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ABSTRACT

This report describes a new model that is able to predict the time-dependent axial strength
of a undirectional fibre reinforced composite arising from environmental exposure. The
principal effect of the environment is assumed to be the time-dependent strength of
individual fibres arising from stress corrosion cracking of small defects within the fibres.
The initial strength of the fibres is assumed to be governed by a Weibull distribution which
defines an initial statistical size distribution of fibre defects. Defect growth in the fibres,
arising from environmental exposure, is assumed to be governed by a law where the
growth rate is controlled by the stress intensity factor for the defect.

The principal conclusion to be drawn from the preliminary results presented in this report,
is that the time dependence of the axial properties of a unidirectional fibre reinforced glass
composite, subject to environmental exposure under fixed load, can be predicted using a
parallel bar model of the composite where interface bonding is neglected. The model
enables the prediction of the stress history of the fibre stress in surviving fibres from the
point of first loading to the occurrence of catastrophic failure. The fibre stress is found to be
almost independent of the matrix properties.

The model can also be used to predict the time dependence of the residual strength of the
composite; a property which does show some dependence on matrix properties. However,
it has been shown that, when the residual strength is divided by the static strength, the
resulting residual strength ratio is virtually independent of the matrix properties. It is
concluded that the residual strength ratio for a unidirectional composite is predictable (and
therefore measurable) from the static strength of the composite, and the time dependence of
the residual strength of a loose bundle of fibres. This major result of the modelling,
suggests an efficient method for predicting and measuring the time dependence of the
residual axial strength of unidirectional composites.
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Nomenclature :

a size of fibre defect

A area of cross section of an individual fibre 2
A, area fraction of fibres in composite "
A area fraction of matrix in composite

o theratio V_E_/ VE,

E, axial Young’s modulus of the fibres

E_ Young’s modulus of the matrix

E(t) time dependent axial modulus of the fibre bundle [
E() time dependent axial modulus of the composite

g(t) time dependent axial strain of composite, surviving fibres and matrix

F fixed load applied to the composite

F_. maximum load carried by composite during static strength test

F, applied load when fibre stress has value s during residual strength test

F dimensionless load applied to composite defined by (19)

F normalised value of F, defined by (43)

F(t) time dependent load carried by surviving fibres of the bundle

k(t) time dependent parameter defined by (42)

K stress intensity factor for fibre defect

K, fracture toughness for fibre material

A parameter defined by (15) associated with fibre defect growth

A parameter associated with the fibre defect growth law

m Weibull modulus of fibre strength distribution

n exponent appearing in fibre defect growth law

N, initial number of surviving fibres in the composite z
N(t)  number of fibres in the composite surviving at time t

N; the ratio N(t,)/N, 5.
s value of fibre stress during a residual strength test
8 normalised value of s defined by (40) “
s, initial strength of fibres failing during residual strength test at time t (
S(t) residual strength of composite at time t

S(t)  normalised residual strength of composite at time t, defined by (48)

o(t) axial stress in each surviving fibre at time t

G normalised value of o(t) defined by (19)

o,,(t) applied axial stress at time t

ct) initial strength of fibres that fail at time t

o (t)  axial stress in matrix at time t

o_ () maximum axial stress in fibre just before failure during a residual strength test

6., (t) normalised value of o, (t) defined by (47)

c, scaling parameter for the Weibull distribution

t, time to failure for composite subject to a fixed effective applied stress

V, fibre volume fraction ‘.
\'A matrix volume fraction |
y parameter for stress intensity factor that accounts for defect geometry
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1. INTRODUCTION

The axial strength of unidirectional fibre reinforced composites is controlled by the strength
of the fibres. In cross-ply laminates, the axial strength of the laminate is controlled to a
large degree by the strength of the fibres in the 0° plies. Fibre strength is statistical in nature
due to the presence of defects both on fibre surfaces, and in their interior. This aspect has
been described in the review [1]. The effect of interface properties on axial strength are of
secondary importance, and modelling their effect on axial strength requires the use of
sophisticated stress transfer models and Monte Carlo simulation techniques; topics to be
considered in projects CPD2 and CPD3. For unprotected glass fibres, it is well known (see
for example [2] ) that the environmental exposure of the composite leads to time-dependent
reductions in fibre strength. The strength reduction of the fibres results because of the
progressive growth of fibre defects caused by stress corrosion cracking at a microscopic
level. -

