism of anaerobic acrylic
adhesives has been described elsewhere.?931-3

EXPERIMENTAL

Materials

Two stable model anaerobic acrylic adhesive sam-
ples, CTV1 and CTV2, were formulated. CTV1 and
CTV2 are code names and do not imply any specific
characteristics. These were designed in the Research
and Development Laboratories of Loctite (Ireland)
Ltd. to exhibit different levels of CTV performance.
The formulations were composed of a polyfunctional
urethane methacrylate resin base, acrylic monomers
and diluents, cumene hydroperoxide, saccharin,
stabilizers, and an accelerating additive. The low
CTV formulation, CTV1, and the high CTV for-
mulation, CTV2, contained different levels of es-
sentially the same components. The accelerating
additive was, however, different for each system.
CTV1 employed acetyl phenyl hydrazine (APH)
while the additive used in CTV2 is of a proprietary
nature and is referred to as BPH.? The nature of
the accelerating additive in CTV2 necessitated the
use of a substrate primer to achieve cure. The sub-
strate primer was a commercially available copper-
salt-based activator, known as Primer N (Loctite
UK, Welwyn Garden City). This primer was not
employed for CTV1 because of the experimental dif-
ficulties associated with RT monitoring of a vastly
accelerated cure.?® It is important to note that these
curing systems were selected because they simply
exhibit significantly different levels of CTV. They
are thus suitable for study in the development of
analytical methods for the study of the CTV phe-
nomenon. The reasons for the improved CTV per-



formance in CTV2 with Primer N have been pre-
viously discussed by us? and will not be dealt with
here.

RT-FTIR Measurements

A Bio-Rad (Cambridge, MA) FTS-60A system em-
ploying a liquid-nitrogen-cooled MCT detector and
a Graseby Specac 11050 overhead ATR accessory
with a zinc selenide (ZnSe) internal reflection ele-
ment (IRE) was used. Figure 1 illustrates the general
configuration of the ATR accessory. Figure 2 illus-
trates the setup of the ATR accessory used for the
investigations. The spacing between the iron sub-
strate and the crystal was set using uniform cross-
linked polystyrene microbeads with well-character-
ized diameters (Bangs Laboratories Inc, Carmel,
Indiana, USA). The iron substrate was primed using
Primer N in the case of the CTV2 formulation (see
above). It is important to emphasize that the cure
emanates from the iron substrate “downward” in
the direction of the ZnSe IRE. Since d, is of the
order of microns the spectra obtained correspond to
the sample material adjacent to the crystal, that is,
farthest from the substrate. Since the cure in an-
aerobic adhesives is catalyzed by ferric and cupric
species, 2313 jt was assumed that negligible cure
occurs at the crystal (ZnSe)-adhesive interface due
to any crystal-promoted chemical reactions or due
to any depletion of reaction inhibiting oxygen. Also
the possibility of cure activated by thermal energy
from the infrared beam®® was not taken into con-
sideration. Thus the progress of cure triggered from
the primed substrate and emanating through the
bulk adhesive toward the IRE was monitored by
looking “upward” into the bondline as in Figure 2.
This method was effectively equivalent to observing
the chemical changes occurring from within the bulk
adhesive, that is, from the halfway point in the
bondline. This feature was ideal for our investiga-
tions, which concern the characterization of the cure
through bondline thickness or the cure through vol-
ume (CTV) performance of surface-initiated model
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Figure 2 The experimental setup employed for the
study of the cure using RT-FTIR in the ATR mode.
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anaerobic adhesive formulations. Furthermore, it
contrasts our earlier work,? ? which essentially
considers heterogeneous cure throughout the bond-
line as a whole using dynamic mechanical thermal
analysis (DMTA) and dielectric spectroscopy.

The infrared spectra were collected at various in-
tervals up to a total cure time ¢ of 11 h. The CTV1
and CTV2 model formulations were investigated at
different adhesive layer thicknesses. The progress
of acrylic polymerization was followed by monitoring
the changes in the intensities of the peaks corre-
sponding to the disappearance of the C=—C carbon-
carbon double bonds. The absorption peak at 815
cm™}, which is specific to the C—H deformation
mode of the vinyl group, was chosen for the calcu-
lations as it was much stronger than that observed
at 1635 cm™'. The value of d, at 815 cm™! was es-
timated to be 8 um. Shrinkage in acrylic polymer-
izations is well known,%®®" and certain measures
were taken to correct for any shrinkage effects in
the spectra. One such measure was to integrate the
area under the peak instead of relying solely on the
peak intensities for the calculations so as to reduce
experimental deviation. The areas of the peaks of
interest were calculated using a computer software
package that fits a weighted sum of Gaussian and
Lorentzian curves to the band profile. Furthermore,
an internal standard was used to correct for shrink-
age. The C =0 acrylic ester carbonyl stretch at 1730
cm ™! was chosen for the latter calculations since the
carbonyl groups do not participate in the polymer-
ization and are hence not depleted.*®

