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ConpoTuB/ieHME YCTaIOCTU NEePEKPECTHO-aPMUPOBAHHbIX 1TAMUHATOB
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B YHuBepcuTeT r. bBymapau, Amkup

B pamkax 3KCrepuMeHTa/bHOTO MOAX0AA OMCaHO MeXaHUUecKoe MoBeaeHUe Pas/MuHbIX Namm-
HATOB C MATPULIEI 113 AMOKCMAHOI CMOMbI, MepeKpec THO-apMMPOBAHHbIX KEBMAPOBLIMI BOSIOKHAMM
1 CTEK/OBOMIOKHAMIA, B YC/IOBUSIX CTaTWHECKOTO M LMKIMUECKOTO TPEXTOUeUHoro vsruba. Mpu
CTaTUYECKVX UCTbITaHUSIX PACCMaTPUBAOTCS MOC/IEA0BATENbHOCTb YKMAAKW CIOEB W BOMIOKOH,
TOMLLMHbI CIOEB, OPVUEHTUPOBAHHLIX M0A YrioM 90° U B/MsHWE Tuna apMM1POBaHUST Ha MEXaHM-
Ueckoe MOBEAEHME IAMMHATOB B MPOLIECCE HAarpy>KeHWsl, a TaloKe Ha peanmsaLpio pasiyHbIX
PEXKVIMOB TMOBPEXKIEHWS, MPMBOASLLYX K PaspyLLeHWto. ccriefoBaHns Mpu LKIMUECKOM Harpy-
YKEHUM COCTOSIT M3 [ByX 9TaroB. Ha nepsom sTane M3ydaeTcst BsHYE MOC/gR0BaTelbHOCTY
YKMafIKN CIOEB 1 BOSIOKOH Ha MOBEAEHME U [0MTOBEYHOCTH YeThIPeX TUMOB NaMUHATOB, apMUpo-
BaHHbIX CTEK/MOBOMIOKHAMM, HA BTOPOM JTare - BAMsHVE TuMa apMVpOBaHUS Ha LIMKIYECKYHO
MPOYHOCTL U COMPOTUB/IEHVE TAMVHATOB MPU LKMYECKOM Harpy>KeHW. YCTanocTHbIE WCTbl-
TaH/sl BbINOSHEHbI B MSTKOM PEXKVME HArpy>KeHusl 4711 TaMMHATOB, apMUPOBaHHBIX CTEKI0-
BO/IOKHAMM 1 TMBPUAHBIMI BONIOKHaMK (KeBNap+CTekno). KpriBble ycTanocTy 6 NocTPoeHb! B
KOOpAMHATaX HampsdKeHVe - YUCIO LMKMOB [0 PaspyLUEHWs1 HAa OCHOBE KPUTEpUEB CHIKEHUS
YKECTKOCTU Ha 5 1 10%. AHanmM3 MofyueHHbIX PesyibTaToB No3BONSET OLEHUTL BAMSHIE MOCTe-
[J0BATENLHOC TV YKNaAKW C/I0EB 1 TVINA apMMPOBaHIIS Ha MOBEeHYIE MePeKPec THO-apMUPOBaHHbIX
NAMUHATOB MPU LIMKMMUECKOM Harpy>keH, Harmume KeBnapoBbIX BOSIOKOH B laMMHATaxX o6ecre-
UVBAET WX He/MHeliHOe MOBEAEHME MPU CTATUHECKUX UCTbITAHUSX U HUSKYHO LIMIKIMYECKYIO MpoY-
HOCTb MNP YCTANOCTHbBIX MCTIBITAHMSIX B YCTIOBUSIX TPEXTOYEUHOTO M3riGa.

KntoueBble cnoBa: NaMuHaTbl, KeBNapoBble BOMOKHA, TMGPUAHbIE BOMOKHA,
aMOKCcUAHas MaTpuLa, TPeXTOUeUHbI U3rnb, yCcTanocTb, NOBPEXAEHUE, KPUBLIE
ycTanocTu.
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Introduction. Modem aerospace, aeronautical, naval, motor, and railway
technologies require materials with high mechanical properties. However, the
experience acquired in the use of homogeneous traditional materials showed their
limited potential applications. Fortunately, the alternative appeared with
composite materials whose properties are very interesting: lightness, high
directional stiffness, good resistance to fatigue, the absence of corrosion for
nonmetallic constituents, ease of fabrication, etc. Such materials, despite the
misunderstanding of certain aspects of their behavior, have stimulated a great
interest in several industrial applications. Over the last three decades, several
investigations have been carried out on the fatigue behavior of composite
materials with organic matrices (epoxy, polyester, etc.) and continuous fibers
(glass, aramide, carbon, etc.) The prediction of their fatigue life, however, is still
difficult to achieve thus necessitating a better understanding of many damage
mechanisms that may lead to total rupture.

