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Abstract

Aluminized glass fiber composite with epoxy and polyester matrix were used in this work in order to study fatigue properties and its
comparison to conventional glass fiber composites. Until now aluminized glass fiber materials have been only used as decoy flares in military
applications. The innovative advantages of these composites, using modified fibers, are potentially the improvement of thermal and electrical
conduction. The main objective of this work was to study the fatigue damage of coated fiber materials using stiffness loss and potential drop
techniques. The failure mechanisms were analyzed using microscopy. Fiber contents and the resin effects in the fatigue strength were also
tested and discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of glass fiber composites due to their wetting power and
adhesion to glass fiber, low setting shrinkage, considerable
The trend in studies of glass fiber composites in recent cohesion strength and adequate dielectric characteristics
years has been towards developing materials with high phys-[1]. Glass fiber composites based on epoxy resin belong
ical and mechanical characteristics. Attention has also beento the composites group for which maximum long-term
concentrated on the creation of heat-resistant compositesstrengths can be achieved. This fact determines their appli-
Aluminized glass fiber composites present potential advan- cation in critical structures even at elevated temperatures.
tages, namely the improvement of thermal and electrical The endurance limit of epoxy-based composites is also
conduction, and impact and fatigue properties. Until now very high. Some authors have demonstrated that a certain
this innovative material has only been used in military appli- relationship exists between static and fatigue characteristics
cations. Therefore, its advantages must be experimentally[2].
confirmed by mechanical and physical properties characteri- The main objective of this work was to study the fatigue
zation in order to make possible comparisons with the more behavior of an aluminized glass fiber composite with epoxy
common glass fiber composites and to explore possible civiland polyester matrices. Polyester resin was also used in
applications. order to explore possible economical and surface appearance
Glass fibers currently used in composites production have benefits. Some innovative advantages of these modified
relatively high-strength and high modulus. Some types of composites were anticipated, namely improvements in
glass fibers have high heat resistance or particular dielectricthermal and electrical conduction, hopefully without losses
characteristics. Epoxy resin are widely used in the production of static and fatigue properties. The electrical conductivity
of some kind of fiber and/or optical fibers is widely used to
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efficiency of self monitoring fatigue damage using electrical Table1
potential drop between the faces of the specimens in order toSheet series and cure parameters
benefit of the electrical conduction of the aluminized glass Series Resintype Vi (%)  Cure process

fibers. 102-02  Epoxy 54.2 3h at 18C followed 2 h at 130C
103-02 Epoxy 54.2 3h at 18C followed 2 h at 130C
100-04 Polyester 42.0 24 h at room temperature
. . 101-03 Polyester 40.9 24 h at room temperature
2. Materials and experimental procedures 102-03 Polyester 42.0 24 h at room temperature
112-03 Polyester 42.1 24 h at room temperature
This study involved two unidirectional hand lay-up com- 11503  Polyester 50.5 24 h at room temperature

posites manufactured in Advanced Composite Research
Group, University of Portsmouth, using two selected termoset
resins: Epoxy M36 film and an unsaturated polyester “Nor- pressure of 3 MPa applied during 2 h. After the samples were
pol 444-M 888" mixed with catalyst “methyl ethyl ketone left to a cure process summarizedTiable 1 The samples
peroxide 50% solution in phthalate UN 2563” supplied by were removed and finally the panels were cut into specimens
Reichhold UK Ltd. The release mould agent “Silside” sup- using a circular diamond blade saw. Volume fractity) (vas

plied by Arrow Chemicals UK Ltd. was used throughout. ranging from 0.40 to 0.54. Series 100-04 was manufactured
The aluminized unidirectional E-glass fibers employed in this using uncoated glass fibers.

investigation were supplied by Chemring Group plc in 1-m To avoid the material degradation the properties of the
length hanks, each hank having 100,000 fibers. The fibersboundary layer and the nature of the interaction between the
were cut to the desired length. Laminates were fabricated matrix and the reinforced glass fibers must be controlled using
in a mould of dimension 200 mmx 150 mmx 3 mm. Fibers chemically active compounds. In the case of the epoxy resins,
were placed carefully in the mould and initially consolidated a product called AGM-9 was used to be an effective stabilizer
after each layer using a roller. Three layers were used to pro-of the glass fiber composites properties and prevent the fiber
duce a laminate approximately 3mm thick. The complete strength drops due to an effect caused by adsorbed moisture
assembly was placed in a hydraulic press machine with afrom the air and the development of micro cracks.
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Fig. 1. (a) Specimen dimensions for fatigue and tensile tests. (b) Electrical monitoring.
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The electrical conductivity was determined using an
impedance/phase analyzer of the Model Hp 419a, from which §
the electrical resistivity of the composite can be directly
obtained.

chanical Instron Universal Testing machine. The fatigue tests @
were carried out on a servo-hydraulic Instron machinein con-
stant amplitude loading.

