







	[image: images]
	Journal of Renewable Materials
	[image: images]






DOI: 10.32604/jrm.2022.018018

ARTICLE

Effect of Loading Frequency on the High Cycle Fatigue Strength of Flax Fiber Reinforced Polymer Matrix Composites

Md Zahirul Islam and Chad A. Ulven*

Department of Mechanical Engineering, North Dakota State University, Fargo, USA
*Corresponding Author: Chad A. Ulven. Email: Chad.Ulven@ndsu.edu
Received: 23 June 2021; Accepted: 30 August 2021


Abstract: Among natural fibers, flax fiber reinforced polymer matrix composites show excellent dynamic/fatigue properties due to its excellent damping properties. Knowledge about fatigue limit and effect of loading frequency on fatigue limit is very crucial to know before being used a member as a structural component. Fatigue limit of fiber reinforced composite is measured through high cycle fatigue strength (HCFS). The effect of loading frequency on the HCFS of flax fiber reinforced polymer matrix composites was investigated using stabilized specimen surface temperature based thermographic and dissipated energy per cycle-based approaches. Specimens of unidirectional flax fiber reinforced thermoset composites were tested under cyclic loading at different percentages of applied stresses for the loading frequencies of 5, 7, 10, and 15 Hz in order to determine the stabilized surface temperature of the specimen and dissipated energy per fatigue cycle. Both approaches predicted similar fatigue limits (HCFS) which showed a good agreement with experimental results from Literature. HCFS of flax fiber reinforced composites decrease little with increasing loading frequency. Furthermore, effect of loading frequency on stabilized specimen temperature and dissipated energy per fatigue cycle was also investigated. Although specimen surface temperature increases with loading frequency, dissipated energy per-cycle does not change with loading frequency. Thermal degradation at higher loading frequencies may play a significant role in decreasing HCFS with increasing loading frequency.
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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 [1]. The stress level at which materials can survive more than 106 fatigue cycles is defined as the fatigue limit [2]. In order to use a material for real-life high-performance applications with fluctuating loading, it is essential to have knowledge about the fatigue limit as that material should be used at a stress level under the fatigue limit. To define the applicability of material under abrupt real-life vibrational loading, it is also important to know the effect of loading frequency on fatigue life. Although loading frequency does not have a significant effect on the fatigue life for metallic materials [3–5], composite materials exhibit some effect of loading frequency on the fatigue life [6–10]. Recently natural fiber-reinforced composites have received significant attention due to their unique mechanical properties along with renewability.

Flax is the strongest among natural fibers and has significant potential to substitute synthetic fiber due to its excellent mechanical and damping properties [11]. Those fiber-reinforced composites have been widely used in the sector of automotive, aerospace, and sports equipment’s due to their high specific strength and reduced weight [12]. Moreover, flax fiber reinforced composites show excellent properties under cyclic/fatigue loading [13]. However, natural fiber-reinforced composites do not show sharp fatigue-limit like metals [14]. Hence, the fatigue limit of natural fiber-reinforced composites is defined by the term High Cycle Fatigue Strength (HCFS). HCFS is defined as the maximum stress at which material can sustain up-to 106 to 108 fatigue cycles. The fatigue limit (HCFS) of flax fiber-reinforced composite was also reported in the literature [14–17] by performing the full fatigue test. The fatigue life of flax-epoxy composites was investigated by Liang et al. [18] experimentally for different fiber orientations at a loading frequency of 5 Hz. Experimental investigation shows that HCFS for unidirectional flax fiber-reinforced composites is about 45–48% load of the ultimate tensile strength (UTS) at a loading frequency of 5 Hz [15,19]. However, performing fatigue tests until 106 to 108 is very time-consuming. Therefore, models to predict fatigue life and fatigue limit are very helpful and needed. Progressive fatigue damage models (residual strength-based, residual strain-based, stiffness degradation-based [20]) were successfully used in literature to predict the fatigue life of laminated composite materials [21,22]. As unidirectional natural fiber-reinforced composites show around a 5% increase in stiffness during cyclic loading (no stiffness degradation), hence stiffness degradation-based models are not applicable for unidirectional natural fiber-reinforced composites [18,23]. Furthermore, instead of performing full fatigue tests, different fatigue limit prediction models such as thermographic and dissipated energy-based have been successfully demonstrated in the literature to simulate HCFS of fiber-reinforced composites and therefore are the focus of this study.