Environmental exposure can lead to a deterioration in interface properties. Given that the
axial strength of a unidirectional composite is not affected to a great extent by interface
properties, it is reasonable to assume, when modelling the axial behaviour of a
unidirectional composite, that the interfaces in the composite following prolonged exposure
(to the point of saturation) have no “strength’. This enables a relatively simple approach to
be taken that will provide good insight into the axial behaviour of a composite when
exposed to an aggressive environment.

Because of the dominance of fibre behaviour, earlier modelling work applied to glass fibre
composites [3, 4] regarded the unidirectional composite as a loose bundle of parallel fibres
having equal length, so that the relatively low load carrying capacity of the matrix was
ignored. The glass fibres in the bundle were assumed to be attached to rigid supports
which were able to share the applied load equally between all surviving fibres. The
objective of this report is to extend the existing loose bundle model so that the load carrying
capacity of the matrix is taken into account when considering the axial behaviour of glass
fibre reinforced composites subject to environmental exposure.

2. MODEL GEOMETRY

Consider a unidirectional fibre reinforced composite having a fibre volume fraction V, and
matrix volume fraction V_ such that V, + V, = 1. The composite has been wholly immersed
in an aggressive environment for a sufficient time for the composite to be fully saturated.
The application of axial load to the composite leads to the environmental growth of defects
in the fibres; a phenomenon well known to afflict glass fibres [2]. The interfaces between
the fibres and matrix are regarded as being significantly weakened by the environment to
the extent that it can be assumed that the fibres and matrix behave independently in regions
of the composite that are well away from the uniaxial loading mechanism where clamping
effects become important. This assumption means that the composite can be modelled as a
parallel two bar model, as shown in Figure 1. The fibres in the composite are regarded as
acting as a loose bundle forming one bar of the model. The matrix material in the composite
is considered as being gathered together to form the other bar of the model which is
regarded as homogeneous, i.e. the bar is solid. When a fibre fails the load it carried is
shared between the surviving fibres in the bundle and the matrix in such a way that all
surviving fibres and matrix experience the same axial strain increment. The fibres are
assumed to have the same length so that each surviving fibre has the same stress
throughout the progressive failure process. The composite is subject to a fixed applied load
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F for all times t > 0, where t = 0 corresponds to the time when the fixed load F is first
applied. Environmental defect growth in the fibres leads to progressive fibre failure until
the bundle collapses. It is assumed that bundle collapse corresponds to the catastrophic
failure of the composite, i.e. the matrix strength is insufficient to maintain the load when all
the fibres have failed. The objective is to develop the parallel bar model of a composite so
that it can predict the dependence of composite life t; on the fixed applied load F, and the
dependence of the residual strength F*(t) of the composite on elapsed time t from the
instant of first loading.

The behaviour of bundles of loose fibres subject to environmental degradation has been
modelled by Kelly & McCartney [3], and McCartney [4] for the case when the load applied
to the bundle is fixed in time. For the parallel bar model of the composite, which is subject
to a fixed load F, the progressive failure of fibres in the bundle leads to a time dependence
of both the effective bundle stiffness and the load applied to the fibre bundle. Thus the
earlier modelling [3, 4] requires modification if it is to be applied to the prediction of the
behaviour of a uniaxially loaded unidirectional composite material having weak interfaces.

