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Damage growth in glass fiber reinforced polymer (GFRP) composite under tension-tension fatigue loads
1.  Contents
(1) Considering the effects of orientation angles of fibers on fatigue life of GFRP, tension-tension fatigue tests are carried out by means of the fatigue test system with Scanning Electron Microscopy (SEM).
(2) The elastic modulus E is determined at different orientation angels of fibers with respect to applied load. And the fatigue damage is characterized by changes of elastic modulus.
(3) The development of fatigue cracks as well as the main fatigue damage forms at different angels is characterized on the basis of SEM images.
2.  Tension-tension fatigue test of GFRP
2.1  Materials and dimensions of specimens

All the GFRP composite specimens were prepared by water jet technology. In order to investigate the influence of fiber orientation angles on the mechanical behavior of composite materials, the fibers are arranged at different orientation angles with respect to horizontal direction such as 00, 150, 300, 450, 600, 750, and 900, respectively (Figure 1). The dimensions and identification numbers of specimens are shown in Table 1.
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(a) Specimen                                                        (b) Loading
Figure 1  Dimensions of specimens for tension-tension fatigue tests (unit: mm).
Table 1  Identification numbers of specimen for faigue test and their scales (unit: mm)
	Specimen ID
	L
	H
	W
	A（mm2）
	Specimen view

	UT-F-0°-1
	20
	4.52
	3.04
	13.7408
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	UT-F-15°-1
	20
	5.18
	2.90
	15.022
	

	UT-F-30°-1
	20
	5.10
	2.94
	14.994
	

	UT-F-45°-1
	20
	5.10
	2.96
	15.096
	

	UT-F-60°-1/2
	20
	5.40/5.20
	2.94/3.00
	15.876/15.6
	

	UT-F-75°-1/2
	20
	5.02/5.00
	2.96/2.82
	14.859/14.1
	

	UT-F-90°-1/2 /3/4/5
	20
	4.98/5.2/5.16/4.86/4.70
	0.3/2.92/2.98/3.02/3.04
	14.94/15.184/15.377/14.68/14.288
	


Note: The identification number of specimens was defined as UT-F-m0-n, where U means uniaxial, T means tension, F means fatigue, m means orientation angles of fibers with respect to horizontal direction, and n means the group number of specimens.
2.2 Fatigue test parameters

(1) Loading form: constant amplitude stress (triangle wave);
(2) Loading amplitude: 0.2-0.6KN (in elastic range);
(3) Temperature: room temperature;
(4) Data acquisition: acquire data at the 100th cycle at the first time, and acquire data every 2000 cycles later, i.e., at the interval of 2000 cycles;
(5) Loading frequency: 10Hz.
The tests are carried out with constant loading amplitude of 0.2-0.6KN, which are determined by the static tension test data, ensuring that the stress falls in the elastic range. The stress of specimen under load can be estimated by:
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where  
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 is the normal stress of specimen, P is the load applied on specimen, A is the sectional area of specimen (Table 2).

Table 2  Stress of specimen under peak load
	Specimen ID
	A(mm2)
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	UT-F-0°-1
	13.7408
	14.5552
	43.6656

	UT-F-15°-1
	15.0220
	13.3138
	39.9414

	UT-F-30°-1
	14.9940
	13.3387
	40.0160

	UT-F-45°-1
	15.0960
	13.2485
	39.7456

	UT-F-60°-1
	15.8760
	12.5976
	37.7929

	UT-F-60°-2
	15.6000
	12.8205
	38.4615

	UT-F-75°-1
	14.8592
	13.4596
	40.3790

	UT-F-75°-2
	14.1000
	14.1844
	42.5532

	UT-F-90°-5
	14.2800
	13.9977
	41.9933


3.  Process and analyze the fatigue data
According to the data of static tension tests, the peak loads on specimen with angels of θ =0°, 15°, 30°, 45°, 60°,75°,90° are 3.8KN, 2.2KN, 1.05KN, 0.57KN, 0.6KN, 0.88KN, 0.8KN respectively. So the loading amplitudes are taken 0.2-0.6KN (Figure 2). Stress ratio can be obtained by
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 are the minimum and maximum stresses (here R=1/3).