Due to high viscoelastic damping and lack of proper thermal conductivity, test specimens of polymer matrix composites heat up significantly under cyclic loading. For a fixed loading frequency (5 Hz), the pattern of temperature increase at different load levels under cyclic loading for flax fiber reinforced composites was reported by Sawi et al. [15]. For all load levels, specimen temperature reached a stable value after a certain number of cycles. However, there is a lack of research showing how these temperatures increase patterns change with increasing loading frequency. Furthermore, distribution of dissipated energy-per-cycle for flax fiber reinforced composites during cyclic loading at different load levels for a fixed loading frequency was presented in the literature by Islam et al. [19], but the effect of loading frequency on the distribution of dissipated energy per cycle has not been well established so far. It is worth mentioning that, like stabilized specimen temperature, for all load levels, dissipated energy also reaches a stable value after a certain number of cycles.

A stabilized specimen surface temperature-based thermographic approach and a stabilized dissipated energy-per-cycle based approach have both been successfully used in literature to define HCFS of both synthetic and natural fiber-reinforced composites. Both thermographic and dissipated energy-per-cycle-based approaches were used by Montesano et al. [24] to define HCFS of synthetic fiber-reinforced composites (i.e., carbon fiber reinforced composites). In the authors’ previous article, they defined the fatigue limit of flax fiber reinforced epoxy composites at a loading frequency of 5 Hz using thermographic and energy-based approaches [19]. The thermographic and dissipated energy-per-cycle-based approaches are rapid and timesaving in determining HCFS accurately. However, how these fatigue limits may change due to the change of loading frequencies was not clearly defined yet in the literature. Although some studies have exhibited the effect of loading frequency on fatigue life of flax fiber-reinforced composites [14], very few studies have been attempted to find the effect of loading frequency on the change of fatigue limit. Moreover, due to inherent variation in fatigue life between specimen to specimen [25], defining fatigue limit by conducting tests until failure requires tremendous prolonged experimental efforts. As the fatigue limit of metals remains unaffected due to change of loading frequency, therefore clear information about the effect of loading frequency on the fatigue limit of composite, such as flax fiber-reinforced composites, is paramount.

In this current study, fatigue testing of flax fiber-reinforced composite is performed at different load levels and different loading frequencies to capture the stabilized specimen surface temperature and stabilized dissipated energy-per-cycle. The effect of loading frequency on the temperature increase of the specimen and dissipated energy-per-cycle is investigated. The overall goal of this study is to define the effect of loading frequency on the fatigue limit of flax fiber-reinforced composites using stabilized specimen temperature-based thermographic approach and dissipated energy-per-cycle-based approach.

2  Materials and Methods

In order to make specimens for fatigue testing, a panel (30 cm × 30 cm) 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 gm/m2) was purchased from BComp amplitex. The Infusion epoxy resin with amide hardener (mixed resin viscosity = 129 cP and density = 1138 kg/m3 at 22°C) was used as a matrix material and the cured resin have glass transition temperature (Tg) of 85°C. Twelve layers of unidirectional flax fiber fabric were used to prepare the specimen. Post-curing was accomplished for 3 days at room temperature and 8 h at 80°C. The volume fraction of unidirectional flax fiber in each composite panel was about 50% and the void fraction of the produced board was around 4.22%. The detailed properties of these manufactured composites were also discussed in the author’s previous publication [19].

