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The hygrothermal behaviour of glass fibre
reinforced Pab6 composites: a study of the
effect of water absorption on their mechanical
properties
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Cédex, France

A kinetic study of water absorption in three types of thermoplastic materials has been under-
taken: pure Pa66 polymer, short fibre and continuous fibre composites. Ageing tests were car-
ried out under nine sets of hygrothermal conditions: three different temperatures 40, 70, 90°C
and three relative humidity levels, namely 30, 75 and 100%r.h. The results were found to obey
a Fickian diffusion model and the characteristic parameters D (diffusion coefficient) and M_%
(maximum moisture content percentage) were determined. The influence of water uptake on
residual mechanical properties was studied using three-point bending tests. For each type of
composite, a water concentration threshold was detected beyond which a significant reduc-

tion in mechanical properties was observed.

1. Introduction
The rate at which the water is absorbed by a composite
depends on many material variables. For instance the
type of fibre and matrix, the fibre orientation with
respect to the direction of diffusion, the temperature,
the difference in water concentration between the
composite and the environment and whether the
absorbed water reacts chemically with the matrix.
Several studies have shown the important effects of
absorbed water on the physical properties of com-
posite materials [1-3]. However, to date the studies
have mainly been concerned with thermoset matrix-
‘based composites. It has been shown that above a
threshold defined for a given temperature and relative
humidity [4, 5] other mechanisms than simple dif-
fusion can take place within the material; for example,
.plastification of the matrix or interfacial decohesion
which leads to a degradation of the composite. It is
therefore necessary to examine if such phenomena can
occur for thermoplastic-based composites where, by
definition, the plastification of the matrix is expected
to be very important. It is also of prime interest to
study how, for example, the glass transition tem-
perature can play a role in the kinetics of water absorp-
tion.

TABLE I Main characteristics of the composite materials tested

2. Experimental techniques

A total of five materials were studied including the
pure polymer Nylon 66, short and continuous glass
fibre composite (Table I). All the composites were
made by Peugeot SA (Audincourt, France). The
volumic fraction was in the order of, respectively, 50%
for material 1 (70% in weight) and 24% for material 2,
3, 4 (40% in weight). The length of the short fibres
before elaboration was different for each material:
from 0.2 to 0.5 mm for material 4, from 2 to 4 mm for
material 3, and up to 9mm for material 2. Since
material 3 had a natural colour, material 2 was brown
and material 4 was black due to the adding of black
carbon.

The pure polymer and short fibre specimens were
160mm long, 65mm wide and 3mm thick whereas
continuous fibre specimens were 100 mm long, 37 mm
wide for the same thickness, with the fibres aligned
along the major axis.

Absorption tests were conducted in environmental
chambers which allowed relative humidities in the
range of 0 to 100% r.h. to be achieved for a range of
temperature between 25 and 100° C. Relative humid-
ity was controlled by using saturated salt solutions,
the vapour pressure of which when in equilibrium with

Material Fibre type Source supplier Fabrication technique V; Matrix

0 Pure matrix Rhéne Poulenc Injection moulding Technyl A216
1 Continuous IRCHA Moulding 50% Technyl A216
2 Short IRCHA Injection moulding Technyl A216
3 Short ICI Injection moulding 24% Maranyl

4 Short Rhéne Poulenc Injection moulding 24% Technyl A216
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Figﬁre I Weight loss of the dif-
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the air gave very steady values [5]. Nine hygrothermal
conditions were investigated: three temperatures 40,
70, 90°C and three relative humidities 30, 75 and
100% r.h.

Firstly the kinetics of water absorption were deter-
mined by weighing the specimens at regular intervals.
A Sartorius balance type 1205 MP was used, with a
precision of 1 mg. The balance was placed inside a
Faraday cage in order to eliminate the influence of
static electricity on the plates. The calculation of the
coeflicient of diffusion, D, and the maximum moisture
content percentage M, % was based on the experi-
mental curve of weight gain as a function of time. For
this, all materials were previously dried at 100°C and
0% r.h. in the presence of silica gel.

The residual properties after saturation, elastic
moduli, E, in flexion and flexural failure stress, oy,
were measured using a three-point bending test at
room temperature. The samples were cut from the
saturated plates and immediately tested. The dimen-
sion of the samples were equal to 15mm x 60 mm
with a span to depth ratio equal to 16. In addition,
other bending tests on dried materials at different
temperatures were also conducted by placing the bend
test fixture in a climatic chamber. The temperature
range covered was from —40°C to + 140°C.

