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ABSTRACT 

This paper deals with the experimental mechanical 
properties characterization of three types of woven 
fabric composites taking into account the effect of the 
hygrothermal aging. The characterization was carried 
out using mode I (DCB) and mode II (ENF) inter-
laminar fracture tests in order to determine the loss of 
crack propagation resistance. The materials used were 
two types of woven (2/2 Twill, 8 Harness Satin) glass 
fiber, and 8 Harness Satin carbon fiber in a 
polyetherimide (PEI) matrix. The critical values of the 
energy release rate in modes I and II were calculated 
using the Corrected Beam theory. The material 
reinforced with 8 Harness Satin glass fibre had the 
highest mode I and mode II fracture toughness. Also, 
the variations of the delamination energies G ic and Gnc 

with the time of exposure to severe hygrothermal aging 
(70°C and 95% RH) were obtained. The decrease in the 
fracture behaviour was more important in the case of 
2/2 Twill weave reinforced material. 

K e y w o r d s : delamination modes, glass fabric, carbon 
fabric, PEI, hygrothermal aging. 

I. INTRODUCTION 

Composite materials in practical use can be 
subjected to a wide variety of different loading 
conditions. Woven fabrics as an attractive reinforcement 

provide an excellent integrity and conformability. The 
effect of water on delamination resistance of composites 
is quite complex as reflected by conflicting data in the 
scientific literature /1,2,3/. The most important 
conditions are mechanical stresses and environmental 
attacks. The main environmental attacks are related to 
temperature, moisture, radiation and contact with 
various types of chemical products. These factors can 
affect the thermal and the mechanical properties of the 
composites in different ways /4/. It is believed, and 
there is enough experimental evidence, that entrance of 
water induces: 

a) swelling of the system and build up of residual 
stresses, 

b) rupture of adhesive bonding between the system and 
a given substrate, 

c) modification of the local stress state and creation a 
microcrazes. 

Several mechanisms for the water entrance have 
been proposed: 
a) diffusion governed by Fick's law through the free 

volume of the polymer, 
b) diffusion by osmotic swelling is limited by polymer 

creep, 
c) osmotic phenomena due to the presence of 

micropores, channels and other defects in the 
polymer. 

The combination of moisture and thermal 
environments can significantly degrade the compressive 
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strength. These factors must be understood when 
designing structures made from composite materials. 
This degradation can take the form of weakening of the 
fibre/matrix interface. Moisture absorption by 
composite materials may remove resin material or 
expand the matrix causing micro cracking to develop 
along with plasticization 151. 

It is well known that moisture degrades the 
performance, such as modulus and strength. However, 
only limited researches have been conducted to 
investigate the environmental effects on delamination 
resistance composites /6, 7/. The first objective of this 
work was to evaluate the toughness of three composite 
materials subjected to hygrothermal aging effect using 
mode I (DCB) and mode II (ENF) specimens. 

2.- EXPERIMENTAL PROCEDURE 

2.1. Materials 

Three woven composite materials were researched. 
The materials were made of two types of weaving (2/2 
Twill, 8 Harness Satin) glass fibre, and 8 Harness Satin 
carbon fibre (Fig. 1). The denominations of these 
materials are: ST220 (2/2 Twill glass), SS303 (8 
Harness Satin glass) and CD342 of disposition 8 
Harness Satin carbon. The matrix was the 
polyetherimide (PEI). The fibre volume fraction was 
67% for all materials. 

2.2. Preparation of specimens 

The materials were manufactured by Ten Cate 
Advanced Composite (The Netherlands). A thin 
polyamide film of 2 μηι of thickness was introduced in 
the middle in order to create an artificial crack 

2.3. Conditioning of specimens for aging effect 

First, the specimens were dried in an oven at 70°C 
until the specimen-weight was constant. Subsequently 
the samples were introduced into a climatic chamber 
under a temperature of 70°C and 95% of relative 
humidity. 

Hygrothermal Aging Effect on PEI Composites 

8H Satin 
Fig. 1: Photographs of weaving fabrics: 2/2 Twill, 8H 

Satin. 

2.4.- Mode I test 

For mode I test, the double cantilever beam (DCB) 
test configuration was used according to ASTM D5528 
/8/. The dimensions of the specimens were 
120x20.5x5.1 (3.5 CD342) mm with an insert length of 
60 mm. The loading was introduced making use of 
metallic hinges /9,10,11/. An Instron machine was used 
for testing at a constant loading rate of 0.5 mm/min 
(Fig. 2). During the testing procedure, the crack length 
was measured visually at the specimen edge. The 
critical energy G!c was calculated at three characteristic 
points: NL (non-linear), 5%, and Pmax using the 
corrected beam theory (Fig. 3): 

G l c = (3P5) / [2B(a+A)] (1) 

where Ρ is the force, δ the displacement of the notch lip, 
a the crack length and Β the specimen width. The 
corrected beam theory requires the determination of a 
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correction factor Δ, taking into account crack tip 

rotation and shear deformation. This factor Δ was 

obtained by drawing the third power compliance against 

crack length (C l / 3-a) /12/. 

