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The effects of water and ice on the strength and fracture toughness of boron—epoxy
composites with polyurethane intermittent bonding have been investigated. Neither
simple soaking in water nor soaking followed by freezing and thawing have marked
effects on the strength of the fully-coated composites, but they have disastrous effects
on the uncoated composites. Toughness is affected only marginally, with some small
reductions in the fully-coated samples, and with essentially no effect on the uncoated
composites. An analysis is presented which explains adequately the experimental strength
and toughness results obtained, and which is based on an argument that water absorption
reduces the interfacial shear strength only of the uncoated areas and not those regions
coated by the polyurethane varnish. The results indicate that the advantages of
appropriate intermittent bonding (i.e. high strength combined with high toughness) are
retained in wet conditions so that such composites may be favourably used in such

adverse environmental conditions.

1. Introduction

Recent work [1—-3] by one of us has shown that
“intermittent bonding™ with appropriate coatings
(such as polyurethane varnish) allows high tough-
ness to be obtained in brittle filament/brittle
matrix composites without significant loss of
tensile strength. Filaments are arranged to have
alternate regions of high and low shear stress (and
low and high toughness) by interrupted coating
along the filaments. The strong uncoated regions
ensure that the filament strength is picked up;
randomly positioned weak-coated areas effectively
blunt cracks by the Cook-Gordon mechanism [4],
which in turn produces long pull-out lengths with
an associated large contribution to toughness.
Unidirectional boron—epoxy composites of fibre
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volume fraction 0.20 =0.25 have been made in
this way; they have fracture toughnesses of over
200kJm™, (as opposed to about 40kJm™ with
no coating), and they retain rule of mixtures ten-
sile strengths (== 650 MN m™2).

In practical applications of intermittently
bonded composites, the effects of rain, soaking by
water, and possible freezing of that water must be
assessed, particularly because it is known that
many composites suffer loss of strength and re-
duction in fracture toughness when exposed to
water environments [5—8]. Consequently, it was
decided to perform an exploratory study upon the
effects of water (both liquid and frozen) on the
strength and toughness of these intermittently
bonded boron—epoxy composites in order to
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Figure 1 Water absorption isotherms (e:C =0, X:C = 0.2, hexagon:C =1.0). Data for C=0.5 and 0.8 which are
positioned between the curves for C = 0.2 and 1.0 are not shown.

determine whether all the advantages of inter-
mittent bonding would be retained when wet.

2. Testpieces and experiments
The same types of specimens as reported in [1-3]
were used in this investigation, i.e. fivelayer ten-
sile bars, about 115mm long by 10 mm wide by
2mm thick, and seven-layer compact tension pro-
‘file toughness specimens, 2.8mm x 75mm X
75 mm with a 54 mm starter crack (where the two
outside layers of the testpiece parallel to the
starter crack were intended to encourage the
crack to propagate in a straight line). Both uni-
directional laminates (five layers perpendicular to
the pre-crack) and angle-ply laminates (layers at
0, —45, 0, +45, 0) were made for tensile and
toughness measurements. All specimens were made
from 0.20 =~ 0.25 fibre volume fraction (v;) tapes,
intermittently bonded with polyurethane varnish
to produce the following coated fractions: (a)
zero, (bYC=0.2, (¢)C=0.5, (d)C=0.8, and
() C=1.0, where C is the ratio of the coated
length to the pattern repeat distance along the
filament.

All specimens were submerged in a tray of

water and allowed to soak for many days. Every
testpiece was removed from the water and weighed
at the end of each day, excess water being lightly
removed with blotting paper. The absorption
isotherms thereby produced are shown in Fig. 1,
where the ordinate represents the percentage gain
in weight (measured in g/g) against number of
days. It will be observed that the uncoated speci-
mens took up considerably more water than the
others, and in broadest terms, the absorption
seems to vary inversely with the coated fraction,
although the differences between the data for C
=0.2,0.5,0.8 and 1.0 are not marked.

