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The tensile properties of pultruded GRP tested 
under superposed hydrostatic pressure 
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The failure mechanisms in waisted tensile specimens of pultruded 60% volume fraction glass 
f ibre-epoxide were investigated at atmospheric and superposed'hydrostatic pressures extend- 
ing to 350 MN m -2. The maximum principal stress at fracture decreased from ,-~I.7GN m -2 at 
atmospheric pressure to --~ 1.3 GN m -2 at 250 MN m -2 superposed pressure and remained 
approximately constant at higher pressures, as had been observed with carbon fibre reinforced 
plastic (CFRP) and a nickel-matrix carbon fibre composite. In the high-pressure region the 
failure surfaces were fairly flat, consistent with the fracture process being solely controlled by 
fibre strength. Pre-failure damage, in particular debonding, was initiated at ,-~ 0.95 GN m -2 at 
atmospheric pressure and this stress rose to ,-~ 1.2 GN m -2 at 300 MN m -2 superposed pressure, 
i.e. by about 9% per 100 MN m -2. Unlike the pressure dependence in CFRP, this contrasts 
with the pressure dependence of the resin tensile strength, about 25% per 100 MN m -2, but 
can be associated with that of the fibre bundle/resin debonding stress, about 12% per 
100 MN m -2 superposed pressure. Consistent with this interpretation, glass fibres of the failure 
surfaces were resin-free, again in contrast to CFRP. 

1. Introduction 
Theories of  the tensile strength of high volume frac- 
tion, Vf, of  unidirectionally-aligned fibrous com- 
posites relate it to the breaking strength of the fibres 
[1 6]. Interestingly the experiments often cited to sup- 
port detailed microstructural models are those of  
Rosen [6] on a 6% Vf glass fibre reinforced plastic 
(GRP) lamina of about 100 fibres in total. Fibres in a 
well-chosen matrix are postulated to reach their 
breaking strain before matrix failure, reducing its role 
to the isolation of  fibre breaks into a narrow section. 

Microstructural studies of carbon fibre reinforced 
plastic (CFRP) and GRP specimens strained to and 
below their failure strengths in tension, compression 
and bending, particularly under superposed hydro- 
static pressure, have enabled us [7-11] to re-examine 
the problem and draw attention to the role of  detach- 
ment and delamination of surface fibre bundles in 
failure mechanisms. In particular we have suggested 
that, as in CFRP this delamination is controlled by the 
strength of  the resin matrix, similarities in the axial 
tensile and compressive behaviour of  CFRP can be 
accounted for without recourse to hypotheses involv- 
ing shear-stress [12] controlled failure of  carbon fibres 
in tension and compression. 

The tensile properties of glass are even less likely to 
be controlled by shear stresses, glass being the Griffith 
material. Accordingly it was decided to study also 
GRP in tension under superposed hydrostatic press- 
ure, H. We would recall that such a stressing environ- 
ment enables discrimination between shear stress- 
operated mechanisms (unaffected by H)  and tensile 

stress-operated mechanisms (directly affected by H). 
Of fibrous composites studied by us only in a 56% Vf 
carbon fibre-nickel composite did the maximum 
principal tensile stress for failure remain constant as H 
varied; in CFRP it decreased with H till 200 MN m -2 
pressure and only at higher pressures was it constant. 

2. Experimental procedure 
Specimens were machined from 6 mm diameter pul- 
truded rods supplied by AERE, Harwell. They con- 
tained ~ 60% Vr of  S glass fibres in an epoxy resin 
matrix. The majority of the specimens tested were of 
the design illustrated in Fig. la of our previous paper 
[8] and contained no gauge length of constant cross- 
section. The section was reduced, over a length of 
10mm and with a radius of  12.5mm, to a minimum 
diameter of  0.8 to 1.0 mm. This ensured tensile failures 
whilst using the maximum shoulder length ( ~  30 mm) 
that could be accommodated within the limited space 
available inside the pressure cell. Some samples were 
unloaded before failure for microscopic examination. 

All specimens were strained in uniaxial tension on a 
Hedeby universal tester at a rate of  0.1 mm min-1. The 
machine was fitted with a Coleraine pressure cell 
which allowed the superposition of pressure extending 
to 3 5 0 M N m  2 using Plexol, a synthetic diester, as a 
medium. Experimental details have been presented in 
our previous papers [7 9, 11]. The failure surfaces and 
adjoining surface areas of  some specimens were 
examined on an ISI Super III scanning electron 
microscope. Other samples were mounted in polyester 
resin and sectioned and polished parallel to the fibre 
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Figure 1 Maximum principal stresses (O) at the limit of propor- 
tionality, and (e)  at failure, for GRP tensile specimens tested under 
superposed hydrostatic pressure. 

axis prior to examination on the SEM or a Zeiss 
Ultraphot II optical microscope. To delineate clearly 
the transverse cracks emanating from the minimum 
cross-section of deformed specimens, a "dye penetrant/ 
cellulose paint" technique, developed for CFRP [10] 
was employed. It enabled length measurements of the 
"tramline" cracks in the shoulders and heads of  the 
tensile specimens. 

