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Abstract:

In the work present, describes an attempt has been made to study the effect of
temperature on fatigue behavior of polyester reinforced with woven of fiber glass
manufactured as a laminate [CSM]s.Fatigue tests were carried out at constant stress
amplitude at different temperature environment. All fatigue tests were employed at stress
ratio R=-1 and under constant fiber volume fraction (VF) of 33%. The results indicated
that the tensile and the fatigue strength decreased with increasing temperature up to at 60
°C.The fatigue life reduction factor (FLRF) at 60 °C was in range (41%-61%) in range of
applied stresses amplitude between (80-100M Pa) compared at (RT).
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1. Introduction

Composite materias are discontinuous phases embedded in a continuous phase. The
discontinuous phase is usually harder and stronger than the continuous phase and is called the
reinforcement material; whereas the continuous phase is usually softer and is termed the
matrix.The matrix holds the reinforcements in an orderly patern ™ 2. Fibre-reinforced
composites have been considered as a replacement of metals and aloys in a number of
engineering structures due to their favorable characteristics including superior specific
strength and stiffness (strength-to-weight ratio and stiffness-toweight ratio, respectively. As
fibre reinforced plastics are inhomogeneous and anisotropic, the mechanism of fatigue in
fibre-reinforced composite materials is considerably different from that of conventiona
materials. The fluctuating loads may accumulate a substantialnumber of micro-damages in
matrix, which cause the final failure of compositesin a general fashion as opposed to the final
failure by the propagation of a single crack in metals. There are many different types of most
common fatigue prediction approaches for fibrous composites. One of al, a widespread
fatigue life model is characterized by a fatigue failure criterion based on the fatiguedamage
information from conventional S-N curves. ©°

Owen, et.a"!: performed many tests on chopped strand mat impregnated with polyester
resin. Upon static and fatigue testing, damage was apparent at only thirty percent of the
ultimate strength of the material. This damage was associated with fibers perpendicular to the
loading direction, and was initiated at many points on the strands. At aload of twenty percent
of the ultimate strength, damage was found along the interface between fibers and matrix at
only one thousand cycles. The laminate could be expected to survive at least one million
cycles before breaking into two pieces even thought damage had begun two orders of
magnitude of cycles earlier.

C.M.Branco, et.a ®: investigated the phenol matrix reinforced by unidirectional E-glass
with volume fraction 0.3 and 0.45. The composite specimens are tested at ambient condition
and temperature of 100, 150, 200 °C with stress levels of R equal to O, 0.4 for load
frequencies of 1.5, 10, 25 Hz.Fatigue strength decreased with increasing temperature from 20
to 200 °C for both volume fraction of 0.3 and 0.45. This effect was more pronounced in the
lower cycle’sregime.

JAM. Ferera, et.a ®:studied fatigue of polypropylene/glass thermoplastic composites
produced from a bidirectional woven cloth mixture of E glass and polypropylene. The latter
becomes the matrix after the application of heat and pressure. This composite was
manufactured with a volume fraction Vf of 0.338. The effect of layer design on the static and
fatigue performance was investigated. The results showed; the fatigue strength was influenced
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by the layer design and the loss of stiffness (E/E,) started early in the fatigue life, also it can
observed alinear relationship between the loss of stiffness and the temperature rise.

A .Bernasconi et a ' studied the effect of the temperature and frequency on fatigue
behavior of short glass fiber reinforced (30% weight) polyaminde-6. Tensile strength and
fatigue(tension-tension with stress ratio=0.1) tests were performed at 23 and 50°C. The results
show of an increment in temperature during tensile tests is decrease of ultimate tensile
strength and elastic modulus from 109, 5800MPa to 84, 4300MPa respectively also the
fatigue strength at 10° cycles decreased from 52.5 to 47.5MPa.