Even though arguably the specimens were still
absorbing water after a fortnight, and thus were
not fully saturated, it was decided to test them in
that wet condition. Also, a number of specimens
were set aside, put into the freezing compartment
of a refrigerator, and left overnight. Having
thawed, they were included into the programme of
tensile and toughness measurements. The exper-
imental details followed previous practice (in
particular, fracture toughness was determined by
Gurney’s irreversible work area method™ [8-13]).
Each experimental point on the tensile strength

*Gurney’s irreversible work area method for measurement of fracture toughness of various materials has been described
in detail in [9-14]. Application of Gurney’s method to R-measurements of boron—epoxy composites such as used in
this investigation has already been discussed in an earlier paper [3] so that the same analysis will not be repeated here.
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Figure 2 (a) Tensile strengths of wet and thawed unidirectional filament testpieces. (b) Tensile strengths of wet and

thawed angle-ply testpieces.

and fracture toughness results shown later in
Figs. 2 and 3 represents the average value of at least

three similar tests.

3. Results

ply laminates. The results for identical dry speci-
mens [3,15] are also shown®. There is a marked
reduction in the strength of wet uncoated samples
(C=0), when compared with the strength of dry
uncoated testpieces. On the other hand, there is

Fig. 2a shows the tensile strength results for both
wet and thawed unidirectional filament testpieces,
and Fig. 2b gives the corresponding data for angle-

hardly any difference between the strength of wet
and dry fully-coated samples (C = 1). At inter-
mediate vatues of C, the data blend in between the

TThe fibre volume fractions of the dry samples are closer to 0.2 than 0.25, whereas the present results have v closer to

0.25 than 0.2. This affects one-to-one comparisons.
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Figure 3 (a) Fracture toughness of wet and thawed unidirectional filament testpieces. (b) Fracture toughness of wet

and thawed angle-ply testpieces.

C=0 and C=1 results, the dry specimens falling
off in strength between C =0 and C =1, and the
wet specimens increasing in strength as the fully-
coated condition is approached.

The reduction in uncoated wet strength for the
angle-ply specimens is not proportionately as great
as that of the unidirectional specimens, (about
250MNm™2 compared with 450 MNm™, as
opposed to about 250 MNm™ compared with
620 MN m~2). This is presumably because the load
carried by the 45° angle plies is a smaller pro-
portion of the load carried by the unidirectional
filaments, so that reductions in interfacial strength
caused by the wet environment do not produce as
big an effect. In the experiments, the uniaxial
fibres broke first, then upon load transfer, the 45°
filaments suffered normal fractures.

In general, the effect of freezing and thawing
seems to deteriorate further the strength of the
angle-ply specimens when compared with the dry
results. But this effect is not obvious for the uni-
directional specimens.

Fig. 3a and b show the toughness results for
unidirectional and angle-ply laminates respectively.
2300

Again, data for corresponding dry samples are
given, noting (as for the tensile results) that the
fibre volume fractions may be somewhat different.
The results suggest that toughness levels are not
markedly different from the dry samples, except
for the highest percentage coating, when the gain
in toughness with increasing C is rather limited.
The data are unfortunately restricted, since some of
the unidirectional specimens failed by crack propa-
gation perpendicular to the starter crack direction;
this is discussed later. Nevertheless, it seems that
respectable toughnesses are attainable in coated
samples even when fully wet, and even after one
freezing/thawing cycle.

As in the earlier studies [1-3], pull-out exper-
iments (after the filaments had broken) were
performed in order to establish the interfacial
frictional stress, acting after complete debending
and filament fracture. Specimens were re-gripped
above the remaining crack ligaments and pull-out
work estimated from the area under the load/dis-
placement plot on the tensile testing machine.
As shown in Fig. 4, many filaments pulled out
over long lengths, which made it very difficult to
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Figure 4 “Pull-out” filaments in wet and thawed C1
fracture toughness specimens.

count individual filaments. To solve this problem,
the number of filaments pulling out was estimated
from the known fibre volume fraction of the speci-
mens, and the size of the remaining crack ligament
over which pull-out was taking place.

In this way, the following average values of the
interfacial frictional stress (r') during pull-out were
established.

4. Analysis of results

4.1. Interfacial shear strengths

The tensile strength results seem to suggest that
water (and ice) affected the uncoated regions
along the filaments, but caused only minor effects
in the polyurethane coated regions. It follows
from the observation that the tensile data for wet
and dry conditions are very different for C =0,
but are essentially the same for C = 1.