3. Results 
The atmospheric tensile strength of our GRP material 
was ,-~ 1.7 G N m  2, and this (the maximum principal 
tensile stress) decreased, approximately linearly, 
to ~ 1.3 G N m  -2 when H = 2 5 0 M N m  2 was applied 
(Fig. 1). It remained approximately constant as H 
was raised to 350 MN m -z, the limit of our apparatus. 
The load-deflection curves indicated deviations 
from linearity prior to failure at all pressures except 
the highest. The critical stress for this rose from 
~ 0.95 GN m -2 at atmospheric pressure, to ,-~ 1.2 G N  
m -2 at 3 0 0 M N m  -2 superposed pressure (Fig. 1). 

Concurrently at these and higher levels of tensile 
stress, damage was observed on the surfaces of  
strained specimens. Examples, for failed specimens, at 
atmospheric, 100, 200, 300, and 3 5 0 M N m  -z super- 
posed pressures are presented in Figs 2 and 3. It is seen 
that inter-tow cracks had formed and appear to be 
associated with the minimum cross-section. This 
cracking was further investigated by preparing longi- 
tudinal sections, and the delaminations were seen to 
follow resin-rich areas between tows which make up 
the pultrusion. Their lengths decreased (Table I) from 
~ 2 0 m m  (but not systematically, as in CFRP [10]), 
with increasing pressure; no "tramlines" were detected 
in the specimen tested at 3 5 0 M N m  -z. In a similar 
way to CFRP, the fracture topography altered from 
"random bundle" [10] at atmospheric pressure to a 
localized failure at the minimum cross-section but was 

TAB LE I The variation with superposed pressure in the length 
that transverse cracks grow to before tensile failure of pultruded 
GRP 

Superposed pressure Crack length 
(MNm -2) (mm, _+ 2ram) 

Atmospheric 20 
50 23 

100 22 
150 18 
200 |2  
250 9 
300 5 
350 0 

still associated, in contrast to CFRP, with some inter- 
laminar cracking (Figs 2 and 3). To note also is the 
"clean" appearance of the glass fibres in the failed 
bundles, in marked contrast to carbon fibres which 
had epoxide resin adhering to them (Fig. 4). 

4. Discussion 
The general features of these GRP data resembled 
somewhat the results of a similar study of  CFRP [10]. 
In interpreting that work we postulated a three-stage 
failure process: debonding of  surface bundles (depen- 
dent on specimen geometry) associated with straight- 
ening of surface fibre bundles against the transverse 
support to the matrix, delamination or growth of the 
inter-tow cracks to detach the surface bundles such 
that they are unable to carry tensile load and finally, 
when a critical stress has been transferred to the 
remaining fibre bundles, catastrophic failure. 

In CFRP the critical stress for delamination was 
associated with resin yielding, as the fibre/matrix 
interface was not broken. The pressure dependence of 
this stress corresponded well with that of  the epoxide 
resin yield stress ~ 0.25 per 100 M N m  -2 superposed 
pressure [10, 13]. In the GRP currently studied this is 
substantially lower, ~ 0.09 per 100 MN  m -2 pressure, 
and the fibre surfaces are exposed by failure. It is 
therefore suggested that the critical tensile stress for 
debonding of  surface bundles is 

4Ro-a 
~ - (1) 

~D 

where R is the existing radius of  curvature of  a fibre 
bundle of diameter D, and o% is the stress for inter- 
facial decohesion. This relation substitutes G for o-t, 
the matrix tensile strength, in the relation presented in 
our previous paper [10], and also halves it, consistent 
with the relevant bundles being in the surface and in 
accord with the details of  our analysis [10, 14, 15] 
rather than Piggott's [16] development of Swift's [17] 
model for compressive strength. 

The interfacial properties of  glass/resins have been 
recently investigated by Chua and Piggott [18, 19], 
who found for epoxide maximum interfacial shear 
stresses of  21 to 3 4 M N m  -2. They extended their 
studies to consider transverse compression [20, 21] 
and concluded that the value of  interfacial pressure, P, 
resulting from cure shrinkage for single fibres was 18 
to 26 MN m -2 and that the interfacial shear stress was 

�9 , = #(Po + P~) (2) 
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Figure 2 Scanning electron fractographs of pultruded GRP specimens tested in tension (a) at atmospheric and under superposed hydrostatic 
pressures of (b) I00, (c) 250 and (d) 350 MN m -2. Note the persistence of cracks at higher pressures. 