All fatigue tests were performed in tension with a stress
ratio of 0.05 and a frequency of 10Hz, at room tempera-
ture. The damage evolution was evaluated by measuring the®
loss in stiffness. The increase of electric potential drop with
the number of cycles also was surveyed, proving itself as an
alternative damage paramef6r9,10] The specimen geom-
etry used in tensile and fatigue tests is showrFig. 1a.

In order to minimize the electrical potential drop originated
from the contact on the direct current introduction, fas- Fig. 2. Scanning electron microscopy image of porosities in transverse sec-
tening screws and silver gum were used as illustrated in 0" (specimens series 103-02).

Fig. 1b.

strength of the coated specimens (about 77%) was observed
when compared with uncoated fiber composite.

. . The fatigue tests were performed in order to obtain the
3. Results and discussion fatigue strength of the polyester series with fiber volume frac-
_tionaround 42%. Also the fatigue tolerance was studied using

_Table Zpresents the average yalues_ and the standard dev"as damage parameters the loss of stiffness and the electrical
ation of three tests of each series. It includes the results Ofpotential drop

electrical resistivity in the fibers direction and the ultimate
tensile strength of the seven series selected.

The aluminum coating caused a significant decrease in » @
the electrical resistivity which presents significant variation
related to the volumetric fraction of fiber in each series. In the o o \"\ S o
fiber direction the resistivity was of the same order as metals, z Mo S e S
such as bronze, titanium, tungsten alloy and ductile[itdh S o= SO o PN Ry
This property will be used to monitorizing the fatigue damage % S N - -
in terms of the electrical potential drop between the two ends g o b N a N
of the specimens. g . S

The values of the longitudinal tensile strength depend of @ T e ™
the volumetric fraction of fibers and the defects developed 55 [ A Series 102V, 741% -
during fabrication. Usually it is observed that the tensile X Series 1123V, =42%

strength increase with fibers contg¢h®]. A large scatter in 50 o e T0°
tensile strength values were observed in series 103-02 caused

by the high porosity levels of the composite as showig 2

The porosity content was controlled only by visual inspection 0.8
and microscopy observations. An abrupt decrease of tensile

Number of cycles to failure Ng

(b)

0.7
-
0.6
w
Table 2 S
Ultimate strength and electrical resistivity results O ost )
o O Series 101-03
Series orm (MPa) Electripal resistivity on direction < 04 | & series 10203
of the fibers (10° Q2 cm)
©  Series 112-03
102-02 118+ 11 3.2 03 F L A
103-02 74+ 37 5.7 ® Series 100 ?4
100-04 444+ 6 3.7x 10Y7 0. LA _PP/Glass Fibre [8] ) )
101-03 100+ 11 38.1 10 10° 10* 10° 10° 107
102-03 96+ 9 17.2 Number of cycles to failure N¢
112-02 99+ 16 12.7

115-03 107+ 4 12.1 Fig. 3. Fatigue results: (a) stress rangeNs.(b)Ac/ayTs VS. Ni.
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Fig. 4. Scanning electron microscope observations of the fatigue fracture surface. (a) Series 101-03. (b) Series 102-03. (c) Series 101-03.

