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Abstract Two types of glass fiber reinforced plastic (GFRP) composites viz.,
(i) GFRP employing unmodified LY556 epoxy matrix (GFRP-neat), and (ii) GFRP
incorporated with 10 wt% of well-dispersed silica nanoparticles in the LY556
epoxy matrix (GFRP-nano), were tested to determine their fatigue life under
mini-FALSTAFF, a standard fighter aircraft spectrum load sequence. Spectrum
fatigue tests were conducted on standard test specimens in a 50 kN servo-hydraulic
test machine with sinusoidal waveform at an average frequency of 3 Hz. Tests were
conducted on both types of GFRP composites with various reference stresses to
determine the fatigue life expressed as number of blocks required for failure. The
fatigue life of GFRP-nano composite was observed to be about four times higher
than that of GFRP-neat composite over the entire range of reference stresses
investigated. For a given number of applied load cycles, both the matrix crack
density and stiffness reduction rates were observed to be lower in GFRP-nano
composite when compared to that of GFRP-neat composite. Presence of silica
nanoparticles in the epoxy matrix of GFRP appear to reduce matrix cracking and
also retard crack growth rate in the composite leading to enhanced fatigue life.
Further, using constant fatigue life diagrams of these materials, the spectrum fatigue
life under mini-FALSTAFF load sequence was predicted. Good correlation was
observed between the predicted and experimental fatigue life for both types of
composites.
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1 Introduction

Continuous fiber reinforced polymer (FRP) composites are replacing conventional
metallic alloys in many structural applications such as airframe, wind turbine, ship
hull. Since engineering structures experience cyclic fatigue loads in service, the
fatigue performance of such composites assumes significant importance in design,
safety, damage tolerance, and durability issues of these structures. Although FRP
composites exhibit high specific strength and stiffness with good fatigue resistance,
the continuous demand for high-performance structural materials has resulted in use
of nanotechnology to further improve mechanical properties of composites.

FRP composites containing nano fillers in the epoxy matrix, called as nanocom-
posites, have gained tremendous importance in recent times [1, 2]. Significant
improvements in static mechanical properties such as tensile and compressive
strength, stiffness, interlaminar shear strength, flexural strength, and fracture tough-
ness have been obtained by addition of various types of nanofillers such as SiO,, SiC,
Al,O3, and TiO, particles, carbon nanotubes, and carbon nanofiber [3—-10]. Epoxies
modified with layered fillers such as clay, graphite platelets, and fullerene have also
been shown to improve the mechanical properties of epoxies and FRPs based upon
such modified epoxies [11-15].

The fatigue behavior of bulk epoxies modified with nanofillers has been inves-
tigated. Presence of silica nanoparticles, carbon nanotubes, and carbon nanofibers in
the epoxy improves constant amplitude fatigue life [16—19]. Further, the use of
nano-modified epoxies as the matrices in FRPs has been observed to improve the
fatigue properties of the FRPs. The addition of small amounts of carbon nanotubes
[20], carbon nanofiber [21], silica nanoparticles [16, 22], and nanoclay [12] has been
shown to enhance the fatigue properties of FRP composites.

Hybrid-modified epoxy composites wherein two or more different types or sized
fillers added have been developed recently which dramatically improve fracture
toughness and fatigue properties of polymer composites. Various hybrid combi-
nations such as nano- and micro-sized silica particles [23], nano-silica and
nano-rubber [17], nano-silica and micron rubber [24-28], nano-silica and MWCNT
[29], carbon nanotubes and graphite nanoplatelets [30] have been employed to
significantly improve fracture toughness and fatigue properties of composites.

Most of the fatigue studies on nanocomposites have been limited to constant
amplitude fatigue but spectrum fatigue studies which simulate real service loads
have not been studied in detail. Recently, we have observed that a polymer
nanocomposite containing silica nanoparticles exhibit improved constant amplitude
fatigue life [16] as well as enhanced fatigue life under a wind turbine spectrum load
sequence [31]. The main aim of this investigation was to measure and predict the
fatigue behavior of a GFRP-nano composite, under a standard aircraft spectrum
load sequence. Fatigue life was determined experimentally and compared with
predictions through empirical equations.
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2 Experimental
2.1 Material

Two types of glass fiber reinforced polymer (GFRP) composites were considered in
this study viz., (i) GFRP with unmodified LY556 epoxy matrix (termed as
GFRP-neat), and (ii) GFRP with modified epoxy matrix containing 10 wt% silica
nanoparticles (termed as GFRP-nano). The complete details of the materials used
and the processing employed to fabricate the GFRP composites can be found in
Manjunatha et al. [16]. However, for the sake of completeness, they are briefly
explained here.

