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Study of Cyclic Behavior, Displacement-Controlled Low-Cycle Fatigue
Lifetime and Failure in Open-Hole Polymer-Matrix Composite Reinforced by
Carbon Fibers Under Various Loading Rates and Amplitudes

Mohammad Azadi*, Mohammad Dorfaki

Faculty of Mechanical Engineering, Semnan University, Semnan, Iran.
*P.0.B. 35131-19111, Semnan, Iran, m_azadi@semnan.ac.ir

Keywords Abstract

Polymer matrix composite In this article, effects of the loading rate on low-cycle fatigue behaviors in carbon fiber reinforced
Carbon fibers composites have been investigated. Firstly, open-hole composite specimens were exposed to two different
Low-cycle fatigue tensile loading rates to achieve displacements in low-cycle fatigue tests. Then, samples were subjected to
Displacement rate cyclic loading, in three displacements and five loading frequencies. Fracture surfaces and scanning electron
Displacement amplitude microscopy images were also shown. Obtained results indicated that increasing the rate enhanced the

maximum stress due to the material tend to the brittle behavior. The maximum stress in different
frequencies had a small enhancement; however, it enhanced at various displacements. The lifetime had a
decreasing trend in a constant displacement, with increasing the frequency and increased in a constant
frequency, with increasing the displacement. By analyzing the sensitivity, the change in the loading
frequency (at constant displacements) and the displacement (frequencies: 1-5 Hz) were not effective on the
maximum stress. However, under 10-20 Hz, it was effective on the maximum stress. The material cyclic
behavior demonstrated that the maximum stress decreased during loading cycles due to the damage
accumulation and the composite stiffness reduced. The failure mechanisms changed by changing the
frequency and the percentage of the fiber breakage increased by increasing the loading frequency.
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Figure 1 The fabrication process of standard samples
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Figure 2 The SAF50 fatigue testing mchine, used in this research
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Table 1 Fatigue loading conditions on composite standard samples

mm) ol als

(H2) 555 ) 515 3

Agoes o)Lo.,.‘fa

@,
1.0 1 203 1
1.0 5 204 2
1.0 10 205 3
1.0 15 206 4
1.0 20 207 5
15 1 208 6
15 5 209 7
15 10 210 8
15 15 211 9
15 20 212 10
2.0 1 213 11
2.0 5 214 12
2.0 10 215 13
2.0 15 216 14

 Regression Analysis
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Table 2 The maximum force in fatigue testing at different loading
frequencies and amplitudes

oAb GPNL S alelr alds
Sgoio)lads W,
N (Hz) (mm)
183840 1 203 1
193920 5 204 2
198720 10 1.0 205 3
195840 15 206 4
192480 20 207 5
222720 1 208 6
226080 5 15 209 7
225600 10 210 8
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Figure 6 The loading frequency-fatigue lifetime diagram at 1 mm
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Table 3 The accuracy of the regression analysis
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Table 4 The sensitivity analysis and the P-Value parameter
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Figure 4 The fatigue lifetime objective function
S o Buan @U4 IS

140

32)940l5 (5 9US 9 pode &y puini



399405 (5 )9Ud 9 egle &y i

SRS oo 9 6T de=o

S - ilmls A3 a8 T 3 5 e Sl LS asllias

Yoz CojeelS Glp a5z (s Cov 5,2 15 6 0.5 sogume
SN PR S REUAPC VPN JUPRE SN
el 535 sl S o e alS 5oty ey 5 5 1Sk L
Ol e oLl ax 0 110 b s> des wpals 2ol38l )l ool
S pee Gl i Giegh ol s &S Jl> 0 [34] el sus
b Yaiz Cujeels )0 Les Gl pae dom I g ol S8 AL

WS o0l 1y o35

2 0 glule duls 556 -4-3

1 plrlr an b (Sows o polie 350 1369 Gl Jss 55 Jgor
| 5,520 515 40 5 L s 6,8k LlS )5 oz o siedeo2 5 1.5
Ceol ain 1359 o IS 95 Jgaz 5l a5 wie¥ jlad oo o0 oyl
o G 8 Sl 53 Ko pae e IS oy
F 09l slaguls P 0 50l plnlr 1o 50 ueSae 5 L2815 50,
S oo 2255 iyl e e 1S 15l (Sos pee alS
AL (S e alS aaly (IS s 5 e ka2 15 )
oo G2al5 5,220 515 10 lauls 2 5o Jg ool (o> e alnl>
2415 )| Juis e ials ) i o5 e e 154l Sis
L s by Sl S e 1S el o sk el s
S yos ke (Sl (S8 ke Rl L rires el (s
121200 s s s slabaly 5 wb o Gl 2l 2 0

