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ABSTRACT: The curing process of unsaturated polyester
resins, vinyl ester resins, and gel coats was studied by using
a process Raman spectrometer, equipped with a remote
fiber-optic probe. The resins were cured and Raman spectra
were recorded during the curing reaction. The spectral
changes were identified and, from the intensities, the cure
process could be monitored. Gel times given by the resin
suppliers correlated well with the Raman results. It could
also be seen that the curing process continues for a long
time, up to several weeks. Postcuring will finally complete

the curing process. White and lightly colored gel coats could
easily be monitored by Raman spectroscopy, but fluorescent
problems were encountered with heavily colored pigments.
The curing of laminates containing 50-70 wt % glass fiber
mat could also be followed by Raman spectroscopy. © 2004
Wiley Periodicals, Inc. ] Appl Polym Sci 93: 1285-1292, 2004
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INTRODUCTION

The curing reaction is a fundamental stage in the
processing of thermosets into composites. During the
curing the thermoset is crosslinked and transforms
into an insoluble and infusible rigid material. To
achieve good quality of the product the curing reac-
tion must proceed in a controllable manner. It is also
necessary to carefully follow and check the degree of
curing or conversion after the processing of the com-
posite product. There are several techniques available
to characterize the curing reaction." They can be di-
vided into methods based on changes in physical
properties of the thermoset and methods based on
changes in chemical properties of the thermoset.
Physical properties, which change during cure, in-
clude shear modulus, hardness, dielectric constant,
and viscosity. The composite processing industry uses
several empirical techniques based on these properties
for cure monitoring. The simplest method is to follow
the cure with a stopwatch while mixing a standard
amount of thermoset in a beaker; this method gives
the gel time. Hardness is another method to determine
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the degree of cure in laminates, for example, by using
the Barcol impressometer. Among the chemical tech-
niques, differential scanning calorimetry (DSC) is the
most important. DSC involves the measurement of the
overall heat of reaction (exothermal heat), which is
liberated in the crosslinking reaction of the thermoset.

Spectroscopic methods, such as FTIR spectroscopy,
are widely used to monitor the progress of fast and
complex reactions. FTIR has also been used to monitor
the curing reaction of thermosets. The disadvantages
are that FTIR equipment is rather expensive and that
data analysis is more time consuming and less quali-
tative. FTIR is also limited to mainly slow reactions at
atmospheric conditions. The sample path lengths
must be rather short and the sample preparation must
be made with care. Remote analysis during processing
conditions involving high temperatures or high pres-
sures is also not possible with conventional FTIR in-
struments.

Raman spectroscopy is an established spectroscopic
technique, which recently has become more popular
because of developments in instrumentation. In com-
posites a rather common application for Raman spec-
troscopy is to measure local strains in the polymer
matrix.” In Raman spectroscopy a laser beam is used
to energetically excite the functional groups in the
sample, and the shift of the scattered light compared
to the incoming light is used to generate the spectra.
Raman spectroscopy has several advantages over in-
frared (IR) spectroscopy. The spectra produced are
well resolved and can easily be quantified. Raman
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spectra can be recorded from almost any sample, with-
out tedious sample preparation. The measurement
time is very short; a spectrum can be collected after a
measurement of only a few seconds for an optimal
sample. It is also possible to use fiber optics for the
detection probe, thus making it possible to do on-line
measurements from a remote distance, from as far as
10 to 20 m. The laser signal can also be collected
through glass windows, thus enabling cure monitor-
ing of a closed molding process.’*

For thermosets Raman spectroscopy has mainly
been used to analyze the structures and curing re-
action of urea—formaldehyde and melamine-form-
aldehyde resins.”® The residual melamine content in
melamine—formaldehyde resins has also been deter-
mined.” Very strong Raman signals are produced by
C=C double bonds and by aromatic groups, both of
which are present in unsaturated polyester and
vinyl ester resins. This was used in an earlier study
where crosslinked unsaturated polyesters were
characterized by Raman spectroscopy.® The optical
levitation technique in combination with Raman
spectroscopy was used for in situ and real-time in-
vestigations of the crosslinking of unsaturated poly-
esters in single microdroplets.” Quantitative deter-
mination of the degree of unreacted groups, photo-
cured acrylates, and methacrylates was also done by
Raman spectroscopy.'’ Fiber-optic Raman spectros-
copy with multivariate analysis was used for in situ
analysis of epoxy polymers and composites, in
which the degree of cure was determined.'*'? The
isothermal curing mechanisms of unsaturated poly-
esters were studied in detail by modulated temper-
ature DSC, rheometry, and Raman spectroscopy.'?
The filler content in calcium carbonate/polyethyl-
ene composites was also determined by Raman
spectroscopy. The selected band ratio had a good
linearity with the volume ratio of filler and matrix at
filler contents up to 75 wt %."*

