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The effects of hygrothermal ageing upon the failure characteristics and work of fracture
of glass fibres in epoxy are described. A collection of data based on the direct observation
and measurement of fibre debond length and fibre pull-out length after fracture is
displayed in empirical failure diagrams. Similarly, a vast number of experimental measure-
ments of work of fracture is displayed in a three-dimensional diagram where the axes are
work of fracture, humidity and ageing time. This information is combined with models
of fracture in the construction of a fracture map which is used to interpret hygrothermal

ageing phenomena.

1. Introduction
1.1. Fracture mechanisms
Fibrous composites fail by a number of mechan-
isms: fibre fracture, matrix cracking fibre—matrix
decohesion (debonding or interfacial cracking),
fibre pull-out and so forth. Each fracture process
has certain characteristics; the stress and location
at which a fibre breaks, for exampie, depends
upon the size and distribution of flaws along the
fibre length; interfacial failure is sensitive to the
nature of the fibre—matrix bond and fibre—matrix
misfit strain®. The magnitude and distribution of
fibre strength affect two characteristic failure
parameters which we call fibre debond length, l4,
and fibre pull-out length, [,, ie. distances over
which an intact fibre debonds and finally pulls out
_of a cracked matrix under monotonic loading.
These failure processes are likely to be influenced
by temperature and humidity in the air and be
time-dependent in an hygrothermal ageing exper-
iment. An understanding of them is important
because they determine the work of fracture or
toughness of the composite.

We have assembled a large collection of fracto-
graphic data based on the two failure parameters
14 and I, for aligned glass fibres in epoxy. The data

are displayed in diagrams which show the distri-
bution of fibre debond lengths and fibre pull-out
lengths in a given experiment. The effects of
changing humidity or time of exposure can be
seen. We also present a large amount of data on
work of fracture in a three-dimensional diagram
where the axes are work of fracture, humidity and
hygrothermal ageing time. The effects of humidity
and time of exposure upon the toughness of the
composite are clear.

1.2. Toughness relationships

Each mechanism of fracture can be modelled and
the associated dissipation of energy described by a
set of equations of the generalized form

G = f(afa Ef: Om, Ema M, Vs Vm» Grn” Gi’ €p, etc')

These are some of the material variables which
describe the properties of the composite and its
microstructural features: fibre strength, o¢, and
stiffness, E¢, polymer strength, o,,, and stiffness,
E.., coefficient of friction at the interface, w,
Poisson ratio of fibre, v¢, and polymer, vy, , matrix
and interfacial toughness, Gy, and G;, and fibre—
matrix misfit strain €¢. Some of these parameters
are likely to be affected by adsorbed moisture,

*The fibre—matrix misfit strain is related to the localized radial stresses around fibres, its magnitude is sensitive to the
amount of shrinkage of the matrix during curing and cooling from the fabrication temperature [1]. -
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og, Ep, €0, u, for instance, and they may change
with time in a hygrothermal ageing experiment.

Although we have satisfactory physical models
that lead to a set of toughness equations (Wells [1]
has reviewed these models and improved them),
we do not understand how some of the terms
which appear in these equations are affected by
certain extrinsic conditions such as humidity and
time of exposure to moisture. The development
of these models to take into account environ-
mental effects is incomplete and there exist little
data on which to evaluate them.

We have collected and superimposed some work
of fracture data of a (0°/90°) glass fibre—epoxy
composite onto a fracture map which is based on
models of fracture. The effect of ageing time upon
certain material parameters like fibre strength and
the fibre—matrix misfit strain and how they affect
the work of fracture can be read directly from the
map. The map also helps to interpret the origins of
hygrothermal degradation.

2, Failure analysis and work of fracture

Figs. 1—4 show typical failure diagrams for a
model unidirectional glass fibre—epoxy composite.
(Details of these model composites, their design,
manufacture and testing have been reported in
previous issues of the Journal [2, 3].) The diagram
shows, on axes of cumulative probability and fibre
length, the effect of time in an hygrothermal
ageing experiment upon the distribution of
debond and pull-out length data. Such data was
obtained in a failure analysis of specimens broken

in tension at room temperature [3]. We see an
initial displacement of debond length data to
higher values between 1 and 72h of exposure to
95% relative humidity (r.h.), 100°C, followed
by a steady movement of data to lower values
beyond 3 days (Fig. 1). For some reason, the data
collected on unaged material (¢ = 0) appears in
the diagram to be out of position*.

Measurements of glass fibre pull-out lengths
are an order of magnitude less than the observed
debond lengths (Fig. 2) and data fall into two
distinct bands, longer pull-out lengths for 3 days
exposure time or less, shorter pull-out lengths for
longer ageing times. There seems to be an incu-
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Figure 2 A similar diagram to Fig. 1, shdwing pull-out
length data (100° C, 95%r.h.).

*We believe that residual localized compressive stresses are set-up in the matrix around a fibre when a sample is cooled
from its fabrication temperature (100° C) to room temperature. In the case of unaged material, about 7 days elapsed
between fabrication and testing, perhaps sufficient time for these residual stresses and the corresponding mismatch
strain e, between fibre and matrix to relax, the matrix compressive stress and interfacial shear stress for debonding to
fall, and the fibre debond length to increase.
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bation time of about 72 h before fibre debond and
pull-out lengths begin to shorten. Figs. 3 and 4
show data for ageing at 100° C, 0% r.h. Each set
of data does not superimpose but is displaced
relative to one another. At short times, the
debonded fibres lengthen and then fall; after
2 weeks, they increase in length once again. As
we shall see in Fig. 5, these subtlé movements of
failure data curves reflect the observed changes
in work of fracture with ageing.

