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ABSTRACT 

Bio-based flax fiber polymer composites (FFPC) have the potential to replace metals and 

synthetic fibers in certain applications due to their unique mechanical properties.  However, the 

long term reliability of FFPC needs to be better understood. In this study, the fatigue limit was 

evaluated using mathematical, thermographic, and energy-based approaches. Each approach 

determined fatigue limits around 45% load of ultimate tensile strength at a loading frequency of 5 

Hz. Thermographic and energy-based approaches were also implemented at different loading 

frequencies (5, 7, 10, and 15 Hz) to define the effect of loading frequency on the fatigue life.  

Fatigue limit was found to decrease slowly with increasing loading frequency. Moreover, two 

forms of damage energy (thermal and micro-mechanical) during cyclic loading was separated 

using an experimental approach to pinpoint the main responsible damage energy for decreasing 

fatigue limit with increasing loading frequency. 
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1. INTRODUCTION 

1.1.  Background 

Fiber-reinforced polymer matrix composites have a wide range of applications in the 

sectors of automotive, aerospace, sports equipment, among others, due to their high specific 

strength, stiffness as well as reduced weight. In addition to those favorable properties, bio-

composites also have eco-friendliness and improved bio-degradability [1]. Despite these 

advantages, the applications of bio-composites are still limited due to a lack of knowledge 

regarding their long term reliability under fluctuating loads. Though many studies have been 

conducted to define the long term reliability of metals and synthetic fiber reinforced composites 

through fatigue testing, very few studies have focused on the long term reliability of natural fiber 

reinforced composites.  

Fatigue failure is a process of gradual cumulative damage accumulation within materials 

over time. Fatigue failure generally consists of three stages: (i) Crack initiation, (ii) crack 

propagation, and (iii) final failure [2]. The total life span spent on those stages are not same for 

metals compared to composite materials. For a homogeneous materials like steel, the damage 

accumulation rate is slow at the beginning, therefore the crack initiation occurs only after a 

significant portion of the fatigue lifespan. After a certain number of fatigue cycles, a single crack 

initiates and propagates perpendicular to the loading axis to evoke final failure. However, the 

mechanism of crack initiation and propagation are somewhat more complex in the case of 

composite materials. Within composite materials, cracks initiate from different locations at the 

beginning of their fatigue life. These cracks can initiate either in the matrix or interface between 

the fiber and matrix. In the case of composite materials, the crack initiates rapidly at the beginning 
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of the fatigue life and grows steadily and slowly during the entire propagation stage; the 

crack/damage again grows rapidly just before the final stage of failure [3-5].  

The fatigue life of a polymer matrix composite depends on fiber architecture, fiber type, 

fiber orientation, volume fraction of the fiber, and fiber-matrix adhesion. The effect of fiber 

architectures on fatigue properties of flax fiber reinforced composites were investigated by 

Bensadon [6]. Moreover, natural fiber reinforced composite materials show significantly different 

properties from synthetic fiber reinforced composites under dynamic loading [7]. Unlike 

conventional fibers, which are more or less elastic in nature, natural fibers are themselves 

viscoelastic in nature [8]. Viscoelastic properties of both fiber and matrix result in the fatigue 

properties of natural fiber reinforced composites being different from synthetic fiber reinforced 

composites.  

In terms of mechanical properties, flax is one of the strongest fibers in the natural fiber 

family. Flax fiber reinforced composites possess good vibration absorption capacity and the load 

required to initiate damage in flax fiber reinforced composites is significantly higher than in jute 

fiber reinforced composites [8]. Flax fiber can even be considered to be more fatigue resistant than 

glass fiber because the strength degradation rate of flax fiber composites are lower than the glass 

fiber reinforced composites [9]. 

In order to use flax fiber reinforced polymer matrix composites as a high performance 

structural materials, knowledge about the fatigue limit of those materials is very crucial. 

Traditionally to define fatigue limit, fatigue test have been conducted at lower loading frequency 

to minimize the temperature development within the sample due to repetitive loading. To use flax 

fiber reinforced composites under high frequency vibrational loading, it is also important to know 

the effect of loading frequency on the fatigue limit of flax fiber reinforced composites. However, 
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at higher loading frequency materials may experience significant thermal degradation due to high 

temperature development within the sample. Therefore, it is also necessary to separate the thermal 

damage and damage due to cyclic loading at higher loading frequency in order to obtain a complete 

idea about the effect of loading frequency on fatigue life.  

1.2. Objectives 

The objectives of this study are: 

1. Define the fatigue limit of unidirectional flax fiber reinforced polymer matrix composites 

through high cycle fatigue strength (HCFS). 

2. Understand the effect of loading frequency on the HCFS of unidirectional flax fiber 

reinforced composites. 

3. Define the thermal and damage creation energies generated during cyclic loading of flax 

fiber reinforced composites in order to separate their effect on fatigue life or fatigue limit.  
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2. DETERMINATION OF HIGH CYCLE FATIGUE STRENGTH OF 

UNIDIRECTIONAL FLAX FIBER REINFORCED COMPOSITES 

2.1. Introduction 

Most engineering materials have a safe limit of fatigue stress or endurance limit below 

which failure will not occur, but fiber reinforced polymer matrix composites do not exhibit such 

fatigue limits. Instead, gradual damage accumulation takes place during the entire life of a 

composite and eventually leads to failure, even at low applied stresses [10]. Generally, for 

composite materials, the fatigue limit is defined by using high cycle fatigue strength (HCFS), 

which is defined as the stress level at which material can survive up-to 106 to 108 cycles before 

failure [11].  

Due to the inherent nature of fatigue failure, fatigue life can vary significantly from sample 

to sample. Zhao [12] experimentally defined the effect of loading ratio on fatigue life of basalt 

fiber reinforced composites and reported a significant variation in fatigue life from sample to 

sample.  In addition, fatigue life can vary even more due to the heterogeneous properties of plant 

based fibers, imperfect alignment of fibers, and substantial non-uniform void content due to 

processing methods [13]. Moreover, performing a fatigue test for 106 to 108 cycles to define HCFS 

is very time consuming. Therefore, it is essential to have a model that can predict the fatigue limit 

(through HCFS) of composite materials within a short time without performing a full test. Stiffness 

degradation, thermographic, and energy dissipation-based models are currently used for predicting 

the fatigue limit and fatigue life of both metals and composite materials.  

Unlike conventional/synthetic fiber reinforced composite, a stiffness degradation-based 

model is not suitable to predict fatigue life of natural fiber reinforced composites. While 

glass/conventional fiber reinforced composites show a significant decrease in stiffness before 
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failure due to fatigue loading, natural fiber reinforced composites show very little change in 

stiffness before failure due to fatigue loading [14].  Because of the reorientation of elementary 

microfibrils, natural fiber reinforced composites exhibit around a 5% increase in initial stiffness 

during initial fatigue cycles, and this increased stiffness remains unchanged until the failure [15] 

[16].  

Temperature-based models that predict fatigue life have been presented in literature. 

Ristiano [17]  proposed a temperature-based model to predict the fatigue life of steel samples. 

Fatigue samples become heated substantially due to mechanical work on the sample by the 

fluctuating load and the temperature becomes stabilized after a few initial fatigue cycles. The 

stabilized temperature was used to define a parameter (ф ≈ ∆𝑇 × 𝑁𝑓 ) that is fixed at all stress 

levels, which can predict fatigue life at different stress levels for steel [18].  A slightly modified 

parameter (ф = ∆𝑇 × log (𝑁𝑓)) was proposed by Montesano [19] for carbon fiber reinforced 

composites. Moreover, a more general parameter (ф = ∆𝑇 × 𝑁𝑓

1

𝑎) was proposed by Huang [20].   

Thermographic (based on stabilized temperature) and energy dissipation per fatigue cycle 

based approaches to predict fatigue limit (HCFS) are very accurate and timesaving [21, 22]. Both 

thermographic and energy dissipation per cycle based approaches were used to define the fatigue 

limit of carbon fiber reinforced composites by Montesano [19]. Jeannin [11] used an experimental 

approach to define HCFS of flax-epoxy reinforced composites, but the thermographic approach 

was also successfully used to define the fatigue limit of flax fiber reinforced composites [10]. 