[image: image13.wmf]0

1x10

4

2x10

4

3x10

4

4x10

4

5x10

4

6x10

4

7x10

4

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

 

P

max

 

P

min

Cycle number 

N

Load 

P

 / KN


Figure 2  Fatigue load vs cycle number curve
3.1  S-N curves of specimen at different orientation angels of fibers
The test data are automatically recorded by test system, and the S-N curves of specimen at different orientation angels of fibers are shown in Figure 3.
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   (a) θ=0°                                                             (b) θ=15°
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      (c) θ=30°                                                          (d)  θ=45°
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(i)  θ=75°                                                    (k)  θ=90°
Figure 3  S-N curves at different orientation angels.
3.2  Elastic modulus

According to the secant of unloading curve (Figure 4), the longitudinal elastic modulus E can be estimated by
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where  P is the load applied on specimen, l is the efficient loading length of specimen, A is the sectional area, Δl is the displacement measured by test machine.
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Figure 4  Typical load-displacement curve in a cycle.
The slope of secant line can be estimated by
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where  k is the slope of secant line, S is the displacement. Substitute Eq(4) into Eq (3), the longitudinal elastic modulus E can be estimated by
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3.3  Energy dissipation
According to load-displacement curve (Figure 5) in a cycle, the dissipated energy, i.e., the area between the loading and unloading curves, can be calculated by
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where  f1 means loading curve, f2 means  unloading curve, a is the minimum displacement, and b is the maximum displacement.

[image: image25]
Figure 5  Typical load-displacement curve in a cycle.
3.4  Damage growth

Elastic modulus and energy dissipation of specimens at different cycle number and orientation angels can be calculated (Figure 6). It indicates that the elastic modulus present a linear reduction tendency with the sampling number.
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[image: image27]
(a) Elastic modulus (θ=0°)                                          (b) Energy dissipation (θ=0°)
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[image: image29]
    (c) Elastic modulus (θ=15°)                                      (d) Energy dissipation (θ=15°)
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[image: image31]
    (e) Elastic modulus (θ=30°)                                     (f) Energy dissipation (θ=30°)
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[image: image33]
    (g) Elastic modulus (θ=45°)                                   (h) Energy dissipation (θ=45°)
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[image: image35]
   (i) Elastic modulus (θ=75°)                                      (j) Energy dissipation (θ=75°)
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[image: image37]
(k) Elastic modulus (θ=90°)                                   (l) Energy dissipation (θ=90°)
Figure 6  Damage characterization of specimen at different orientation angels.
(Note: cycle number=1000+(sampling numer-1)(2000)

3.5  Fatigue crack
During loading, real-time SEM images showing the changes in a meso-scale structure of GFRP composite are taken, as shown in Figure 7.
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(a)  SEM images at the 1530000th cycle                     (b) SEM images at the 1531200th cycle
Figure 7  SEM images of specimen No. UT-F-30°-1.
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Figure 8  SEM images of specimen No. UT-F-45°-1.
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(a) The main crack is in accordance with fibers after fracture
[image: image52.emf]0 1 2 3 4 5 6 7

x 10

4

0

0.5

1

1.5

2

2.5

3

3.5

4

x 10

-3

循环次数能量损耗90-5 以2000次循环为周期


[image: image43.jpg]il s o i
b TR U




(b) The lamination on specimen edge
Figure 9  SEM images of specimen No. UT-F-60°-2
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(a) The main crack extend along 75°direction 
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(b) Lamination 

Figure 10  SEM images of specimen No. UT-F-75°-1. 
4.  Conclusions
(1) The elastic modulus are related to the orientation angels of fibers with respect to loading direction, i.e., they decrease with the increase of the orientation angels.
(2) The energy dissipation is related to the orientation angels of fibers under the same cycle number of fatigue loading.

(3) The main cracks develop mostly along the interface between main fibers and matrix.
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(b) The cross-section of specimen after fracture and the lamination





(a) Fatigue crack evolution at the 1800th cycle before fracture
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