3. BASIC MECHANICS FOR PARALLEL BAR MODEL OF COMPOSITE

The analysis of the parallel bar model shown in Figure 1 will neglect any axial thermal
stresses arising from a mismatch of the thermal expansion coefficients of the fibres and the
matrix. The area fraction of all fibres in the bundle is denoted by A,, and that of the matrix
is A_. It follows that :

f___é'z_, Vm=-ﬁ—=1—Vf. 1)
A +A_ A, +A

The load applied to the fibre bundle at time t is denoted by F(t) , the stress in each
surviving fibre being denoted by o(t) . The cross-sectional area of each of the fibres in the
bundle is denoted by A, and the axial modulus of each fibres is denoted by E, which is
assumed to be time independent. The axial stress at time t in the matrix is denoted by
o_(t) . The modulus of the matrix is denoted by E_ which is assumed to be independent of
time. A time dependence could be included to account for visco-elastic effects, or for time-
dependence arising from matrix ageing.

The axial strain in all surviving fibres of the bundle and the matrix has the same time
dependent value that is denoted by e(t). As thermal expansion mismatch effects are
neglected it follows that

o) _ Out)

et = E, E

@)

The balance of forces in the parallel bar model leads to the equilibrium relation
E® + Ao, (1) =F. 3

The number of surviving fibres in the bundle at time t is denoted by N(t) so that the load
applied to the bundle at time t may be written

F, (t) = N(t)Ao(t) . 4)
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On substituting (4) into (3) followed by the elimination of o_(t) using (2) it is easily shown
that the number of fibres surviving at time t is related to the fibre stress of(t) through the
following relation that quantitatively characterises the load sharing that occurs when fibres
in the composite fail

N - F _ V.E,
[ N, + a] o(t) A, , o ViE, , | (5)

where N, = N(0) and A, = N,A. This load sharing rule for a composite generalises a
relation used when modelling a loose bundle of fibres subject to environmental degradation
[3, 4] which is recovered from (5) on taking the limit ot — 0.

It is useful to relate the number of fibres surviving in the bundle at time t to the effective
axial modulus of the bundle E,(t). The effective stress applied to the bundle is defined by

_E®
Gb(t) - Ab ’ (6)

and since the axial strain of the bundle and the individual fibres has the value &(t)

o) _ o, _ _FK@® _ N o)
E, E,(t) AJE® N, E@®’

g(t) = @)

where use has been made of (4) and (6). Clearly the effective axial modulus of the fibre

bundle is given by
N(t)

0

E,(t) = E; . 8)

The effective stress 6, , applied to the composite is defined by

F
g, = —, 9
FPOAL A @)
and it can be shown from (1) and (5), together with the fact that A, = N A, that
O,(t) = E.(0)&(t) ,  where E (t) = V;E, (t) + V_E_ , T (10)

and where E(t) is the effective axial modulus of the composite defined by the rule of
mixtures, as to be expected.

4. PREDICTING COMPOSITE DEGRADATION

The objective here is to show how the analysis of Kelly & McCartney [3], developed for
loose bundles exposed to an aggressive environment, must be modified for application to a
unidirectional composite having weak interfaces. The analysis is based on the assumption
that the strength of individual fibres is determined by surface defects whose effective size
and distribution along the fibre surface is statistically distributed.
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4.1 Accounting for growth of fibre defects

Fibre failure is assumed to be governed by a Griffith type of failure criterion having the
form

K? = y’c’a =K, (11)

where K is an effective stress intensity factor for a fibre defect of effective size a subject to
a fibre stress 6, K, is the effective fracture toughness of the fibre material, and where y
is a dimensionless parameter designed to account for defect geometry. Exposure to an
aggressive environment leads to defect growth when the fibre is under load. Such defect
growth is assumed to be governed by a growth law of the form ‘

da _axn, (12)
dt

where A and n are material constants.