The behaviour may be modelled by saying that
the wet uncoated interfacial shear strength,
(Tuc)wet, is altered considerably, whereas in the
coated regions, (7c)wet == (T¢)ary- The rule of mix-
tures for the wet tensile strengths of uncoated and
fully-coated unidirectional fibre samples, i.e. C =0
and C =1, gives [3]:

250 = (1 _’Uf)O'm + Ve0Og (1 _5\%> (13)

and

TABLE I

C Pull-out (') friction Condition
(MNm~?)

0 049 Water soaked

0.2 0.41 Water soaked

0.5 0.46 Water soaked

1.0 2.75 Water soaked

0 0.12 Frozen and thawed

0.5 1.54 Frozen and thawed

These values should be contrasted with 7 =2 MNm™
from earlier ““dry” tests.

v
2nTwet) .(lb)

In Equation 1, o; and o, are the tensile strengths
of the filament and matrix, respectively, ¥/n is
equal t0 {(legodue/le = L/1,} where (Igitdue is the
critical transfer length of the uncoated fibres (in
this case the wet critical transfer length), , is the
repeat distance of the intermittent bond, and L is
the effective gauge length of the testpiece. Also in
Equation 1b, Tye; = (Te/Tuc)wet- Note that in the
previous work [3] the parameter T was referenced
with respect to the dry Ty, and (Jei)u, meant the
dry critical transfer length. Equation la may be
solved for (Y/n)yet, which, using v =0.25, 0, =
81 MNm™, and o; = 3.45 GNm™? gives:

W/n)wey = 1.56 = {(lcrit)uc/L}wet- (2)

Using this value in Equation 1b enables Ty¢; to
be solved as T = 1.35. The interfacial shear
strength of the polyurethane coated interfacial
bond is therefore stronger than the interfacial
shear strength of the wet uncoated regions.
Previous investigations [3] gave Ty = (T¢/Tuc)ary
=0.05, so we have (r¢/Tuc)wes =1.35 and
(Te/Tuc)ary = 0.05. Whence if, as postulated, the
coated regions are unaffected by water, 7. may be
eliminated between the relationships to give:

420 = (1 —v)oy + 050 (1 -

(Tuc)dry = 27(Tuc)weta (3)

i.e. water has reduced the uncoated bond strength
by a factor of 27.

It seems, therefore, that the opposite behav-
iours of the wet and dry data — the wet increasing
in strength to the fully-coated value of circa 420
MNm™ from the uncoated value of 250 MNm ™2,
but the dry falling from 650 MNm™ to about
450 MNm™ — may be explained in terms of dif-
ferent 7§, with Tgpy <1 and Tye > 1. Typy is
referenced to (Tuc)ary; Twet 18 referenced to
(Tuc)wet-

This may be checked by noting that do/dC
from the rule of mixtures equation is proportional
to:

—1-Cca-1Y0-17 “)
so that do/dC is positive for T > 1, and negative
for T<1 (cf. Fig. 2a).

Because the thawed specimens displayed
slightly lower strengths, but showed the same
trends as the simply wet samples, it follows that

the freezing/thawing cycle must have further
2301



weakened the interfacial shear strength, or caused
physical separation of filament and matrix, or
some physical separation of the layered testpieces
(i.e. delamination).

4.2. Wet critical lengths

The critical lengths of the filaments, in their vari-
ous wet conditions, may be determined as follows:
the critical length of the uncoated dry specimens
is, from previous studies [3], about 3.5 mm; this
comes from oy = 0:d/27 with o =3.45GNm™2,
7=69MNm™ and filament diameter (d) of
140 pm. If: (Tue)wet = (1/27)(Tuc)ary, it follows

that [(lcrit)uc] wet = 27 [(lcnt)uc] dry» ie. about
95 mm. However, for the fully-coated wet and dry

samples:  [(loudelwet = [(est)elary because their
tensile strengths are similar (~420 =450
MNm™?). The interfacial shear bond strengths of
all fully-coated polyurethane samples (wet and
dry) seem to be the same. From [3], Ty =
(Te/Tue)ary = 0.05, so that the fully-coated critical
length is [(git)e] dry = 3.5 mm/0.05 = 70 mm. Or,
equivalently in terms of Tiyey We have (T¢/Tuc)wet
=1.35, so that:

[(exit)uel 95
[(lcrit)c] wet — ___(_:pitégs_wgt = —l_t?»g

= 70 mm
again.

