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Abstract: This study discusses the development of a -axial fatigue testing machine, and studies
fatigue behavior ofcantilever glass fiber composites beam under ins@haendin-torsion dynamic
loadings. The effect of bendi-twisting deflections and the number of layers oa peak strengtt
fatigue life, and failure mechanisms are analyZeso types specimen (two dension woven fiberglas
(2D) and three dimension stitching fiberglass (3&) investigated. The results of both 2D and 3@n<
that the strength is increased significantly wititrease bendi-torsion stresses, while the dam:
becomes faster. The stgth is reduced rapidly in about the first 30% af fiitigue life due to matri
cracking, which is then followed by a much slowaterof strength reduction until the failure. Ane
samples strength is increased as the number ofslayereased by 201% when tested under the sa
loading conditions. Furthermore the strength in @iecimen is higher than the strength in the
specimen by about 20% when subjected to the sandirgedeflectio-twisting angle. The fatigue life |
3D sample is greater thdatigue life in 2D samples by about 17% when testeder the same loadir
conditions.

Keywords: combined fatigue, strength degradation, 2D &3D cosife materic

IS 5 can Aala 3 CALIYL (g gBall siuad gul) Balal <l gall dae -da glial) ciliinia
J9aall dania

LSl 3 sall (e Al S A 8 IS gl sl Al 505 ¢ glaall damie JSH L) Slea oLl Jenll 138 (s rAuadAl)
il aae g o) gill — el Cldl jas) il Jidas a3 o) V) - eliad¥) sk 8 Al Jlaal s cons (Lala 3l Gl
(3D) aaall &35 Ax susiall daala 31 LY e (2D) 22l AU Slisal) e (e 58 LA &3 SIS pee 5 Dliaal) A lia e
o Lain colindl o) i) slgal 305 e LaS 2 ) A laal 3aL ) Cpadsall (e Ciligall 8 Jaa o) Aol dpala 31 LY
Al aay pad sl (B Jhand A iR Gy Auall DI jee (0 730 Jsn (B Ao as dagliall (midsi g jud el
ol aal e la) die 204304l ikl dae il ) die Sliall Ao gl 30l ) 5 Qa8 s las ey Jaras A gliall jmsas

*Corresponding AuthoAlikararO3@gmail.cor

239



1.

Journal of Engineering and Development Vol. 20, No. 02, March. 2016 www.jead.org (ISSN 1813-7822)

ee 720 sai (3D)aradl A i) Aaglia (o Aef (2D) el 355 il 8 Ao glie Gl e 5 dle 5 Jraadll gk
Jlaa¥) iy o jlial) vie 997 7 Ay 2aall 48 Cline 8 4ke ST Alagl) S 23 g & SO

I ntroduction

In the engineering science, fatigue is defined agracess of cycle by cycle
accumulation of damage in a material undergoingtdiating stresses and strains. A
significant feature of fatigue is that the loadnist large enough to cause immediate
failure. Instead, failure occurs after a certaimber of load fluctuations have been
experienced as in [1]. While multi-axial fatiguedisfined as a process of cycle by cycle
accumulation of damage in a material undergoing twomore different type of
fluctuating stresses and strains.

Multi-axial loadings can be classified as proporéb (in-phase) and non-
proportional (out-of-phase). During proportionaadiing the principal stress directions
remain fixed in time and the principal stress ratmains constant even though the
loading directions rotate. As opposed to this, poyportional loading is characterized
by rotating principal directions and variable prpat stress ratio.

Early multi-axial fatigue studies were primarilyrmhucted using aluminum alloys,
stainless steels, super alloys and steels. Theseeshwere governed by the extensive
use of these materials in fatigue critical compasier.g., pressure vessels, turbine
blades, axles, bearings, and crankshafts, whiclswsgct to multi-axial cyclic stresses
and strains as in[2]