The epoxy resin used was a diglycidyl ether of bisphenol A (DGEBA) resin. The
silica (Si0O,) nanoparticles were obtained as a colloidal silica sol. with a concen-
tration of 40 wt% in a DGEBA resin. The curing agent was an accelerated
methylhexahydrophthalic acid anhydride. The E-glass fiber cloth used was a
non-crimp-fabric. The required quantity of the neat epoxy resin and the calculated
quantities of silica nanoparticle-epoxy resin to give 10 wt% of nano-silica in the
final resin were all individually weighed, degassed, and mixed together, and a
stoichiometric amount of curing agent was added to produce a resin mix. This resin
mixture was used to prepare the GFRP composite laminate by resin transfer
molding technique.

E-glass fiber fabric pieces were cut and laid up in a quasi-isotropic sequence
[(+45/—45/0/90)s],. The resin mixture was infused into the glass-cloth layup and
cured at 100 °C for 2 h and post-cured at 150 °C for 10 h. In this way, two types of
GFRP composites were fabricated, i.e., GFRP-neat and GFRP-nano. The laminates
produced were about 2.5-2.7 mm thick and had a fiber volume fraction of about
57%.

The silica particles of about 20 nm in diameter were evenly distributed in the
epoxy as shown in atomic force microscopic image [16] in Fig. 1. The tensile and
compressive properties of the composite laminates [31] are shown in Table 1. Both
the strength and stiffness of GFRP-nano composite are slightly higher in both
tension and compression due to the presence of hard silica nanoparticles in the
€poxXy matrix.

2.2 [Fatigue Testing

Fatigue tests on composites were conducted under a standard spectrum load
sequence. The load sequence considered in this investigation was a fighter aircraft
loading standard for fatigue evaluation, mini-FALSTAFF [32, 33] shown in Fig. 2.
It is a short version of standard FALSTAFF load spectrum, which is a standardized
variable-amplitude test load sequence developed for the fatigue analysis of mate-
rials used for fighter aircraft. In Fig. 2, the normalized stress is plotted against peak/
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Fig. 1 Atomic force microscopy image of a 10 wt% silica nanoparticle-modified bulk epoxy
polymer [31]

Table 1 Mechanical properties of the GFRP composites [31]

Type of test Mechanical property Material % change
GFRP-neat GFRP-nano
Tension oyrs (MPa) 365 + 13 382 + 12 +4.65
Et (GPa) 17.5 £ 0.1 18.8 £ 1.7 +7.42
Compression oucs (MPa) 355 + 47 361 + 28 +1.69
Ec (GPa) 213 £ 04 22.6 £ 04 +6.10
1.2
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Fig. 2 Standard mini-FALSTAFF spectrum load sequence [32]
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Fig. 3 Schematic diagram showing the dimensions of the fatigue test specimens

trough points of load sequence. One block of this load sequence consists of 18,012
reversals at 32 different stress levels and represents loading equivalent of 200
flights. The stress sequence for our experiments was obtained by multiplying with a
constant reference stress value, o,.¢for all the peak/trough points in the entire block.

Spectrum fatigue tests with various reference stress levels were conducted on
both GFRP composites. The geometry and dimensions of the test specimens
employed for spectrum fatigue tests are shown in Fig. 3. Tests were conducted in a
computer controlled 50 kN servo-hydraulic test machine. Sinusoidal waveform
with an average frequency of 3 Hz (six reversals per second) was employed in the
tests. For any given reference stress, the number of load blocks required to fail the
test specimen, Ny, was determined. Whenever a specimen failed in-between a full
block, it was rounded-off to the nearest complete block number.