The critical length of a partly coated inter-
mittently bonded specimen is given by:

(ait) = (aihe/[1 —CA—D],  (5)

where T may be Tgry or Ty depending upon
whether (Ioi)ue is given for dry or wet conditions,
respectively. Thus, for dry samples [3]:

(o) = 3.5/(1 —0.95 C)mm (©6)

because T = 0.05 references to dry uncoated inter-
faces, and equivalently:

(erie) = 95/(1 +0.35 C)mm (7)

because 7=1.35 referenced to wet uncoated inter-
faces. For C=1, both expressions give the same
lcrit'

All the foregoing is predicted on using ¢ =
420MNm™ at C=1 for the wet samples. In fact,
our (limited) experiments give a higher value of ¢
for C=0.5. In order to give a better fit to the
experimental data in Fig. 2a, calculations can be
performed taking 6 =420MNm™ at C=0.5
instead of at C=1. Then, T = (7¢/Tuc)wet = 1.7
instead of 1.35, whence: (Tuc)ary = 34 (Tuc)wets
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and (Ig) =95/(1 + 0.7 O)mm.This would make
some difference to the critical lengths, the fully-
coated value (C=1) being 56mm instead of
70 mm.

4 3. Effective length of tensile specimen
(L)
We have from [3]:

v _
2|l —C(1 —T)]

- (lcn't)uc
2L{1—C(1—T)]

®)

where (Ioi)ue refers to wet or dry conditions
depending on the way in which T is defined. Now,
it was determined that (Y/n)yes = [(leritdue/L ]l wet
=1.56 from the C=0 wet result. Thus, given:
[Cexit)uelwes =95 mm it follows that Ly =
61 mm.

A comparable result follows from the dry data
because (¥/M)ary = [(erit)ue/Llary = 0.05. Thus,
Lgyy =3.5/0.05 =70mm. The dry tensile speci-
mens (manufactured and tested much earlier, see
[3]) were roughly the same in size, i.e. with over-
all length of 100 mm including end tabs.

It must be pointed out that since the effective
lengths of the wet tensile specimens (61 mm) is
less than the critical length of the uncoated wet
samples (95 mm), and only just about the critical
length of the fully-coated wet samples (70 mm),
the “simple” rule of mixtures:

0= (1 —1v)0y +7)faf{1 —

= (1 _"Uf)O'm + Vg 0g {1

g = (1 _Uf)Gm + v:0%¢

would markedly over-estimate the observed
strengths. Longer tensile specimens would give
higher results, but all would show the same
changes with Cas in Fig. 2a and b.

4 .4. Pull-out lengths

The changes in wet critical lengths are reflected in
the filament pull-out lengths, both of the tensile
specimens and also the toughness specimens (to be
discussed later). As is well known, the longest pull-
out length should be ({.4;)/2, and the average pull-
out length (I.4)/4, since the shortest pull-out
length will be zero. Thus, the longest pull-out
lengths should be (95/2) =48 mm for the un-
coated wet samples, and (70/2) = 35 mm for the
fully-coated wet samples — other samples with C



between O and 1 taking intermediate values.
Because L < (Ioy) for the wet samples, these full
values for pull-out were not observed. Rather
values of about 20 mim were seen for wet uncoated
samples, with yet smaller values for samples that
had C approaching unity.

A significant feature of the angle-ply laminates
was that the 45° filaments broke off essentially in
the main plane of fracture, displaying virtually no
pull-out.

4.5. Toughness analysis

4.5.1. Unidirectional and angle-ply results
It was argued in [3] that the total toughness is
given by:

©)

where Rguaces relates to debonding (mode II),
Rieqist, relates to the Piggott/FitzRandolph stress
redistribution (or relaxation) [16,17], and
Rpunout relates to the Cottrell/Kelly pull-out
[18]. An additional component, R ook /Gordon
must be added to the above if tensile debonding
(mode I) takes place ahead of the running crack.
The Cook/Gordon mechanism itself is a small
toughness sink, but the associated additional long
debond lengths in the presence of Cook/Gordon
debonding significantly increase the pull-out
lengths and hence the total toughness. These
aspects of toughness components were discussed in
detail in [3].