The aim of this study was to investigate the curing
process of unsaturated polyester resins, by using a
process Raman spectrometer, equipped with a remote
fiber-optic probe. A further aim was to demonstrate
the practical applicability of Raman spectroscopy on
the process monitoring of composites. The Raman
spectrometer used is especially suitable for on-line
measurements under process conditions.'® The curing
of vinyl ester resins and gel coats was also studied.
The remote fiber-optic probe could be used to monitor
the curing at different points in a laminate under
real-time processing. The technique should be espe-
cially interesting for closed-molding techniques be-
cause the Raman signal can be collected through glass
windows in the mold, or through the plastic vacuum
bag.
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EXPERIMENTAL
Materials

A standard orthophthalic unsaturated polyester; EN-
DUR M 105 TB, and a white gel coat, Maxguard NP,
from Neste Polyester (Helsinki, Finland), were used.
Colored gel coats blended from the white gel coat
were further analyzed. A vinyl ester, Dion 411-C50
(Dow Chemicals, Midland, MI), was also used in this
study. All resins were preaccelerated with cobalt oc-
toate. Butanox M50 (Akzo Nobel Nederland, Arnhem,
The Netherlands) was used as an initiator for the
polyester and gel coat, whereas Butanox LPT, also
from Akzo Nobel, was used as an initiator for the
vinyl ester. For laminate preparations a chopped
strand glass fiber mat, with a surface weight of 450
g/m? from Ahlstrom Glassfibre (Helsinki, Finland),
was used. Laminates with 50, 60, and 70 wt % glass
fiber content were prepared from the unsaturated
polyester.

Raman spectrometer

A prototype process Raman spectrometer (RAMS-
TAS), developed by VTIT Electronics (Oulu, Finland),
was used in this work. This instrument is rugged and
portable and was especially developed for process
analysis. The spectrometer consists of a semiconductor
diode laser, a spectrograph, a CCD detector, a fiber-
optic probe, and a process PC (see Fig. 1). The length
of the fiber-optic probe was 2 m, thus making remote
process measurements possible. A housing protects
the spectrograph and the CCD camera. The PC has a
user interface, which uses the LabVIEW-based data
acquisition and analysis software (National Instru-
ments Corp., Austin, TX). The specifications of the
Raman spectrometer are shown in Table L

Raman measurements

Before spectral analysis the initiator was added, and
the solution was effectively mixed for 1 min. The
samples were cured in reusable circular Teflon molds
(¢ = 30 mm). For the unsaturated polyester and the
vinyl ester 4 g of the resin mixture was transferred into
the mold, which gave a 4 mm sample thickness of the
cured specimen. For the gel coat samples 0.4 g was
used, which gave a 0.5 mm thickness of the cured
specimen. These sample thicknesses correspond to
typical thicknesses present in lamination and spraying
of polyesters, vinyl esters, and gel coats. All measure-
ments were done at 23°C, under atmospheric condi-
tions. Raman spectra were also measured for styrene,
and for a sample of the unsaturated polyester contain-
ing no styrene, which had been obtained by evaporat-
ing the styrene.
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Figure 1 Schematic diagram of the RAMSTAS process Raman spectrometer.

The Raman signal acquisition time was 1 s during
the first 2 h of measurements; after this the acquisition
time was increased to 10 s. Acquisition times as long
as 30 s were necessary when measuring samples cured
over 1 week, and the laminates. The laser beam was
focused on the sample surface where the Raman in-
tensity is the strongest. After 2 weeks of curing at
room temperature, the samples were postcured in an
oven for 24 h at 50°C and reanalyzed. It was assumed
that the postcuring would give fully cured samples.

The obtained Raman spectra were analyzed by in-
tegrating the band areas of the desired bands. Matlab
software (MathWorks, Natick, MA) was used for the
data evaluation.

Differential scanning calorimetry

Isothermal DSC scans at 25°C were performed on a
Mettler Toledo STAR® System (Stockholm, Sweden).
The resins were mixed with the methyl ethyl ketone
(MEK) peroxide initiator and placed in sealed DSC
pans. The time when the crosslinking reaction exo-
therm reached its maximum was detected and com-
pared to the Raman analysis.