The degree of cure a was calculated at various
intervals using Eq. (3):

o= (—4°——4—‘)x 100% (3)
Ay

where Aj is the ratio of the area of the C—H vinyl
deformation peak between 840 and 790 cm ™! and
the area of the C=—0 carbonyl stretch peak between
1780 and 1660 cm™! at cure time ¢ = 0; and A, is the
ratio of the same peaks at a later cure time ¢. Plots
of the degree of cure « versus the cure time ¢t were
constructed for CTV1 and CTV2 at various thick-
nesses, d. From this data plots of « versus d for a
cure time ¢t of 11 h were obtained for each model
formulation.

Dielectric Spectroscopy Measurements

The measurements were performed using a system
comprising a Schlumberger SI 1255 frequency re-
sponse analyzer interfaced to a Chelsea dielectric
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interface (Dielectric Instrumentation, Holt Heath,
Worcestershire, England) and a Hewlett-Packard
Vectra QS/165 PC. The samples consisted of the
adhesive contained in between flat-tempered iron
electrodes of 30 mm in diameter and 0.5 mm in
thickness (Goodfellow Metals, Cambridge, UK;
FE000405/11). The electrodes were prepared with
a copper primer called Primer N in the case of the
CTV2 formulation (see above ). The electrode spac-
ing was set using uniform crosslinked polystyrene
microbeads with well-characterized diameters
(Bangs Laboratories Inc., Carmel, USA). This dis-
posable arrangement was placed in a three-terminal
dielectric cell similar to that designed by Kremer et
al.*® The measurements were made at room tem-
perature.

Measurements of the real part ¢’ and the imagi-
nary part ¢” of the complex permittivity ¢ (w) in the
frequency range 1 Hz to 100 kHz were made on sam-
ples of CTV1 and CTV2 of various thicknesses. A
conductivity subtraction technique was used to cor-
rect for the dc conductivity.®® The corrected data
was fitted to an empirical equation. Plots of the
measured dissipativity ¢” versus frequency f along
with the fitted data are presented in Figures 8 and
9. The values obtained for the fitting parameters are
presented in Table II.

RESULTS AND DISCUSSION

FTIR Measurements

This study is concerned solely with the end prop-
erties of the isothermally cured samples and thus,
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Figure 3 Plots of the degree of conversion « as a func-
tion of the cure time ¢ for the CTV1 formulation at dif-
ferent sample thicknesses; (®) 94 um, (V) 241 um, (O)
450 um, (M) 603 pm, and (A) 801 um.
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Figure 4 Plots of the degree of conversion « as a func-
tion of the cure time ¢ for the CTV2 formulation at dif-
ferent sample thicknesses: ((0) 101 um, (+) 153 um, (*)
384 um, (¢) 511 um, and (X) 805 um.

the parameters governing the reaction kinetics have
not been calculated from the infrared data. Plots of
the conversion « versus the cure time ¢ for samples
of CTV1 and CTV2 of thickness d are presented in
Figures 3 and 4, respectively. CTV1 and CTV2 are
the low and high CTV performance formulations,
respectively. It is assumed that no significant further
cure has taken place after a cure time of 11 h (this
was verified by subsequent measurements). The in-
tersection of an isochrone (line at constant time)
of t = 11 h drawn on the graphs of Figures 3 and 4
yields data that may be used to construct a plot of
the essentially maximum conversion o versus d at ¢
= 11 h (Fig. 5).
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Figure 5 Plots of the degree of conversion «a at a cure
time ¢ = 11 h as a function of the specimen thickness d
for the CTV1 (O) and the CTV2 (R) formulations.



100

11 hours

20

Conversion, & (%), t

0 400 800 400 0

Distance from substrate (um)

Figure 6 Plots of the complete cure profiles obtained
from Figure 5 for the CTV1 (O) and the CTV2 (m) for-
mulations.

