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Measurement of glass transition
temperature, residual heat of reaction and
mixing ratio of epoxy resins using near
Infrared spectroscopy: a preliminary study
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Asameasureof thedegreeof curing of epoxy resins, theglasstransition temperature, Ty, and theresidual heat of re-
action, AH,, are often used. In this study, near infrared spectroscopy and multivariate calibration [partial least
squares regression (PL SR)] have been used to monitor the two variables, using differential scanning calorimetry
(DSC) as the reference method. The epoxy under study was a commercial system consisting of the resin,
trimethylolpropanetriglycidylether, and the hardener, 3-aminomethyl-3,5,5,-trimethylcyclohexylamine. Using
samples cured under different conditions, calibrations resulted in root mean square errors of cross-validation
(RMSECV) of 18 Jg~* for AH, (rangefor AH,: 6.1-231.3 Jg™*) and 7.2°C for T4 (rangefor T, 41.5-98.8°C). Also, a
PL SR model for mixingratio of hardener and resin wasobtained, resultingin aRMSECV of 0.0040 (range for mix-

ing ratio: 0.180-0.380).
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Introduction

Near infrared spectroscopy has been used in sev-
eral studies'~* to investigate the curing characteris-
tics of epoxy resins (for examples of review articles
on NIR spectroscopy and polymers, see References
36-38). At specific wavelengths, the appearance or
disappearance of functional groups can be followed
and reaction kinetics derived. For practica and
industrial purposes, however, quantitative meaures
of the degree of curing are needed. Often, differen-
tial scanning calorimetry (DSC) is used for this pur-
pose, resulting in two parameters. the glass
transition temperature, T,, and the residual heat of

reaction, AH,. The glass transition temperature is
defined as the point at which the polymer changes
fromaglassy to arubbery stateand AH, isameasure
of the number of unreacted groups in the polymer.

Details of DSC, which can be found in the
literature®#! on this subject, will not be outlined
here.

Epoxy resins find many applicationsin industry;
thispaper concernscoatingsonwingsfor windmills.
At amajor windmill factory, an outer layer of epoxy
(called“gelcoat”) isapplied tothewingsasaprotec-
tion against ultraviolet radiation. As part of a
comprehensive study of the curing characteristics of
the gelcoat, it was necessary to obtain a measure of
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the degree of curing. As an alternative to the labori-

ous and time-consuming DSC analysis, NIR spec-

troscopy was investigated as a method of
guantitative analysis of the gelcoat samples.

Apart from the curing characteristics, also the
mixing ratio of the hardener and resin is a very
important parameter, which should be kept close to
the specification. To check the mixing ratio in the
cured product, NIR spectra of sampleswith varying
mixing ratios were obtained.

The study consisted of three parts:

(1) monitoring of the curing as a function of time at
three different (fixed) temperatures

(2) monitoring of the curing as afunction of time at
the last temperature of two different temperature
programs | and Il (consisting of two and three
temperatures respectively)

(3) performing a quantitative calibration for mixing
ratio, using the same temperature program for
the calibration samples.

Inthispaper, the part of the study concerning the use

of NIR will be presented.

Experimental

The gelcoat (supplied by SP Systems, UK) con-
sists of aresin, trimethylolpropanetriglycidylether,
and a hardener, 3-aminomethyl-3,5,5,-trimethyl-
cyclohexylamine. The specified mixing ratio by
weight is hardener:resin = 28 : 100.

In Part 1 of the study, the gelcoat was applied to
glass plates and allowed to cure at three different
temperatures, and for each temperature diffuse
reflectance NIR spectrawere obtained at four times
(different for the three temperatures).

For Parts 2 and 3, the gelcoat was applied to a
mould and heated at atemperature, T,, for atime, t,,
after which two layers of epoxy “prepreg” (SP
Systems, UK) were applied to the gelcoat. The
prepreg constitutes the inner part of the windmill
wing; therefore these experiments resemble the
actual process of fabrication.

In Part 2, for temperature Program |, the prepreg
and gel coat washeated at T, for threedifferent times,
t,, after which the samples were removed from the
mould and diffuse reflectance NIR spectra of the
gelcoat were acquired.

Measurement of Epoxy Resins Using NIR Spectroscopy

For temperature Program |1, the treatment con-
sisted of heating at T, for afixed time, t,, and then
heating at T, for seven different times, t,.

In Part 3, the mixing ratio of hardener and resin
wasvaried from 18:100to 38: 100 (13 samples) and
cured using the same temperature program.

Temperatures, times, mixing ratios, glass transi-
tion temperatures and residual heats of reaction are
shown in Tables 1(a) and 1(b).