Fiber-reinforced composites are extensively usedmenufacturing of various
components in engineering structures such as higéspre vessels, aerospace
structures, transmission shafts in automobiles,paupstructures, etc. Traditional
materials are being replaced by composites duédio high strength to weight ratio,
corrosion resistance, and cost. The increasing afsecomposite structures has
highlighted the need for models to determine theabanic and fatigue characteristics
of composites under multi-axial stress fields. Mamyiti-axial fatigue damage models
based on strain, stress, and energy data havepepased in an attempt to correlate
the data with fatigue life. However, a general tiyezapable of modeling the fatigue life
of a variety of materials subject to different loagconditions is not availabkes irf3].
Soon-Bok Lee ,[4]developed a deflection controlheditiaxial fatigue testing machine
to produce multiaxial cyclic loadings with varialdpeed on a cantilever type specimen,
by applying bending moments and twisting momentthatsame frequency but with
adjustable phase angle, amplitudes, and mean values

M.Elhadary [5]investigated a new failure criteritor GFRP composite materials.
Experimental fatigue tests were conducted on thalled tubular specimens woven-
roving glass fiber reinforced polyester (GFRP) hit, 45 and 90 phase shift between
bending and torsional moments for two fiber oriéotes, ([+45]2 and [0,90]2), at
different negative stress ratios,( R = -1, -0.78,5- -0.25, 0). A new term was
introduced to the Tsai-Hahn criterion to govern faggue behavior of the tested

specimens
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M. BOBYR , et al. [6] proposed a life predictionpapach for a random multiaxial
fatigue(tension-compression, torsion) . The ingadton of the non-proportional low
cycle fatigue life of D16T aluminum shows small didchal damage stress, and also
develop energetically damage model for complex praportional stress state during
low-cycle fatigue for construction.

Ying-Yu Wang, et al. [7] reviewed multi-axial fatig criteria. The criteria are
divided into three groups, according to the paransetised to describe the fatigue life
or fatigue strength of materials. They are stre#®ria, strain criteria and energy
criteria. Their predictive capabilities are checkaglainst the experimental data of
different materials lake [1045HR steel and 304né&tas steel] under proportional and
non-proportional loading.

Ahmed M. El-Assal, et al.[8] investigated fatiguehlavior of unidirectional glass
fiber reinforced polyester (GFRP) composites atnrotemperature under in-phase
combined torsion/bending loading. Constant-deftecfatigue machine with frequency
of 25 Hz is used to carry out all fatigue testse Tésults showed that, the unidirectional
glass fiber reinforced polyester composites haver pmwrsional fatigue strength
compared with the published results of pure bendtigue strength. Endurance limit
value of GFRP specimens tested under combinedotdb®nding loading equals 8.5
times the endurance limit of pure torsion fatighe. the other hand the endurance limit
of combined torsion/bending fatigue strength appnately half the fatigue limit of
pure bending fatigue strength.

C. Capela,et al [9] studied the fatigue behaviaubular carbon fiber composites
under in phase biaxial bending/torsion dynamic ilogel Both the torsion stress and
mean stress effects on the fatigue strength arldrdamechanisms was analyzed.
Fatigue strength decreases significantly with iase&l torsional/bending stresses ratio,
while the damage becomes faster. The increaseaeasdsstatio from 0 to 0.3 promotes
significant decrease of the fatigue strength fordaeg/torsion loading.

The aim of this study is to design and manufacturdevice to investigate the
behavior of 2D and 3D composite material under begtbrsion fatigue loads.

2. Development of the multi-axial machine
2.1 Construction

The multi-axial fatigue machine used by the presioworks depends on utilizing
one form or another of expensive high-accuracyssgdraulic actuators. In this study,
the machine is designed by using a simpler andpehteerank wheels mechanism to
apply simultaneous bending and torsion load to ilemer specimen. The machine
consists of an electrical motor, operation shafg trank wheels, two connecting rods,
two guides and cross beam as shown in Fig. (1).
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(A)Front view (B) Side view

Figurel.multi-axial fatigue testing machine.(1. Motor, 2. Operation Shaft, 3. Crank Wheel, 4.Connecting
rod, 5. Guide , 6. Cross beam, 7. Specimen,8. Frame, 9. Power Supply,10. Oscilloscope, 11. Computer,
12. Amplifier, 13. Strain Gage)

The (0.25hp) motor rotates at (2730 r.p.m) and,ntle¢or is interleaved with gear
box with gear ratio (16:1) . The rotating speedches the operation shaft reduced to
(110 r.p.m) by means of pulleys and belt drive. A hithe crank wheels, connecting
rods, and cross beam assembly convert the rotatiorion of the motor to
simultaneous bending and twisting deflection oncspen. The bending and twisting
deflection are adjustable by the two crank wheels.