Al-alkawi, et.al ®: studied the influence of temperature on the ultimate tensile strength
(UTS) of composite material which is manufactured from polyester and E-glass (woven
roving, chopped strand mat) as a laminate with a constant fiber volume fraction (VF) of 33%.
The results showed a little effect of temperature on tensile strength in the range of room
temperature(RT) to 50 °C for laminates reinforced with E-glass (woven roving) [0/90,
+45.0/90], [0/90]3, and [0/90, CSM, 0/90], but for laminates reinforced with E-glass chopped
strand mat (CSM), as [CSM] 3 and [CSM, 0/90, CSM],a continuous reduction in strength was
observed with increasing temperature from (RT) to 60 °C. The higher percentage reduction in
strength was 23% at 60°C as compared to (RT) for [CSM]s laminate.

2. Experimental Work

Materials:

In this work, E-Glass fiber is used which it was obtained in the form of discontinuous and
continuous woven strand mats. It was not possible to measure the glass fiber properties
experimentally, hence reasonable values were chosen from the literature.Polyester (TOPAZ-
1110 TP) unsaturated resin with1.5% hardenerwas used for the matrix. Table (2-1) shows the
composition of glass fibers and Table (2-2) shows some of the reported properties of E-glass
fibers and Polyester found in the literature seems to vary according to their manufacturing

source.
Table 2-1 Composition of glass fibres: !
Material | Silicon | Alummum | Boric Sodium | Magnesium | Titanium | Iron | Iron [ Calcium
dioxide | Oxide Oxide | Oxide and Oxide dioxide | Oxide Oxide
potassium
Oxide
E-glass 52 to 12t0 16 | 5to 10 Dto2 Dtos Uptols| Oto Dto | 16to 25
(range 56 0.8 1
%)
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Table 2-2 Mechanical properties of fibre glass and polyester (Resin) (9]

Material Density Modulus of elastic Strength Poisson’s
g/cm3 (GPa) (MPa) ratio
E-glass 254 72.4 3450 0.2
polyeste 1.1-14 2.1-34 34.5-103 0.37-0.4
r

M anufacturing Processes (Hand Lay-up):

The choice of a manufacturing process depends on the type of matrix and fibers. Hand lay-
up is the ssimplest and oldest open molding method of the composite fabrication processes,
Laminate panels were prepared according to ASTM D5687 [10] more details can be found
clear in reference ¥,

Specimen Preparation: The specimens were cut out of 40x70 cm? panels and followed

by polishing the cut edges in two stages in order to remove flaws and to obtain smooth and
crack-free surfaces. Silicon carbide paper of grade 400 and 800 was used for this purpose

The Tensile Test Specimens:

Matrix: In order to find the mechanical properties of the matrix, tensile specimens
were prepared according to ASTM D 638-97 ™ Figure 2-1 shows the dimensions and
geometry of tensile specimen for the matrix.

‘LW_J‘ L

115

165

Fig.(2-1) the polyesterspecimen " (Dimensions are in mm)

Composite M aterial:

Tests specimens were designed according to ASTM D3039 standards [*2 The tensile test
specimen configuration is shown in Figure (2-2).
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Fig. (2-2)tensile test specimen dimensions(Dimensions are in mm)

Tensle Tests Procedure

The tensile tests were performed in a Tinius Olsen (H50KT) test machine at room,
40°C,50°C and60°C temperature. The maximum load capacity of the test machine is 5 ton.
Figure (2-3) shows the specimen clamped securely in the fixture before applying the load with
the furnace mounted in place. Tests are carried out at a constant speed of 1 mm/mint®.,

Tensile tests
A,

Furnace

Specimen with
furnare

Fig. (2-3) a-Specimen with the Furnace  b- Specimen Fixture with the
Furnace
The test results show a brittle fracture of the matrix and gradual breaking of the fibers.

Temperature Control Circuit:

The circuit shown in Figure (2-4) represents the operation of the temperature control
board. The temperature control circuit is used to control the temperature inside the furnace by
its thermostat, which switches off the electrical power when the temperature reaches the
required temperature and switches it on when the temperature drops below the required
temperature. The temperature inside the furnace is calibrated by using a digital thermometer

with athermocouple. The results are accurate within + 0.2°Cand the heating rate is 1°C/min.
(8]
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Fig. (2-4) Diagram of the temperature control circuit

Fatigue Test Specimens Prepar ation

The specimens were prepared according to ASTM D 3479/D 3479M-96, standard test

method for fatigue of polymer matrix composite materials .
Fatigue specimens were cut in suitable dimensions to satisfy the machine test section
that suited for flat plate specimens .Figure (2-5)shows the shape and dimensions of fatigue

specimen 2,

89
64

30

Fig. (2-5) Fatigue Specimens (all dimension in mm) 4
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In order to obtain a good cutting for specimen, a cutting die was designed as shown in
Figure (2-6) was made from steel and stainless steel which is resistant to corrosion and the
load range over the specimens whosecultter.