RESULTS AND DISCUSSION
Unsaturated polyester resin

The spectral changes in the unsaturated polyester at-
tributed to the curing reaction can clearly be seen in

TABLE I
Specifications of the Raman Device
Parameter Value

Laser wavelength 830 nm

Laser power at sample 200 mW
Spectral range 2000-200 cm ™"
Spectral resolution =8 cm™!

Spot size at sample 0.6 mm

Figure 2, where the Raman spectra for the unsaturated
polyester resin is compared to the Raman spectra for
styrene, and the Raman spectra for the same unsatur-
ated polyester with no styrene. The main spectral
changes originate from the styrene component in the
resin, and the intensity of several strong bands will
decrease during the cure (marked with arrows in the
figure). The Raman spectra in the 1800-1400 cm ™'
region for uncured and cured samples are shown in
more detail in Figure 3, and the interpreted bands are
listed in Table II.

In this area all necessary peaks for the cure moni-
toring can be assigned. The increase of the spectral
slope is attributed to fluorescence of the sample, and it
is thus necessary to use separate baselines for the
functional groups when calculating their intensity.
The intensity of the vinyl C—=C band at 1630 cm ™',
originating from the double bond in styrene, decreases
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Figure 2 Change in the Raman spectrum during cure of the
unsaturated polyester resin (a). The origin of the bands can
be seen by comparing to the Raman spectra for the unsat-
urated polyester resin containing no styrene (b) and styrene

(0).
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Figure 3 Raman spectrum of the unsaturated polyester before the start of the curing reaction, 30 h and 14 days after the start,
and after a 24 h postcuring at 50°C (from top to bottom). The resin was cured with 2 wt % MEK peroxide. The peak

assignments are shown in Table II.

to approximately one tenth after 30 h, and the post-
curing diminishes the band completely. The vinyl
C—H band at 1410 cm ™' originating from styrene also
decreases, and can hardly be seen in the postcured
sample. The intensity of the carbonyl at 1730 cm™!
does not change, and this signal can therefore be used
as an internal standard. The intensity for the saturated
C—H band at 1460 cm ™! increases slightly because the
vinyl C—H groups are transformed into saturated
C—H groups during the crosslinking reaction. The
intensity of the aromatic C—C band at 1600 cm ™" also
decreases, but not so much as for the C=C band. This
is partly attributed not only to evaporation of styrene
from the open mold during the beginning of the
crosslinking reaction, but also to changes in the spec-

TABLE 1I
Raman Bands for the Spectra from the ENDUR M 105
TB Resin
Peak Wavenumber
number (em™) Assignment Component
1 1730 =0 [8)5
2 1660/1645 C=C trans/cis (8)
3 1630 C=C vinyl Styrene
4 1600/1580 C=C aromatic ~ UP and styrene
5 1460 C—H (8)
saturated
6 1410 C—H vinyl Styrene

tral environment of the styrene molecule during the
curing reaction.

A more quantitative picture of the spectral changes
during the curing process is obtained by plotting the
ratio of the C=C band intensity and the C=0O band
intensity. This is shown in Figure 4, where the resin
was cured with 2 wt % MEK peroxide. Up to 20 min
the ratio is constant, and the crosslinking has not
started. The crosslinking reaction then proceeds rap-

1‘0 progress‘of curing il
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Figure 4 Raman band ratio C=C/C=0 for the unsatur-
ated polyester. The resin was cured with 2 wt % MEK
peroxide. The gel time given by the supplier and the time for
the DSC exotherm maximum are marked.



PROCESS CURE MONITORING BY RAMAN SPECTROSCOPY 1289

- 1 T T T T e

A
25 o .
N AN D AYAN
ﬁﬁéé%%uAAmAA RN NSRSV,
v ooThog
0
2r O QX’\/ O 4
D v oo
O vv O
18]
1L
JVAWOVBW
05l O 1.0%
| v 1.5%
& 20%
& 25% J
% o0z o0a B8 o8 1 T2 12 15 15 2

Figure 5 Raman band ratio C=C/C=0 for the unsatur-
ated polyester initiated by 0.5, 1.0, 1.5, 2.0, and 2.5 wt %
MEK peroxide.

idly after achieving the gel point, and within 2 h
approximately 80% of the double bonds have reacted.
The gel time given by the resin supplier (20 min)
coincides very well with the gel point detected by
Raman. After this point the crosslinking reaction is
very slow, and it is still possible to detected unreacted
C==C bonds 350 h after the start of the crosslinking
reaction. The crosslinking reaction is obviously a two-
stage reaction with a fast reaction during the gelation,
and a slow diffusion-controlled reaction during the
vitrification. Postcuring at 50°C for 24 h finally com-

18000 .