The experimental setup is such that the cure em-
anates downward from the iron substrate toward
the IRE. Since d,, is of the order of microns, only
the material adjacent to the IRE is probed using
this method (for a given 8§ and n,; ). Thus, this tech-
nique is effectively equivalent to observing the
chemical changes occurring in the vicinity of the
halfway point in a bondline situation where the cure
has emanated from two flanking iron substrates in-
stead of one as is the case in this infrared experi-
ment. We may thus obtain a cure profile of a bond-
line created using two active substrates that simu-
lates accurately the way in which these adhesives
are used in practice. The cure profile is defined as
the variation of o with d from two substrates. As-
suming identical substrates the cure profile of one
half of a bondline will be the mirror image of the
other half. The cure profiles for CTV1 and CTV2
are presented in Figure 6. It is apparent from Figure
6 that each half of the cure profile for CTV1 and
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CTV2 has the approximate shape of a linear gra-
dient. This observation emphasizes the shortcom-
ings of the crude model previously reported by us,*’
which relied on measurements from a complete
bondline and which necessitated certain assump-
tions regarding the geometry of the bulk adhesive.
The existence of a cure gradient emanating from
each active substrate represents a more refined
model 2%

The cure through a bondline or CTV performance
of the formulations CTV1 and CTV2 may be quan-
titatively compared by characterizing this cure gra-
dient. The experimental data for each half of the
profile is fitted to a straight-line equation (Fig. 5).
We define two parameters that characterize the ad-
hesives performance. The CTV index is the mag-
nitude of the slope of one half of a profile and the
zero gap conversion (ZGV ) is the intercept of the «
axis at d = 0 um, that is, the conversion at zero gap
(bondiine thickness ). Theoretically, a material that
exhibits complete CTV will have a CTV index = 0
and a ZGV = 100%. Alternatively, a material exhib-
iting incomplete CTV will have a CTV index > 0
and a ZGV < 100%. Table I presents these calculated
parameters along with some adhesive bond strength
data that have been presented elsewhere.?

The bond strength data in Table I highlights the
superior CTV performance of CTV2 over CTV1 at
500 um gap and the equivalent CTV performance
of both at 0 um gap (effectively 5-10 um in practice).
The calculated CTV parameters are in satisfactory
agreement with this trend. The CTV index of CTV2
(3.28 X 1072) is significantly lower than CTV1 (5.26
X 1072) whereas the ZGVs are broadly equivalent,
83.6% versus 78.9% for CTV2 and CTV1, respec-
tively. This analysis of the data illustrates the use-
fulness of this technique as an analytical tool for
the investigation and the quantification of the CTV
performance of the various surface-initiated anaer-
obic adhesives.

Table I Calculated Cure Gradient Parameters and Bond Strength Data

for the CTV1 and CTVZ2 Formulations

Bond Strength® (MPa)

CTV Index ZGCP
Formulation Primer?® (X 1073 (%) 0-um gap 500-um gap
CTV1 None 5.26 78.9 244 3.1
CTV2 N (Cu) 3.28 83.6 24.9 20.0

% For details see the experimental section.
b Zero gap conversion.
¢ Tensile testing according to ASTM D100-64.
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Dielectric Spectroscopy Measurements

Here the properties of the observed cure gradient
are investigated further. The method of dielectric
spectroscopy is employed to analyze the complete
cure profile through the bulk of the isothermally
cured anaerobic adhesives, which have been cured
from two identical substrates (as opposed to one in
the infrared experiments). The background behind
this analysis is given below.

The complete profile of the bondline from 0 to d
is divided up into a very large number of segments
of identical geometry. It is inferred from the ob-
served cure gradient that each segment possesses a
degree of conversion « that depends on d, for ex-
ample, & = o atd =0and d = d, and a = a,, at
d = d/2. This may be represented electrically as a
large number of parallel RC circuits in series (Fig.
7). Here n = 3,4,...,C, > C,_and R, < R,_,,
where C is the capacitance and R is the resistance.
The following conditions also apply:

By definition,

C=¢Cy (4)
where ¢’ is the real part of the complex permittivity

e(w), Cy is the geometrical capacitance, and w is the
angular frequency (@ = 2xf). Thus

£n > Eny (5)
Also, by definition
1
k= wCoe” (6)
Thus
en > en g (7)
C C c C C
1 -1 n -1 !
R R R R R

1 -1 n -1 ]

Figure 7 The electrical circuit interpretation of the cure
profile in isothermally cured anaerobic adhesive formu-
lations where n = 3, 4, 5, ..., C is the capacitance and R
is the resistance.