The stiffness variation of the specimen subjected to spectrum fatigue loads was
determined during the test as a function of the number of applied load blocks.
Whenever stiffness measurement data were required, the fatigue test was inter-
mittently stopped, a load cycle with o,,,x = 0.5 ¢ and stress ratio R = o/
omax = 0 was applied, the load versus displacement data were obtained and then
analyzed. Considering the large number of load cycles in one block, insertion of
this one cycle was assumed not to alter the fatigue damage in the material signif-
icantly. For the purpose of comparison, the normalized stiffness of the specimen
was defined as the ratio of measured stiffness at any given time to the initial stiffness
(obtained before application of the first spectrum load block). For one particular test
with g, = 250 MPa, the specimens were dismounted at the end of the application
of three complete load block, and photographs showing matrix cracks were
obtained, as explained in [16].
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2.3 Fatigue Life Prediction

The fatigue life of the GFRP composites under the mini-FALSTAFF load sequence
was predicted and compared with the experimental results. The general method-
ology followed in prediction of fatigue life under spectrum loads in composites may
be found elsewhere [31, 34]. A schematic of flow chart for life prediction is shown
in Fig. 4 which involves [31]: (i) the rainflow counting of the fatigue cycles in the
spectrum load sequence, (ii) the determination of the cycles to failure, Ny, for each
of the counted load cycles using a constant life diagram (CLD) of the material,
(iii) the calculation of the damage fraction for each of the counted load cycles as the
ratio of cycle count to N¢ obtained from the CLD, and finally (iv) the determination
of the total fatigue damage per load block by summation of the damage fraction.
The material is assumed to fail when the total damage fraction reaches 1.0, and,
hence, the fatigue life under the spectrum load sequence is equal to the reciprocal of
the total damage estimated per load block. This procedure was followed in the
present study for estimation of fatigue life.

Fig. 4 Schematic diagram
showing the procedure for Spectrum load S-N curves for
prediction of spectrum fatigue sequence the material
life [31] ¢ ¢
Rainflow cycle Constant life
count diagram (CLD)

A
Determine N; for each

counted cycle from CLD
(use interpolation technique)

Calculate damage fraction
for each counted cycle
Di = ni/nyi

A
Calculate total fatigue

damage per block
D=3 (ni/N

A
Determine Spectrum
fatigue life
N=1/D
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3 Results and Discussion

3.1 Experimental Spectrum Fatigue Life

The experimentally determined spectrum fatigue life of GFRP composites under
mini-FALSTAFF load sequence at various reference stresses is shown in Fig. 5.
The fatigue life was observed to increase with a reduction in the reference stress in
both GFRP composites, as observed in many other investigations [31, 35, 36]. It
may also be seen that for any given reference stress level, the GFRP-nano com-
posite shows higher fatigue life compared to that of GFRP-neat composite by about
three times. The spectrum fatigue life enhancement is observed over the entire
range of reference stress levels investigated.

The normalized stiffness of the specimen as a function of spectrum load blocks
determined for the fatigue test with o, = 250 MPa, for both GFRP composites is
shown in Fig. 6. The stiffness reduction trend observed in these materials is similar
to generally observed behavior in FRP composites [37—42]. It may be seen that the
stiffness reduction rate is quite high in the GFRP-neat composite than in
GFRP-nano composite.

Photographs of the matrix cracks observed on the surface of the composite
subjected to thee complete load block of the mini-FALSTAFF spectrum load
sequence with o.s = 250 MPa are shown in Fig. 7. Initiation and growth of such
matrix cracks under cyclic fatigue loads in GFRP composite have been reported by
others [16, 42]. The GFRP-neat composite exhibits more severe cracking than
GFRP-nano composite suggesting suppression of matrix cracks by nano modifi-
cation of epoxy matrix.