2.2Measurement system

The measurement system consists of four strainsgatpch are arranged in two
half Wheatstone bridge circuits, one for meagukianding load and the other circuit
to measure torsion load, each circuit is connetdeth amplifier. The amplifier is used
to magnify the output signal of Wheatstone bridgigure (2) shows the circuit of the
amplifier used in this study. The output of the #figp is then feed to the oscilloscope.

Figure 2. Amplifier circuit
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3. Material and specimen

Two groups of fiber glass / polyester compositecepens are prepared. The first
group is 2D woven fiber glass / polyester and tkeoad group is 3D stitching
fiberglass/polyester. Four and six layers (2.6 nmd a.8 mm thickness) 2D woven as
well as three and five (2.6 mm and 3.8 mm thicknksgers of 3D stitching specimens.
The dimensions of specimen are shown in figure (3).

35 mm

230 mm
Figure 3. Specimen’s geometry

All specimens tested under different loading candiire summaries in Table (1).

Table 1. Specimen’s specifications

Specimen no.l| Woven Number of Modulus of Deflection ~ Twisting angle
type layers elasticity value
(Gpa)
Samplel 2D 4 9 30 mm 3.719°
Sample2 2D 4 9 40mm 5.739°
Sample3 2D 4 9 50mm 10.117°
Sample4 2D 6 9 30mm 3.719°
Sample5 2D 6 9 40mm 5.739°
Sample6 2D 6 9 50mm 10.117°
Sample7 3D 3 7.281 30mm 3.719°
Sample8 3D 3 7.281 40mm 5.739°
Sample9 3D 3 7.281 50mm 10.117°
Samplel10 3D 5 7.281 30mm 3.719°
Samplell 3D 5 7.281 40mm 5.739°
Samplel12 3D 5 7.281 50mm 10.117°

4. Resultsand discussion

This section shows the fatigue results obtainedeurigending-torsion cyclic
loadings. The simultaneous bending stress ampliydéhe shear stress amplituge
andthe equivalent stress amplitude SALT were catedl using Equations. (1), (2) and
(3), respectively [10]:

_ 6Mp

Ga - b tz (1)

T
T = K oe 2
SALT={0,% + 31,2 (3)
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WhereMg is the bending moment , T is the torsion momeng, bare the width and
thickness of specimen, respectively, knpe a constant, its value depends on the tatio
/ t can be obtained from standard tables.

4.1 Effect of combined (bending-twisting) deflection

The behavior of strength degradation versus nurobeycles for 2D woven four
layer and 3D three layers specimens subjected ree thdifferent bending-twisting
deflection is indicated in Fig (4) and Fig(5)redpeay. It can be seen that the strength
is decreased with increasing the number of cydlbs. strength is decreased rapidly at
the first 30% of its fatigue life due to matrix ckéng, which is then followed by a much
slower rate of strength reduction until the failwecurs. Furthermore the strength is
increased with increasing of the bending deflectamd twisting angle. The peak
strength, number of cycles, and strength degradatdio (ratio between the upper
strength and lower strength in the same samplegtaen in table (2) for all specimen.
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Figure 4. Experimental strength behavior versus number of cycles (2D).
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Figure 5. Experimental strength behavior versus number of cycles (3D).
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Table 2.Summary of tested specimens

Specimen no| Woven Number Bending- Twisting Peak Fatigue Strength
form of layers deflection strength life degradation
Mpa ratio

Samplel 2D 4 30mm-3.72° 152.73 43000 37.55%
Sample2 2D 4 40mm-5.74° 220 30000 36.36%
Sample3 2D 4 50mm-10.117° 241 10000 26.55%
sample4 2D 6 30mm-3.72° 167 30000 25.14%
Sample5 2D 6 40mm-5.74° 228 20000 25.21%
Sample6 2D 6 50mm-10.117° 256 6000 23.82%
Sample7 3D 3 30mm-3.72° 120.7 51000 37%
Sample8 3D 3 40mm-5.74° 168 36000 33.33%
Sample9 3D 3 50mm-10.117° 219 12000 38.35%
Samplel0 3D 5 30mm-3.72° 138 36000 30%
Samplell 3D 5 40mm-5.74° 196 25000 31.12%
Samplel2 3D 5 50mm-10.117° 227 7000 26.43