Jllc = ( 9 P V ) / ( 1 6 B - E h ' ) (2) 

The value of Ε is the modulus measured during the 

compliance calibration for a=0. It is calculated as: 

Ε = L3 / (4BCh3) , (3) 

Fig. 2: Double Cantilever Beam mode I. 

C0 +5% 

Displacement • 
Desplazamiento 

Fig. 3: Load - displacement curve. 

2.5.- Mode II fracture test 

For the mode II tests, end notched flexural (ENF) 

specimen geometry was used, according to ASTM D790 

/13/. The dimensions of the specimens were 120x20x5.1 

(3.5 in CD342) mm with an insert length of 35 mm. In 

mode II test, the specimen was loaded in a standard 

three point bending fixture at a crosshead speed of 0.5 

mm/min (Fig. 4). The energy of delamination G | k was 

calculated at three fixed points according to the 

corrected beam theory: 

with h equal to half the specimen thickness and 1/C the 

initial slope of the load-displacement plot, ignoring any 

initial non-linearity due to play in the fixture. 

Fig. 4: End notched fixed mode II. 

3.- RESULTS. 

3.1.- Moisture absorption 

The three composite materials have been subjected 

to a hygrothermal aging at temperature of 70°C and 9 5 % 

RH. The weight gain process was continued until the 

saturation of these materials. 

Fig. 5 shows the curves of absorption rate of the 

humidity for the three materials. Starting from Fig.5 it 

can be proven that in the vicinities of the 40 days the 

composite materials reached the maximum point of 

saturation. In this point the increase percentage in 

weight of ST220, SS303, CD342 was 0.218, 0.205, 

0.295 respectively. The composi te materials were 

subjected to hygrothermal aging during: 0, 30, 60, 120 

and 180 days and then subjected to mechanical testing. 

3.2.- Results of fracture in Mode 1 . 

The results obtained always represent the maximum, 

mean and minimum of tlve tests. In Fig. 6 the curves of 

the critical energies of delamination are represented at 

227 



Vol. 11, No. 4, 2004 Hygrothermal Aging Effect on PE1 Composites 

the point of maximum load according to the corrected 
beam theory. The material ST220 of disposition 2/2 
Twill showed a decrease (=20%) in fracture toughness 
values during the first 30 days after hygrothermal 
exposition. In the following five months, the energy Gic 

increased approximately up to 10% This type of 
variation is not uncommon /14,15/. The second material 
SS303 (8H Satin) presented an initial maintenance of 
the critical energy (first month), then increased (second 
month) to approximately 17% of the initial value. In 
these two materials it is difficult to be sure that the 
variations are due to environmental exposure. This 
situation remained stable for four months; from that 
time the material decreased in energy with respect to the 
initial value (=8%). The material CD342 of 8H Satin 
weave showed from the first 30 days a decrease in the 
crack energy of about 12%, then became smaller, 
approximately 25%, at 180 days of hygrothermal 
exposition. In this case the ageing has a significant 
effect. 
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Fig. 5: Moisture absorption curves of ST220, SS303 
and CD342 at 70°C, 95%RH. 

3.3. Fracture results in mode I I . 

The results obtained always represent the maximum, 
mean and minimum of five tests. In Fig. 7 the curves of 
the critical energies of delamination are represented in 
the point of maximum load according to the corrected 
beam theory for the three composite materials. The 

material ST220 presented a decrease in the critical 
energy during the first 60 days of 33% of the initial 
value, but subsequently recovered partially up to 
approximately 20%. In the material SS303 an increment 
of the energy has been appreciated during the whole 
period of exposition, after six months approximately a 
10%. In the case of the material CD342, a decrease in 
the energy of delamination was noted in the period 
between 30 and 60 days 42%); from that time it 
stayed constant until 180 days of exposition. Again, in 
this last material the ageing shows a significant effect. 

Mode I test 

^ 4000 
ε 

• ST220 (2/2Twill) 
• S S 3 0 3 (ΘΗ Salin) 
• CD342 (8H Salin) 
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Fig. 6: Variation of G k as a function of aging time. 

Mode II test 
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• ST220 (2/2 Twill) 
• SS303(6H Satin) 
• CD342 (8H S a i n ) 

Fig. 
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7: Variation of Gnc as a function of aging time. 

4. C O N C L U S I O N S . 

The major objective of this investigation was to 
evaluate the influence of hygrothermal aging on crack 
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propagation under different fracture modes in three 
different types of materials. These composite materials 
have the same matrix and the same volumetric fraction 
of fibre; the only difference is the type of weaving 
reinforcement. 