Furthermore, specific damping capacity (energy loss) was used to determine the critical load for 

damage initiation in the cases of jute and flax fiber reinforced composites by Gassan [8]. However, 

an approach whereby energy dissipation per fatigue cycle is calculated has so far not been used to 

define the HCFS of flax fiber reinforced composites.  
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The overall goal of this study is to define the long term reliability of the flax fiber reinforced 

polymer matrix composites through fatigue testing. In this current study, a mathematical model is 

proposed to predict the fatigue life of flax fiber reinforced composites, and both thermographic 

and energy dissipation per cycle based approaches are used to define the fatigue limit through 

HCFS of unidirectional flax fiber reinforced composites. 

2.2. Materials and methods 

To define the long term reliability of flax fiber reinforced composite, material was 

manufactured using unidirectional flax fiber and epoxy resin. Unidirectional (UD) flax fiber (non-

crimp, 105 tex) was purchased from BComp amplitex and fabric that was made from UD flax fiber 

(weft thread = 1/cm) has a weight of 300 gsm (Figure 1 (a)). The infusion epoxy resin (pro-set, 

INF-114) with an amide hardener having a medium cure speed (INF-211) was used as a matrix 

material (Figure 1 (b)). The amide hardener was used to crosslink the epoxy resin. The mixed resin 

have the viscosity of 296 cP, and density of 9.5 lb/gal at 22˚C and the cured resin have glass 

transition temperature (𝑇𝑔) of 85℃. 

Figure 1: (a) Unidirectional flax fiber (b) Epoxy resin (proset) with amide hardener. 

(a) (b) 
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As shown in Figure 2, to produce thermoset composites using those fiber and resin, The 

VARTM (vacuum assisted resin transfer molding) process was used. Twelve layers of 

unidirectional flax fiber fabric were stacked on the table. A distribution medium was placed on the 

top of the stacked fiber to ensure good infusion of resin into the fiber. Vacuum bagging was 

inserted on those stacked fiber to make an air tight chamber. A pump was used to create a vaccum 

in the interior and then resin was infused into the stacked fiber by using vacuum pressure. To 

ensure complete curing, post cure was conducted for 3 days at room temperature and for 8 hours 

at 80 °C. The fiber volume fraction of those unidirectional flax fiber reinforced composites was 

about 50%. 

Figure 2: Vacuum assisted resin transfer molding to make composite panel [0]12. 

Boards of flax fiber reinforced composite produced by VARTM were cut down into 

standard size using a ceramic tile saw in order to make samples for mechanical testing. Samples 

were cut according to the ASTM 3039 [23] standard for polymer matrix composites and a glass 

fiber tab was added to the sample in order to ensure better load transfer during testing (Figure 3). 

The length of each sample was 10 inches with a width of 1 inch. Each tab was 2.25 inches long. 

The edge of the tabbing material was cut down with a chamfer of 45° to avoid stress concentration 

at tip of the tab materials.  
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Figure 3: Test sample 

A Servo hydraulic MTS machine with 250 kN load cell was used to perform all tensile and 

fatigue testing. Although the maximum applied force on the sample during testing was below 35 

kN, but the machine has the load application error of less than 250 N. All tensile tests were done 

according to ASTM D3039 [23] standard and all fatigue tests were done according to ASTM 

D3479 [24] standard. 

In order to evaluate the fatigue behavior of a composite, the sample was first tested 

monotonically to obtain information about its ultimate tensile strength (UTS). The tension-tension 

fatigue test was accomplished in load control mode at different percentage load (30, 35, 40, 45, 

50, 55, 60, and 70%) of UTS, and the load variation during those fatigue test was sinusoidal (Figure 

4). The maximum applied load of that sinusoidal load variation was the different percentage load 

of UTS and the minimum applied load of that sinusoidal load variation was 10% of maximum 

load. The minimum applied load also can be defined using a loading ratio. This loading ratio is 

defined as the ratio of maximum load to minimum load during fatigue testing (Equation (1)). In 

this current study, all test were performed with loading ratio, R = 0.1. 

Loading ratio, 𝑅 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
=  

𝐹𝑚𝑖𝑛

𝐹𝑚𝑎𝑥
 (1) 

10 inch 

0.18 inch 

Glass fiber tab 
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Figure 4: Sinusoidal load variation during cyclic loading 

One complete fatigue cycle consisted of one loading and one unloading portion. The 

number of fatigue cycles completed per second is defined as loading frequency (𝑓). All fatigue 

tests were performed at 5 Hz loading frequency. At higher loading frequencies, for different 

materials and different stress levels the machine needed to be tuned using proportional integral 

(PI) tuning. The PI tuning parameter was fixed in a way to ensure error in the applied load was 

below ±5%. 

2.3. Results and discussion 

2.3.1. Tensile tests 

In order to determine the ultimate tensile strength (UTS) of the material, tensile tests were 

conducted using the MTS load frame in displacement control mode with a crosshead displacement 

of 0.05 inch/min.  Figure 5 exhibits the stress-strain diagram for the monotonic tensile test of 

samples and the UTS of the flax fiber reinforced composites was around 300 MPa. The stress–

strain curve of plant based fiber reinforced polymer matrix composites exhibits non-linear 

behavior, which is also clear from Figure 5. The tensile test curve also shows two linear regions 

with a yield point at their inflection. The first region represents the elastic strain and the second 

region is viscoelastoplastic with irreversible strain [25, 26]. A decrease of stiffness was found at 

𝜎𝑚𝑖𝑛 

𝜎𝑚𝑎𝑥 

Time 
S

tr
es

s 
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the second region of the tensile test curve probably due to the rotation and separation of some 

single fiber from the fiber bundles [27]. This decrease represents fiber dominated behavior and the 

rate of decrease (strain softening) depends on the volume fraction of fibers [6]. Synthetic fiber 

reinforced composites or pure resins do not exhibit such non-linearity during their tensile tests 

[25]. Furthermore, the ultimate tensile strength disperses little from sample to sample, which 

indicates the reproducibility of the materials.  

 

Figure 5: Tensile tests of flax fiber reinforced epoxy composites [0]12. 

2.3.2.  Fatigue tests 

Fatigue tests were conducted at different percentages of ultimate tensile strength (UTS) on 

the material with a loading frequency of 5 Hz. Figure 6 presents the comparison of fatigue life of 

flax fiber reinforced composites at stress levels of 60, 70, and 80% of UTS. Such a comparison is 

known as S-N diagram. Ten samples were tested under fatigue loading at each stress level.  As 

expected, fatigue life decreases with increasing applied stress. As mentioned before, due to the 

nature of the fatigue tests, the heterogeneity of the plant fibers, and the manufacturing process, 
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data of fatigue life was very scattered. Figure 7 shows the picture of some samples tested under 

cyclic loading. Failure of the sample generally occur very near to the grip. It is very challenging 

to avoid failure very near to the grip in case of unidirectional composites.  Figure 8 exhibited the 

scanning electron microscopy (SEM) images of the sample tested under tensile and fatigue 

loading. It is vivid from the Figure 8 that main failure mode of those samples are fiber pull-out. 

Sample failed under fatigue loading shows some rotation among the fiber bundle whereas sample 

failed under tensile test does not shows such rotation. Moreover, in real life applications, materials 

are always used at lower stress levels to obtain a prolonged life. One single fatigue test at a lower 

stress level would take couple of days to finish at a loading frequency of 5 Hz.  

 

Figure 6: S-N diagram (loading frequency = 5 Hz). 
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Figure 7: Fracture samples after fatigue testing. 