3. Kinetics of water absorption
The initial drying out of the different composites
shows that the water content of these materials after
fabrication was variable. A loss of the order of 0.1%
was recorded for material 1, between 0.35 and 0.5%
for short fibre composites, the moisture content of
pure matrix was equal to 0.45% (Fig. 1). The behav-
iour during drying was Fickian: the curves of weight
loss had two distinct parts, a linear part as a function
of ' followed by a gradual dropping away until no
moisture remained. However, a slight weight loss can
be distinguished during the desorption phase which
must be due to some permanent thermal ageing.
For temperatures equal to 40 and 70°C, a well-
defined Fickian behaviour has also been observed
both for the pure polymer and the composites. The

general law for such behaviour can be written as [6]:
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where £ is the thickness of the sample, M, % the
maximum moisture content, D the diffusion coef-
ficient, and ¢ the time.

The whole curve can be resolved into two parts
described by two simple equations. The first part:

M% =

% < 0.05
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which is the uptake of water by a semi infinitely thick
specimen. The second part:

%>am

M% = ey

which is described with the aid of the first term of the
general Equation 1:

M, % {1 — %exp [— % n{l} €))

The parameters M, % and D are calculated from
the experimental points using Equations 2 and 3; a
curve fitting techniques was used based on minimum
variance which was developed for curves having an
exponential form [7].

Knowing the diffusion parameter, D, and when a
time—temperature equivalence exists, it is then poss-
ible to use the parameter P = (Dt/h?)"? in order to
represent the curves for the materials. In that case, if
the weight gain at saturation is only a function of the
relative humidity, all the curves as a function of P, for
a given relative humidity, are superimposed on a
unique master-curve.

For temperatures below 90°C, this representation
was accurate for all five materials (Fig. 2), since the
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Figure 2 Absorption curves for (a) material
1, (b) pure polyamide, (c) materials 2 (——-)
and 3 (——), and (d) material 4. The weight
gains were obtained at (a) 70°C and (m)
40°C.
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diffusion parameters were only a function of tem-
peratures (Fig. 3), following the classical Arrhenius-
type law.

RT

where T is the temperature and E, the activation
energy, while the evolution of the saturation limits

48

D

Dy exp — @

against relative humidity seems only to be a function
of the relative humidity from the law: d

M.% = a(th %)

with b = 1 for every material (Fig. 4).

Table II summarizes the data (D,, E,, @) obtained
for the different conditions. The values of the activa-
tion energies are of the same order as those obtained
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with thermoset matrix composites (12.5kcalmol™").
On the other hand, the values of coefficients of dif-
fusion obtained on material 1 (continuous fibres) are
greater than those obtained on unidirectional epoxy-
based composites [5, 8].

Above 70°C, a weight loss was observed on the
pure nylon specimen and with material 1 during
ageing at 30%r.h. (Fig. 5), whereas the amount of
absorbed water at 75% r.h. was nearly twice as much
as that at 100% r.h. for the short fibre composites and
for the pure matrix (Fig. 4). The same tendancy, but
less pronounced, is observed for material 1. It must
be added that at 100% r.h. and for short fibre com-
posites, an “oscillation™ around an equilibrium point
is observed that should really be the steady linear
plateau of the saturation curve. However, no anom-
alies in the values of the diffusion coefficients which
have been calculated at 90°C (Fig. 3) can be seen,
although the coefficients calculated at 100° C, during
drying, are greater than predicted.

From the amount of absorbed water on pure matrix
M, %, knowing the volume fraction of the reinforce-
ment, the theoretical amount of absorbed water in the
composite M, % . can be deduced:

Mmtyc m
Al ) ®

where g, and g, are, respectively, the densities
of the matrix and the composite. The ratio given in
Equation 6 is equal to 0.6 for materials 2, 3, 4 and
equal to 0.3 for material 1. It can be seen from Table
III that the experimental values are always lower than
the theoretical ones except at 100% r.h. at 40 and
70° C for the short fibre composites. The experimental

TABLE II Values of energy of activation E,, and parameters
a and D, for the different materials

Material E,(kcalmol™") Dy(mm?sec™") a

0 12.5 325 5 x 107
1 12.5 130 1 x 1072
2 12.5 400 2.6 x 1072
3 12.5 400 3.1 x 1072
4 12.5 400 3 x 1072

ratio is closer to the theoretical one at the higher
relative humidity. For long fibre composites, the same
tendency is observed but to a lesser extent. These
results are surprising if they are compared with those
obtained on thermoset composites where the theoreti-
cal values are often lower than the experimental ones
[9]. The difference is explained by the role played by
the fibre—matrix interface.