A great number of studies are reported in the literature on the traction and
flexural fatigue of composite materials. The influence of fatigue behavior of the
components of those materials was studied by several authors [1-3]. Mandell [4]
described the process of rupture in fatigue in the case of tensile tests of glass fiber
composites. It was shown that rupture depends only on the properties of the fibers
independently of the matrix. In a review paper, Talreja [5] summarized various
interpretations of damage mechanisms in fatigue of plastic matrix composites.
Kim and Ebert [6] studied the influence of cycling frequency, via 4-point
bending, on unidirectional glass fiber composites; they found that an increase in
frequency leads to arise in the material temperature without significant effects on
fundamental fatigue mechanisms. They also put into evidence the influence of the
distance between supporting points, I, on the rupture mechanisms. Djebar et al.
[7] studied, via 3-point bending, the influence of the ratio I/h (where h is the
specimen thickness) on the fatigue of glass/epoxy composites. Several other
studies of composite materials and their damage behavior via 3- and 4-point
bending and tension were also reported in [8-26].

Aramide (Kevlar) fibers possess high mechanical properties being 4 to 6
times cheaper than carbon fibers. Nevertheless, Kevlar fiber laminates have
various weaknesses (weak compressive resistance to bending, to buckling, etc.)
These weaknesses are generally attributed to a bad fiber-matrix adherence [27].
To overcome such a problem, hybrid composites (glass-Kevlar, carbon-Kevlar)
are used. Only few investigations [28-33] are reported on Kevlar fibers and
hybrids. In this context, we carry out an investigation in static and cyclic fatigue,
using 3-point bending, on different cross-ply laminates made of epoxy resin and
glass fibers, Kevlar fibers, and hybrid (glass-Kevlar) fibers.

Static tests are carried out on various laminated composites allowing the
analysis of stacking sequence effects, of (0Oo- and 90°-oriented) layer thickness
ratios, and of the reinforcement type on the behavior and on different types of
damages up to laminate rupture. Fatigue investigations consist of two parts: (i) the
influence of the stacking sequence on both the behavior and fatigue life of four
types of glass-fiber laminates and (ii) determination of the reinforcement type
effects on the laminate behavior and endurance. Hence, several glass fiber
laminates and various loading ratios R are considered. Moreover, the endurance
tests are performed not only with displacement control but also with load control
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for Kevlar and glass fiber laminates. Stress vs number of cycles (S- N) endurance
diagrams (Wu,hler’s curves) are plotted using the criteria of fatigue life N5 and
N 10 corresponding, respectively, to 5% and 10% reduction in stiffness with
respect to the initial value.

1. Materials and Tests.

1.1. M aterials. Different cross-ply laminates were prepared by vacuum
moulding from continuous glass fibers, Kevlar fibers, hybrid (glass-Kevlar)
fibers, and epoxy resin. The obtained laminates differ by (i) the reinforcement
type; (ii) the stacking sequence, and (iii) the (0o and 90°-oriented) layer thickness
ratios. Nine glass fiber laminates (GFL) consisting of 16 plies each and
designated by GFL 1to GFL 9 were investigated. A hybrid glass and Kevlar fiber
laminate (HGKFL) consists of 8 plies of glass and 4 plies of Kevlar, and
Kevlar-fiber laminate (KFL) consists of 8 plies. The choice ofthe number of glass
and Kevlar plies is dictated by the necessity of keeping the specimen thickness
almost constant. The ensemble ofthese laminates and their stacking sequences are
grouped in Table 1. The important characteristics of laminate constituents are
given in Tables 2 and 3 for epoxy resin SR 1500/SD 2505 and continuous fibers,
respectively.