4.2. Effect of number of layers on strength degradation

In this section, a comparison between the behafidD four layers and 2D six
layers specimen is shown in Fig (6). Also a simdamparison is shown in Fig (7)
between 3D three layers and 3D five layers specimban tested under the same
loading condition. It can be observed for both 2 woven and 3D woven samples,
that the strength developed in samples is increége@0t+3 % as the number of
samples layers increased. This increase in strasgblecurring due to increase in the
fiber content 2D six layers and 3D five layers sp@n. Moreover the life in the 2D six
layers is less than the life in 2D four layersstisi because the strength degradation ratio
is lower in 2D six layers and this means that tperating stress is higher in 2D six
layers so that the life is decreased. A similanaweor is shown in 3D five layers
specimen.

200
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strength MPa
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Figure 6.Comparison between strength degradation of 2D four layers and 2D six layers specimen
subjected to 30mm bending deflection -3.719°twisting angle.
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Figure 7.Comparison between strength degradation of 3D three layers and 3D five layers specimen
subjected to 30mm bending deflection -3.719°twisting angle.

4.3. Effect of Woven Types on Strength Degradation Behavior

Figures (8&9) show comparison of strength variat@nsus the number of cycles
between 2D and 3D woven composite.

It is clear that the strength in 2D specimen ishhigthan the strength in the 3D
specimen by about 20% when subjected to the samdirgedeflection-twisting angle.
The main reason of strength reduction in 3D contpasithe reduce in volume fraction
in 3D sample. The second reason is the damageadnnid tistortion which are caused
as the needle penetrates the fabric. Also the pcesef the stitch thread and the
distortion in the fabric causes a resin-rich podkebe formed within the composite.
This pocket can act as a potential crack initigtd]. On the other hand the life of 3D
sample is higher than the life of 2D sample by &aldd1% due to stitching improved the
inter laminar fracture properties of the 3D samples

200
& 150
=
£ 100
] —o—samplel
£ 50
=fi—sample7
0
0 20000 40000 60000

number of cycles

Figure 8.Comparison between strength degradation of 2D four layers and 3D three layers specimen
subjected to 30mm bending deflection- 3.719" twisting angle.
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Figure 9.Comparison between strength degradation of 2D six layers and 3D five layers specimen
subjected to 30mm bending deflection- 3.719" twisting angle.

4.4. Comparison between Theoretical and Experimental Results

The multiaxial loading effect on the fatigue strinig predicted using the Wear out

residual strength model (equation (4)) which isaleped by Christos kassapoglou
criterion [12]:

n_ N-n-1
Oy = ON-10pg N-1 (4)

wherer is the applied stresg, is the static strength and N is the cycles taifailwhen
o is applied

The theoretical strength can be calculated by gubsg the values of experimental
applied stress and static strength in equation TAg experimental and theoretical
strength behavior for the 2D samples are showherfig (10) .It can be observed that
the theoretical results are in a good agreemeittvé experimental results.
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Figure 10. Comparison between theoretical and experimental results for 2D woven four layer specimen.
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5. Conclusions

The main conclusions are:

« The load required to maintain the constant displec# on the specimen is
decreased as the number of cycles increase.

» The strength reduced rapidly in about the first 3@R4ts fatigue life, which is then
followed by a much slower rate of strength reductatil the failure occurs.

* It can be observed for both the 2D and 3D wovenpsasn that the strength is
increased by 263 % as the number of layers increased.

* The strength degradation ratio increase as the aunfllayers decrease.

* The strength in 2D specimens are greater than tloos3D by about 20% when
subjected to the same loading condition.

» The fatigue life of 3D specimens is higher thanlifeeof 2D specimen by about
17%.

e The strength results of the theoretical model slibaeeptable agreement with
experimental results.
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