The differences in dry toughness levels of the
intermittently bonded angle-ply laminates com-
pared with the unidirectional specimens (see
Fig. 3a and b) may be explained principally in
terms of loss of pull-out component of the 45°
angle-plies (since, as described in Section 4.4, the
45° filaments break off in the plane of fracture
with little or no pull-out).

With regard to an analysis of the toughnesses of
the wet and thawed samples (both unidirectional
and angle-ply), we are faced with the same dif-
ficulty as before [3], namely that interfacial
toughnesses are important parameters, yet
measurement of them is difficult (particularly in
mode I fracture), Certainly, to infer interfacial
toughnesses from interfacial shear strengths can
lead to gross errors, as was demonstrated in the
earlier studies [1—3] by the fact that silicone
vacuum grease and polyurethane varnish coatings
seemed to produce comparable interfacial shear
strengths, yet displayed quite different toughness

Rtotal = Rsurfaces + Rredist + Rpu]l-out

behaviours. In the earlier work [3], it was loosely
argued that if any relationship at all existed
between interfacial 7 values and interfacial R
values, it probably was predicated on the inter-
facial stress intensity factors (K). That is, since the
interfacial debonding stress is proportional to
some interfacial K, and if K? =ER in the usual
fashion, then 7 < \/R.

This idea may be applied to the wet interfaces
and wet interfacial toughnesses inferred from wet
interfacial shear strengths. For example, if (Ty¢)wet

= (1/27)[(Tdc)dry] s then
1
272

1

EO_ [(Ruc)dry] .

(Ruc)wet = [(Ruc)dry]

2

(10)

The interfacial toughnesses of wet intermit-
tently bonded composites may then be worked
out, and Rgyaces, Rreaist and Rpupous evaluated.
In this way, the anticipated variation of Ry, with
C may be determined — angle-ply predictions
taking account of the loss of the pull-out contri-
bution in the 45° layers. Details of these pro-
cedures are given in the Appendix. Pull-out is the
greatest contributor to crack propagation resist-
ance, on account of the long pull-out lengths.
Curves following the anticipated Riqey versus C
relationship have been superimposed on Fig. 3a
and b. The agreement is reasonable.

Attention must be brought to a significant fact
that affects the data. The half-height of the com-
pact tension profile toughness specimen was
38 mm. Because the low interfacial shear stresses
cause long critical lengths (95 mm for uncoated
wet samples and 70mm for fully-coated wet
samples), the theoretical longest pull-out lengths
(It /2) are longer than, or comparable to, the size
of the specimen. The discrepancy is worse when
Cook/Gordon debond lengths (= CI,/2) are added
on. Thus, the potential contribution to toughness
from pull-out is diminished and the formula for
Rpunout in {3] should be modified. This is done
in the Appendix on the assumption of a normal
distribution of pull-out lengths between zero and
Iyit/2, account being taken of the “missing”
lengths (greater than 38 mm long) which do not
contribute to the resistance to crack propagation.
Similar thoughts apply to the Piggott/Fitz-
Randolph contribution to toughness, which is
also smaller than anticipated owing to the inad-
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equate lengths over which irreversible interfacial
slip can take place.

In the dry cases discussed in [3], the uncoated
critical lengths (~ 3.5 mm) are much smaller than
the size of the specimen, so these considerations
do not apply. However, the fully-coated critical
lengths are comparable with the fully-coated wet
results given here. Comment was made in [3]
upon the fact that the theoretical pull-out lengths
of fully-coated samples were greater than the size
of the specimen, but an analysis, such as presented
here, was not given for the numerical effects on
toughness contributions. Larger specimens would,
of course, have allowed the full potential tough-
ness to have been picked up.

5. Conclusions

Although the present specimen sizes are not large
enough to display the full potential strength and
toughness behaviour of the wet (and thawed)
boron—epoxy unidirectional and angle-ply sam-
ples, it is clear that the extreme consequences of
soaking with water are to:

(i) reduce markedly the tensile strength of the
uncoated composites;

(iiy make hardly any difference in tensile
strength to the composites fully-coated with
polyurethane varnish;

(iii) make hardly any difference to the un-
coated toughnesses;

(iv) cause only a comparatively small reduction
in the toughnesses of the fully-coated samples.

