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Abstract— We demonstrate how terahertz time-domain
spectroscopy (THz-TDS) can be used to quantify water absorption
in hygrothermally aged simple and commercial epoxy systems
supported by conventional gravimetric analysis.

I. INTRODUCTION

E POXIES represent an interesting class of materials
containing reactive monomers that cross-link either with

themselves or with hardeners such as amines in the curing
process. As such, they have found applications as
encapsulations in the electronics industry, adhesives in
structural bonding, anticorrosive protective coatings on metal
structures, and in the creation of composites. The advent of
terahertz sensing has also opened up many exciting industrial
applications [1-6] and for studying technical polymers [7, 8].
Even though epoxies have been studied by THz-TDS [9], there
is no report on their water uptake properties. In this work, we
demonstrate how THz-TDS can be used to quantify water
absorption in hygrothermally aged epoxy systems, for both
simple and commercial systems, supported by conventional
gravimetric analysis [10].

II. METHODS

A total of five epoxy systems were prepared: two commercial
systems with the names 8552 and RMT®6, and three simple
systems of the same epoxy (Epikote 828) and amine (Jeffamine
T403) at 3 different stoichiometries. The hygrothermal
conditions were performed by immersing the samples in
distilled water in a beaker at a temperature of 95 °C (Fig. 1). At
each time increment, the samples were removed, blotted dry,
characterised in terms of mass, thickness and THz-TDS, before
returning back to the conditioning chamber. The duration of the
ageing experiment was 80h in total. We performed transmission
THz spectroscopy using a commercial THz-TDS setup
(Terapulse 4000, TeraView Ltd., Cambridge, U.K.).
Frequency-dependent optical constants can then be calculated
from the measurements and converted to complex relative
permittivity. The complex permittivity of aged epoxy &, (v) can
be described using the Landau, Lifshitz, Looyenga (LLL)
model [10] as

3\/ &) = fBW,k 3\/ &pw(v) + (1 - fBW‘k)S\/ ép(v)
where gy (v)is the complex permittivity of bound water,

&p(v) is the complex permittivity of the dry epoxy, volumetric
fractions fgw rand 1 — fpw x for a two component mixture.
mrp—mgp

pAdg
where m,, is the mass of aged epoxy at time &, m, is the mass
of dry epoxy before conditioning, p is the density of water
taken as 1 g.cm™, and A is the sample area.

The volumetric fraction fgy i is determined by fgw =

and after conditioning.

III. RESULTS

Fig. 1b shows that the samples all underwent distinct
irreversible yellowing with S180 being affected the most
affected and S060 the least. Yellowing in bulk is a well-known
phenomenon in aliphatic amine cured epoxy systems, and
relates to various oxidation processes in which N-H2 groups
participate [11]. The extracted frequency dependent refractive
indices and absorption coefficients of the samples at different
time increments are shown in Fig. 2

S100 5100

Refractive index
w
T T
& 8 3
@nwn
3333

o
8
Absorption coafficient (cm 4‘)
@ B
g o
&
B

N
5]

1.7 ey T —57.5 hr

— — B9hr

— — Bohr
165\

1.5
05 1 15 2 05
Frequency (THz)

1 15
Frequency (THz)

RTME RTM&

g 3

i
g

Refractive index
Y
3

1L
3
@
=

S
Absorption eoafficient (om ')
realiriy
3

0.5 1 15 2 05 i 15 2
Frequency (THz) Frequency (THz)

8552 8552

&
e

Refractive Index

g
Absorption coefficient (cm ")
#5358

05 1 15 2 05

Frequency (THz} Frequency (THz)

Fig. 2. Frequency dependent optical constants of the specimens at different
water ageing time.



In order to compare against the conventional gravimetric
analysis, Fig 3 shows the optical constants at 1 THz as a
function of water ageing time where a linear correlation can be
observed.
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Fig. 3. Optical constants at 1 THz with gravimetric analysis as a function of
water uptake.
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Fig. 4. Optical constants at | THz from measurement and estimated using the
LLL model as a function of water uptake. Lines plotted to guide the eye.

Finally, Fig. 4 compares the optical constants from the
measurements and from the LLL model as a function of water
uptake where good agreement is observed.

IV. SUMMARY

We have demonstrated how THz-TDS could be used to resolve
water absorption during a hygrothermal ageing process in
different epoxy systems benchmarked by conventional
gravimetric analysis. Using the LLL model, water uptake can
be quantified at sufficient fidelity. This therefore suggest that
THz-TDS could be used to complement existing techniquesin
accelerated degradation testing.
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