When a constant load is applied to a unidirectional composite, exposed to an aggressive
environment to the point of saturation, the fibre defects grow in size according to the
growth law (12) eventually leading to fibre failure when the failure criterion (11) is satisfied.
Thus fibres progressively fail and the load carried by failed fibres is, for the parallel bar
model under discussion, transferred to the surviving fibres and matrix using the load
sharing rule (5). The stress in each fibre of the system is thus time dependent. It is useful to
present here the relationship that determines the initial defect size X(t) that requires a time
t to grow to the critical size a(t) , at which the fibre stress is o(t) , under the influence of a
time dependent fibre stress history o(t) ; 0 <t < t. The critical defect size at time t is

predicted by (11) to be
KIc :
a(t) = [-)’_0'—(-6] ’ (13)

and it can be shown on integrating (12) between the limits X(t) and a(t) that

2

K> ; 2=
X, (1) = =& |6™%(t) + (n-2) A j c*(1)dr , (14)
y 0
where
A= %A K2 y? . (15)

On using (11) it follows from (14) that the initial strength o(t) of the fibres, that fail at time
t when their stress is oft), is given by

o,(t) = [c“‘z(t) + (n—-2) Ljon(t)dt] " . (16)

The cross-sectional area of the sample of unidirectional composite is assumed to be large
enough for there to be a very large number of fibres. It can then be assumed that the
bundle of fibres used in the parallel bar model contains every possible fibre strength that
can arise in the statistical distribution. It is assumed that the strength distribution of the
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fibres is given by the two parameter Weibull distribution [5] so that, for a large bundle of N,
fibres, the expected number of fibres N surviving when the stress in each fibre is ¢ is

given by
N = Noexp[—(—o-) ] , (17)
Gy

where ¢, is a scaling parameter that will depend on the length of the composite.

4.2 Prediction of static strength

It is useful to investigate the prediction of the static strength of a unidirectional composite
assuming that the parallel bar model is valid. When using (17) in conjunction with (5) it is
easily shown that the total load F carried by the composite, when the stress in surviving
fibres has the value of(t) , may be obtained from

f= a[a+e-6'“], (18)

where F and & are a dimensionless normalised load and stress respectively defined by

E F 6—ﬂ. (19)

’ ~

N,6,A G,

The static strength of the composite is the maximum value of the effective applied stress
(=F/(N,A) ) that can be carried by the composite. The maximum stress occurs when

F has a local maximum when plotted as a function of 6. The maximum fibre stress o,
satisfies the transcendental equation

mé™ = 1+ae’= . (20)

The corresponding static strength F__ /(N,A) for the composite is then obtained using

F " . . m 6m+1
mx = F = §_ |o+e | = o —2=, 21

which is consistent with the known result for a loose bundle [3] in the limit o« = 0. The
equation (20) governing the maximum fibre stress does not always have a solution as is

seen by examining the form of the LHS and RHS of (20). On letting x = o™ the critical
conditions defining the limit of solutions to (20) may be written '

mx=1+ ae* , m=qoe* . (22)

These conditions correspond to the touching of the curves y=mx and y=oe". Itis easily
seen that the critical condition occurs when

+ a
x=m2 o gm (23)
o m ,
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It is concluded that the equation (20) has a solution only if

o < me-(né) . (24)

If this condition is not satisfied then it is deduced that the fibres progressively fail until
there is just one surviving fibre which will then fail, i.e. the bundle does not suddenly
collapse. The value of the Weibull modulus m for fibres of interest is usually such that the
condition (24) is satisfied so that bundle collapse is always expected in practice.

4.3 Prediction of progressive damage

At time t the fibres that survive in the composite are those whose initial strengths were
greater than o (t) defined by (16). It then follows from (17) that the expected number of
surviving fibres N(t) at time t is given by

N(®) = N(t) = cxp[—(c—i@-) } . (25)
NO 60
On substituting (16) in (25)
P_—z
1 " ~n— h ~0
(m N(t)) = &™2(t) + (n—z)n!o (x) dt , (26)
where
n = Ac) = %AK;‘C‘2 y’cl , (27)

and where use has been made of the definitions (19), which when applied to the load
sharing rule (5) lead to

. 2
N(t) = Pl (28)
On substituting (28) into (26)
-2
6(t) " —  An-2 _ t ~R
(m————ﬁ_a&(t)) = &%(t) + (n 2)n£o (1) dt . (29)

On differentiating (29) with respect to t, the following differential equation governing the
time dependence of the normalised fibre stress 6(t) is obtained

n—m-2

1B 61 | T amagy | 960 _ sna
m F - a6(t) (m F- a&(t)} e dmy - ° ® - (30)
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This differential equation is solved by standard numerical techniques [6] subject to the
initial condition
6(0) = s, , (31)
where s, is the solution of the transcendental equation
f=sfo+e?], ) (32)

corresponding to (18), that must be solved numerically.