Figure 8: SEM images of fracture surface (a) Tensile test sample (b) Fatigue test sample, 80% 

UTS, 5 Hz 

2.3.3. Self-heating of samples 

Like metal and synthetic fiber reinforced composites, it was observed that, the temperature 

of the sample of unidirectional flax fiber reinforced composite increased significantly because of 

the mechanical work on the sample during cyclic loading. A portion of this mechanical work 

(b

)

(a)
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applied to the sample during cyclic loading converted into heat energy, which causes the sample 

to self-heat. Increase of the sample temperature occurs due to the viscoelastic behavior of both 

natural fiber and resin and the interfacial shear/friction between the fiber and matrix [19, 28, 29]. 

Most synthetic fibers are fairly elastic in nature but the natural fibers exhibit viscoelasticity like 

polymeric resins.  Interfacial friction at the interface of the fiber and the matrix depends on the 

roughness at their interface, the mismatch of their Poisson ratios, and the difference in their thermal 

expansions [30]. This self-heating temperature of the sample is directly related to the stress and 

damage developed in the material due to cyclic loading [5, 31].  A thermal IR camera (FLIR C2, 

range: -10℃ to 150℃, sensitivity: ±2℃) was used to capture thermal images in order to record 

the temperature reading of the sample during fatigue testing. Figure 9 shows the experimental set-

up of the IR camera to capture thermal images and store it into a data logger. The surface 

temperature of the sample was not completely uniform all over sample, therefore the temperature 

at the center of the sample was recorded. Figure 10 exhibits the temperature increase pattern of the 

samples with respect to the fatigue cycles for different percentages of applied stress at a loading 

frequency of 5 Hz.  During the initial fatigue cycles, the temperature of the sample increases 

rapidly and after a few initial fatigue cycles the temperature of the sample become stabilized. At 

higher percentages of applied stress, the temperature increase pattern of the sample presents a peak 

and then drops down to a stabilized temperature. These temperature peaks imply that, the materials 

have very high damage during the initial fatigue cycles compared to the stable damage during the 

stabilized surface temperature of the sample. However, the self-heating temperatures of those 

samples are much lower than the glass transition temperature of the used matrix materials (epoxy, 

85℃).  
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Figure 9: Temperature measurement of the sample during cyclic loading using IR camera. 

 

Figure 10: Temperature distribution of the fatigue sample at different percentages of applied 

stress (f = 5 Hz). 

One portion of the heat energy generated during the cyclic loading transfers to the 

surroundings through conduction, convection or radiation (mostly convection, due to low thermal 

Data logger 

IR Camera 

MTS load frame 
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conductivity of composites) and the other portion of the heat energy is stored in the sample, which 

causes the temperature of the sample to increase. The distribution of the heat energy generated due 

to the cyclic loading can be shown by Equation (2). 

𝐻𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 𝐻𝑐𝑣+𝑐𝑑+𝑖𝑟 + 𝜌𝑐 
𝑑𝑇

𝑑𝑡
 

(2) 

Where 𝐻𝑔𝑒𝑛𝑎𝑟𝑎𝑡𝑖𝑜𝑛 is the heat energy generated due to the cyclic loading, 𝐻𝑐𝑣+𝑐𝑑+𝑖𝑟 is the 

heat energy conducted, convected or radiated to the surrounding, and 𝜌𝑐 
𝑑𝑇

𝑑𝑡
 is the heat energy 

stored in the sample to cause temperature change. 

In order maintain a stabilized temperature all heat generated due to cyclic loading has to 

transfer to the surroundings by means of conduction, convection and radiation. No energy stored 

in the sample when the temperature is stabilized(𝜌𝑐 
𝑑𝑇

𝑑𝑡
= 0). Heat energy balance equation during 

temperature stabilization is given by Equation (3) 

𝐻𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 𝐻𝑐𝑣+𝑐𝑑+𝑖𝑟 (3) 

At higher percentages of applied stress, to create higher strain in the material, the material 

has to overcome high interfacial sliding resistance [30], therefore 𝐻𝑔𝑒𝑛𝑎𝑟𝑎𝑡𝑖𝑜𝑛 has higher value at 

the beginning of the cycling loading. Hence, during some initial fatigue cycles more energy will 

be stored into the sample, which will make the sample heated significantly. After a certain number 

of cycles, 𝐻𝑔𝑒𝑛𝑎𝑟𝑎𝑡𝑖𝑜𝑛 starts to decrease due to decrease of the interfacial sliding resistance, and 

come to a stable value to make the temperature stabilized. Therefore, a temperature peak was 

observed in the temperature distribution in Figure 10 at higher percentages of applied stresses. 

Such temperature peak was not observed at the lower percentages of applied stress. At lower 

percentages of applied stress,  𝐻𝑔𝑒𝑛𝑎𝑟𝑎𝑡𝑖𝑜𝑛  has lower value at the beginning due to lower strain 

created in the materials. Moreover, cycle/time required to attain stabilized temperature during 
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cyclic loading is more at higher percentages of applied stress as compared to lower percentages of 

applied stress.  

Although the fatigue life fluctuates significantly from sample to sample, for a fixed applied 

stress, the stabilized temperature during the fatigue test is almost same for every sample. Therefore, 

the stabilized temperature is a unique characteristics of a fatigue test. Hence, the stabilized 

temperature based model to predict fatigue life is more convenient and reliable. 

2.3.4. Mathematical model 

As proposed by Huang [20], for different percentages of applied stress ∆𝑇 × 𝑁
𝑓

1

𝑎 always 

holds a constant value (Equation (4)). 

∆𝑇 × 𝑁
𝑓

 
1
𝑎 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

(4) 

Where, ∆𝑇 is the difference between room temperature and stabilized surface temperature 

of the sample during cyclic loading,  𝑁𝑓 is the cycle required to material fail or fatigue life, and ‘a’ 

is a constant. Value of ‘a’ can be determined using regression analysis of experimental data. 

Table 1 shows the fatigue life (𝑁𝑓) and temperature increase (∆𝑇) of the sample at 60, 70, 

and 80% load of ultimate tensile strength (UTS). Equation (5) was obtained from Equation (4) by 

linear regression with the experimental data from Table 1. 

∆𝑇 × 𝑁
𝑓

  
1

6.2556 = 100.2972 
(5) 

Table 1 also provides the value of ∆𝑇 × 𝑁
𝑓

 
1

𝑎 for different experimental results, which is 

almost close to the value that was obtained from the linear regression shown in Equation (5). The 

beauty of Equation (5) is that it can predict fatigue life of sample from the data of temperature 

increases (difference between stabilized temperature and room temperature,∆𝑇) of the sample 
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during fatigue testing. As temperature become stabilized after limited number of cycle, it requires 

run fatigue test for a short period of time to predict fatigue life using Equation (5). Using Equation 

(5), it is possible to predict the fatigue life of sample without performing a full test as shown in 

Table 2. 
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Table 1:  Experimental Data for Fatigue Test at Different Level of Applied Stress. 

% of UTS ∆𝑇 (℃) 𝑁𝑓 
∆𝑇 × 𝑁

𝑓

1
𝑎 

60 15 108161 95.68 

134827 99.11 

116516 99.30 

69072 89.06 

98964 94.33 

109239 95.83 

42919 82.53 

253797 109.65 

58145 86.64 

39803 81.54 

70 20 41616 109.50 

42991 110.07 

58262 115.56 

43190 110.16 

53723 114.07 

10906 88.40 

19880 97.31 

12476 90.32 

23417 99.89 

12610 90.48 

80 26 13605 118.92 

8548 110.53 

10681 114.54 

10789 114.72 

3092 93.95 

4683 100.39 

1881 86.77 

17810 124.299 

5166 101.98 

6125 104.80 
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Table 2, shows the predicted value of fatigue life from the experimental data of temperature 

increase (∆𝑇) during cyclic loading. As mentioned before, stress level at which material can 

survive up to 106 to 108 cycle is called high cycle fatigue strength (HCFS), Therefore it is clear 

from Table 2  that, HCFS of flax fiber reinforced composite will be between 40 to 50% load of 

UTS. 

Table 2: Prediction of Fatigue Life from the Data of Stabilized Temperature during Cycling 

Loading. 