The fatigue failure mechanisms under cyclic loads in polymer composites have
been investigated extensively. The generally accepted mechanisms include [37, 40]
(i) initiation and growth of matrix cracks, (ii) initiation and growth of disbonds and
delaminations, and (iii) individual fiber breaks throughout the fatigue life. Studies
have clearly shown that the fatigue crack growth rate of the bulk epoxy containing
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GFRP composites under the E 300 Points : Experimental
mini-FALSTAFF spectrum =
load sequence & 275

4

8 250

A GFRP - neat GFRP - nano

8 225

b=

5

<200

~

175
0.1 1 10 100 1000

Number of Blocks, Ny



34 N. Jagannathan et al.

1.0
i Stage I
v ll';\'\
£ 094
é l".l -e.“ Stage II GFRP-nano
‘= - . h“‘ﬁ;‘“’*—‘l._
w ‘ n“‘&‘i,
B o8} ?
= \ Stage Il *#5a,
= LY
S h
Tk
Z 0.
GFRP-neat
0'6 L Il Il A | | i
0 3 6 9 12 15 18

Number of Blocks, Ny,

Fig. 6 Variation of the normalized stiffness for the GFRP composites determined under the
mini-FALSTAFF spectrum load sequence, with o, = 250 MPa
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Fig. 7 Photographs showing matrix cracks (indicated by the arrows) in the GFRP composites
subjected to three complete mini-FALSTAFF spectrum load blocks with .. = 250 MPa

nano-silica particles is over an order of magnitude lower than that of the neat epoxy
[43, 44]. Further, it has been shown that the use of such particles to formulate a
modified epoxy matrix in a GFRP composite material enhances the constant
amplitude fatigue life due to suppressed matrix cracking, delayed initiation of
delamination, and reduced crack/delamination growth rate [16].

The stiffness loss in stage I and stage II results primarily from matrix cracking.
Once the matrix crack density saturates and attains the characteristic damage state
(CDS), the disbonds and delaminations created due to the coalescence of primary
and secondary matrix cracks grow, and this leads to a further loss in stiffness. The
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present results show that when both composites are subjected to the same number of
spectrum load blocks, the crack density is lower in the GFRP-nano composite
compared to the GFRP-neat composite. Thus, the stiffness loss curves shown in
Fig. 6 indicate the underlying mechanisms, i.e., suppressed matrix cracking,
delayed initiation of delamination, and a reduced crack/delamination growth rate.
All these mechanisms lead to an improvement in the spectrum fatigue life of the
GFRP-nano composite.

3.2 Spectrum Fatigue Life Prediction

The fatigue life of GFRP-neat and GFRP-nano composites was predicted following
the procedure shown in Fig. 4. The constant life diagrams (CLDs) for the GFRP
composites determined in an earlier investigation [31] are shown in Fig. 8.
Rainflow counting of the fatigue cycles in the spectrum load sequence was per-
formed following the ASTM standard specified procedure [45]. Since each of the
rainflow-counted load cycles will be of different load amplitude and mean stress, it
is necessary to interpolate and determine Nyfor all these load cycles using the CLD.
A piecewise linear interpolation technique [46] was used in the present investiga-
tion. For damage accumulation model, the Miners’ linear damage accumulation rule
[47] was used:

D=Y (m/N) (1)

where D is the damage fraction, n; is the cycle count, and N; is the cycles to failure
for a given load cycle amplitude. Thus, the total damage per load block was
estimated following the above procedure, and the spectrum fatigue life was pre-
dicted for the GFRP composites.

The fatigue life predicted as a function of the reference stress following the
above procedure is shown in Fig. 5, along with the experimental results. It may be
observed from these results that very good agreement exists between the experi-
mental and the predicted fatigue lives for both GFRP composites. Thus, the pre-
dictions also suggest an improvement in the fatigue life of GFRP-nano composite
by about four times over that of GFRP-neat composite.
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4 Conclusions

Based on the results obtained in this investigation, the following conclusions may
be drawn:

1. The addition 10 wt% of silica nanoparticles to the epoxy matrix of a GFRP
composite improves the fatigue life under mini-FALSTAFF spectrum load
sequence by about four times.

2. The suppressed matrix cracking and retarded crack and delamination growth
rate in the silica nanoparticle-modified epoxy matrix of the GFRP composite
appear to enhance the spectrum fatigue life.

3. The predicted fatigue lives under the mini-FALSTAFF spectrum load sequence
are in very good agreement with the experimental observations for both the
GFRP-neat and GFRP-nano composites.
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