Table 1
Investigated Materials
GFL 1 GFL 2 GFL 3 GFL 4 GFL 5 GFL 6
(Clee)g (04/904)s (90602)s (06/902)s [(02/902)9s [(0/90)4],
GFL 7 GFL 8 GFL 9 HGKFL KFL
[(02/9022s (902/06s (02/909)s (02v/0K'902v/90K)s (02K/902K),
Table 2
Characteristics of Epoxy Resin SR 1500/SD 2505
Young’s modulus Tensile strength Flexural strength
(GPa) (MPa) (MPa)
2.9-3.2 14-77 115-120
Table 3

Characteristics of Kevlar and Glass Fibers

Reinforce- Surface  Density  Young’s Shear ~ Poisson’s  Ultimate Elongation

ment type  mass (kg/m3)  modulus  modulus ratio strength  at rupture
@m2) (GPa) (GPa) (MPa)
Glass 300 2540 74 30 0.25 2500 4.8
Kevlar 400 1450 130 12 0.40 2900 2.6

The laminates are prepared in vacuum by moulding with the use of the
so-called “technique of the bag” to obtain 300 X300 mm wafers. The plies are
laminated and impregnated at room temperature, then moulded under vacuum
(30 kPa) for 10 hours. The wafers were cut out with a diamond tip disk saw
according to standard ASTM D 790-8a.
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1.2. Tests.

1.2.1. Static Tests. The investigation of specimens (Table 1) is carried out in
3-point bending (Fig. 1) using a universal hydraulic monotonic testing machine
(INSTRON model 8516 of capacity 100 kN) whose control and data acquisition
are performed by a computer. At least five tests are carried out for each type of
laminates with a test speed of 2 mm/min.

a b

Fig. 1 Experimental setup: (a) Instron 8516 servo-hydraulic testing machine; (b) specimen under
3-point bending test.

1.2.2. Fatigue Tests. Two types of tests types were carried out on specimens
identical to those used in the previous static case with a sinusoidal waveform with
a frequency of 10 Hz.

a) First test type.

These tests, carried out in displacement control, allow the determination of
the influence of the stacking sequence on fatigue resistance. To do so, we
considered the laminates GFL 2 (04904), GFL 5 [(02902)s]s, GFL 6 [(0/90)4]s and
GFL 7 [(02902)2]s all of which possess the same number of plies at 0° and at 90°
(the ratio of the layer thickness equals to 1). These laminates are piled up so that
the thickness of the 90°-oriented layers is different. The loading level r (r=
= dmx/dnp), representing the ratio of the maximum displacement to the static
rupture displacement, is taken to have a constant value of 60% of that of static
rupture displacement. Several loading ratios, R, which is the ratio of the minimum
and maximum displacements (R = dm"/dmax = 0.1, 0.25, 0.4, 0.55, 0.7) are
considered.

b) Second test type.

These tests are carried out by considering two load types: (i) the first method
consists of carrying out displacement control tests. The average displacement
(dav) is maintained constant at 40% of the static rupture displacement (dnp).
Several loading levels r are considered in order to plot Wu,hler’s curves for GFL 2
and HGKFL laminates, (ii) the second method is carried out in load control with a
constant load ratio R equal to 0. To plot the endurance diagrams, we considered
several loading levels ranging from 95% to 40% of the static rupture load for
GFL 2 and KFL laminates.
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2. Results and Discussion.

2.1. Static Tests. Figure 2 represents load evolution as a function of
displacement for various tested laminates. The results are analyzed by grouping
each time a number of laminates. This makes it possible to reveal the effects of
(i) stacking sequence, (ii) the thickness and the interior or exterior disposition of
the 0°- and 90°-oriented layers in the laminate, and (iii) finally, the type of the
reinforcement on stiffness, load, and displacement at rupture of the laminate.

Displacement (mm) Displacement (mm)
b
t
nd
P
Displacement (mm) Displacement (mm)

Displacement (mm)

e

Fig. 2. Load evolution as a function of displacement in 3-point bending. The influence of stacking
sequences (a), effects of thickness of 90°-oriented layers (b), effects of thickness of 0°-oriented
layers (c), effects of disposition of 0°-oriented plies (d), and reinforcement type effects ().
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2.1.1. Influence of Stacking Sequences. The number of plies with the layers
oriented at 0° and at 90° is the same (the ratio of the layer thickness equals to 1).
The plies are piled up so that the thickness of the layers oriented at 90° is different
between GFL 2 (04/904)s, GFL 7 [(02/902)2]* GFL 5 [(02/902)s]s and GFL 6
[(0/90)4]s. It is clear from Fig. 2a that the GFL 2 laminate is more rigid than the
three others, while its load and displacement at rupture are the lowest. This can be
attributed to the cracks initiated on GFL 2, thus occupying a very large surface
proportional to the thickness of the 90°-oriented layer (8 adjacent plies). Similar
behavior was obtained for other materials GFL 5, GFL 6, and GFL 7.