Figure 3 Scanning electron fractograph, at higher magnifications than in Fig. 2, showing in detail (a) the random bundle type of pull-out 
at atmospheric pressure and (b) the reduced fibre pull-out at 300 MNm -z, producing the fairly fiat fracture, but also the persistence of 
cracking (absent in CFRP at comparable pressures), 
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Figure 4 Tensile failures of (a) GRP at 300MNm 2 and (b) CFRP at atmospheric pressure showing clearly resin adhering to the carbon 
fibres and "clean" pulled-out glass fibres. 

where P0 was the shrinkage pressure, Pa was the 
externally applied pressure (up to l0 MN m 2) and # 
was in the range 0.18 to 2.4. Their relatively high 
experimental scatter, however (see their Fig. 9), is to 
be noted. Earlier Bowden [22], working with steel/ 
epoxy in the pressure range extending to 70 MN m 2, 
showed the shear strength of the adhesive bond to be 
marginally lower than the resin yield strength, but also 
reported an indication that its pressure dependence is 
higher. The shrinkage stress was calculated as 
7 MN m -2 (three times lower than Chua and Piggott's 
[19] value) and atmospheric friction stress as 
3 M N m  -2, rising to 2 2 M N m  2 at 6 5 M N m  -z applied 
pressure. 

It is not clear if any of these values and pressure 
dependences relate to the debonding of fibre bundles; 
Chua and Piggott [18-20] have concluded that the 
interface behaves in a very complex fashion and the 
(single) fibre pull-out process is governed by at least 
five factors. As our glass fibres were "clean" in the 
entire testing pressure range, five times that of Bowden 
and 35 times that of Chua and Piggott, we concluded 
that direct measurement of aa and its pressure depen- 
dence in our material was necessary. 

Using 3 mm thick discs cut from the composite rod 
we investigated the behaviour in diametral com- 
pression [23, 24], i.e. using a testing technique for the 
measurement of tensile strength of brittle materials, 
especially rocks. (Details of these biaxial stressing 
experiments will be presented elsewhere). The tensile 
strength (under transverse compression) was evaluated 
as 

2F 
aa = n D t  (3) 

noting that the associated transverse compression 
stress is three times this value, where F is the com- 
pressive load and D and t are the specimen diameter 
and thickness, respectively. Fractures were clean, 
emanating from the centre and along the loading axis 
diameter, o- d was thus identified as the debonding 
stress, o- a. The atmospheric biaxial value of o-a, 
69 MN m 2, was interpreted to correspond to a (uni- 
axial) debonding stress of ~ 5 2 M N m  -2 and the 
pressure dependence to be ~0.12 per 100MNm -2 

superposed pressure. The value of ad, 52 MN m -z, is 
not inconsistent with Chua and Piggott's [18] estimate 
of the maximum interfacial shear stress of 21 to 
3 4 M N m  2 and our pressure dependence is within 
their (large) scatter band for ~i [19]. 

Taking the bundle diameter D to be 0.4 ram, and aa 
to be 5 2 M N m  -2, Equation 1 evaluates R to be 
5.7mm, consistent with observed bundle curvatures. 
As the critical stress at the limit of proportionality 
(Fig. 1) increased from 0.95 at atmospheric to 
1.25GNm -2 at 300MNm -2 superposed pressure, 
~0.09 per 100MNm 2 superposed pressure, o" a 
increased by ~0.12 per 100MNm -2 superposed 
pressure. This agreement is considered good enough 
to account for the pressure dependence of ac, only 
some 35% of the relevant value of the slope for CFRP, 
in which the associated mechanism was interpreted to 
be resin yielding. 

In compression, in this GRP, bundle curvature was 
postulated to increase, and matrix yielding rather than 
decohesion to control debonding initiation and also 
failure, bundle buckling being easy due to the rela- 
tively low value of E for GRP [9]. In tension the 
bundle curvature is decreased and final failure is by 
breaking of the fibres, initially bundles at various 
cross-sections, but ultimately in nearly a specific cross- 
section (e.g. Fig. 2c). Only then, H > 300 M N m  2 
superposed pressure, was the ultimate load-carrying 
capacity of the rod controlled by fibre strength; 
accordingly at appears independent of pressure 
above 300 MN m -2 . At lower pressures, delamination 
occurred as the load was increasing; the straightening 
of detached, initially curved surface bundles, it is 
suggested, enabled additional loads to be carried until 
numerous fibre failures took place. Superposition of 
transverse (part of the hydrostatic) pressure made 
interlaminar cracking more difficult and therefore also 
the enhanced load transfer. Thus failure strength 
decreased with increasing pressure (Fig. 1). This inter- 
pretation follows closely that proposed for CFRP [10] 
and, as for that material, we would suggest that only 
for the lower bound of composite strength (fiat frac- 
tures) are the statistical theories (at a given cross- 
section) of composite failure relevant. 
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The results indicate that for axial tension of GRP, 
fibre bundle curvature and interfacial properties are 
pertinent, whereas in axial compression bundle curva- 
ture and resin strength are relevant. Only when stress 
redistribution between fibre bundles is suppressed (i.e. 
at 350 MN m -2) was the tensile behaviour of our GRP 
solely governed by the strength properties of the 
fibres. 
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