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Hydrothermal ageing of CSM-laminate during
water immersion — an acousto-ultrasonic study
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Acousto-ultrasonics represents a very attractive and promising technique for detecting flaws
and studying degradation of composite material. Studies of damage under hydrothermal age-
ing incurred by random fibre-reinforced laminates have been catried out with this technique. It
is shown that the “'stress wave factor’” is a sensitive indicator of random fibre composite
strength reduction due to a hydrothermal effect. The same study can be used for the esti-
mation of strength from the data generated under accelerated conditions.

1. Introduction

The effect of environment on composite properties is
of great interest in the effective design of polymer
matrix composites. Thermal and moisture exposure
may lead to a number of undesirable effects such as
polymer degradation, fibre—matrix debonding, chemi-
cal attack of the fibre surface, etc. [1-4]. Reinforced
plastic structures, especially those fabricated by hand
lay-up from random mat reinforcement (CSM), fre-
quently contain defects such as resin-rich regions and
voids, creating additional defects at the microstruc-
tural level during service. Thus assessing the accumu-
lation of damage through non-destructive evaluation
(NDE) methods and other techniques is of prime
importance for building more economical, but safe,
structures.

Two widely used NDE methods for verification
of composite integrity as well as degradation due
to service conditions are ultrasonic and acoustic
emission techniques. The detection of flaws in com-
posites by the conventional pulse-echo ultrasonic tech-
nique is difficult due to scattering and it is often dif-
ficult to correlate a detected flaw with the overall
performance of the composite. Additionally, evalu-
ation of strength loss after ageing may depend on
sensing subtle changes that are distributed through-
out the material rather than isolated flaws [5]. On
the other hand, the acoustic emission (AE) technique
can be used to evaluate the integrity of the material
as a whole [6, 7] but it has two problems. Firstly,
the material structure must be put under stress to
produce spontaneous emissions from induced flaw
growth and it is difficult to evaluate the effect of this
stress on the life of the material being tested, especially
in the case of composites. Secondly, the microstruc-
ture of a composite exerts a dominating influence on
the observed AE signals and no direct correlation can
be made between microstructural failure events and
the amplitude distribution of the acoustic emission
observed [8]. As a consequence, useful information
from AE patterns of any composite structure can be
derived only if there is already a substantial back-
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ground knowledge of the behaviour of similar struc-
tures under known conditions.

The acousto-ultrasonic technique combines advan-
tageous aspects of both acoustic emission and pulse-
echo ultrasonics and at the same time overcomes the
problems mentioned above associated with these
techniques [5]. All the morphological factors that
govern or contribute to material performance are
quantitized in terms of a “stress wave factor”, which
is defined later, The stress wave factor is essentially a
relative measure of the efficiency of energy dissipation
in a material and reflects the combined effect of flaws
or other material anomalies that exist in the volume of
material being examined. Strong correlations between
stress wave factor and ultimate and interlaminar shear
strength in composite laminates have already been
reported in the literature [9—14]. This paper reports a
study on the degradation of CSM laminates in water
at different temperatures through this technique, and
correlates the degradation process with the stress wave
factor.

2. Equipment and experimental
procedure

2.1. Equipment

The experimental equipment comprises an Instron

1185, Universal testing machine (100 KN), Brooke-

field constant temperature bath Ex.200, and an

acousto-ultrasonic test instrument, Model 206 AU,

of AET Corporation, USA.

The model 206 AU (Fig. 1) is composed of three
main sections: the pulser section, the acoustic emission
section and the display section. Using a broadband
transducer, the pulser section injects ultrasonic pulses
into the composite materials. Each pulse produces
simulated stress waves that resemble acoustic emission
events. The receiving transducer relays the signals
back to the acoustic emission section, where they
are electronically processed. The display section con-
sists of an oscilloscope which displays the continu-
ously repeating bursts of simulated stress waves and
includes a 3% digit LED display which can be selected
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Figure | AET model 206 AU with
wheeled sensor fixture.

to give counts, events, threshold voltage and signal
level (rms) voltage.

2.2. Experimental procedure

All data reported in this paper were generated on
random mat reinforcement specimens prepared from
large panels, which were fabricated using three layers
of E-glass CSM (density 450 gm~2 manufactured by
FGP Ltd, India) and isophthalic polyester resin (HSR
8131 manufactured by Bakelite Hylam Ltd, India)
by a standard hand lay-up technique. Methyl ethyl
ketone peroxide and cobalt naphthanate were used
as catalyst and accelerator, respectively. The lami-
nates were cured in laboratory atmosphere for 72h
and then post-cured at a temperature of 100° C for 4 h.
The nominal thickness of the finally cured laminate
was 2.4 4+ 0.4mm having a glass content of 36.4% as
determined by burn-out method. Flexure test speci-
mens of length 80 mm and width 10mm were cut
from these panels and the edges were smoothed by
sanding.