NIR spectra were acquired on a Bomem MB160
FT-NIR spectrometer (ABB Bomem) equipped with
the Powder Samplir accessory for diffusereflectance.
The sample was placed horizontally on the window
(diameter 12 mm) without any pre-treatment. The
wavenumber range was 3800-12000 cm™ (wave-
length range 830—-2630 nm) and the distance between
data points was 8 cm (1065 data points).

For background spectrum, an average of 200
scans on a “ Spectralon” (Labsphere) was used and
for the samples, an average of 100 scans was used.
The effect of the spectral noise on the calibration
models has not been investigated and a lower num-
ber of scans might be sufficient.

DSC analysis was carried out in triplicate for
Parts 1 and 2 (for Part 3 only one DSC analysis was
performed on each sample) on a Mettler DSC 20
with TC11 Processor. The initial temperature was
25°C andthe heating ratewas 10°C min-t. Themean
values of AH, and T, were used for calibration.

The software used for data analysis and calibra-
tion was MATLAB R12 (The MathWorks) and The
Unscrambler 7.6 (CAMO ASA).

Results and discussion

To illustrate the determination of T, and AH,, an
example from aDSC experiment is shown in Figure
1. Two horizontal lines, before and after the nega-
tively sloping part of the curve, are constructed and
the onset and endpoint are defined as the points of
intersection of these lines and a line through the
inflection point. T, is then defined as the tempera-
ture of the midpoint between the onset and endpoint.
AH, isthe hatched area of the positive peak.

The raw spectra for Parts 1-3 (35 samples) and
multiplicative signal corrected*? (MSC) spectra are
shown in Figure 2(a) and (b). The wavenumber
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Table 1(a). Temperatures, times, glasstransition temperaturesand residual heats of reaction for Parts 1 and 2 of the curing
experiments.

Part | Temp. T1 ty T, to T3 ts Tg? AH2
program | (°C) | (min) | (°C) | (min) | (°C) | (min?) | (C) | (g}
1 20 60 231.3
180 167.0
290 138.1
3010 44.8 41.5
50 40 127.0
120 48.4 34.0
240 58.5 22.9
1440 71.0 10.0
120 20 73.8
60 84.8
180 92.7
300 94.7°
2 I 50 38 90 10 64.5 15.2
20 68.6 11.6
30 70.9 6.1
I 50 38 90 30 120 10 82.0
20 86.1
40 86.1
60 94.1
80 90.3
180 92.5
300 88.2

mixing ratio hardener : resin = 28 : 100
amean values of triplicates
bsampl e detected as outlier and removed from the calibration model for Ty
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Table 1(b). Mixing ratios and glass transition temperatures for Part 3 of the curing experiments.

Part 3 Temp. program: 20-90°C in 25 min, 30 min at 90°C, 90-120°C in 20 min, 60 min at 120°C
h:r 0.18 | 0.20 | 0.22 | 0.24 | 0.26 | 0.27 | 0.28%| 0.29 | 0.30 | 0.32¢| 0.34 | 0.36 | 0.38
T, (°C) 82.5" | 98.8" | 53.9 | 69.6 | 78.2 | 783 | 79.0 | 76.0 | 73.3 | 75.8 | 66.9 | 65.3 | 58.0

bsampl es detected as outliers and removed from the calibration mode! for Ty

®mixing ratio hardener : resin

dsamples detected as outliers and removed from the calibration model for mixing ratio

range above approx. 9000 cm* showed no spectral
features and did not contribute to the calibration
models and, therefore, the range 9003-12000 cm™?
was omitted from the plots and the calibrations. The
explanation of the negative absorbances at some
wavenumbers is that different gain settings were
used for the background and samples, respectively.
As is often seen in reflectance spectra, the raw
spectra show scatter effects, which can be removed
using thepre-treatment M SC. Thisusually improves
the calibration models, which was also shown to be
the case in this study.

exa >

S

To illustrate the spectral changes during curing,
the four spectra cured at 20°C in Part 1 were trans-
formed using the standard normal variate (SNV) and
detrending,** whichisan often used pre-treatment to
visualise spectral differences. The spectrum for the
time t, was subtracted from each spectrum to give
SNV detrended difference spectra (Figure 3).

Also, the spectral effect of changing the mixing
ratio of hardener and resin can be shown using SNV
and detrended difference spectra (Figure 4).

Assignments of some of the bands in Figures 3
and 4 are given in Table 2.

Integration

Detta H 266 nJ

Glass Transition g1.3 Jrg
- Onset  55.3°C Peak  133.2°C
£ Midpt 64 6°C 1.2 nmlil
. Intipt €5.5°C -
ol Endpt  73.3°C e

4

i

e T T . —

58, 180. 158, 288. 254 . °C

Figure 1. DSC analysis of a sample from Part 1 of the curing experiments. Sample mass = 12.5 mg. T, = 64.6°C,

AH, =21.3 Jg.
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Figure 2. (a) Raw spectra of all (35) samples. (b) Spectra of all (35) samples after MSC.