Sloosls (63 LSS oy p b)) I (Sl S a5 45 les
7o p bl ansls ;36 &5 Gise ol 0 el (s 48l 225
sl 000,080 5905 ¢y 1S e 3 S el 0als anlllae S
oS 2 ) (B (A 4 S (i ol 53 oSy edgue iz e
log]ygms aVaiz CojaalS gl plizmes Lol cail i (e 5 6,185,50
ey o0 B 4 el

il 9 il Glaguils B 50 (Shws joe 4y bgje Sl Jolod gl
8 led el oals 16 Joaz 50 55 i e li8le 5SS 4y calisee
5 5,0 1 55 05 20 oLl b s wanl asin 6 Joum ) 45
28 5010 G5 8 00 Jg ol (Ses pes e 5 636 alnle
aS oges B b atdlog walss 08 56 s jee i o bl
ol Sl Jade 4 Jlas a5 cwl 0.049 (5 5 ) o P-Value jlaie
(1o ral5 5 0L 5 o8 335 ] IS 5k 055 e 3 ol S23550.05 iy
CoiselS 45 zeS (K jos p 63k 658U cbml ansls (g S L
O RSy 50 (o8 Sl e a5l e g ol ozl g Yoz
g Wy 5 Sge sl by wcild (5 1350

ilises aiels g culi (68,1 gla il B 5o (Kiws 505l @l 5 Jguer
Table 5 Fatigue test results at constant loading frequencies and different
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Figure 7 The loading frequency-fatigue lifetime diagram at 1.5 mm
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Figure 8 The loading frequency-fatigue lifetime diagram at 2 mm
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Figure 11 The displacement-fatigue lifetime under 10 Hz
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Figure 12 The displacement-fatigue lifetime under 15 Hz
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Figure 13 The displacement-fatigue lifetime under 20 Hz
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Figure 9 The displacement-fatigue lifetime diagram under 1 Hz
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Figure 10 The displacement-fatigue lifetime diagram under 5 Hz
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Figure 14 The diagram of maximum and minimum force-fatigue
lifetime at 1 mm and under 1 Hz
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Figure 15 The diagram of maximum and minimum force-fatigue

lifetime at 1 mm and under 5 Hz
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Figure 16 The diagram of maximum and minimum force-fatigue
lifetime at 1 mm and under 10 Hz
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Table 6 Results of the sensitivity analysis related to the fatigue lifetime
at constant frequencies and different displacement

Frequency (Hz) 1 5 10 15 20
F-Value 5.46 3.96 17130 3578 26.21
P-Value 0.257  0.296 0.049 0.105  0.123
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Figure 21 The diagram of maximum and minimum force-fatigue
lifetime at 1.5 mm and under 10 Hz
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Figure 22 The diagram of maximum and minimum force-fatigue
lifetime at 1.5 mm and under 15 Hz
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Figure 23 The diagram of maximum and minimum force-fatigue
lifetime at 1.5 mm and under 20 Hz
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Figure 24 The diagram of maximum and minimum force-fatigue
lifetime at 2 mm and under 1 Hz
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Figure 17 The diagram of maximum and minimum force-fatigue
lifetime at 1 mm and under 15 Hz
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Figure 18 The diagram of maximum and minimum force-fatigue
lifetime at 1 mm and under 20 Hz
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Figure 19 The diagram of maximum and minimum force-fatigue
lifetime at 1.5 mm and under 1 Hz
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Figure 20 The diagram of maximum and minimum force-fatigue
lifetime at 1.5 mm and under 5 Hz
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Figure 29 The diagram of stress amplitude and mean stress-lifetime
under 1 Hz of the loading frequency for displacement changes
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Figure 30 The diagram of stress mplitude and mean stress-lifetime at 2
mm of the displacemnet amplitude for frequency changes
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Figure 25 The diagram of maximum and minimum force-fatigue
lifetime at 2 mm and under 5 Hz
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Figure 26 The diagram of maximum and minimum force-fatigue
lifetime at 2 mm and under 10 Hz
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Figure 27 The diagram of maximum and minimum force-fatigue
lifetime at 2 mm and under 15 Hz
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Figure 28 The diagram of maximum and minimum force-fatigue
lifetime at 2 mm and under 20 Hz
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Figure 34 The failure surface of samples at 1.5 mm and under 1, 5, 10,
15 and 20 Hz
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Figure 35 The failure surface of samples at 2 mm and under 1, 5, 10,
15 and 20 Hz
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Figure 31 Broken specimens of tensile and fatigue after testing
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Figure 33 The failure suface of samples at 1 mm and under 1, 5, 10, 15
and 20 Hz
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Figure 39 The scanning electron microscopy image under 15 Hz of
loading frequency
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Figure 40 The scanning electron microscopy iage under 20 Hz of
loading frequency
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