4.4 Predicting the failure stress and time to failure

The structure of the differential equation is such that d&/dt—e when G&(t) =&,
occurring when t — t;, where

£ S n—m-2
1 _F % |™= = 6. (33)
m F - o0, F-oao;

The stress G, in the surviving fibres when the composite fails can thus be determined using
numerical methods without having to solve the differential equation (30). It should be
noted that when F=F__ the solution of (33) is givenby &, =G,,, where E_and 6,
are given by (21) and (20) respectively. The time to failure for the composite is denoted by
t.

£

The number of surviving fibres just before composite failure is obtained using (17) and is
given by

=N, = e % . (34)

The transcendental equation (33), that usually must be solved numerically, involves the

dimensionless loading parameter F in a complicated way. It is useful to unravel the
dependence on this parameter by expressing (33) in terms of N; as follows

[ ﬁ + @ n-1 n—m-2

1 o 1 m

L ( In 7—) . (35)
m N; N,

Having solved (35) to find l(If using numerical methods, the normalised failure stress in
the fibres is obtained, on making use of (5), from the relation

I’f‘vn—2 -

C; = = . (36)




NPL REPORT CMMT(A) 124

The time to failure t, can be predicted only by solving the differential equation (30) in the
normalised stress range s, < 6(t) < G6;.

4.5 Predicting residual strength

A key requirement concerning the effects of environment on composite degradation is the
prediction of the time dependence of the residual strength of a composite. This has already
been considered for the case of a loose bundle of fibres [4]. The objective now is to extend
the analysis, and simplify it as far as is possible, so that the residual strength of a
unidirectional composite with weak interfaces can be predicted. After an elapsed time t
from the application of a fixed load F, the load is instantaneously increased until the
composite fails catastrophically. Just before the load is suddenly increased the stress in the
surviving fibres has the value of(t) and at any stage during the subsequent instantaneous
load increase the value of the stress in the fibres is denoted by s. When the fibre stress has
the value s the critical defect size has the following value specified by (11)

2
a, = (-IS—J . (37)
ys
It is necessary to calculate the original size X of the critical defect using (11) and (12). It

can be shown that

2-n 2-n

(X)z = (a;)z + —;—A(n—Z)y“ jc“(’t) dr . (38)

c

On using (11) the initial strength of the fibres that are critical at time t when the fibre stress
has the value s is denoted by s, and is given, on using (38), by the relation

1

2 = &2 + (n-2)7 j & (1) dt , (39)
0

where use has been made of (27) and where

§=—t g=— . (40)

-

On using (29) the relation (39) may be written in the form

&2 =82 - k@), (41)

1

where

&(t) ]%

F - ad(t) (42)

k(t) = 6"2(t) - [ln

The load applied to the composite F,, when the fibre stress has the value s, is obtained
from (19) and (28) so that
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NOI;SOA = £ =3[e+ K], 43)

po
il

wi

where 1?"s is the normalised applied load and where I:I6 is the normalised number of
surviving fibres when the load on the composite is such that the fibre stress has the value s.
It follows from (17) that

" ,‘r;

b

N =e® . (44)

On substituting (44) into (43) the following expression is derived for the normalised load
applied to the composite during a residual strength test

B

A

B =3[a+e™]. | (45)

P

Fensi

The residual strength S(t) of the composite at time t is the maximum value of F,/(N,A)
when s is varied, or alternatively the maximum value of ﬁ when § is varied. Noting that

k(t) is independent of § , the maximum value of E occurs when § = x(t) which satisfies
the transcendental equation

xB(t) — m k(t)
1+ oe mx™(t) (1 + x"'z(t)) . (46)