TABLE III
Comparison of the Gel Times Using Different Amounts
of Initiator for ENDUR M 105 TB Given by the Supplier
and Estimated from the Raman Measurements

Gel time from Gel time given

MEK peroxide Raman data by supplier
(wt %) (min) (min)
0.5 ND Not given
1 42 40
1.5 24 25
2 18 20
2.5 15 Not given

pletes the crosslinking reaction. By extrapolation it can
be estimated that the resin would achieve 100% curing
after 3500 h, if the reaction proceeds at room temper-
ature. The time when the exothermal DSC peak
reaches a maximum is also shown in Figure 4. This
point occurs at the same time as when the crosslinking
reaction proceeds most rapidly according to the Ra-
man analysis.

The effect of different amounts of peroxide on the
crosslinking reaction can be easily studied with Ra-
man spectroscopy, as shown in Figure 5. The sample
initiated with 2.5 wt % MEK peroxide has the shortest
initiation time and the fastest rate, whereas the sample
initiated with 1 wt % MEK peroxide has a longer
initiation time and slower rate. A sample initiated
with 0.5 wt % MEK peroxide did not react at all during
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Figure 6 Raman spectra of the vinyl ester resin before the start of the curing reaction, 30 h and 14 days after the start, and
after a 24 h postcuring at 50°C (from top to bottom). The resin was cured with 2 wt % MEK peroxide. The peak assignments

are shown in Table II.
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Figure 7 Raman band ratio C=C/aromatic ring for the
vinyl ester. The resin was initiated with 2 wt % MEK per-
oxide.

the first 2 h according to Raman analysis; the
crosslinking reaction started after 4 h and needed 30 h
to transform into a solid sample. The gel times for the
resins given by the supplier correlate very well with
the Raman data (see Table III), in which the gel time
from the Raman data was taken as the point where the
C=C/C=O0 intensity ratio starts to decrease. The Te-
flon mold gives a band at 730 cm™!; this signal could
be seen in all measured spectra. It remains stable
during the curing reaction, so the signal can be used as
a mark of the depth of the Raman laser radiation

x 10°
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penetration. Measurements of clear samples showed
that the Raman laser intensity does not noticeably
decrease up to a depth of 5 mm from the focus.

Vinyl ester resins

The Raman spectrum of the vinyl ester resin is very
similar in the region 1800-1400 cm ™' to the spectrum
for the unsaturated polyester (see Fig. 6). The only
difference is the very weak carbonyl signal, which is
attributed to the chemical structure of the vinyl ester.
All other peaks can be assigned to the same functional
groups as in the unsaturated polyester. The main
backbone of vinyl esters consists of a bisphenol A
polyether, with only two carbonyl groups for each
polymer chain, whereas in unsaturated polyesters
there are two carbonyl groups for each repeating unit.
The aromatic band at 1600 cm ™" was thus used as an
internal standard, although this peak is not completely
constant because of the evaporation of styrene. The
curing reaction is illustrated by plotting the ratio of the
C=C band intensity and the C=C aromatic band
intensity, as shown in Figure 7. The reaction proceeds
in a similar way as for the unsaturated polyester.

Gel coats

Gel coats are typically applied as thin films (100—-800
pm thickness) and the sample thickness was therefore
500 um. The spectrum of the white gel coat is shown

1%00

!
1 8100 1700

1600

1500 1400 1300

Figure 8 Raman spectra of the white gel coat before the start of the curing reaction, 2 h, 30 h, and 14 days after the start (from
top to bottom). The gel coat was cured with 1 wt % MEK peroxide. The peak assignments are shown in Table II.
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Figure 9 Raman band ratio C=C/C=0 for the white gel
coat. The gel coat was initiated with 1 wt % MEK peroxide.