2.1.2. Effects 0f90°-Oriented Layer Thickness. To demonstrate the effect of
the thickness of layers oriented at 90° and externally disposed in the laminate, we
considered GFL 8 (90206)s, GFL 1 (904/04)s, and GFL 3 (906/02s. Figure 2b
shows that laminate GFL 8, with the smallest layer thickness oriented at 90° (2
plies), is the mostrigid one, whose rupture load is the highest; followed by GFL 1
(4 plies) and then by GFL 3 (6 plies). In terms of displacement, the least rigid
laminate GFL 3 has the largest displacement at rupture followed by GFL 1 and
then GFL 8.

2.1.3. Effects 0f0 °-Oriented Layer Thickness. The laminates studied are GFL 9
(02/906)s, GFL 2 (04/904)s, and GFL 4 (06/902)s. They all possess the same number
of plies, with different thickness of layers oriented at 0° and externally disposed in
the laminate. An increase in the thickness of 0°-oriented layers leads to an
increase in both stiffness and load at rupture in bending and to a reduction in the
displacement at rupture of the laminate as illustrated in Fig. 2c, which shows that
the material of the largest 0°-oriented layer thickness (6 plies), GFL 4, is the most
rigid with the weakest displacement at rupture, followed by GFL 2 (4 plies) and
then GFL 9 (2 plies).

2.1.4. Influence of the 0°-Oriented Layer Disposition. The laminates are
gathered by couples: GFL 9 (02906)s and GFL 3 (90602s, GFL 1 (904/04)s and
GFL 2 (04/904)s, and GFL 4 (06902s and GFL 8 (90206)s. Each couple has the
same number of plies oriented at 0° and 90°, the difference lies in the layer
disposition in the laminate (externally or internally oriented at 0°). Figure 2d
shows that, for the above three couples, the laminates with the layers externally
oriented at 0° are the most rigid but have the weakest displacements at rupture. As
an example, we consider a couple of laminates GFL 9 and GFL 3, for which we
note that (i) the laminate GFL 9 having the layers externally oriented at 0°is much
more rigid than GFL 3, (ii) the load at rupture of the laminate GFL 9 is four times
larger than that of GFL 3 while its displacement at rupture is three times less
important.

2.1.5. Influence ofthe Reinforcement Type. In order to study the effect of the
type of reinforcement on the stiffness and load and displacement at rupture, we
considered the following laminates: (i) glass fiber GFL 2 (04G9040)s; (ii) Kevlar
fiber KFL (02K/902K)s, and (iii) hybrid glass and Kevlar fiber HGKFL
(02G/0K/902G/90K)s. The results obtained for these three laminates are shown in
Fig. 2e. It is clear that the KFL laminate is the most rigid followed by GFL 2 and
then HGKFL. It should also be noted that the presence of Kevlar fibers leads to a
nonlinear behavior of the laminate, which is much more pronounced in the Kevlar
laminate KFL.
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2.2. Observation of Rupture Topographies. Optical and scanning electronic
microscopes (SEM) have been used to observe the fracture topographies of the
broken specimens after static tests; the obtained micrographs are illustrated in
Fig. 3. This observation shows the presence of three types of damage, which lead to
the total rupture of the laminate: (i) delamination between the layers oriented at 90°
and those oriented at 0°, (ii) transverse cracking in the layers oriented at 90° and
(iii) finally, rupture of fibers. Analysis ofruptures of various glass laminates, GFL 1
to GFL 9, in static tests allows us to classify them into two categories according to
the disposition ofthe layers externally or internally oriented at 0° in the laminate:

<&

h

Fig. 3. Micrographs of different types of damage: optical (a, ¢, e-h) and SEM (b, d). (a, b)
delamination and transverse crack; (c) delamination and rupture of compressed face; (d) transverse
crack; (e) transverse crack in the tensile face; f) delamination, transverse crack, and rupture of
compressed face; (g) laminate KFL; (h) hybrid laminate HGKFL.
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- layers externally oriented at 0° in the laminate: the specimens are little
damaged by transverse cracking, whereas rupture is mainly due to delamination
between the layers oriented at 0° and those at 90°. Beyond that, two cases of final
rupture of the laminates are observed: (i) the externally oriented layers at 0° (Fig. 3a
and 3b) remain without considerable damage in the laminates GFL 9 (02906)s,
GFL 2 (04904)s, and GFL 4 (06902)s; these laminates of type (0n/90m)s consist of
three layers, in which the one oriented at 90° has the largest thickness that favors
delamination; and (ii) the externally oriented layers at 0° (Fig. 3f) of the
compressed face break in the case of laminates GFL 5 [(02902s]s, GFL 6
[(0/90)4]s, and GFL 7 [(029022]s. This can be explained by the fact that the
thickness of the layers oriented at 90° is small since they are separated by layers
oriented at 0°. In these two cases, brittle fracture of the laminates is observed as
confirmed by the evolution of the load as a function of the displacement given in
Fig. 2.

- layers externally oriented at 90 ° in the laminate: their damage (Fig. 3¢ and
3d) is mainly due to transverse cracking leading to rupture of fibers of the
compressed face in the laminates GFL 8 (90206)s, GFL 1 (904/04)s, and GFL 3
(906/02s. These laminates of type (90n/Om)s do not exhibit brittle fracture.

The presence of Kevlar fibers in the laminate changes the order of the
occurrence of damage mechanisms as well as the rupture modes. For the Kevlar
fiber laminate KFL (02€¢902K)s shown in Fig. 3g, one initially observes
delamination between the lower layer (strained) oriented at 0° and the layer
oriented at 90°, followed by transverse cracking that propagates in the layer
oriented at 90° to reach the higher layer oriented at 0°. This crack leads to
delamination of the above layer causing its rupture. For the hybrid glass-Kevlar
fiber laminate HGKFL (02G0K/902F90K)s shown in Fig. 3h, brittle fracture was
noted. This rupture is the result of delamination and transverse cracking in the
Kevlar fiber layer oriented at 90°, while a glass fiber layer oriented at 90° seems
not to be affected. This behavior can be explained by a poor Kevlar fiber-matrix
epoxy adherence [27].

2.3. Fatigue Tests.

2.3.1. Influence of Stacking Sequences on Fatigue Behavior, During these
tests, we recorded the evolution of the maximum load F as a function of the
number of cycles N. The obtained results for various loading ratios R are shown
in Figs. 4 and 5. The maximum load F is normalized by that obtained in the first
cycle F0. The description and analysis of such results (Fig. 4) show that the loss
of load, F/F 0, extending until the rupture of the specimen, can be divided into
three stages:

Stage I: corresponds to a sharp decrease, from the first cycles, in the ratio
F/F0 due to the cracking multiplication of the resin.

Stage Il: shows a very slow decrease in the form of a shelf corresponding to
almost the total fatigue life of the specimen due to a stable crack propagation.

Stage Ill: a very short stage wherein we observe again a sudden growth of
damage until the total rupture of the specimen.

This behavior is in good agreement with the works of Talreja [11] and Muc
[34] who distinguished three phases in the development of fatigue damage: in the
first phase the matrix cracking, in the second the delamination or interfacial
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debonding, and finally, the fiber breakage. It should be noted that the first stage is
associated with less than 20% of the fatigue life but with about 80% of the
damage ratio (F/FO0).

Figure 5 represents the development of the damage ratio F/FO as a function
of the number of cycles for different stacking sequences of laminates GFL 5,
GFL 6, GFL 7, and GFL 2 for various loading ratios R. Analysis of the results
shows that under cyclic loading, the fatigue life depends on the loading ratio R
and the stacking sequence.

Number of cycles N

Fig. 4. A typical curve of rigidity evolution as a function of the number of cycles, N .

Number of cycles N Number of cycles N

c d

Fig. 5. Evolution of the rigidity loss, F/F0, as a function of the number of cycles, N : (a) laminate
GFL 2; (b) laminate GFL 5; (c) laminate GFL 6; (d) laminate GFL 7.

74 ISSN 0556-171X. Mpo6nembl npoyHocTw, 2003, N 2



Flexural Fatigue Behavior of Cross-Ply Laminates

The average displacement determines the damage mechanisms activated at
the beginning of cycling, while the amplitude determines the propagation velocity
of the multiplication of these mechanisms. For the same maximum displacement,
one notes for all laminates that: (i) for small R, corresponding to a large
amplitude (weak average displacement), the initial damage is small with a
considerably high growth rate leading to a very short fatigue life; the total rupture
is quickly reached after only a few thousands of cycles; (ii) for large R,
corresponding to a small amplitude (high average displacement), a lot of damage
mechanisms are activated with a slow propagation, the fatigue life is very long
and rupture is only partial even when the number of cycles is larger than 106.