Each specimen was subjected to measurements of
the acoustic-ultrasonic stress wave factor by placing
the receiving transducer at the centre of the specimen.
The instruments were set up in the following manner:
Gain 50dB, threshold voltage 0.25V, (auto mode
operation) pulse rate 2000sec™', pulse energy 50V,
gate width 187.2 usec. This was kept the same in all
subsequent measurements. 40 specimens were tested
dry in three-point flexure employing the Instron
machine at a displacement rate of 2mmmin~' which
was maintained the same for all tests. 90 specimens
were kept in boiling distilled water. Of these, 10
samples were drawn at random after a specified num-
ber of hours of boiling. They were again subjected to
stress wave factor measurement and flexure test
after cooling to laboratory temperature. The flex-
ural strength was calculated by using a standard
beam formula and reported as the average of 10
values.

The procedure was repeated for water temperatures
of 60 and 42°C.

In the stress wave factor measurement simulated
stress waves were repeated at a fixed rate, r (2000 sec ™
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in this study) with each successive burst identical to its
predecessors. After amplification, the received signals
were sent to a counter that registered the number
of oscillations, #, in each burst exceeding a fixed
threshold voltage. The counter was reset automati-
cally after a predetermined time interval, g (1sec in
this study) and the previous count was held in a
memory and digitally displayed. The displayed count
assumed a constant value soon after the probes were
placed on the specimen. The number that was dis-
played, E = grn, is defined as the stress wave factor.
This value is normalized relative to the maximum E
value found for all specimens, i.e. N,; = E/E, . E
and N, are both relative and depend on factors such
as probe pressure, signal gain, reset time, threshold

~ voltage, repetition rate. All these factors have been

kept constant in this study.

3. Experimental results

The average flexural strength, o, values obtained after
different ageing times at 100° C are plotted against the
normalized stress wave factor, N, in Fig. 2. The
plot indicates a monotonic increase of ¢ with N,,,.
The linear regression curve fitted to the data had a
coefficient of determination of 0.97 and gave the
relation.

o = 2043 Ny + 62 M

correlating o and N,.

The average normalized stress wave factors at dif-
ferent ageing times at 60° C were calculated and then
the flexural strength values were computed from
Equation 1 obtained from data at 100°C. The cal-
culated values as well as those measured at different
ageing times along with its percentage deviation from
the measured strength, are given in Table I. As
can be seen from Table I, agreement between the two
strength values are extremely close with a maximum
deviation of about 10% for 24 h strength values.

An analysis of the values of normalized stress wave
factors at different ageing times (#) at 100° C showed
a linear relationship between In Ny, and ¢ with a
coefficient of determination of 0.96. Thus a relation
of type Ny = A exp (—bf) where 4 and b are



Figure 2 Flexural strength as a
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constants, is fitted to the data following the method
given by Lewis [15] yielding the relation

Ny = 0.717 exp (—7.436 x 107%1) )

Combining Equations 1 and 2 the strength degra-
dation with hours of ageing in water at 100° C is given
by

o = 146.5exp (—7.436 x 10731 + 62

€)

A similar analysis of the data at 42°C gives the
relation

N,; = 0.721 exp (—5.836 x 10749 @)

For values of ¢ up to 300h, the equation can be
approximated to

Ny = 0721 — 4.208 x 107*¢ (5)

Equations 2 and 5 have been plotted in Fig. 3.
Equation 4 is again combined with Equation 1 to give
the relation:

6 = 1473 exp (—5.836 x 107%) + 62

(6)

for strength degradation at different ageing times in
water at 42° C. It can be seen that Equations 3 and 6
are almost identical, except the exponent of the
exponential term. For the range of values of ¢ studied

here, Equation 5 can be approximated by the relation
6 = 209.3 — 0.086 @)

without any appreciable error. This equation is linear
and plotted in Fig. 4 along with Equation 3.

4. Discussion

As mentioned earlier, the stress wave factor may be
described as a measure of the efficiency of stress wave
energy transmission. The sending transducer injects a
repeating series of ultrasonic pulses into the material.
Each of these pulses produces simulated stress waves
that resemble acoustic emission in the material [16,
17]. The receiving transducer intercepts some of the
simulated stress wave energy that radiates from the
point of injection. Any defect of discontinuity present
in the material under investigation leads to the attenu-
ation of energy with consequent reduction in the
energy received by the receiving transducer.