Another significant ratio can be calculated and
compared to experimental results:

Mm%CF — Q_Lf_‘:(l — I/fCF) = 2 (7)
My %orr ecr (1 — Virr)

where CF and LF correspond, respectively, to short
fibre and long fibre composites. The main interest of
such a calculation, consists in shunting the values
obtained on pure matrix and only taking into account
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Figure 3 Diffusivity against temperature for the different materials
tested. The values have been compared with an epoxy-based com-
posite [S]. (W) 100% r.h., (Q) 75%r.h., (©) 30% r.h. Drying tests:
(%) materials 2, 3 and 4, (¢) material 0, (@) material 1.
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Figure 4 Saturation limits against relative humidity for the different
materials. The water uptake at 90° C and 100% r.h. is less important
than expected for every composite. (®) 70°C, (&) 40°C, (0) 90°C.

those results obtained on composites in the event that
the matrix undergoes some structural change during
fabrication. It can be seen from Table III that the
experimental results are greater than the theoretical
predictions except for the three following condit-
ions: 30% r.h. at 40 and 70° C and 100% r.h. at 90° C.
Fibres may obstruct the absorption of water and this
all the more as their volume fraction is important and
the relative humidity is low. The results obtained at
90° C are apart from this behaviour.

The same approach can be made with the coefficient
of diffusion, D. For continuous fibres, the transverse
coefficient can be written as [10]:

1/2
bo-nfi2(2]  w

Since, for short fibre composites, the coefficient of
diffusion, D¢, lies between two bounds, Dz and Dy,
UB and LB stand, respectively, for upper and lower
bounds [11] with:

Dy = %D, +1D 9

where D; and D, are the longitudinal and transverse
coefficients of diffusion of a continuous fibre com-
posite having the same volume fraction. Then:

D, = D,(1-W) (11

M
{/o)

Figure 5 Absorption curves for (a) material 1, (b)
pure polyamide, () materials 2 (—) and 3 (—-),
and (d) material 4, at 90° C. In this case the use of

parameter p to describe the behaviour is not accu-
rate. (B) 100% r.h., (O) 75%r.h., (@) 30%r.h.



Figure 5 Continued.
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TABLE III Values of the experimental ratio of weight gain as a function of the hygrothermal conditions

Temperature (° C)
40 70 90
30%r.h. 75%r.h. 100% r.h. 30%r.h. 75% r.h. 100%r.h. 30%r.h. 75%r.h. 100% r.h.

0,
My Yoce 0.25 0.52 0.58 0.30 0.55 0.62 - 0.31 0.48
M, %,
Mm %LF
.17 0.19 0.25 0.2 0.2 0.24 - 0.2 0.28
o 0.1
M, %er
m 1.42 24 2.5 1.5 2.34 2.54 - 1.5 8
M, Your !

TABLE 1V Experimental values of the coefficient of diffusion for short and continuous fibres compared to those oﬁtained on pure
matrix

Temperature (°.C)
40 70 90
30%r.h. 75%r.h. 100% r.h. 30%r.h. 75%r.h. 100% r.h. 30%r.h. 75%r.h. 100% r.h.

N 0.34 0.38 0.2 0.6 0.22 0.33 - 0.32 0.25
m

D,

=F 22 0.36 25 0.9 0.9 - 1.2 1.84

D,

D, (mat. 1) 0.17 0.14 0.2 0.36 0.9 1.2 - 1.7 1

10~ *mmZsec™!

D¢y (mat. 3) 0.7 0.5 1.1 4 46 5.85 6.7 9

10~ *mm?®sec™!
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TABLE V Percentage weight loss after the second drying compared to the first one

Temperature (° C)

40 70

30%r.h. 75%r.h. 100% r.h. 30%r.h. 75%r.h. 100%r.h.
Mat. 2 0.1 0.1 0.12 0.1 0.15 02
Mat. 3 0.02 0.04 0.08 0.07 0.18 0.24
Mat. 4 - - - 0.014 0.023 0.034

TABLE VI Evolution of the percentage of crystallinity as a
function of the hygrothermal history. All samples have been redried
before DSC analysis

Conditions Mat. 1 Mat. 2 Mat. 4
Dried 346 28.5 39.1
70°C, 30%1.h. 442 - -
70°C, 75%r.h. - 27 432
70°C, 100% r.h. - 33 448
90°C, 30%r.h. 47.8 35 -

TABLE VII Values of coefficient B and stress at rupture at
—40° C for the different materials tested

Material or(Ty) (MPa) B (103K
1 1100 5.5

2 290 2

3 325 3

4 250 1.8

and D, is determined from Equation 8 with V; = 24%.
It can be deduced that the theoretical ratio D, /D, is
equal to 0.2 and D¢g/D,, is lower than 0.54 and higher
than 0.51. Table IV summarizes the experimental
results. It can be seen that the theoretical ratios are
always overstepped. The diffusion coefficients are all
the greater, for a given temperature, the higher the
relative humidity. (Table IV and Fig. 3).

A second drying after ageing at 70° C shows that the
absorbed water is linked to a reversible phenomenon
since it was possible to a large extent, to return to the
critical weight after the first drying. However, the final
weights are generally slightly below the initial values
after drying, the short fall being a function of relative
humidity (Table V). As the period of initial drying was
identical for every sample, as was the period of hygro-
thermal ageing and of the second drying. The differ-
ences cannot be explained by simple thermal ageing. It
must be concluded that water uptake has led to leach-
ing of the samples.