% of UTS ∆𝑇 (℃) 𝑁𝑓(cycles) 

50 9.5 2.52 × 106 

45 5.5 7.72 × 107 

40 4.5 2.71× 108 

35 2.5 1.07× 1010 

2.3.5.  Thermographic approach 

Stabilized temperature at different percentage of applied stress during fatigue testing of 

unidirectional flax fiber reinforced composites were compared in Figure 11 and it shows a bilinear 

behavior with an inflection point. Stress level at which inflection occurs represents high cycle 

fatigue strength (HCFS). From Figure 11, it is clear that, unidirectional flax fiber reinforced 

composites have HCFS of around 45% of UTS which supports the results of mathematical model 

discussed in previous section. This means, for nearly 45% load of ultimate tensile strength material 

can survive up-to 106 to 108 cycle during fatigue testing with loading ratio, R = 0.1 and loading 

frequency, f = 5 Hz. 
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Figure 11: Thermographic approach to define the HCFS of unidirectional flax fiber reinforced 

composites. 

2.3.6.  Dissipated energy per cycle based approach 

As mentioned earlier, the energy dissipation per cycle based approach was used to predict 

the HCFS of synthetic fiber reinforced composites, but has not been demonstrated for flax fiber 

reinforced composites. In this current study, the energy dissipation per cycle based approach is 

also used to define the HCFS of unidirectional flax fiber reinforced composites.  Figure 12 exhibits 

the load–displacement diagram of a single fatigue cycle (i.e. hysteresis curve). The upper portion 

of the hysteresis curve represents the loading cycle and the lower portion represents the unloading 

cycle. During the loading cycle, some amount of mechanical work was done on the sample, and 

during the unloading cycle a portion of this mechanical energy was released. The area enclosed by 

the loading and unloading cycle represents the energy dissipated for a single fatigue cycle [19]. In 

order to record the data of loads and displacements during fatigue testing, the data acquisition 

frequency was set as to obtain 102 data points for a single fatigue cycle.  
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Figure 12: Load-displacement diagram for a single fatigue cycle (i.e. hysteresis loop). 

Figure 13 depicts the method of determining the dissipated energy per cycle during cyclic 

loading. The area under the loading cycle represents the energy absorbed by the sample (Figure 

13(a)), and the area under the unloading cycle (Figure 13 (b)) represents the energy released by 

the sample (Figure 13 (b)).  The difference of those two energies represents the total dissipated 

energy per cycle (Figure 13 (c)). The total dissipated energy per cycle is consumed in two ways; 

as shown in Equation (6), one portion of energy is converted to heat energy (𝐻𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛)and the 

other portion creates internal micro-mechanical damage (𝐸𝑑𝑎𝑚𝑎𝑔𝑒) in the sample [32-34]. Internal 

micro-mechanical damage includes micro-crack initiation and the slow propagation of these cracks 

to make the material fail. 
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(a) 

 

(b) 

 

(c) 

Figure 13: Method of determining dissipated energy per fatigue cycle. (a) Area under the loading 

cycle/ energy absorbed by the sample during loading cycle, (b) Area under the unloading cycle/ 

energy released by the sample during unloading cycle, (c) Total dissipated energy during a single 

fatigue cycle. 

∮(𝜎 𝑑𝜀).  𝑓 = 𝐻𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 + 𝐸𝑑𝑎𝑚𝑎𝑔𝑒  
(6) 

Figure 14 provides the distribution of dissipated energy per cycle over the fatigue life of 

the sample at different percentages of applied stress (% UTS) for the loading frequency of 5 Hz. 

With the increase of the percentage of applied stress (% UTS), the dissipated energy per cycle also 

increases. For all percentages of applied stress, the dissipated energy per cycle was higher during 

the initial fatigue cycles. This occurs because high initial micro-damage was created over the entire 

composite sample during those initial fatigue cycles. Just like the temperature results, after a few 

initial cycles, the dissipated energy per cycle begins to decrease and become stabilized, which 

represents stable damage progression for the rest of the fatigue life. At higher percentages of 

applied stress, energy dissipation per cycle during the initial fatigue cycles is almost double than 

the stabilized dissipated energy per cycle. Hence, the initial damage is very high at higher 

percentages of stress level. At lower percentages of applied stress, the difference in energy 

dissipation per cycle during the initial and stabilized fatigue cycle is not as large. Moreover, the 

number of fatigue cycles required to reach the stable dissipated energy per cycle is less at lower 
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percentages of applied stress. Therefore, the initial fatigue damage is not as detrimental at lower 

percentages of applied stress. 

 

Figure 14: Distribution of dissipated energy per cycle during fatigue loading at different 

percentage of applied stress. 

Figure 15 compares the dissipated energy per cycle (after stabilization) with the 

percentages of applied stress, which shows a bilinear behavior with an inflection point just like the 

stabilized temperature. The inflection point at 45% of UTS represents that the material has an 

HCFS of 45% UTS for a loading frequency of 5 Hz, which is very similar to the HCFS obtained 

from the mathematical model and stabilized temperature-based thermographic method. Micro-

mechanical damages developed in the material at stress levels below the HCFS is very negligible. 

Below the HCFS, energy dissipation is mainly due to the internal friction between fiber and matrix. 

Micro-mechanical damage become significant at stress levels above the HCFS, which makes the 

material fail rapidly [35]. 
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Figure 15: Dissipated energy per cycle based approach to define HCFS of unidirectional flax 

fiber reinforced composites. 

Therefore, it is clear from the aforementioned results that the HCFS of the unidirectional 

flax fiber reinforced composites can be determined from both the stabilized temperature and the 

energy dissipated per cycle. Figure 16 provides the linear relationship between the stabilized 

temperature and the dissipated energy per cycle. Because of this linear relationship between the 

stabilized temperature and dissipated energy per cycle, both of them can be used to define the 

HCFS of flax fiber reinforced composites.  



 

25 

 

Figure 16: Linear relation between stabilized temperature and dissipated energy per cycle during 

fatigue loading at loading frequency, f = 5 Hz. 

2.4.  Conclusion 

Mathematical model using experimental data, thermographic model using stabilized 

temperature during cyclic loading, and dissipated energy per cycle based approaches were used to 

define the HCFS of unidirectional flax fiber reinforced composites, which is about 45% load of 

UTS at a loading frequency of 5 Hz. Although one single fatigue test at lower percentages of 

applied stress would take couple of days to finish, the proposed mathematical model will be able 

to predict fatigue life at lower percentages of applied stress using the experimental data of fatigue 

life at higher percentages of applied stress. Moreover, HCFS of the unidirectional flax fiber 

reinforced composites was successfully determined using the thermographic and energy 

dissipation per cycle based approaches by running few fatigue test for a short time intervals. Both 

stabilized temperature (thermographic) and dissipated energy per cycle can be used to define the 

HCFS as they show linear behavior with one another.  As HCFS would vary for different fiber 

orientations, hence a quick method for determining the HCFS of polymer matrix composites is 
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very essential. Changing the fiber architecture and conducting surface treatment of fibers to ensure 

better adherence between fiber and matrix can even increase the HCFS of flax fiber reinforced 

composite, which may create a path for flax fibers as a potential alternative of synthetic fibers in 

more performance demanding applications. The Triaxially braided carbon fiber reinforced 

polymer matrix composites have HCFS of 64% load of UTS [19]. It is expected, due to lower 

mechanical properties flax fiber reinforced composites might have lower HCFS than carbon fiber 

reinforced composites. However, unidirectional flax fiber reinforced composites shows reasonable 

HCFS (45% load of UTS), which can be improved further by laminating.  
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3. EFFECT OF LOADING FREQUENCY ON THE HIGH CYCLE FATIGUE 

STRENGTH OF FLAX FIBER REINFORCED POLYMER MATRIX COMPOSITES 

3.1. Introduction 

As fatigue is a frequently encountered loading condition on structural materials, the 

knowledge about the fatigue limit of a material is therefore crucial. Stress levels at which materials 

can survive more than 106 fatigue cycles is defined as the fatigue limit. In order to use a material 

for real-life high performance application with fluctuating loading, it is essential to have 

knowledge about the fatigue limit as that material should be used at a stress level under fatigue 

limit. To define the applicability of material under abrupt real life vibrational loading, it is 

important to know the effect of loading frequency on the fatigue life. Although loading frequency 

does not have significant effect on the fatigue life for metallic materials [36-38], composite 

materials exhibit some effect of loading frequency on the fatigue life [39-43]. Recently natural 

fiber reinforced composites have received significant attention due to their excellent mechanical 

properties along with renewability.   