in Figure 8, and the peak ratio C=C/C=0 during
curing is shown in Figure 9. The changes can be in-
terpreted in the same way as for the unsaturated poly-
ester resin. The crosslinking reaction starts almost im-
mediately (12 min) after adding the peroxide, which
can be seen as a decrease in the peak ratio. This
compares well with the gel time given by the supplier,
7 min. After the gel time the reaction proceeds more
slowly initially, but after 30 min the reaction rate
increases. The slower initial reaction rate is possibly
attributable to the smaller sample volume compared
to the unsaturated polyester. The temperature in-
crease resulting from the exothermal reaction will be
lower in a smaller sample volume than that in a larger
sample, which will affect the reaction rate. Gel coats
are pigmented unsaturated polyesters, and the pig-
ments will affect the Raman spectra. In the white gel
coat the TiO, pigment will give two strong bands at
600 and 450 cm !, but these will not disturb the mea-
surements. A series of colored gel coats based on the
white gel coat were also analyzed. Yellow, brown,
blue, and red gel coats were analyzed; of these Raman
spectra could be recorded from only the yellow gel
coat. The addition of color dyes prevents the penetra-
tion of the laser beam into the sample and can also
cause fluorescence.

Unsaturated polyester laminates

The Raman spectrum of an unsaturated polyester lam-
inate containing 50 wt % chopped strand mat glass
fiber is shown in Figure 10. The glass fiber lumines-
cence causes an increased baseline below 1400 cm ™},
but the bands around 1600 cm ™" are clearly visible.
Cure monitoring of laminates can therefore be done,
and an example is shown in Figure 11. The laminate
starts to cure around 20 min after the addition of the

MEK peroxide, and the curing reaction continues for
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Figure 10 Raman spectra of the neat unsaturated polyester
(a) and the unsaturated polyester laminate containing 50 wt
% chopped strand mat glass fiber (b).

40 min. At this point the laminate has been trans-
formed into a solid, but it can be seen that the curing
is not complete. Unreacted C=C bonds can still be
detected up to 350 h after the start of the curing
process. Postcuring at 50°C finally completes the
crosslinking reaction. Usable Raman spectra with re-
duced resin bands can be collected from laminates
with up to 70 wt % glass fiber content, which is shown
in Figure 12. The measurement time was 30 s. Carbon
fibers strongly absorb light, and with this Raman
setup no spectra could be recorded.

CONCLUSIONS

The curing of unsaturated polyesters can easily be
monitored by using Raman spectroscopy. By follow-
ing the spectral changes during curing, a detailed
picture of the curing process is obtained. The styrene

25 ey e | |
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Figure 11 Raman band ratio C=C/C=0 for the unsatur-
ated polyester laminate with 50 wt % glass fiber. The resin
was initiated with 2 wt % MEK peroxide.
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Figure 12 Raman spectra for cured unsaturated polyester

laminates with 50, 60, and 70 wt % glass fiber content (from
top to bottom). The measuring time was 30 s.

C=C band at 1630 cm ™" obviously decreases during
the curing, and postcuring diminishes the band com-
pletely. The styrene C—H band at 1410 cm™" also
decreases, and can as well be used for the cure mon-
itoring. The carbonyl band at 1730 cm ™' remains con-
stant, and this band is therefore used as an internal
standard. The aromatic band at 1600 cm™ " also de-
creases, which is attributed to styrene evaporation and
changes in the spectral environment. By plotting the
ratio of the C=C band intensity and the C=0O band
intensity a quantitative picture of the cure process is
obtained. The gel time given by the resin supplier
correlates well to the time when the ratio starts to
decrease rapidly. It can also be seen that the curing
process proceeds for a long time, up to several weeks.
Postcuring will finally complete the curing process.
Vinyl esters behave in the same way as unsaturated
polyesters, and the curing can be monitored in the
same way. The biggest spectral difference is the much
smaller intensity of the carbonyl band, and the aro-
matic band is instead used as an internal standard.
Heavily colored gel coats cannot be measured because
of the pigments that absorb the laser beam and also

SKRIFVARS ET AL.

cause fluorescence. White and lightly colored (such as
yellow) gel coats can easily be monitored by Raman
spectroscopy. The curing of laminates containing 50
wt % glass fiber mat could easily be monitored by
Raman.

This study shows that Raman spectroscopy has a
great potential for process cure monitoring of unsat-
urated polyesters and vinyl esters. By using a remote
fiber-optic probe it is possible to collect on-line data
about the crosslinking reaction. Processing techniques
such as RM, vacuum infusion, and pultrusion should
benefit by using Raman as a cure monitoring tech-
nique. However, improvements in research method-
ology and in data analysis need to be accomplished to
achieve quick and easy method for common use.

This study was made possible by a grant from the Defense
Material Administration, Ships Directorate, Stockholm, Swe-
den.
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