It isconsisting of three parts, the first stage can be cutting 4-holes, and the second stage
can be cutting the specimen.

T AT

BT
Black holder == %

Cutting die assembly front view for die
Fig. (2-6) cutting die for fatigue specimen

Fatigue Tests Procedure

A type of fatigue test is a cyclic bending loading procedure. The purpose of the test is to
generate S-N data (stress vs. number of cycles) for each specimen at room temperature, 40, 50
and 60°C. The AVERY Fatigue Testing Machine Type-7305 was designed to apply reverse
loads with or without an initial static load as shown in Figure (2-7). Grips are provided for the
bend test where the load is imposed at one end of the specimen by an oscillating spindle
driven by means of a connecting rod, crank, and double eccentric attachment. The eccentric
attachment is adjustable to give the necessary range of bending angle.

The applied stress is calculated from the applied moment and the deflection angle
(Appendix-A) A revolution counter is fitted to the motor to record the number of cycles. The
cycling rateis 1400 rpm. (¥
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Figure (2-7)
a) AVERY Fatigue Testing Machine Type 7305 b) Close up of Specimen
Fixturein furnace

The cyclicreveres bending stresses means tension-compression stresses, so
the machine was adjusted at stress ratio R=-1.

3. Experimental results and discussion

Tensletest results:
Table 3-1 shows the experimental tensile strength of the matrix at room temperature (RT).

Table(3-1) tensile test for matrix (polyester) at (RT)

Matrix . Resin specimen Ultimate tensile stress Average
5 vUts MPa uTtsMPa
Polyester TOPAZ 1 2 3338 31.7 3259 32.567
1110 5

Table (3-2) tensile strength for [CSM]; laminate at differenttemperatures

Temperature °C specimens Ultimate tensile stress (UTS) Average
(MPa ) UTs(MPa )
30 (RT) 4 ¥ | 8 142 1425 147.5 144
40 7 8 | 9 [ 1347 130.5 128 131
50 10 ) 11 (12 1172 112 115 115
60 15 |14 (15 ) 1109 1092 1101 110
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Table (3-3) coefficient C, constant material for laminate [CSM]; with V;=33%

No. laminate Cy Ci Cz Cs correlation coefficient
description R?
1 [CEM]s 25 10.716 -0.295 0.00233 1

According to the obtained results it can be observed the ultimate tensile strength for this
laminate as a polynomial expression of third order can fit the experimental datato include the
temperature effect as afunction of the temperature (T):'®

0u1:=Co+ ;T +C.T2+ CGT? | (39

Where Puitis the ultimate tensile strength (Mr Pa ), T is the temperature in °C and the
coefficient C with subscripts 0, 1, 2, 3 represent material constant which can be obtained from
experiments as shown in Table (3-3)and in Figure (3-1).

Strength reductionfactor (SIF):

Table (3-4) shows strength reduction factor (SRF) for laminates [CSM]3, based on the
test a (RT) which have the higher tensile strength comparing with that at other temperature
test. It can be observed that the lowest strength reduction factor was 23.6% for laminate at 60
0

C.

UTS;-UTSkr 100
SRF%= UTSgr ... (3-2)

Where urTs RT isthe ultimatetensile stressat (RT) and urTsS T isthe ultimate tensile
stress at certain temperature for [CSM] slaminate.

Table (3-4)the percentage strength reduction factor (SRF %) for
[CSM}slaminates at different temperature

Temperature °C RT 40 50 60

SRF % === 9.02 20.1 23.6
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Fatigue test results:

Tables (3-5)to(3-8) show fatigue test results at a constant amplitude load for laminates
[CSM]; at room temperature (RT), 40 ,50 and 60° C respectively. The S-N curve was obtained

from these results as shown in figure (3-2).The equation of power law regression is given by
[14].