i
AR L

Fig. 3a presents the fatigue results of the polyester com-  Four failure mechanisms have been identified by observ-
posites in terms of stress range versus fatigue lifev;. The ing the fracture surfaces in scanning electron microscope:
results show a similar trend for all the specimens presentingthe rupture of the matrix without destruction of the inter-
no significant scatter. Much lower fatigue strength is shown face between matrix/fiber; separation of the interface between
in the coated fiber composites than in the similar composites matrix/fiber; fiber rupture and pull-out the fracture fiber of the
manufactured with uncoated fibers (Series 100-04). This sig- matrix as widely referenced in literatu4]. Abundant pull-
nificant decrease on fatigue strength of the coated compositeout fracture and fiber rupture can be seeRim 4a and b for
may be caused by the weaker interface aluminum/polyester.series 101-03 and 102-03, respectivelg. 4c also reveals a
In order to analyze the fatigue tolerance, these results werenon uniform fiber distribution which may influence the low
plotted inFig. 3o in terms of the non dimensionalo/oyTs strength obtained for these materials.
parameter versus the number of cycles to failure, witere In fatigue tests, the load and correspondent displacement
is the actual stress range anagdrts is the ultimate tensile  of the specimens were periodically monitored during cer-
strength. In this figure the results obtained by Ferreira et al. tain cycles. Two hundred points per cycle were recorded for
for bidirectional balanced glass fiber, polypropylene com- each cycle from which the tensile stress versus strain was
posites, hand molded with seven layers manufactured fromcomputed and plotted. These plots were nearly linear func-
Vertotex “Twintex T PP” fibers with volume fraction 0f 0.338 tions. The stiffness modulug, defined by the ratio between
[13], were superimposed. In spite of the relative low fatigue the tensile stress and the axial strain, was then derived from
strength of the aluminized glass fiber composites observed inthe stress—strain curves by linear regression. The stiffness
(Fig. 3a), as a consequence of its low tensile strength, thesemodulus can be used as a fatigue damage parameter and
composites presents a very good fatigue tolerance and muchn Fig. 5a and b.E/Ey is plotted againsiN/Ns, whereEy is
higher than glass fiber/PP and polyester/glass fiber as showrthe initial value ofE, N the current number of cycles and
in Fig. 3. N; is the number of cycles to failure, for two tests series,
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Fig. 5. E/Eo against the normalizedl/Ns number of cycles. (a) Series 101~ Fig. 6. Potential drop against the normalized number of cycles. (a) Series
03. (b) Series 102-03. 101-03. (b) Series 102-03.

101-03 and 102-03, respectively. The results show a trendbution (as show irFFigs. 2 and 4) and the defective fibers
similar with the typical behavior observed for the stiffness alignment.
modulus in uncoated glass fiber/PP bidirectional balanced The potential drop between the specimen’s ends was
composites. A drop in stiffness modulus of about 5% was simultaneously monitorizedr{g. 1b) and recorded with load
observed during the earlier cycles of the fatigue life, fol- and displacement. The electrical potential drop is a measure
lowed by a slow decrease until 90-95% of the fatigue life. of the damage caused by fiber breakages and the cracking of
Thereafter, another pronounced decrease in the stiffness modthe matrix. An initial increase in potential drop is associated
ulus occurs until the final failure. Despite some scatter of the to some broken fibers, which were disordered in the fabrica-
results, similar trends were observed for the majority of the tion processFig. 6a and b show the increase of the potential
tests. drop with the number of cycles for series 101-03 and 102-03,
In spite of the significant scatter observed, a behavior com- respectively.
posed by three stages of stiffness variation were observed Contrary to the uncoated glass fiber composites, the alu-
during fatigue tests, as illustrated fig. 5a and b, which is minized composites show a consistent and stable growth of
abundantly reported in literature for other composites mate- potential drop as a consequence of their high electrical con-
rials. The first stage is the result of matrix cracking and ductivity. This effect can be used as an alternative parameter
fiber/matrix separatiorjl5,16] In the second stag&/Eg for fatigue damage assessment. The relationship between
reduction in a manner almost linear with the number of the two alternative damage parameters, are illustrated in
cycles, and results from damage propagation and the breakFig. 7a and b for the series 101-03 and 102-03, respec-
of the first fibers[17-19] Finally, in the third stage, an tively. In spite the great scatter observed the two parameters
abruptly decrease df/Eg originates from the quick dam-  show a nearly linear relationship between them in the stable
age propagation, leading to the collapse of the compositefatigue damage stage suggesting that the potential drop can
[20]. The results do not present a well defined tendency with be used to characterize the fatigue damage evolution of these
load which can be caused by heterogeneous fibers distri-materials.
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increasing tendency with the number of cycles and with
the fatigue stress level.

(iii) During the subcritical fatigue process potential drop
presents an almost linear relationship with the loss of
rigidity (E/Ep).
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