Some physical transformation of the materials can-

not be excluded for thermoplastics, also a structural
evolution has been undertaken by DSC. As a matter
of fact, it is well known that a crystalline polyamide
will absorb less water than an amorphous polyamide
[12], therefore hygrothermal ageing should modify
somewhat the structure of the matrix and hence some
results could not be justifiably comparable. It can be
seen (Table VI) that a certain increase of the crystal-
linity is detected during the ageing. The increase is
greater when the temperature is higher but also when
the relative humidity is higher. However, these vari-
ations do not exceed 10%, which do not invalidate the
results concerning composite weight gains.

4. Mechanical tests
4.1. Effect of temperature
Bending tests were performed on dried materials in the
range of temperature between — 40 and + 140° C. The
evolution of the stress at rupture as well as the elastic
modulus was examined.

Failure stress was seen to obey the following

S Figure 6 Variation of stress at
rupture in flexion as a function
of temperature for the different
materials tested. (®) Material 2,

o
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(O) material 3, (o) material 4.
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Figure 7 Variation of the flexural
modulus as a function of tem-
perature for the different materials
Mat1 tested.
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equation as a function of temperature:
or(T) = (Tl — BT - Ty)] (12)

where B is a coefficient, T is the temperature and oy is
the stress at rupture at —40° C. However, the relative
fall, and therefore coeflicient B, is more important for
continuous fibres (Fig. 6). For short fibre composites,
the relative fall is more important when the stress at
rupture at —40°C, that is to say o (Tp), is higher
(Table VII). The use of relatively long fibres (up to
9 mm) for material 4, did not improve the mechanical
properties of the composite significantly. The long
fibres could have been broken during the elabora-
tion of the composites. We can deduce the value of
the glass transition temperature, about 55°C, above
which a drop can be distinguished (Fig. 7) and a
plastification of the matrix can be observed (Figs 8

100 T C)

and 9) from the evolution of the elastic modulus, for
all the composites.

4.2, Effect of humidity

The mechanical properties in flexion at room tem-
perature of saturated composites have been compared
with those obtained on dried materials.

A noticeable effect of water appears only for quan-
tities higher than 1% for materials 2, 3 and 4, as well
as for elastic moduli or stress at rupture (Figs 10a and
b). As shown in Figs 10b, c, the threshold is at a lower
value for material 1 (0.5%) and the greatest drop is
relatively less important than for short fibre com-
posites (33% instead of 50%). These different thresh-
olds are to be compared with those obtained on epoxy-
based composites (0.6%) [5]. However, in general, the
mechanisms involved are different in so much as the

Figure 8 Scanning electron micrographs of the fracture surface of m:
plastification of the matrix.

aterial 4 obtained in flexion at (a) —40°C and (b) 100°C, showing the
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Figure 9 Scanning electron micrographs of the fracture surface of material | at (a) —40° C and (b) 100° C. The fracture surface of the matrix
is brittle at —40°C.
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Figure 10 Variation of stress at rupture, and elastic
o modulus as a function of maximum water uptake
1100 =+ : 4 n * . 1 for material 1 (c and d) and materials 3 (—) and

(b) 2 3 Mmuole 4 (=) (a and b). (v, O, &) T0°C, (O, 0) 90°C.
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E Figure 10 Continued.
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Figure 11 Scanning electron micrographs of (a) the fracture surface of material 4 after drying, compared to (b) the surface obtained afier
39 days ageing at 70°C and 100% r.h.
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Figure 12 Comparison of fracture surfaces obtained on material 1 in (a) the tension part and (b} in the compression part of the samples.
The flexion test was performed after 39 days of ageing at 70°C and 100%r.h.

role played by the fibre—matrix interface was pre-
ponderant. Here, the main consequence of the water
uptake is a plastification of the matrix (Fig. 11). This
plastification is more extensive the greater the amount
of water uptake. For continuous fibres, this plastifi-
cation is more visible in part of the sample in com-
pression rather than in tension (Fig. 12).

5. Conclusions

The hygrothermal behaviour of Pa66 glass fibre com-
posites seems to be relatively different from thermoset
composites.

For temperatures below or equal to 70°C, Fick’s
law can be applied to describe the phenomenon but
some divergences arise in the coefficient of diffusion,
for example.

At higher temperature, other mechanisms operate,
such as thermal ageing, oxidation and leaching, which
disturb the behaviour.

The water uptake leads to a shift of the glass tran-
sition temperature of the matrix. The greater drop in
mechanical properties of short fibre composites is due
to the higher resin loads compared to their long fibre
counter part. (This behaviour is observed for a pro-
portionally lower quantity of absorbed water.)
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