Op = aNfb

Where (97 is the applied stress amplitude at failure, (Nf) is the number of cycles to
failure and (a),(b) are the fitting parameters. The regression constants representative of the
fatigue trends, from the model, and the fatigue strength at 10° cycles are given in Table (3-
9). The higher fatigue strength at 10° cycles was 78.536MPa at (RT)and the lower fatigue
strength was 54.543MPa at temperature (60 ° C), then it can be observed that the fatigue
strength of this laminate was decreases with the increasing temperature as a polynomial
question of third order can fit the experimental data to include the temperature effect as a
function of the temperature (T): [*°

Oe=Do+D,T +D.T?+D.T3 ... (3-4)

Where cds the fatigue strength (M Pa ) a 10° cycles, T is the temperature in °C and the
coefficient D with subscripts 0, 1, 2 and 3 represent material constant which can be obtained
from experiments as shown in table (3-10),then from equation (3-3) and(3-4) it can be say:

1

Table (3-5) fatigue results for laminate [CSM]sat (RT)

Specimens Applied stress Number of cycles to failure N aye
No. amplitude(MPa ) (Ng)

161718 108 39 60000, 50000.55000 55000

19 20 21 91.71 360000, 406000, 380000 38200
0

22 23 24 81.18 900000, 989000, 850000 91300
0

25 26 27 73717 1150000, 1220000, 1380000 12500
00
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Table (3-6) fatigue results for laminate [CSM]; at 40 °C

Specimens Applied stress Number of cyeles to failure (Ne)aya.
No. amplitude(MPa ) (Nr)

28,2930 08.197 29500, 26500, 24500 26833

313233 86.688 82000, 65000, 80000 75666

34.35,36 75.957 630000, 546000, 720000 63200
0

37,3839 68.122 1085000,1140000, 1225000 11500
00

Table (3-7) fatigue results for laminate [CSM]; at 50 °C

Specimens Applied stress Number of cycles to failure Naye.
No. a_mplitude(MFﬂ ) (Ng)

40.41.42 90.256 7000, 5000, 6000 6000

43 4445 78.214 58500, 4500055000 53000

46.47.48 68.025 450000, 510000, 426000 46200
0

49_50.51 60.198 990000, 1040000, 1185000 10710
00

Table (3-8) fatigue results for laminate [CSM]; at 60 °C

Specimens Applied stress Number of cyeles to failure (Nf)ave.
No. amplitude(MPa ) (Ng)
52,5354 81.836 3900, 4400, 4500 4250
55,56,57 75.047 6200, 7300, 6000 6500
58,59, 60 67.798 20000, 17500, 18000 18500
61,62 63 60.924 232500, 245000, 270000 249000
64 49 804 1500000 No
failure
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Table (3-9) Fatigue parameters and fatigue strength for laminate [CSM]; at

different temperature

Temperature a b Fatigue Reduction in | correlation

o strength at 109 | Fatigue strength | coefficient
c}rcleg (MP-’J ) at 108
cycles{MPﬂ ) R?

RT 395.094| -0.11692 78.536 - 0.94
40 242779 | -0.08951 70.495 10.238% 0.953
50 170.864| -0.07298 62.337 20.626% 0.974
60 134.508 | -0.06523 54.343 30.805% 0.93

Table (3-10) coefficient D, constant material for laminate [CSM]3; with V;=33%

No. la_-minate Dy Dy Dy Ds correlation coefficient
description R?
1 [CSM]s 99 147 |-0.54303| -0.00620 | 4.683=10- 1

160.00 —

+

120.00 —

80.00 —

L
4+

40.00 —|

Ultimate Tensile strength

*

ultimate tensile strength and fatigue strngth MPa

- Fatigue strength

0.00 \ \ \ \

0.00 20.00 40.00

Temperature C
Fig. (3-1) fatigue strength and ultimate tensile strength at different
temperature for laminate