The effect of one freezing/thawing cycle is to
reduce all the strength values of the angle-ply
samples and the toughness values of the unidirec-
tional specimens by a further small amount below
the water-soaked results. The effect of repeated
freezing/thawing cycles is not known and will be
the subject of future investigations.

It seems very important, given that respectable
wet toughnesses are still attainable, that the tensile
strengths of fully-coated polyurethane varnish
specimens are the same whether wet or dry.
Although there is a loss relative to the dry un-
coated strength, that value (600 to 650 MNm™2) is
not of much use if, upon getting soaked, it is
reduced to only some 250 MNm™2.

Appendix

R surfaces
The component of Rg,q.ces that concerns inter-

facial fractures is given by [3]:
2304

1o
g ¢ ‘Z,At * Rintertace- (Al)
For the wet uncoated case, /o,y = 95 mm, i.e. 27 x
(eridary, d=140um and (Ryc)wet = (1/27%)
(Ruc)ary so that the toughness contribution from
debonding the wet interface is:

(0.25)(27 x3.5)1072 1
140 x 1076 2_73 (Ruc)dry =0.23 (Ruc)drY'

It was assumed in eatlier work that (Ryc)gey = Rm
~2.6kJm?. so that in the wet uncoated case the
debond surfaces contribution to R may only be
about 0.6kJm™2.

At intermediate values of C, Rgufaces is given by

[3]:
1-C01 —pn)

vfw)\ {

Referencing quantities with respect to the wet
uncoated case, ie. T = 135, py « T? = 1.8,

[Cerithuc] wet _ 95«x 1073

A: == =
V] J [0 %10 680, so, for
v = 0.25:
1+08C| 2.6
R = (0.25 —_—) — -2
surfaces (02 )(680){1 +0.35C} 272k‘]m B

which for C=1, becomes 0.8kJm™2. This is
really quite small compared with the total meas-
ured values. In fact, the contribution is even less
because the half-height of the toughness specimen
(38 mm) is less than half the critical lengths, so
that full “potential” debonding is never attained.

It seems, therefore, that of all the surfaces com-
ponents, probably the most significant is that of
the matrix itself, at (1 —v)Rm =2kIm™2.

R redist
Regarding the Piggott/FitzRandolph redistribution

contribution, we have [3]:
}ynd
_ VsOF Y (A3)
6E¢[1—C(1 — 1))

for Boron/epoxy systems, where the filament frac-
ture strain is less than the matrix fracture strain.
Referencing quantities to the wet uncoated con-
dition, we have (YM) = [(eihuc] wer = 95 mm,
T=135 0;=345GNm™, E;=380GNm™,
Thus:

Rycaist



r. _ (025)345x 10%295x 1073
redist ™6 x 380 x 10° (1 +0.35C)

307
1+4035C

which for C=0, is 30.7kJm™2 and for C=1 is
23kIm™.

Since the critical lengths of the filaments in
their various wet intermittently bonded conditions
are all greater than the specimen height, R,cqis
should be reduced below the foregoing values.
Given that random filament fracture, on average,
should occur at + (I.44)/4 above or below the main
crack plane, it is clear that broken filaments have
only [38 —(le)/4) mm and [38 + (Jo4)/4] mm
on which irreversible interfacial slip can take place.
Given the fact that Piggot/FitzRandolph stress
relaxation is predicated on irreversible slip over
interfacial lengths (/.4/2) on either side of the
filament fracture, it seems that one side of a
broken filament can only produce a share
{[38 — Uexit)/4]) /(lexi)/2} towards % Ryeqie, and
the other side {[38 + (leu)/4]/(lexit)/2} towards
3 R eqist- Thus, the corrected Ryegis; iS:

(38— Ges)/41|, ,,
(ea)2 |20

{[38 +1i)/4]
(lcn't)/ 2

kJm™

} %Rredjst (A4)
for Iy in mm. This becomes:

{76/95}(1 + 0.35 C)Ryouss;
because (I ) at any Cis {[(epithuc] wet/ [1 —C(1 —

30.7
Twet)l }- Now Ryegist = (1—_!_‘0—335 k¥m™, which

gives, for the corrected result, the constant value
of circa 25kJm?, independent of C, for the par-
ticular size of specimens used.