To put into evidence the effects of stacking sequences on the fatigue
resistance of the cross-ply laminates, we further compared (Fig. 6) the
development of the load as a function of the number of cycles for three loading
ratios (R = 0.1, 0.4, and 0.7). The results obtained show that the laminates having
plies oriented at 90° bounded by those oriented at 0° have good resistance to
fatigue in three-point bending.

In order to determine the performances of the materials in fatigue, various
damage criteria (Ns, N3, N5, NiO, and Nr) are considered in the literature
from the curves giving the evolution of the load as a function of the number of
cycles. The most severe criterion is that characterizing the material by the value
N's, which corresponds to the number of cycles at the end of the linear domain.
The criteria N3, N5, and N 10 correspond to falls of 3%, 5%, and 10% of the
load (or displacement) in relation to the initial load (or displacement),
respectively. The criterion N R corresponds to the number of cycles at the final
rupture of the specimen. Finally, the performances in fatigue can be characterized
by the number of cycles necessary to have rupture of the material when this
number of cycles is reached. In our study, we have chosen the criterion N 10,
which is the most frequently used one in the literature [7, 9, 15, 20]. Moreover,
beyond 10%, a lot of mechanisms are involved and their description becomes
more difficult, for example, for higher damage rates, the effect of local heating in
the specimen cannot be neglected [9].

In Table 4, we summarize the obtained values of the fatigue life, using the
criterion N 10, as functions of the ratio R for various laminates (GFL 5, GFL 6,
GFL 7, and GFL 2) studied.

Tli:iat'ziglyl?e L?fe, N 10, as a Function of the Load Ratio, R, for Various Stacking Sequences
Laminates Ratio R
0.1 0.25 0.4 0.55 0.7
GFL 2 (04/904)s 15103 0.65 <104 360104 1.02+105 112+106
GFL 5 [(02/902)g]s 2.5-103 045104 215104 4.00+105 1.40-106
GFL 7 [(02/902)2]s 15103 180104 730104 167105 127+106

GFL 6 [(0/90)4]s 504103 130104 480104 0.82+105 0.95+106
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Number of cycles N

a

Number of cycles N

b

k 0.75

0.6

0.5
1 0 100 1000 100(H)  [0O(NN) 1000000  IF.107

Number of cycles N

C

Fig. 6. Evolution of the rigidity loss, F/FO, as a function of the number of cycles, N, at different
loading ratios, R (@) R=0.1; (b) R=0.4; (c) R=0.7.

2.2.2. Endurance Tests. The evolution of stiffness is one of the most widely
used methods to follow the development of damage by fatigue of composites. In
the case of fatigue in bending with imposed displacement, a clear-cut rupture of a
specimen is not generally observed. Therefore, the definition of the fatigue life
rests on conventional criteria defined for a given rate of stiffness loss (N10 or
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N 5). The fatigue life can be shown in a diagram of endurance giving the
maximum level of the displacement or load as a function of the fatigue life (N 10
or N5).

In this part of our investigation, endurance tests are carried out in load
control in the case of laminates GFL 2 (04/904)5 and KFL (02K/902K)s and in
displacement control in the case of laminates GFL 2 and HGKFL
(02G0k/902F90k)swith a 10 Hz frequency sinusoidal wave. The endurance curves
are plotted for the load or displacement maximum as a function of the fatigue life
N 10 and N5.

Figure 7 represents Wohler’s curve for laminates GFL 2 and HGKFL. These
results show the evolution of the maximum load normalized to the static rupture
load as a function of the fatigue life N 10. In Fig. 8, we present Wu,hler’s curve
for laminates GFL 2 and KFL, representing the evolution of the maximum
displacement normalized to the static rupture displacement as a function of the
fatigue life N 10.

1 10 100 1000 10000 100000 1000000 1E+07
Number of cycles N

Fig. 7. S —N curves for laminates GFL 2 and HGKFL in displacement control using Ni0 criterion.

Number of cycles N

Fig. 8. S —N curves of laminates GFL 2 and KFL in load control using NiO criterion.