The values of toughness in mode I have decreased 
during the hygrothermal exposition, the decrement 
being less if the weave is 8H Satin than if it is 2/2 Twill. 

For the materials with the same fibre disposition, the 
delamination energy suffered smaller decreases with the 
aging time, if the reinforcement was glass fibre than the 
carbon fibre. Comparing the results of the mode II test 
for the different materials, it can be seen that the energy 
of delamination of the material of disposition 8H Satin 
(CD342) showed an important decrease of the 
toughness during the aging time. 

The material SS303 of disposition 8H Satin presents 
in the initial state smaller resistance to fracture than 
ST220 and CD342. The hygrothermal aging under 
conditions of 70°C and 95%RH seemed to induce 
serious damage in materials with high initial resistance. 
The reason for this phenomenon could be that the 
diffusion of the humidity into the material SS303 of 
disposition 8H Satin is easier than in the material ST220 
(2/2 Twill) and CD342 (8H Satin). 

5. ACKNOWLEDGEMENTS 

The authors are grateful for the funding received 
from the Spanish Ministry of Science and Technology 
under project MAT2000-0416. 

6. REFERENCES 

1. A. Fernändez-Canteli, Α. Argüelles, J. Vifia, M. 
Ramulu and A.S. Kobayashi, Dynamic fracture 
toughness measurements in composites by 
instrumental Charpy testing: influence of aging, 
Comp. Sei & Tech. 62, 1315-1325 (2002). 

2. D. Scida, Z. Aboura and M.L. Benzeggagh, The 
effect of aging on the damage events in woven-
fibre composite materials under different loading 
conditions, Comp. Sei. & Tech. 62, 551-557 

(2002). 
3. J. Vifia, E.A. Garcia, A. Argüelles and I. Vifia, The 

effect of moisture on the tensile and interlaminar 
shear strengths of glass or carbon fiber reinforced 
PEI, J. Mat. Sei. Let. 19, 579-581 (2000). 

4. K. Liao, C.R. Schultheisz, D.L. Hunston and L.C. 
Brinson, "Long-term durability of fiber reinforced 
polymer-matrix composite materials for infra-
structure applications: A review", J. Adv. Mat., 30 
(4), 3-40 (1998). 

5. R. Selzer and K. Friedrich, "Mechanical properties 
and failure behaviour of carbon fibre reinforced 
polymer composites under the influence of 
moisture", Composites, 28A, 595-604 (1997). 

6. V.K. Srivastava and P.J. Hogg, "Moisture-effects 
on the toughness, mode I and mode II of particles 
filled quasi-isotropic grass-fibre reinforced poly-
ester resin composites", J Mat. Sei., 33, 1129-1136 
(1998). 

7. S. Zhao and M. Gedke, "Moisture effects on Mode 
II delamination behavior of carbon/epoxy comp-
osites", Adv. Comp. Mater., 5 (4), 291-307 (1996). 

8. ASTM D 5528, Standard Test Method for Mode I 
Interlaminar Fracture Toughness of Unidirectional 
Fibre-Reinforced Polymer Matrix Composite, 
Annual Book of ASTM Standards, 14.02, 272-281. 

9. T.A. Bullions, R H. Mehta, B. Taan, E. McGrath 
and A.C. Kranbuehl, "Mode I and Mode II fracture 
toughness of high-performance 3000 g mole-1 
reactive poly(etherimide)/carbon fiber comp-
osites", Composites, 30A, 153-162 (1999). 

10. N.K. Naik, K.S. Reddy, S. Meduri, N.B. Raju, 
P.D. Prasad, N.M. Azad, P.A. Odge and B.C.K. 
Reddy, "Interlaminar fracture characterization for 
plain weave fabric composites", J. Mat. Sei., 37, 
2983-2987 (2002). 

11. T.K. O'Brien and R.H. Martin, "Round robin 
testing for Mode I interlaminar fracture toughness 
of composite materials", J. Comp. Tech. & Res., 15 
(4), 269-281 (1993). 

12. P. Davies, "Protocols for interlaminar fracture 
testing of composites", European Structural 
Integrity Society Polymers & Composites Task 
Group {1993). 

13. ASTM D 790, Standard Test Method for Mode II 

229 



Vol. 11, No. 4, 2004 Hygrothermal Aging Effect on Ρ El Composites 

Interlaminar Fracture Toughness of Unidirectional 
Fibre-Reinforced Polymer Matrix Composite, 
Annual Book of ASTM Standards, 14.02. 

14. L.A. Carlsson and J.W. Gillespie, "Mode II 
interlaminar fracture of composites, Applications 
of fracture mechanics to composite materials", 

Elsevier Science Pub., 135-144 (1989). 
15. S. Hashemi, A.J. Kinloch and J.G. Williams, "The 

analysis of interlaminar fracture in unidirectional 
fibre-polymer composites", Proc. R. Soc. Lond., 
A427, 173-190(1990) 

230 