where ¢” is the dissipativity. The relaxation times
of each RC element of the circuit obey Eq. (8):

Th < Tny (8)

The dielectric measurements taken here concern the
complete symmetrical cure profile. The RT-FTIR
results demonstrate that the cure profile of the het-
erogeneous three-dimensional molecular network
can be approximated to a linear cure gradient em-
anating from each substrate into the bulk adhesive.
This observed cure profile is symmetrical about the
center of the adhesive bondline. Thus, the measured
dielectric relaxation will correspond to a sample with
a symmetrical distribution of relaxation times. As
such, we select the empirical equation of Cole and
Cole® to fit the data. The Cole-Cole equation de-
scribes the dielectric behavior arising from the ex-
istence of a symmetrical distribution of relaxation
times, each of which alone would give rise to the
Debye*! (single relaxation time model) type of be-
havior. Indeed, the sample argand plots of ¢’ and ¢”
(the so-called Cole-Cole plot) illustrated in Figure
8 reveal a symmetrical depressed (center below the
¢’ axis) semicircle with considerable broadening,
which is suited to the Cole-Cole treatment. The
Cole-Cole equation is written as:

st T €o
4 8t "o 9
1+ (iwr,,)° ()

e(w) = e,
where ¢(w) is the complex permittivity, ¢, is the
high frequency (w = oo ) permittivity, & is the static
(w = 0) permittivity, and i = Y=1. The Cole-Cole
function exhibits a distribution of relaxation times
about a mean relaxation time 7,. The parameter a
characterizes the slope of a tangent at the two points
of intersection of the depressed semicircle with the
¢’ axis and 0 < a < 1. a is a measure of the distribution
of relaxation times where broad distributions are
described by small values for a. The Debye*! single
relaxation time model has a = 1. The term (&g
— &4 ) is termed as the dielectric relaxation strength
Ae and is proportional to the number density of di-
poles taking part in the relaxation process. In the
case of polymers exhibiting a nonsymmetrical dis-
tribution of relaxation times, the empirical equation
of Havriliak and Negami*? is widely employed to fit
the dielectric relaxation data. This formalism is in-
appropriate here.

One of the undesirable features of the poor CTV
situation is the presence of a large amount of gel of
relatively low viscosity in the bulk of a cured spec-
imen. This feature enhances the potential dipolar



mobility in the system. This is manifested by a rel-
atively low value for 7, and relatively high values
for Ae¢ and a. Figures 9 and 10 illustrate the exper-
imentally obtained ¢” (symbols) and the fitted ¢”
(dashed lines) as a function of frequency for CTV1
and CTVZ, respectively. The fitting parameters are
presented in Table II. The ¢” peak is observed to
shift to higher frequencies, to increase in magnitude,
and to decrease in half-width for greater sample
thicknesses. This observation is consistent with the
predictions made above, as increasing the specimen
thickness generally decreases the CTV in an anaer-
obic acrylic adhesive material. Further analysis of
Figures 9 and 10 confirms that CTV2 appears to
exhibit better CTV than CTV1, for example, the ¢”
peak associated with a 1380-um sample of CTV2 is
similar to the ¢” peak of a 716-um CTV1 sample.

These findings are elucidated by plotting the cal-
culated fitting parameters 7,,, Ae, and a as a function
of the sample thickness d (Figs. 11, 12, and 13). A
decrease in 7,, and an increase in both A¢ and a with
greater d is observed. The plots also reveal that these
parameters are significantly more sensitive to in-
creases in d in formulation CTV1 than CTV2. We
conclude from this analysis that CTV2 exhibits bet-
ter CTV than CTV1. These results are in satisfac-
tory agreement with the infrared spectroscopy and
the tensile testing data in Table I, and they dem-
onstrate the usefulness of this particular spectro-
scopic technique in the study of CTV in anaerobic
adhesives.

We note from these measurements and calcula-
tions that the fitting parameters 7,,, A¢, and a are
sensitive to the degree of cure heterogeneity or the
CTYV performance in the model systems under in-
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Figure 8 Argand plots for a 716-um thick CTV1 sample

(O) and a 1380-um thick copper primed CTV2 sample
(m).
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Figure 9 Plots of the experimental (symbols) and the
fitted (dashed lines) dissipativity ¢” as a function of fre-
quency for the CTV1 formulation at different sample
thicknesses: (®) 1056 um, (®) 716 um, (A) 280 pm, and
(+) 84 um.

vestigation here. Since the main object of this work
was to develop powerful techniques suited to the
study of the heterogeneous cure in acrylic systems,
the investigation of the relationship between these
physical parameters and the chemical structure of
the cured networks is inappropriate at this stage.
The model systems are dominated by essentially the
same cure chemistry with the exception of the or-
ganic salt BPH in CTV2. In light of the proprietary
nature of BPH and other formulation components,
no detailed account of the chemistry of these ther-
mosetting systems is given here.