The work of fracture can be summarized in
a three-dimensional diagram with axes of work
of fracture, humidity and ageing time (Fig. 5).
The diagram is constructed by assembling a
large collection of experimental data of work of
fracture for different humidities and times of
exposure.

In dry air (0%r.h.), a precipitous fall in work

CUMULATIVE PROBABILITY (P)
10 —T

08 7]
ENVIRONMENT
TEMP.100°C
rh. 0%
X 0h

Th
O 1DAY
@® 30AYS | 1
A 7 DAYS
A10 DAYS
1014 DAYS

0z ' M28 DAYS 7]

06 =

04

0 1 l 1 L 1 A
0 01 02 03 05 05 06 07
~ PULLOUT LENGTH, , {mm)

Figure 4 A similar diagram to Fig. 1, showing pull-out
length data (100°C, 0% 1.h.).
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of fracture of the composite occurs during the
first hour of exposure. Recovery is complete
after about 1 day but the work of fracture slowly
falls once again during the next 150h or so. For
even longer exposure times, we see a steady rise
in work of fracture to exceed the original value.
Exposure to higher humidities results in an early
drop in work of fracture. This is followed by a
recovery after 2 or 3 days, the work of fracture
finally falling to about one-half of the original
value after 4 weeks or more. Exposure to 95%1.h.,
100° C causes the work of fracture to rise during
the first 3 days or so, and then fall by more than
one-half after a few weeks. Our explanation is that
resin volume changes due to moisture uptake
produces the initial increase in work of fracture,
followed by fibre strength degradation and a loss
of toughness [4] (see Section 3).

Our interpretation for the precipitous fall in
fibre debond length and work of fracture after
only 1h of exposure to hot environments is to do
with changes in magnitudes of the residual local-
ized stresses around the fibre. We recall that
“unaged” material was tested about 7 days after
manufacture (see previous footnote). In that time,
any residual stress in the matrix due to shrinkage
during fabrication and cooling may have relaxed.
The fibre load to initiate debonding decreases,
and the fibre debond length and work of fracture
both increase. (Models of fibre debonding show
fibre debond length and work to fracture to be
proportional to one another [1].)

The origin of the observed increase in work of
fracture after 2 weeks and longer in hot, dry air
may be due to a degradation of the fibre—matrix
interface. Ishida and Koenig [S] have reported
polymerization of silane coatings on glass fibres
during prolonged . exposure to high temperatures



154
W
0
R
K
0 oo
B
R
R
¢
¥
IINNNN
(s \\\\
M 2) \ \
N
N ™~
\\
NN
{a)

NUNNRRNN

ANANANNAN

and a <cbrrespond’ing~\decrease'in fibre-~matrix
bond strength.

3. Fracture maps ‘

3.1. Construction and use-of the map

First, the characteristic fibre debond length and
fibre pull-out length are computed for given com-
binations of material properties, fibre strength,
fibre stiffness, and so forth using models developed
by Wells and Beaumont [6]. Combining these values
with models of fracture [1] enables calculation of

Figure 5 (a) and (b) diagrams with axes
of work of fracture, humidity and ageing
time. The large number of experimental
work of fracture data have been removed
from the diagram for the sake of clarity.
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'the theoretical work of fracture of the composite.

The. " total- predicted - work of fracture is then
nermalized to twice the total cross-sectional area
of the fibres. The map displays as contour lines
information of predicted fibre debond lengths and
fibre pull-out lengths, together with theoretical
values of work of fracture. Comparison between
theory and experiment enables the principal
mechanism for fracture to be determined which
is also shown on the map. We can then obtain
some idea of the mechanisms of ageing.
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Figure 6 A typical fracture map for a
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A typical fracture map for a (0°/90°) glass
fibre—epoxy laminate is shown in Fig. 6. The axes
are fibre—matrix misfit strain, €, and fibre
strength, ;. Superimposed onto the map are
experimental data points of work of fracture. (The
contour lines of fibre debond length together with
measurements of debond length help to position
the data.) The arrows show the direction in which
movement of data occur with increasing ageing
time at 100° C, 95% r.h., up to 100 h of exposure.
We believe that the absorbed moisture causes the
resin to swell and for the fibre—matrix misfit strain
to fall. Also the fibre length decreases due to a
stress-corrosion cracking mechanism between the
glass and adsorbed water. The map shows these
changes in o and €, consistent with observed
trends in /4 and work of fracture.

4. Conclusions

Complicated - phenomena involving competing
mechanisms of fracture can be empirically analysed
by displaying certain experimental failure data in
appropriate diagrams. These diagrams show the
distribution of important characteristic failure
parameters, fibre debond length and fibre pull-out
length, and the effects of hygrothermal ageing.
Alternatively, fracture maps can be constructed
which display information on these two failure
parameters together with the work of fracture.
These maps show the effect of moisture and time
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upon certain microscopic variabies, fibre strength,
fibre—matrix mismatch strain are examples, and
the resultant influence on work of fracture.
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