Thus attenuated stress wave energy flow corre-
sponds to decreased fracture resistance [9]. The cor-
relation given by Equation 1 supports this view. In a
random fibre composite the strength is predominantly
controlled by the efficiency of the load transfer at the
interface between the fibre and the resin matrix, i.e.
the shear stress at the interface and the orientation of
the fibres with respect to the loading axis [18]. A good
bond between the fibre and the resin at the interface
with the maximum number of fibres oriented in the

TABLE 1 Flexural strength of CSM-laminates kept in water at 60°C

Time in water Average flexural strength,

Flexural strength, Deviation from

at 60°C (h) measured (MPa) calculated (MPa) measured strength (%)
264 190 193 +1.6
240 197 196 —-0.5
216 199 204 +2.5
192 205 205 0
168 205 203 —0.97
144 221 197 —6.3
72 212 196 -75
48 216 202 —1.6
24 222 200 —-9.9
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Figure 3 Stress wave factor as a
function of ageing time at 100 and
42°C,
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direction of load will lead to higher strength. Both of
these factors will contribute to more efficient transfer
of stress wave energy (high stress wave factor values)
since the intimate contact between the fibre and the
resin will reduce the loss of energy, and also attenu-
ation is less along the direction of fibre orientation.

On ageing in water the polyester component in the
laminate is subjected to water attack. The water acts
as a swelling agent and plasticizes the resin. In the
presence of traces of salts, the resin acts as a semi-
permeable membrane and the resulting osmotic
pressure within the resin leads to cracking [19]. The
reinforcing E-glass fibres may give rise to alkaline
hydrolysis products making the interface more hydro-
philic, and three distinct but inter-related effects [3],
may occur.

1. Penetration of water into the resin will promote
crack growth in the individual fibres resulting in weak-
ness.

2. Radial stress due to resin swelling along with
osmotic pressure caused by penetration of water will
lead to fibre debonding, increase in transfer length and
consequent weakening of the composite.

3. Increase in viscoelasticity due to plasticization of
resin will result in further increase in transfer length
decreasing the efficiency of load transfer at the inter-
face.

The swelling process, as mentioned above, inflicts
irreversible damage on the composite. Moreover, the
swelling rupture of the resin and fibre—resin interface
exposes the fibres to a highly humid atmosphere which
when coupled with the swelling-induced tension in the
fibres can lead to severe stress corrosion of the glass
fibre. Ishai [2] has observed experimentally for glass-
fibre reinforced and unfilled epoxy specimens that the
problem of stress corrosion of the reinforcement is
further aggravated when the specimens are exposed to
hot water. Hot water promotes attack on the glass
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fibre surface and the interface coupling agent, with
consequent leaching and removal of glass constituents
[1]. All these contribute to the reduction of the
strength of the fibre. Since, for a given volume fraction
of fibre, the composite strength is predominantly
dependent on the factor

/)
0'f<1 - 7) ®)

where o; is the fibre strength, /. and / are the load
transfer length and fibre length, respectively, any
reduction in o and increase in /. will contribute to the
reduction in strength of the composite.

On the other hand, stress wave energy transmission
in these composites takes place from the matrix to the
discontinuous fibres through the interface. The fibre,
having a higher modulus of elasticity, transmits stress
wave energy more efficiently than the matrix. Thus a
debonded or weak interface attenuates the energy
more, thereby transmitting less energy to the fibre.

The ageing of fibre also makes it less efficient in
transfer of stress wave energy. Both these factors
reduce the simulated stress wave energy at the receiv-
ing transducer and give low values of stress wave
factor. Thus the correlation that was obtained prob-
ably arose because stress wave propagation is pre-
dominantly controlled by the fibre—resin interface
which, in turn, controls ultimate strength in the com-
posite tested.

The close agreement between the measured strength
values and those predicted from the correlation
obtained for ageing at 100° C for the degradation of
composite at water temperatures of 60 and 42°C,
indicates that the stress wave factor provides a means
of rating the deterioration process on a time and
temperature scale. The lower value of the exponent of
the exponential term in Equation 6 is expected since at
lower temperature the degradation will occur at a
much lower rate.

Equations 3 and 6 can be put into the form

o) = 6, + (0 — 0,) exp (—1/7)

where ¢ is exposure time and ¢, and o, are the com-
posite strength at the times 0 and co, respectively, and
t is a characteristic time dependent on temperature.
This equation is identical to that describing the
environmental degradation of interlaminar shear
strength in carbon fibre epoxy composite [20-22]
indicating that the interfacial effect is the controlling
factor.in the degradation of random fibre composites.

5. Conclusions
The hydrothermal degradation of CSM-laminates
was evaluated nondestructively through an acousto-
ultrasonic technique. The method involved charac-
terization of stress wave propagation in the material.
This measurement yielded the stress wave factor
which was used to determine the rate of the degra-
dation process.

Specific conclusions drawn from this study may be

summarized as follows:

1. The stress wave factor is a sensitive indicator of
random fibre composite strength reduction due to
hydrothermal effects.

2. For a given system, stress wave factor readings
can be used for the estimation of strength from the
data generated under accelerated conditions.

3. In a random fibre composite the hydrothermal
degradation process is predominantly controlled by
the interfacial phenomena.
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