60.00 80.00
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120.00 —

+ aRrn

€ a40cC

applied stress MPa
3
8
|
'

at50C

60.00 — B ateoC

40.00 T T T T

1000.00 10000.00 100000.00 1000000.00 10000000.00
log (number of cycles to tailure Nf) D

Fig. (3-2) S-N curve for [CSM]3 laminate at different temperature

Fatigue life Reduction factor:

Table (3-11) shows empirica life (number of cycles to failure) for [CSM]3 laminate at
different applied stresses and at different temperature The lowest lifewas at 60 °C.  Table

(3-12) shows the percentage of fatigue life reduction factor (FLRF %) at each applied
stresses ' :

FLRF%= x100. . . . (3-4)

Where the Nf (RT) is the number of cyclesto failure at RT and Nf (Tis the number of
cycles to fallure at certain temperature for laminate [CSM]s. It can be observed the (FLRF)
decreased with increasing of temperature. Then it can be observed the fatigue life reduction
decreased with decreased applied stress even it tested at 40, 50, 60 °C as shown in Table 3-
12.

Table (3-11) empirical number of cycles to failure (Nf(RT}) and (Nf[T}) for
laminates at different level of applied stresses amplitude

Temperature Applied stresses amplitude
°C 100MPa 90MPa 80MPa
RT 126909 312500 855757
40 20123 65298 243426
50 1540 6525 32773
60 94 473 2881
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Table (3-12) the percentage of fatigue Life reduction factor (FLRF %) at
different applied stresses amplitude and different temperature based to RT

Temperature °C 100M Pa 90M Pa 80MPa
RT - - -
40 15.67 12.37 9.20
50 37.54 30.57 23.88
60 61.33 51.32 41.68

The observed effect of on the results of the strength reduction factor (SRF) and the fatigue
strength reduction factor (FSRF) is similar to the finding of Ref. [7, and 17] as shown in
Table (3-13).

Table (3-13) comparison between the present results with previous ones

No. Item Reference 7 Reference 17 Current work
Short-glassfiber UD E-glass Choppedstrandmat E-glass
reinforced polyamide-6 Eenforced epoxy Feinforced polyester
(We=30%) (V=33%)
1 Tensile strength At 23°C=1090Pa At 23°C=013NMPa At 30PC=1440Pa
At 50°C=84MPa A0FC=T3ThPa At 30PC=113MPa
Strength reduction =22.9% | Strength reduction =19.45% Strength reduction =20.1%
7 Elastic modulus At23*C=38000MPa At23°C=382GPz At 30rC=43500MPa
= At 50PC=43000Pa AHPC=33.1GPa At 60rC=33000Pa
reduction =23 8% reduction =3.1% reduction =19 34%
3 Fatigue strength at At 23°C=323MPa At 23°C=2200Pa At 30°C=T8.336MP2
107 cycles At 30PC=47 inPa A0FC=1700IPa At 60°C=34 543MPa
Feduction =9.32% Feduction=22.27% Beduction =30.8%
E=0.1 E=-1 F=-1
A Fatigue lifereduction L 30% at loadmg stress 2000Pa | 41% atloadng stress 800Pa
Atd0eC 61%: at loadmg strezz 100hIPa
Discussion:

In general, most inorganic fibers are not very sensitive to the range of temperature
applicable to polymer composites; the matrix is sensitive to thermal conditions. A thermo set
polymer (polyester) system isin a glassy (stiff and brittle) state if its temperature is below a
threshold usually known as the glass transition temperature (Tg) (glass transition temperature
for polyester is 69°C [2]). If the temperature approaches this threshold, the polymers stiffness
rapidly declines and internal damping increase until the material reaches a state where viscous
effects are dominate. This condition is known as the rubbery state. At elevated temperatures,
dilatation allow for increased chain mobility, resulting in a loss of modulus and increase in
internal damping™”.That is the main reason to observed the higher reduction in tensile
strength, fatigue strength and fatigue life was at 60°C for composite used in this work.




Optical microscopy analysis.
Examples of some specimens after fatigue testfailure is shown in Figure (3-3) and Figure
(3-4) show the micrographs of fatigue failure.