On using (41) the stress ¢__(t) in the surviving fibres just before the composite fails during
a residual strength test is obtained from

Gmax(t) - [Xn-2(t) + k(t)]n_ii = 6max(t) (47)
GO

It then follows from (41) and (45) that the residual strength of the composite S(t) is
obtained using

20~ Gp® o+ e 0] =50 . (48)

G,

When t = 0 it can be shown using (29) that k(0) = 0 in which case the transcendental
equation (46) reduces to the form (20) which needs to be solved when calculating the static
strength of the composite.

5. PRELIMINARY RESULTS

In order to assess the properties of the model some preliminary predictions have been made
to illustrate the principal characteristics. There are four parameters that need to be given in
order to obtain preliminary predictions :
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1. the Weibull exponent m characterising the strength distribution of the fibres before
environmental exposure. This parameter, which often has values in the range 4 - §,
appears in the relation (17) defining the expected number of fibre failures for a given
fibre stress. Most predictions will assume that m = 8, although lifetime predictions will
consider the case when m = 4. The value of m is usually obtained from single fibre
strength tests,

2. the exponent n appearing in the defect growth law (12). This parameter, which usually
has values in the range 3 - 30, is obtained from stress corrosion cracking tests carried out
using monolithic glass testpieces. Predictions of behaviour will be made for the three
values n = 3, 15 and 30,

3. theratio o defined by (5) which takes account of the properties of the fibre and matrix,
and also of the volume fraction. For many glass fibre composites of interest the value of
o. lies in the range 0 - 0.1. Predictions will be made for the three values o = 0, 0.05 and
0.1. When o = 0 the composite is being modelled in exactly the same way as a loose
bundle of fibres,

4. the level of loading applied to the composite where the model assumes that the ratio
F/F_is given where F is the axial load applied to the composite and F_ is the static
strength of the composite, i.e. the strength before environmental exposure. The value of
theratio F/F_ always lies in the range 0 - 1.

The Euler/Richardson solution technique [6] is used to solve the differential equation (30)
where the dimensionless time nt is regarded as the unknown function of & . The initial
condition is specified by (31) and (32) and the range s, < 6 < &; is subdivided into 100
equal intervals when solving the differential equation. The upper bound & is determined
by the relations (35) and (36). Figure 2 shows the result of solving the differential equation
(30) to find the dimensionless lifetime nt, for the case when a = 0.1 and n = 15 for various
values of loading parameter F/F_, and for values m = 4 and 8 of the Weibull exponent. The
parameter 7 is defined by (27). It is seen that as F/F_ tends to unity the lifetime tends to
zero (the logarithm tending to —ee). Also, it is clear that the effect of varying the Weibull
‘exponent in the range 4 <m <8 leads to only slight differences in predictions. For this
reason all further predictions assume the single value m = 8.

For the cases m = 8, F/F_ = 0.6 and n = 3, 15, 30, Figures 3-5 show respectively the
predictions for the normalised fibre stress G, defined by (19), as a function of elapsed time
ratio t/t, . Each figure shows predictions for the three values « = 0, 0.05 and 0.1. On
comparing Figures 3-5 it is seen that increasing the value of the parameter n leads to larger
values for the normalised fibre stress as composite failure is approached. In addition, larger
values of n lead to a more sudden failure. The effect of varying the parameter o is not
very significant, i.e. the matrix is not having much effect on the stress history of the fibres in
the composite.

For the cases m = 8, F/F_ = 0.6 and n = 3, 15, 30, Figures 6-8 show respectively the

predictions for the normalised residual strength S, defined by (48), as a function of elapsed
time ratio t/t,. Each figure shows predictions for the three values o = 0, 0.05 and 0.1. On
comparing Figures 6-8 it is seen that increasing the value of the parameter n leads to curves
(Figure 6) which vary from almost linear having slightly different gradients for the three
values of o, to curves (Figure 8) which are almost parallel for the three values of a, but
which exhibit a sudden loss of strength as t/t, — 1. The effect of varying the parameter o
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is significant, ie. the matrix is having an effect on the time dependence of the residual
strength of the composite.