Flax is the strongest among natural fibers and have significant potential to substitute 

synthetic fiber due to its excellent mechanical and damping properties [8]. Moreover, flax fiber 

reinforced composites show excellent properties under cyclic/fatigue loading [14]. The fatigue 

limit of flax fiber reinforced composite was also reported in literature by performing full fatigue 

test [9-11, 44]. Furthermore, instead of doing full fatigue test, sample surface temperature based 

thermographic approach was successfully used to define fatigue limit of flax fiber reinforced 

composite materials [10].  Similar fatigue limit was exhibited both from full fatigue test and 

thermographic approach.  Both thermographic and dissipated energy-per-cycle based approach 

was used to define fatigue limit of synthetic fiber reinforced composites (i.e. carbon fiber 
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reinforced composites) [19]. The thermographic and dissipated energy-per-cycle based approach 

are rapid and timesaving in determining fatigue limit accurately. 

As the surface temperature of flax fiber reinforced polymer matrix composites increases 

significantly with increasing loading frequency during cyclic loading, under similar level of 

applied stresses the fatigue life of flax fiber reinforced composites therefore decreases with 

increasing loading frequency [11]. At higher loading frequency thermal degradation of the sample 

accumulates with fatigue damage [42]. Although some studies have exhibited the effect of loading 

frequency on fatigue life of flax fiber reinforced composites [11], very few studies have been 

attempted to find effect of loading frequency on the change of fatigue limit. Moreover, due to 

inherent variation in fatigue life between sample to sample [12], defining fatigue limit by 

conducting test until failure requires tremendous prolonged experimental efforts. Therefore, the 

overall goal of this study is to define the effect of loading frequency on the fatigue limit of flax 

fiber reinforced composites using thermographic and dissipated energy-per-cycle based 

approaches.  

3.2. Materials and methods 

As mentioned before in section 2.2, in order to make samples for fatigue testing, a panel 

(12 inch ×12 inch) of unidirectional flax fiber reinforced polymer matrix composites was 

manufactured using vacuum assisted resin transfer molding (VARTM). Fabric of non-crimp 

unidirectional flax fiber (105 tex, weft thread = 1/cm, weight =300 gsm) was purchased from 

BComp amplitex.  The Infusion epoxy resin with amide hardener (mixed resin viscosity = 129 cP 

and density =9.5 lb/gal at 22 ˚C) was used as a matrix materials. Twelve layers of unidirectional 

flax fiber fabric was used to prepare the sample. Post curing was accomplished for 3 days at room 
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temperature and 8 hours at 80 °C. Volume fraction of produced board of unidirectional flax fiber 

was about 50%.  

Test samples were prepared from produced boards using a ceramic cutter according to the 

ASTM 3039. Sample size was 10 in. long and 1 in. in width. Glass fiber tab of 2.25 in. long was 

inserted on each side of the sample to ensure better load transfer. All tensile and fatigue test was 

conducted using MTS 250 kN servo-hydraulic load frame.  Tensile test was conducted to obtain 

information about the ultimate tensile strength (UTS) of the materials. Fatigue tests were 

conducted at different percentages of the ultimate tensile strength of the materials. Load variation 

during fatigue/cyclic loading was sinusoidal. Minimum applied stress during fatigue loading is 

10% of the maximum applied stress which is defined as loading ratio, R = 0.1.  

To define the effect of loading frequency on the fatigue limit through high cycle fatigue 

strength (HCFS) of flax fiber reinforced composites, fatigue test were conducted at different 

percentages of applied stress for the loading frequencies of 5, 7, 10, and 15 Hz. Due to the 

viscoelastic nature of natural fiber and resin, the sample become heated significantly during cyclic 

loading. An IR camera was used to capture the temperature distribution of the sample during cyclic 

loading. Both thermographic and energy dissipation per cycle based approach was used to define 

HCFS of flax fiber reinforced polymer matrix composites at those loading frequency. To determine 

the dissipated energy per fatigue cycle force and elongation data was captured during cyclic 

loading with a data acquisition frequency that endure around 102 data point per fatigue cycle. 

3.3. Results  

3.3.1. Temperature distribution 

Figure 17 shows the temperature distribution of the sample during cycling loading for 

different percentages of applied stress at the loading frequencies of 5,7,10, and 15 Hz. In all cases, 
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initially the temperature of the sample increases rapidly and the temperature of the sample becomes 

stable after a certain number of cycles.  At higher percentages of applied stress, temperature shows 

a peak and then becomes stable afterward.  Figure 17 also depicts that, at higher percentages of 

applied stress, the sample takes more time or cycles to reach a stable temperature. This trend was 

observed at all loading frequencies. During temperature stabilization, sample temperature shows a 

small oscillatory variation due to thermoelastic effect [5]. This thermoelastic effect / oscillatory 

temperature variation is very low at lower percentage of applied stresses but comparatively high 

at higher percentage of applied stresses.  

Figure 18 shows the effect of loading frequency on the stabilized temperature during cyclic 

loading. For same percentage of applied stress, the sample becomes stable at significantly higher 

temperature at the higher loading frequency.  This is may be attributed to the viscoelastic effect of 

the materials and high interlinear shear rate between fiber and matrix.  Figure 18 also exhibits that, 

for same percentages of applied stress with increase of loading frequency, the sample needs more 

number of cycles to reach stabilized temperature. As heat transfer is a function of time, therefore 

at higher loading frequency material needs significantly more number of fatigue cycles to get 

stabilized temperature.  At higher loading frequency the temperature peak was also observed at 

lower percentages of applied stress. 
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Figure 17: Temperature distribution of the sample tested under cyclic loading at 40, 50, and 60% 

load of UTS (a) at loading frequency = 5 Hz (b) at loading frequency = 7 Hz (c) at loading 

frequency = 10 Hz (d) at loading frequency= 15 Hz. 
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Figure 18: Temperature distribution of the sample tested under cyclic loading at 50% load of 

UTS for loading frequency of 5, 7, 10, and 15 Hz. 

3.3.2. Energy distribution 

As discussed in section 2.3.6, the force-displacement diagram for a single fatigue cycle 

consists of a loop having a loading and an unloading portion. These loops are called Hysteresis 

loop. The area under the hysteresis loop represents the dissipated energy during one single fatigue 

cycle [1]. Figure 19 shows the distribution of the dissipated energy per cycle during the cyclic 

loading at different percentages of applied stresses on the sample (40, 50, 60% load of UTS) for 

the loading frequencies of 5, 7, 10, and 15 Hz. For all cases, dissipated energy per cycle is higher 

during some few initial fatigue cycles and then reduce to a stable value with some small oscillatory 

fluctuations. As expected, dissipated energy per cycle increases with the increase of percentage of 

applied stress. 
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Figure 19: Distribution of dissipated energy per cycle at 40, 50, and 60% load of UTS (a) at 

loading frequency = 5 Hz, (b) at loading frequency = 7 Hz, (c) at loading frequency = 10 Hz, (d) 

at loading frequency = 15 Hz. 

As shown in Figure 20, at the same percentage of applied stress (e.g. 50% load of UTS), 

the dissipated energy per cycle does not change significantly due to change of the loading 

frequency. For the 50% load of UTS, dissipated energy per cycle is almost same at 5, 7, 10, 15 Hz 

of loading frequencies. Although stabilized temperature increases significantly with increasing 

loading frequency, dissipated energy per cycle during cyclic loading vary little with loading 

frequency. A one-way ANOVA test was conducted on the data of dissipated energy per cycle at 

different loading frequencies. Table 3 shows five data points of stabilized dissipated energy per 

cycle at each loading frequency, which was used for one-way ANOVA test. 
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Table 4 shows the results of ANOVA test. As 𝑝 = 0.8406 ≫ 0.05, null hypothesis (means 

are equal) is accepted at the 5% level of significance that, there is no significant difference between 

the mean of total dissipated energy-per-cycle at different loading frequency. 