Figure (3-3) Fatigue Failureof Composite Specimens

Transverse Matrix Crack

a- Before Fatisue Test b- After Fatigue Test

Figure (3-4) micrographs of fatigue failure observed in polyester-E glass
composite (40X)

From above figures the fatigue damage in the composite initiates by the formation of
transverse matrix cracks, which due to the presence of higher stress concentration and induce
localized ply delamination. As the fatigue cycling continues, matrix cracks and ply
delamination grows and cause weft fiber bundles(at 90° to loading direction) to split and
fracture setting the stage for final fracture.

Optical microscopic examinations of some specimens subjected to fatigue test indicated

the damage may have started very early in the matrix followed by fiber-matrix debonding and
pull out of fibers from the matrix.
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4. Conclusions:

1-

For polyester reinforced with woven E-glass [CSM]slaminate at a fiber
volume fraction of 33%The tensile strength decreases with increasing
temperature up to 60 °C .

The percentage reduction factor for tensile strength (SRF %) and for
fatigue strength (FSRF %) at 10° cycles at 60°C was 23.6% and 30.805%
respectively compared to that at (RT).

The fatigue life reduction factor (FL RF)reduced when the applied stresses
decreased at all tested temperatures.

The fatigue life reduction factor (FLRF) at 60 °C was in range (41%-61%)
in range of applied stresses amplitude between (80-100M Pa).
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Appendix-A

In order to provide aknown bending stressin a cantilever severa variable have to be
considered simultaneously. The simple theory of a cantilever is as follows [18]:-

SPECIMEN

CLAMPING PLATE

PACKING PLATE A= Thickress ol Packing Plate
A= Toes - B
3
1 I f— & _F D g
—\ E
[ 3 BRAY 1 ‘I 1 e_-'i.

- -
LS. = Ko === ':';
Wihere : % SHIN STRESS [ MJmr)
M BENDING MOMEMT { H.mm)
£ CENTER OF SPECIMEMN = hFZ {mmd
L : wWiDTH OF EFFECTIVE AREA = 19.0% [ )
Iy ; MOMENT OF INERTIA (mm*)

Fig. (A-1)Schematic Representation of Fixing Method, And how to Calculate Bending
stress !
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Max. Bending momentM = WL
M.z
Max. Bending stresso = 1
Where the strip cantilever is (b) width, (h) thick and (L] length, (E) elastic modulus, (W)
Load on freeend

Wiz

Free end deflection 5= 3ET
Mz
5=3Fl ... (A-1)
h

Where, z=2 ,then 6= o (A-2)
A further correction is necessary to take into account the curvature of the cantilever when

determining the maximum bending moment. Then reduction in length is given by [19]:

ANARASN
g

ILELLLLRNRRERNRS

M\

Fig. (A-2) Schematic Representation of curvature of the cantilever

And assuming the curvature can be approximated by:
mX

Y=5 (1-coszL)

om M
Then =21 sinal
By substituting ( (dy )/d2 ) in equation (A-3) and integrating it, then:

5°m? 0.6162256°

H=16L = L ... (A-4)
The maximum bending moment is thus;
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M=WQL-H=WL, . (A5)

Then L =xLo+40.25Lo* +0.616255"

This enables (Lo) to be calculated;
(2L —L,)* = Ly” + 2.46s5°

al?-all,+L," =L," +2.4655"
L 42 -2 46587
o 4L
If L =32.94mm, and from calibration curve figure (A-3) for 5, then;

[ _4340.1744- 2.4656F
0= 131.76 ... (A-6)

deflection{ mm)

0 5 10 15 0 25 30
af degree)

Fig. (A-3)) calibration curve between bending deflection and eccentric
position angle (©)

For different position of eccentric point the effective length (Lz) was;

Theta (degree) S ma(MM) Lo (mm)
24° 8.25 31.6667
22° 7.35 31.9293
20° 6.60 32.1251
18° 5.90 32.2887
16° 5.25 32.4243
14° 4.60 32.5441
Then the maximum bending stress can be cal culated from equation (A-7);
1.5End
PTTL . (A7)
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