Asexpected, Figure 3 showsthe disappearance of mary amine from the hardener compared to the
epoxy and amine functional groups and the appear- epoxy group from the resin.
ance of hydroxyl groups, as a function of reaction Because of timelimitationsand experimental dif-
time. Figure 4 shows the increasing amount of pri- ficulties, only selected samples from Parts 1-3 were
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Figure 3. SNV and detrended difference spectra of samples cured at 20°C in Part 1.

analysed for T and AH, [Table 1(a) and (b)]. Details
for the available samples for the PLSR calibrations
aregiven in Table 3.

In each case, the matrix of spectra was
transformed before calibration using MSC [Figure
2(b)] to improve the calibration results. Outliers
were detected and removed during initial calibra-
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tions: three for the T, model and two for the mixing
ratio model [marked in Tables 1(a) and 1(b)].

The regression coefficients for the models for T,
and AH, are shown in Figure 5.

When comparing the most prominent peaks in
Figure5with Figure 3 and Table 2, it can be seen, as
expected, that ahigh value of AH, and alow value of

36: 100
32:1040
2R 100

—— 6408

24100

1 8: 100

TO00 EALEN GO0

Wavenumber jcm™' )
Figure 4. SNV and detrended difference spectra of samples with selected mixing ratios (hardener : resin) from Part 3.
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Table 2. Assignments of bandsin Figures 3 and 4.

347

Epoxy group Hydroxyl O-H Primary amine
Figure 3 (cm™) 4524 5896 6067 4821 6776 4935 6502
Figure 4 (cm™) 4526 5886 6067 4764 5036 6498
Table 3. Statistics for the calibration samples.
Samples Minimum Maximum Mean Std dev. s
T, (°C) 31 415 98.8 75.6 14.2
AH, (3g?) 11 6.1 231.3 73.5 78.4
Hardener : resin 13 0.180 0.380 0.280 0.061

T, are associated with alarge number of epoxy and
amine groups and alow number of hydroxyl groups.
The root mean square error of cross-validation
(RMSECV) was calculated using full cross-
validadion (“leave one out”).*> Repeated random
segmented cross-validation with ten segments was
performed for the T, model giving, on average, the
same result as the full cross-validation. To evaluate
the models, theratio of the standard error of predic-

45300

150 |

1060 |

070

50 |

Reoression koelficients

=500 |

4836

A0 S000 GO0

tion to the standard deviation* was calculated
according to RPD = SRMSECV with the standard
deviation s from Table 3 (except for the changes
resulting from the removal of outliers). An RPD-
value of 2.5 is considered acceptable, while avalue
of 10 is excellent. The mean of the standard devia-
tionsof thetriplicate DSC analyses(s,;) can becom-
pared to the RMSECV. The results are given in
Table 4.

G756

T00H) B SO0

Wavenumber (cm'')
Figure 5. Regression coefficients for the PLSR models for AH, (solid line) and T, (dotted line).
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Table 4. Resultsfor PL SR regressions using MSC and full cross-validation. syef isthe mean of the standard deviations of

the triplicate reference DSC analyses.

Outliers Factors

Sref RMSECV RPD

T, (°C) 3 3

15 7.2 1.9

AH, (3 g™ 0 2

3.5 18 4.4

Hardener : resin 2 2

0.0040 16

Compared with the standard deviations of the
triplicate determinations of AH, and T, the
RMSECVs are significantly higher, indicating that
the NIR method is not as precise as the reference
method. The values of RPD, however, indicate that
the models for AH, and mixing ratio are very good
and fully applicable for the purpose of quality con-
trol and optimisation. The model for T isalittleless
than acceptable, but probably a calibration using
more samples will show better performance.

In Figures 6-8, predicted vs measured values for
the three models are plotted.

Conclusion

The present study has demonstrated that it is pos-
sible to replace the laborious and time-consuming
DSC analyses of epoxy resins with NIR analysis,
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Figure 6. Predicted vs measured AH, for the PLSR model
using two factors.
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Figure 7. Predicted vs measured T, for the PLSR model
using three factors.
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Figure 8. Predicted vs measured mixing ratio

(hardner : resin) for the PLSR model using two factors.
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and alsothat it is possibleto predict the mixing ratio
of hardener and resin. This can be used for quality
control, for optimising the temperature program
used in the curing process and for on-line control of
the mixing ratio. The PLSR models showed good
performance, with low to medium values of
RMSECV compared with the standard deviation of
the dependent variables. However, because of the
relatively small set of samples, thisisapreliminary
study and the results should be confirmed by alarger
experiment.
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