Figure 20: Distribution of dissipated energy per cycle at 50% load of UTS for loading frequency 

of 5, 7, 10, and 15 Hz. 

Table 3: Dissipated Energy per Cycle (after damage stabilization) Data at Different Loading 

Frequency to Run One-way ANOVA Test. 

Group 1 Group 2 Group 3 Group 4 

Frequency (Hz) 5 7 10 15 

Dissipated energy per cycle( 

after stabilization), J 

0.2260 

0.2260 

0.2373 

0.2147 

0.2260 

0.2373 

0.2260 

0.2373 

0.2260 

0.2260 

0.2373 

0.2147 

0.2260 

0.2599 

0.2260 

0.2486 

0.2260 

0.2373 

0.2147 

0.2147 



35 

Table 4: Result of ANOVA Test on the Data of Dissipated Energy per Cycle at Different 

Loading Frequency from Table 3. 

Source Sum of 

Squares 

Degree of 

freedom 

Mean Square F-ratio P-value

Between groups 0.00013 3 0.00004 0.28 0.8406 

Within groups 0.00245 16 0.00015 

Total 0.00258 19 

3.3.3. Thermographic approach for HCFS 

Figure 21 compares the stabilized temperature during cyclic loading with different 

percentages of applied stress for the loading frequencies of 5, 7, 10, and 15 Hz. For all the loading 

frequencies stabilized temperature shows a bilinear behavior with an inflection point. Those 

inflection points represents HCFS. It is clear from the Figure 21 that HCFS is decreasing slowly 

with increasing loading frequency. Table 5 also shows the HCFS of unidirectional flax fiber 

reinforced composites using thermographic approach for loading frequencies of 5, 7, 10, and 15 

Hz. As the loading frequency changes from 5 Hz to 15 Hz, HCFS changes from 45% load of UTS 

to 40% load of UTS. Furthermore, Table 6 shows the equation for the bilinear straight lines shown 

in Figure 21. The slope of those straight line is demonstrates an increasing trend with increasing 

loading frequency.  
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Table 5: HCFS of Unidirectional Flax Fiber Reinforced Composites at Different Loading 

Frequencies using Thermographic Approach. 

Loading frequency, f HCFS 

5 Hz 45% UTS 

7 Hz 42% UTS 

10 Hz 41% UTS 

15 Hz 40% UTS 

 

 

Figure 21:  Thermographic approach to define fatigue limit (HCFS) at (a) loading frequency = 5 

Hz, (b) loading frequency = 7Hz, (c) loading frequency = 10 Hz, (d) loading frequency =15 Hz. 
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Table 6: Equations for Bilinear Curve in Thermographic (Stabilized Sample Temperature 

Based) Approach to Determine HCFS.  

Loading frequency Equations 

5 Hz 𝑦 = 0.5689𝑥 + 2.1970;   𝑥 > 45 

𝑦 = 0.2920𝑥 + 14.5;      𝑥 < 45 

7 Hz 𝑦 = 0.7060𝑥 − 2.24;   𝑥 > 42 

𝑦 = 0.270𝑥 + 16.15;    𝑥 < 42 

10 Hz 𝑦 = 0.798𝑥 − 2.92;     𝑥 > 41 

𝑦 = 0.33𝑥 + 15.98;     𝑥 < 41 

15 Hz 𝑦 = 0.95𝑥 − 4.9167;   𝑥 > 40 

𝑦 = 0.40𝑥 + 17;        𝑥 < 40 

Here, 𝑥 represents the applied stress (% of UTS), and 𝑦 represents the stabilized surface 

temperature of the sample.   

3.3.4. Dissipated energy per cycle based approach for HCFS 

Figure 22 compares the dissipated energy per cycle during cyclic loading with different 

percentages of applied stress for the loading frequencies of 5, 7, 10, and 15 Hz. Like stabilized 

temperature, those comparison also indicates a bilinear behavior with an inflection point. These 

inflection points also represents the HCFS. This dissipated energy based approach also provides 

similar results of HCFS like the stabilized temperature based approach. Table 7 shows the HCFS 

at different loading frequencies using dissipated energy per cycle based approach, which is almost 

similar of HCFS using thermographic approach shown in Table 5. Moreover, Table 8 exhibits the 

equations for those bilinear curves which may enable one to infer total dissipated energy per cycle 

at any arbitrary percentages of applied stress. 
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Table 7: HCFS of Unidirectional Flax Fiber Reinforced Composites at Different Loading 

Frequencies using Dissipated Energy per Cycle Based Approach. 

Loading frequency HCFS 

5 Hz 45% UTS 

7 Hz 43.3% UTS 

10 Hz 40.5% UTS 

15 Hz 40% UTS 

 

 

Figure 22: Dissipated energy per cycle (after stabilization) based approach to define fatigue limit 

(HCFS) at (a) loading frequency = 5 Hz, (b) loading frequency = 7Hz, (c) loading frequency = 

10 Hz, (d) loading frequency =15 Hz. 
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Table 8: Equations for Bilinear Curve in Dissipated Energy per Cycle Based Approach to 

Determine HCFS.  

Loading frequency Equations 

5 Hz 𝑦 = 0.0157𝑥 − 0.5387;   𝑥 > 45 

𝑦 = 0.0070𝑥 − 0.1525;      𝑥 < 45 

7 Hz 𝑦 = 0.0146𝑥 − 0.4983;   𝑥 > 43.3 

𝑦 = 0.0056𝑥 − 0.111;    𝑥 < 43.3 

10 Hz 𝑦 = 0.0123𝑥 − 0.0479;     𝑥 > 40.5 

𝑦 = 0.0016𝑥 + 0.0277;     𝑥 < 40.5 

15 Hz 𝑦 = 0.0115𝑥 − 0.3491;   𝑥 > 40 

𝑦 = 0.0053𝑥 − 0.0998;  𝑥 < 40 

Here, 𝑥 represents the applied stress (% of UTS), and 𝑦 represents the total dissipated energy per 

fatigue cycle of the sample.   

3.3.5. Linear relation between temperature and dissipated energy 

Figure 23 exhibits the linear relationship between stabilized temperature and dissipated 

energy per cycle for the loading frequencies of 5, 7, 10, and 15 Hz. Because of this linear relation 

between stabilized temperature and dissipated energy per cycle during cyclic loading, HCFS can 

be determined by using either of them. 
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Figure 23: Linear relation between stabilized temperature and dissipated energy per cycle at (a) 

loading frequency = 5 Hz, (b) loading frequency = 7Hz, (c) loading frequency = 10 Hz, (d) 

loading frequency =15 Hz. 

3.4. Conclusion 

Both thermographic approach and dissipated energy per cycle based approach exhibited 

that,  HCFS of unidirectional flax fiber reinforced polymer matrix composites changes from 45% 

load of UTS to 40% load of UTS due to change of loading frequency from 5 Hz to 15 Hz. As 

expected, HCFS decreases with increasing loading frequency, but the amount of decrease is little 

compared to the change of loading frequency. Furthermore, for same percentages of applied 
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stresses, dissipated energy per cycle does not change with changing loading frequency. However, 

for same percentages of applied stress, sample surface temperature shows significant increase with 

increasing loading frequency. These thermal degradation due to high sample temperature at higher 

loading frequency may play a significant to decrease HCFS at higher loading frequency. Material 

which is not continuously loaded with higher loading frequency may not encounter thermal 

degradation in real life application. Therefore, effect of loading frequency on HCFS would be 

more insignificant if thermal degradation of sample could be separated from the fatigue damage. 