450
w do >
4 o 1Y
~0/ \
Y’v’v vov/\v\v N
5 /v’y o/ \V\ q‘o\
6’ 90/ v\v 1
e ~
(I ey —--=s-E) - ~
0 F’ﬁi:ﬂ'ggi‘%-ﬁi*;m P B
10° Y 10? %° 10 10°

Frequency (Hz)

Figure 10 Plots of the experimental (symbols) and the
fitted (dashed lines) dissipativity ¢” as a function of fre-
quency for the CTV2 formulation at different sample
thicknesses; (O) 2363 um, (V) 1380 um, () 710 um, and
(X) 300 um.
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Table II Calculated Cole—Cole Fitting Parameters for the CTV1 and CTVZ2 Formulations

Formulation Primer® d (um) T, (X 1075 8) Ae a
CTV1 None 84 1020.0 5.14 0.36
CTV1 None 280 53.2 8.61 0.52
CTV1 None 716 25.6 13.52 0.61
CTV1 None 1011 6.2 18.02 0.70
CTV2 N (Cu) 300 1390.0 4.12 0.34
CTV2 N (Cu) 710 1300.0 4.62 0.40
CTV2 N (Cu) 1380 63.2 12.94 0.64
CTV2 N (Cu) 2363 4.2 15.06 0.70

# For details see the experimental section.

CONCLUSIONS

We have developed a technique based on RT-FTIR
in the ATR mode that provides useful information
on the nature of the cure profile in isothermally
cured surface-initiated anaerobic acrylic adhesives.
The profile of the two formulations investigated,
CTV1 and CTV2, was found to approximate a linear
cure gradient. The CTV performance of these two
formulations was quantified by calculating and
comparing the fitting parameters that were appro-
priate to each cure gradient: the CTV index, which
is the magnitude of the slope, and the zero gap con-
version (ZGC), which is the degree of conversion of
monomeric units to polymer chains at zero gap. Us-
ing these criteria the CTV performance of CTV2
was found to be significantly better than in CTV1.
This result was in satisfactory agreement with some
previously quoted tensile testing data, cf. Table 1.
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Figure 11 Plot of the fitted mean relaxation time 7,
as a function of the sample thickness d for the CTV1 (O)
and the CTV2 (B) formulations.

The concept of a cure gradient existing in these
samples was probed further using dielectric spec-
troscopy. Here, the observed dielectric relaxations
were fitted to the Cole-Cole empirical expression.
This formalism was selected because it is well es-
tablished for fitting dielectric relaxation data that
exhibit a broad symmetrical distribution of relaxa-
tion times. The fitting parameters of this expression
were calculated and subsequently analyzed as a
function of the sample thickness. It was found that
the observed dependence of these parameters on the
sample thickness was systematic. Furthermore, the
observed trends in these data also indicated that
CTV2 exhibits significantly better CTV perfor-
mance than CTV1—results that were in satisfactory
agreement with those obtained using infrared spec-
troscopy and tensile testing. These results thus pro-
vide further evidence to support our concept of a
cure profile that takes the form of a cure gradient
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Figure 12 Plot of the fitted dielectric strength Ac as a
function of the sample thickness d for the CTV1 (O) and
the CTV2 (W) formulations.
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Figure 13 Plot of the fitted Cole-Cole distribution pa-
rameter a as a function of the sample thickness d for the
CTV1 (O) and the CTV2 (®) formulations.

in isothermally cured surface-initiated anaerobic
acrylics.

We have demonstrated the usefulness of the pro-
cedures outlined above as analytical tools for the
study of heterogeneous cure or CTV in surface-ini-
tiated model anaerobic acrylic adhesives. While the
application of infrared and dielectric spectroscopy
to the study of thermoset cure is not new, these
techniques have not been used previously in the in-
vestigation of heterogeneous cure in surface-initi-
ated acrylics. Indeed, we propose that these methods
would find useful practical application in the ascer-
tainment of primary performance criteria as part of
a comprehensive program for the development of
actual high-performance anaerobic adhesives.
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