Rpull-out
Pull-out toughness is given by [3]:
Routous = 9T A S S + 2C
e (1—-ca—-1)
(AS)

where h is the crack opening displacement at the
propagated crack length used in the Gurney seg-
mental area method (say, 0.5 mm) [3,9-14] and

7' is the interfacial frictional stress during pull-out
(values of which have been given in Section 3, at
various C). Thus, for the wet samples:

254 %1073

Rpull-out 140 x 10—6) 0.5%x 1073

= (0.25)7'(

95 x 1073
254 x 1073 (1 +0.35 C)

[ 8.5x% 1078
;

+ 2C]

222N 445x105C
(1 +0.35C)

kIm™.

For C = 0, 7' =05MNm™2, so Rpuout =
42.5kJm™.

For C=1, 7 =275MNm™, s0 Rpupout =
(173 + 124) =297kIm™2, or, using 7' =2MN
m™2 [3] for dry samples, Rpupous = (126 +90)
=216kIm™>.

Again, because the size of the specimens is com-
parable to, or less than, the critical lengths, and
because the pull-out lengths with Cook/Gordon
debonding are larger than the half-heights of the
specimens, the full potential contribution to
toughness from pull-out may not be achieved. In
{3] it has been shown that:

Rouout =407 Dh/d. (A6)
where D, on average, was I /4 in the absence of
Cook/Gordon debonding, or was ([og/4 + C1,./2)
on average in its presence, where /. is the repeat
distance. Only when D < 38 mm (the half-heigh of
the toughness specimen) would full pull-out be
attained, otherwise it would be merely the fric-
tional work over the finite 38 mm. For wet coated
samples, [l =70mm, so D=70/4+25/2=
30mm with I, =25mm, or D =43 mm with }, = -
51 mm.

Note that these calculations are based on aver-
ages, i.e. that some filaments break with zero pull-
out (in the plane of gross fracture) and others
break with the longest possible pull-out of I.;/2
(all subsequently augmented by Cook/Gordon
pull-out lengths). Therefore, the size of specimen
does not allow the longest pull-out lengths (70/2 +
25 =60mm for C=1) to occur. This must skew
the average distribution of pull-out lengths and
reduce the potential toughness contribution.
Assuming a Gaussian normal distribution between
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O mm pull-out lengths and 60 mm pull-out lengths
for C=1, the reduction is the (fractional) area
under the distribution curve between zero pull-
out and 38 mm pull-out in terms of the total area
between zero and 60 mm pull-out. This is roughly
0.67, ¢o that for C=1, the effective pull-out
contribution may be:

= (0.67)(216 or 297) =
144 or 198kIm™

Rpull—out

il

where 216kJm™ applies to dry samples and
297kJm™? to water soaked samples.

Rtotal

Thus, for the total toughness of unidirectional wet
composites we might expect, using the corrected
values for C=1, Ry =2 +25 + (144 or 198)
=171 or 225kIm™2,

For the total toughness of angle-ply comp-
posites, arguing that the two 45° layers give no
pull-out contribution, we have for C =1, Ryt =
2 +25+(3/5)(144 or 198) =114 or 147kIm™2.

Lines following these relations have been super-
imposed on Fig. 3a and b, and the agreement with
experiment is not bad.

Again, reverting to the differences between uni-
directional and angle-ply dry results (Section 4.5),
it is likely that the pull-out value should have been
corrected along the foregoing lines to recognize
the fact that the specimen size was comparable to
the critical length. That is, for C=1, the uni-
directional five-layer, 231kJm™2 pull-out work
(see [3]) should be reduced to about (0.67)(231)
=155kIJm™. Then it may be proportioned by
the “‘active” three layers in five which display pull-
out, the 45° plies breaking off with no pull-out
contribution. Thus:

Rpunowt = (3/5)(155) = 93kIm™
which gives for the total toughness of the full-

coated dry angle-ply composite (addmg Rowtacess
Rieqist and Rpupous from 3] :

Ryt = 18 +100+93 = 211kIm™
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