Analysis of the obtained results shows the influence of reinforcement type
on the fatigue life of laminates. Indeed, the Wohler curve of hybrid glass-Kevlar
fiber (HGKFL) laminates lies below that of the glass-fiber laminate GFL 2 in
displacement control (Fig. 7), whereas S-N curves for Kevlar-fiber laminates
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(KFL) ones lie above those of the GFL 2 laminates (Fig. 8) in load control. The
presence of Kevlar fibers in the laminate makes it more sensitive to fatigue in the
case of 3-point bending and this can be explained by the poor fiber-matrix
adherence [27].

Figure 9 represents endurance diagrams for the criteria of fatigue life N 10
and N 5. The variation of the loading level r as a function of the number of
cycles N can be described by a simple equation:

r=1- KlogN, (1)

where K is the slope of the straight line of the fitted experimental data. This
constant corresponds to the rate of decrease in the maximum load or the
admissible maximum displacement expressed in % decrease per cycle. This
form of representation allows us to show the influence ofthe reinforcement type
and the criterion of fatigue life on the rate of independent deterioration of the
control type. Indeed, the value of K is lower in the case of KFL and HGKFL
laminates than that of GFL 2 laminate. The rate of deterioration increases with a
decrease in the fatigue life criterion. We also notice that the evolution of the
load or displacement loss with both methods of control and in both cases of
fatigue life crosses the axis at about r = 1 that corresponds to the loading level
equal to that of the static rupture.

r=ixG-QBinfily  # NQKRL
r= D23 -0CEBn(w;)  *H 5KFL

r= 10469 -0.0621 Inl}(i ) + N10 GFL2
r= 10597 - 0.06 57 IniN.) 4 NgGFL2

J00 3000 30000 100000 3E+06  3E+07
100 1000 10000 100000 E-t-06 £ 107

Number of cycles N Number of cycles N

Fig. 9. S —N curves for both modes of control using N5 and Ni0 criteria: (a) displacement control
for GFL 2 laminate; (b) displacement control for hybrid HGKFL laminate; (c) load control for
GFL 2 laminate; (d) load control for hybrid HGKFL laminate.
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It should be noted that endurance tests are characterized by dispersion of
fatigue life values depending on the reinforcement type in the laminate. Indeed,
the tests on the Kevlar fiber laminate are characterized by an appreciable
dispersion of fatigue life values as compared to other laminates. Generally, this
dispersion may be attributed to the heterogeneous nature of the laminates.
Moreover, specimens do not always have the same characteristics: volume
fraction, defect distribution, strength at static rupture, etc. Fatigue rupture
depends on random processes whose combination results in dispersion of the
fatigue life values between the specimens subjected to the same loading level r.
Furthermore, it is worth noting that both dispersion and rupture criteria have the
same trend.

Conclusions. This investigation deals with an experimental approach
involving the mechanical behavior of different Kevlar- and glass-fiber cross-ply
laminates with epoxy resin in three-point bending under static and fatigue
loading. Static study showed the influence of the stacking sequence, the thickness
effect of the layers oriented at 0° and 90°, their internal or external disposition in
the laminate, and the reinforcement type on the values of the load and
displacement at rupture of the laminates.

Analysis of the observed fracture topographies of specimens broken in static
investigations via optical and SEM techniques made it possible to classify rupture
as a function of the internal or external disposition of the layers oriented at 0° in
the laminate:

For glass-fiber laminates of type (0On/90m)s, brittle fracture has been observed.
The specimens are little damaged by transverse cracking with the rupture of the
laminate caused by delamination with and without rupture of the compressed
face. However, for KFL and HKGFL, non-brittle rupture was obtained mainly
because of the presence of Kevlar fibers.

For the laminates of type (90n/Om), damage is mainly due to transverse
cracking in the 90° externally oriented layers leading to rupture of the fibers of the
compressed face. This type of damage, inducing non-brittle rupture, is observed
in the laminates.

The influence of the stacking sequence on the fatigue behavior has been
studied by considering four types of laminates for several loading ratios R in
displacement control. The loading level r has been considered constant and equal
to 60% ofthe displacement at rupture. Analysis of these results shows that (i) the
behavior and the fatigue life depends on the ratio R and (ii) the laminates whose
plies are oriented at 90° and separated by those at 0° resist better to fatigue.
Indeed, the fatigue life N increases with R.