On re-plotting the results shown in Figures 6-8, so that the residual strength at time t is
normalised by dividing the residual strength by the static strength of the composite, it is
seen from Figures 9-11 that there is hardly any dependence of the residual strength ratio on
the parameter o . This result is found for all of the values of n =3, 15 and 30.

While the model described here has been developed for unidirectional composites having
very weak interfaces arising from environmental exposure, the model can be used to take
account, in an approximate way, of the effects of strong fibre/matrix interfaces. When the
interface is strong the effects of fibre fracture remain local to the broken fibre. One way of
dealing with this is to model the unidirectional composite as a series of much shorter two
bar models. The length of each two bar system would be related to the stress transfer length
for isolated fibre fractures in a unidirectional composite, which is usually between three and
ten fibre diameters. The only parameter that would change is the scaling parameter G,
appearing in (17) which appears in the Weibull distribution. The assumption that the
number of fibres is large enough for the relation (17) to be valid means that the behaviour of
each two bar model in the series is virtually identical; a situation that is not particularly
realistic. An alternative approach is to adopt a Monte Carlo modelling approach to the
prediction of the failure of composite materials, and to modify the methodology to take
account of the effect of environmental exposure. This will be the subject of a future study.

6. CONCLUSION

The principal conclusion to be drawn from the preliminary results presented in this report,
is that the time dependence of the axial properties of a unidirectional fibre reinforced glass
composite, subject to environmental exposure under fixed load, can be predicted using a
parallel bar model of the composite where interface bonding is neglected. The model
enables the prediction of the stress history of the fibre stress in surviving fibres from the
point of first loading to the occurrence of catastrophic failure. The fibre stress is found to be
almost independent of the matrix properties.

The model can also be used to predict the time dependence of the residual strength of the
composite; a property which does show some dependence on matrix properties. However,
it has been shown that, when the residual strength is divided by the static strength, the
resulting residual strength ratio is virtually independent of the matrix properties. It is
concluded that the residual strength ratio for a unidirectional composite is predictable (and
therefore measurable) from the static strength of the composite, and the time dependence of
the residual strength of a loose bundle of fibres. This major result of the modelling,
suggests an efficient method for predicting and measuring the time dependence of the
residual axial strength of unidirectional composites. -
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Figure 1: Schematic diagram of the parallel bar model of a unidirectional composite that is
used to predict the effects of environmental exposure on axial composite properties.
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Figure 2 : The dependence of dimensionless composite lifetime (nt) on the axial loading
parameter (F/F ) for the case when .= 0.1 and n = 15.
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Figure 3 : The dependence of the normalised fibre stress (6) on elapsed time ratio (t/t,) for
the case when F/F_=0.6, m=8and n=3.
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Figure 4 : The dependence of the normalised fibre stress (6) on elapsed time ratio (t/t,) for
the case when F/F_=0.6, m=8and n = 15.
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Figure 5 : The dependence of the normalised fibre stress (G) on elapsed time ratio (t/t,) for
the case when F/F_=0.6, m=8andn=230.
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Figure 6 : The dependence of the normalised residual strength (‘3) on elapsed time ratio
(t/t) for the case when F/F_=0.6, m=8and n=3.
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Figure 8 : The dependence of the normalised residual strength (é) on elapsed time ratio
(t/t) for the case when F/F_= 0.6, m= 8 and n = 30.
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Figure 9 : The dependence of the residual strength ratio on elapsed time ratio (t/t,) for the
case when F/F_=0.6, m=8and n=3.
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Figure 10 : The dependence of the residual strength ratio on elapsed time ratio (t/t,) for the
case when F/F_=0.6, m=8and n=15.
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Figure 11 : The dependence of the residual strength ratio on elapsed time ratio (t/t,) for the
case when F/F_=0.6, m=8 and n=30.

23