Knowledge about HCFS of flax fiber reinforced composites at higher loading frequency may 

create an era of using flax fiber reinforced composites under high frequency cyclic loading.   
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4. SEPARATION OF ENERGY COMPONENT (SELF-HEATING AND DAMAGE) 

DURING CYCLIC LOADING OF FLAX FIBER REINFORCED COMPOSITES 

4.1. Introduction 

Natural fiber reinforced composites heats up significantly during cyclic loading due to the 

low thermal conductivity of natural fibers. However, due to the thermal balance between heat 

generated within the sample and the heat transferred from the sample to the surrounding, the 

sample temperature reaches to a stable value after a few initial fatigue cycles. As a sample of 

natural fiber reinforced composites (NFRC) heats up significantly during the testing under fatigue 

loading, the progression of the overall fatigue damage within the NFRC occurs due to two forms 

of damage; thermal damage due to the self-heating of the sample and micro-mechanical damage 

due to the repetitive loading and unloading [45].  

The fatigue life of composite materials decreases with increasing loading frequency [39, 

41]. Hence, the overall fatigue damage within the sample increases with loading frequency. 

Moreover, self-heating temperature or thermal degradation of the sample also increases with the 

loading frequency of the fatigue test [41]. However, real life structural materials encountered 

cyclic loading intermittently at higher loading frequencies may not have to encounter thermal 

degradation as those members will have sufficient time to transfer the heat generated. Therefore, 

the micro-mechanical damage is the only damage component that will work to create the fatigue 

damage at higher loading frequencies within the intermittently loaded structural components. A 

method for separating the overall fatigue damage energy into thermal and micro-mechanical 

damage component was proposed and successfully implemented by Meneghetti for steel and short 

fiber reinforced composites [33, 34, 46].  The effect of loading frequency on the micro-mechanical 

damage creation due to repetitive loading and unloading is not well understood.  Therefore, the 
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overall goal of this study was to separate the contribution of thermal damage and micro-mechanical 

damage in order to define how fatigue life of flax fiber reinforced composites decrease with 

increasing loading frequency. 

4.2. Theory 

During the loading portion of the fatigue testing, the sample absorbs energy and during the 

unloading portions the sample releases the energy. The difference in those two energies is the total 

dissipated energy (𝐸𝑇) during fatigue cycling. The area under the stress-strain curve represents the 

𝐸𝑇, which can be determined by using Equation (7) and Equation (8). 

𝐸𝑇(𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒) =
(∮ 𝐹 𝑑𝑠)

𝑉
× 𝑓 

(7) 

𝐸𝑇(𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒) =
(∮ 𝐹 𝑑𝑠)

𝑉
 

(8) 

One portion of the total dissipated energy creates heat in the material and the other portion 

is responsible for creating micro-mechanical damage within the sample (𝐸𝑑) [33]. Heat energy 

generated within the sample will be either transferred by the process of conduction, convection, 

and radiation (𝐻𝑐𝑑+𝑐𝑣+𝑖𝑟) or stored to increase the temperature of the sample (𝜌𝑐
𝑑𝑇

𝑑𝑡
) [47, 48]. The 

distribution of the total dissipated energy is shown in Equation (9). 

𝐸𝑇 = 𝐻𝑐𝑑+𝑐𝑣+𝑖𝑟 + 𝐸𝑑 + 𝜌𝑐
𝑑𝑇

𝑑𝑡
 

(9) 

Heat energy transferred to the surrounding (𝐻𝑐𝑑+𝑐𝑣+𝑖𝑟) is dependent on the temperature of 

the sample. The sample temperature becomes stabilized whenever the temperature of the sample 

reaches a certain value where the heat energy generated within the sample per unit time equals the 

heat energy transferred to the surroundings per unit time. After the sample temperature reaches a 
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stable value during fatigue testing, 
𝑑𝑇

𝑑𝑡
= 0 . Therefore, when the sample temperature is stabilized, 

Equation (9) will be: 

𝐸𝑇 = 𝐻𝑐𝑑+𝑐𝑣+𝑖𝑟 + 𝐸𝑑 (10) 

If the fatigue test is stopped suddenly at a certain time 𝑡 = 𝑡∗, when the surface temperature

of the sample reaches to a stable value (Figure 24), then the total dissipated energy within the 

sample will become zero (𝐸𝑇 = 0 , as fatigue test stopped) and no damage will accumulate within 

the sample (𝐸𝑑 = 0 ). However, the temperature of the sample will start to decease with time.

Therefore the equation (9) will be as follow [33]– 

𝐻𝑐𝑑+𝑐𝑣+𝑖𝑟 = − 𝜌𝑐
𝑑𝑇

𝑑𝑡

(11) 

Figure 24: Schematic of the cooling curve of the fatigue sample after stopping the test during 

stabilized surface temperature of the sample. 

After sample temperature reaches a stable value, total heat energy (𝐻𝑐𝑑+𝑐𝑣+𝑖𝑟) transferred 

from the sample by conduction, convection, and radiation is possible to determine easily by using 

Equation (11). Moreover, energy responsible to create micro-mechanical damage within the 

sample (𝐸d) is possible to determine by rearranging equation (10) as follow- 
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𝐸𝑑 = 𝐸𝑇 − 𝐻𝑐𝑑+𝑐𝑣+𝑖𝑟 (12) 

4.3. Materials and methods 

As discussed in section 3.2, Samples for fatigue testing of unidirectional flax fiber 

reinforced composites were cut down from a panel produced by vacuum assisted resin transfer 

molding (VARTM).  Non-crimp unidirectional flax fiber fabric (105 tex, weft thread = 1/cm, 

weight =300 gsm) was purchased from BComp amplitex.  The Infusion epoxy resin with amide 

hardener (mixed resin viscosity = 129 cP and density =9.5 lb/gal at 22 ˚C) was used as a matrix 

materials. Twelve layers of unidirectional flax fiber fabric were used to prepare a panel (12 in. × 

12 in.) by VARTM. Post curing was accomplished for 3 days at room temperature and 8 hours at 

80 °C. Volume fraction of produced panel of unidirectional flax fiber was about 50%. Produced 

flax fiber reinforced polymer matrix composites have following properties: Material properties: 

density, ρ = 1309 kg/m3, and specific heat, c = 1280.43 J/kg ˚C. 

ASTM 3039 standard was followed to cut test samples from the panel prepared by the 

process of VARTM. The sample size was 10 in. long, 1 in. in width, and 0.18 in. in thickness. 

Glass fiber tabs of 2.25 in. long were inserted on each side of the sample to ensure better load 

transfer. Effective length of the sample (5.5 inch) was calculated by subtracting tabs length form 

the original sample, which was used to calculate the volume of the sample (V).  All tensile and 

fatigue tests were accomplished using MTS 250 kN servo-hydraulic load frame.  Tensile testing 

was completed to obtain information about the ultimate tensile strength (UTS) of the materials. 

Fatigue tests were conducted at 50% load of the ultimate tensile strength of the materials. Load 

variation during fatigue/cyclic loading was sinusoidal. Minimum applied stress during fatigue 

loading was 10% of the maximum applied stress which is defined as loading ratio, R = 0.1.  
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Fatigue test were conducted at 50% load of UTS for the loading frequencies of 5, 7, 10, 

and 15 Hz. Due to viscoelastic nature of natural fiber and resin, the sample become heated 

significantly during cyclic loading. An IR camera was used to capture the temperature distribution 

of the sample during cyclic loading. Fatigue testing was stopped whenever the temperature of the 

sample was stabilized. Just after stopping the test, the cooling rate of the sample was also measured 

by using a thermal IR camera. To determine the dissipated energy per fatigue cycle force and 

elongation data was captured during cyclic loading with a data acquisition frequency that endure 

around 102 data point per fatigue cycle. 