Wou,hler’s curves are obtained by using the fatigue life criteria N5 and N 10
in load control for laminates GFL 2 and KFL, and in displacement control for
laminates GFL 2 and HKGFL. It is noticed that in the case of load control,
damage of the laminates is more pronounced than that in displacement control.
Glass fiber laminates GFL 2 resist better to fatigue than HKGFL laminates in
displacement control, whereas they seem to be less resistant to fatigue than the
KFL laminates in load control. The presence of the Kevlar fiber in the laminate
makes it more sensitive to fatigue in three-point bending that can be attributed to
the poor fiber-matrix adherence [27].
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Rupture in fatigue depends on a series of random processes leading to
dispersed results due to the heterogeneous nature of the laminates and
manufacturing. Despite dispersions, which is more pronounced in load control,
particularly for the Kevlar fiber laminate KFL, the analysis of these results shows
clearly the influence of the reinforcement type on the fatigue life of the laminates
studied.

The evolution of the loading level r as a function of the logarithm of the
fatigue life N is described by the same relationship r = 1—K log N, thus
showing the influence of the reinforcement type and the fatigue life criterion on
the rate of degradation.
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Peswme

Y paMKax eKCnepuMMeHTasbHOro nigxo4y OnNMcaHO MexaHiYHy MOBeAiHKY Pi3HMUX
NnamiHaTiB i3 MaTpuuelo 3 enoKCUAHOT CMO/K, LLO MepexpecHoapMoBaHi KeBnapo-
BUMW BOSIOKHAMM i CK/IOBOSIOKHAMW, B YMOBax CTaTUYHOIO i LWKAIYHOTO Tpu-
TOYKOBOTO 3rMHy. [pM CcTaTUYHUX BUNPO6GYBAHHAX PO3rNAfaldTbCcsA MOCNif0B-
HiCTb YKNafeHHs WapiB i BONOKOH, TOBLWWHW OpPieHTOBaHMX Nif KyTom 90° wapis
i BMIUB TUNY apMyBaHHA Ha MeXaHiuyHYy NOBefiHKY namiHaTiB y npoueci HaBaHTa-
XKEHHA, a TaKOXX Ha peanizauito pisHUX PeXUMIiB MOWKOKEHHS, WO NPU3BOLAUTL
0O pyMHYBaHHS. [OCAifXKEHHS NpPU UMKNIYHOMY HaBaHTaXeHHi CKnafjaeTbcs 3
[BOX eTanis. Ha nepwomy eTani po3rnagaeTbca BNAMB NOCNILOBHOCTI YKNaAeHHS
WwapiB i BOMIOKOH Ha NOBEAIHKY i AOBrOBIYHICTb YOTMPbLOX TUMIB apMOBaHUX
CKNOBONIOKHaM¥ namMmiHaTiB, Ha Apyromy etani - BNAMB TUMNY apMyBaHHSA Ha
UMKNIYHY MILHICTb | onip namiHaTiB NpuM LUWKAIYHOMY HaBaHTaXeHHi. Bunpoby-
BaHHA Ha BTOMY BWUKOHaHO Yy M’AKOMY PEXWUMi HaBaHTaXEHHs ANS apMOBaHUX
CKNOBOMOKHaMW i ribpuagHnmMu BonokHammn (Kesnap + CK/o) namiHaTis. Ha oCHOBI
KPUTEpiiB 3HMXXEHHA XXOPCTKOCTIi Ha 5 i 10% B KOOpAMHATax HanNpy>XeHHsa -
yncno UWKMIB [0 pyiHYBaHHA nobyfoBaHO KpuUBiI yToMW. AHani3 OoTpUMaHuXx
pe3ynbTaTiB [O3BONSAE OLIHUTW BNAMB NOCAILOBHOCTI YKNafeHHA wapis i Tuny
apMyBaHHs Ha MOBEAIHKY MnepexpecHOapMoOBaHWX namiHaTiB Npu LUKAIYHOMY
HaBaHTaXeHHi. HaaBHICTb KeBNapoBWMX BOMIOKOH Yy naMiHaTax 3ane3dye iX Heni-
HiliHY NOBEAIHKY NPV CTaTUYHUX BUNPOOYBAHHAX i HM3bKY LUKAIYHY MIiLHICTb npu
BUMNPOOYBaHHAX Ha BTOMY B YMOBaxX TPUTOYKOBOIO 3rUHY.
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