4.4. Results 

Fatigue testing was conducted at the 50% load of UTS for the loading frequencies of 5, 7, 

10, and 15 Hz. In section 3.3.1, Figure 18 exhibited the temperature distribution of the sample 

tested at different loading frequency. Temperature of the sample stabilized after a certain number 

of cycle. The stabilized sample temperature increased significantly with increasing loading 

frequency. In section 3.3.2, Figure 20 showed the distribution of total dissipated energy per cycle 

(𝐸𝑇) during the cyclic loading at different loading frequency. The area enclosed by hysteresis loop 

(load-elongation diagram) represent the total dissipated energy per cycle. Total dissipated energy 

per cycle does not change significantly with loading frequency (ANOVA tested, section 3.3.2). 

Although stabilized surface temperature of the sample increased significantly with increasing 

loading frequency, total dissipated energy per fatigue cycle do not change significantly with 

loading frequency.  

Figure 25 shows the cooling curves of the samples just after stopping the fatigue tests 

whenever the temperature of the sample become stabilized (at time t =𝑡∗). Slope of the cooling 

curve represents cooling rate ( 
𝑑𝑇

𝑑𝑡
 ) 
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Figure 25: Cooling curve of the sample after stopping the fatigue test during stabilized sample 

temperature at 50% load of UTS for the  (a) loading frequency = 5 Hz, (b) loading frequency =7 

Hz, (c) loading frequency = 10 Hz, and (d) loading frequency = 15 Hz. 

Cooling rate (
𝑑𝑇

𝑑𝑡
) was calculated from Figure 25 by measuring the slope of the cooling 

curve at time t=0. Cooling rate for different loading frequency (f) are as follow- 

𝑑𝑇

𝑑𝑡
(𝑓 = 5 𝐻𝑧) = −0.0244 

𝑑𝑇

𝑑𝑡
(𝑓 = 7 𝐻𝑧) = −0.0308 

𝑑𝑇

𝑑𝑡
(𝑓 = 10 𝐻𝑧) = −0.0395 

𝑑𝑇

𝑑𝑡
(𝑓 = 15 𝐻𝑧) = −0.0537 
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Table 9 exhibited the separation of the total dissipated energy per unit time into the heat 

energy generated within the sample per unit time and the energy responsible for the damage 

creation within the sample per unit time. As shown in Figure 26 (b), heat energy generated within 

the sample per unit time increases linearly with loading frequency. Moreover, heat energy transfer 

from the sample to the surroundings per unit time is a function of the temperature of the sample. 

More heat transfer will happen at higher sample temperature. Therefore, the thermal balance 

between the generated heat energy due to cyclic loading and transferred heat energy from the 

sample will be happening at higher temperature during the fatigue test at higher loading frequency. 

Hence, the stabilized surface temperature of the sample also increases linearly with increasing 

loading frequency (Figure 26 (a)). These higher sample temperatures cause high thermal 

degradation of the sample during the fatigue test at higher loading frequency. Hence fatigue 

damage due to thermal degradation should increase linearly with the loading frequency. 

Table 10 shows the separation of the total dissipated energy in one single fatigue cycle into 

the heat energy generated within the sample in one single fatigue cycle and the energy responsible 

for the damage creation within the sample in one single fatigue cycle. It is vivid from Table 10 

that, both heat energy and damage creation energy per fatigue cycle does not change much with 

loading frequency. As thermal degradation happen due to higher sample temperature during cyclic 

loading, the heat energy is therefore the main responsible form of energy for the variation of fatigue 

life due to the change of the loading frequency. 
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Table 9: Separation of Total Dissipated Energy (per Unit Time) During Cyclic Loading.  

 Total dissipated 

energy 

(per unit time), 

J/(m3.sec) 

Heat energy (per unit 

time), J/(m3.sec) 

Energy for damage 

creation (per unit 

time), J/(m3.sec) 

5 Hz 75848 40896 34952 

7 Hz 96534 51623 44911 

10 Hz 131694 66205 65488 

15 Hz 207938 90005 117933 

 

Table 10: Separation of Total Dissipated Energy (per Cycle) During Cyclic Loading. 

 Total dissipated 

energy 

(per fatigue cycle), 

J/(m3.cycle) 

Heat energy (per 

fatigue cycle), 

J/(m3.cycle) 

Energy for damage 

creation (per fatigue 

cycle), J/(m3.cycle) 

5 Hz 15169 8179 6990 

7 Hz 13790 7374 6415 

10 Hz 13169 6620 6548 

15 Hz 13862 6000 7862 
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Figure 26: Linear relation between stabilized surface temperature and (a) loading frequency (b) 

heat energy generated within the sample per unit time. 

4.5. Conclusion 

Because of the high thermal degradation of the samples at higher loading frequency, fatigue 

life of flax fiber reinforced composites decrease with increasing loading frequency. Heat energy 

generated per unit time within the sample increases linearly with loading frequency. Due to low 

thermal conductivity of flax fiber reinforced composites, this generated heat energy make the 

sample temperature high. However, micro-mechanical damage creation per fatigue cycle due to 

cyclic loading does not vary significantly with increasing loading frequency. Therefore, if thermal 

degradation is not considered, fatigue life of flax fiber reinforced composites may not vary 

significantly with increasing loading frequency. A structural member encountered intermittent or 

infrequent cyclic loading at higher frequency might have substantial time to release generated heat 

energy. Therefore, fatigue life may not vary with loading frequency for a member loaded with 

intermittent or infrequent cyclic loading. As thermal degradation is mainly responsible for 

(a) (b) 



 

51 

decreasing fatigue life at higher loading frequency, it is therefore expected a fatigue test conducted 

at lower loading frequency but higher ambient temperature would also show a decrease in fatigue 

life/fatigue limit due to high thermal degradation.  
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5. CONCLUSION AND FUTURE RECOMMENDATIONS 

Flax fiber reinforced polymer matrix composites exhibit excellent properties under cyclic 

loading. Mathematical modeling, self-hating temperature based thermographic approach, and 

dissipated energy per cycle based approaches estimates the fatigue limit of unidirectional flax fiber 

reinforced composites is about 45% load of UTS at a loading frequency of 5 Hz. Similar fatigue 

limit was also reported in literature for unidirectional flax fiber reinforced composites by 

performing full fatigue test and thermographic approach [10]. Moreover, thermographic and 

dissipated energy per cycle based approaches was accomplished at different loading frequencies 

(5, 7, 10, and 15 Hz) and showed the fatigue limit does not change much with changing loading 

frequencies. Fatigue limit changes from 45% load of UTS to 40% load of UTS with the loading 

frequency changes from 5 Hz to 15 Hz. Although self-heating temperature of sample during cyclic 

loading increases significantly with increasing loading frequency, total dissipated energy per cycle 

does not changes significantly with increasing loading frequency.  

Fatigue damage of flax fiber reinforced polymer matrix composites occurs due the 

combination of thermal damage due to self-heating of the sample and micromechanical damage 

(crack initiation, crack propagation) creation due to repetitive loading. Those two damage 

components were experimentally separated to define their individual effect on fatigue life. The 

thermal damage and self-heating temperature of the sample tested under fatigue loading increases 

linearly with loading frequency. Micromechanical damage creation per cycle due to cyclic loading 

does not change much with loading frequency.  Therefore, the thermal damage is the main form 

of damage energy responsible for decreasing fatigue life with increasing loading frequency. 

Performing fatigue test at high ambient temperature and low loading frequency can also 

verify the effect of thermal damage on the fatigue life of flax fiber reinforced composites. Fatigue 
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limit of bio-based flax fiber reinforced polymer matrix composites can be further increased by 

laminating. Furthermore, hybridization with synthetic fiber can also increase the fatigue limit of 

bio-based flax fiber reinforced polymer matrix composites. Damage propagation mechanism and 

rate of damage propagation through flax fiber reinforced composites is not well understood. 

Thermographic and acoustic emission measurement was used in literature to understand damage 

propagation through synthetic fiber reinforced polymer matrix composites. Using those 

approaches to define damage propagation mechanism through flax fiber reinforced composites 

may open new possibilities to develop self-healing flax fiber reinforced composites. Furthermore, 

knowledge about damage propagation mechanism should play an important role while choose 

proper lamination of composites for specific applications.  
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