Test specimens were prepared from produced boards using a ceramic cutter according to the ASTM 3039. The specimen size was 25.4 cm (10 in.) long and 2.54 cm (1 in.) in width. Glass fiber tab of 5.71 cm (2.25 in.) long was inserted on each side of the specimen to ensure better load transfer. All tensile and fatigue tests were conducted using an MTS 250 kN servo-hydraulic load frame. Tensile tests were conducted to obtain information about the ultimate tensile strength (UTS) of the materials. Five specimens were tested under tension to determine an average strength. The average UTS of those composite was found to be 290 MPa. Moreover, different mechanical properties of these manufactured composites are listed in Table 1. Mechanical properties of similarly manufactured unidirectional flax/epoxy composites are reported by Sawi et al. [26]. 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.
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To define the effect of loading frequency on the fatigue limit through high cycle fatigue strength (HCFS) of flax fiber-reinforced composites, fatigue tests were conducted at different percentages of applied stress for the loading frequencies of 5, 7, 10, and 15 Hz. All tensile and fatigue tests were conducted at room temperature (∼22°C) and under controlled humidity conditions. Due to the viscoelastic nature of natural fiber and resin, the specimen’s temperature increased significantly during cyclic loading. A thermal IR camera (FLIR C2, range: −10°C to 150°C, sensitivity: ±2°C) was used to capture the temperature distribution of each specimen during cyclic loading. Three specimens were tested under fatigue loading for each case to capture the temperature distribution during cyclic loading. The uniqueness in temperature increase pattern between specimen to specimen was reported in the authors’ previously published research article [19]. Thermal images of the specimens were captured after certain time intervals/cycle-completed using the software Research IR (FLIR Systems Inc., USA). Because the temperature of the specimen was not uniform throughout, the temperature at the center of each specimen (maximum temperature) was recorded for plotting the temperature distribution. Fig. 1 shows the experimental set-up for the fatigue test along with the temperature measurement system using IR camera. Both thermographic and energy dissipation per cycle-based approach were used to define HCFS of flax fiber-reinforced polymer matrix composites at those loading frequencies. To determine the dissipated energy per fatigue cycle force and elongation data was captured during cyclic loading with a data acquisition frequency that endures around 102 data points per fatigue cycle.
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Figure 1: Experimental set-up of fatigue test with temperature measurement using thermal camera

3  Results

3.1 Temperature Distribution

Because of the sliding friction between fibers and matrix, the temperature of the specimen increases during cyclic loading. Fig. 2 shows the temperature distribution of the specimen during cycling loading for different percentages of applied stress at the loading frequencies of 5, 7, 10, and 15 Hz. In all cases, initially the temperature of the specimen increases rapidly, and the temperature of the specimen becomes stable after a certain number of cycles. As shown in Eq. (1), the temperature of the specimen become stabilized due to the thermal equilibrium between the generated heat during cyclic loading (Hgenerated, J/s) and heat transfer (by conduction, convection, and radiation) from the specimen to the surrounding (Htransferred, J/s). At higher percentages of applied stress, temperature shows a peak and then becomes stable afterward. Fig. 2 also depicts that, at higher percentages of applied stress, the specimen takes more time or cycles to reach a stable temperature. Those temperature peaks may correspond to a high damage rate during some initial fatigue cycles at a higher percentage of applied stress. Damage evolution during cyclic loading has a direct relation with temperature increase [27]. This trend was observed at all loading frequencies. During temperature stabilization, specimen temperature shows a small oscillatory variation due to the thermoelastic effect [27]. This thermoelastic effect/oscillatory temperature variation is very low at a lower percentage of applied stresses but comparatively high at a higher percentage of applied stresses.


Hgenerated=Htransferred
(1)
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Figure 2: Temperature distribution of the specimen 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

Fig. 3 shows the effect of loading frequency on the stabilized temperature during cyclic loading, which was also shown in our previous research article [28]. For the same percentage of applied stress (i.e., 50% UTS), the specimen becomes stable at a significantly higher temperature at the higher loading frequency. This is may be attributed to the sliding friction between fiber and matrix. Suppose, heat energy generated in a single fatigue cycle = H1 Joule. The heat energy generated per unit time, Hgenerated = H1  × f J/sec, where f = loading frequency (cycles/second). Hence, Hgenerated increases with loading frequency. Furthermore, because of the application of sinusoidal force on the specimen, the specimen also oscillates sinusoidally during cyclic loading. Assume, x = range of the specimen oscillation during cyclic loading at a certain percentage of applied stress; hence, the velocity of the specimen oscillation during cyclic loading = 2xf, where f = loading frequency (cycles/second) during cyclic loading. Here, x only depends on applied stress (not on loading frequency). Therefore, for a certain percentage of applied stress, the velocity of oscillation increases linearly with loading frequency. Heat energy generation in a single fatigue cycle (H1) due to interlaminar sliding friction might increase with the increase of velocity of oscillation (Heat ∝ Velocity). Hence, H1 also increases with increasing loading frequency. On the other hand, heat energy transferred from the specimen to the surrounding (Htransferred) is proportional to the surface temperature of the specimen. As mentioned before, during the stabilized surface temperature of the specimen, Hgenerated must have to be equal to the Htransferred. As
 Hgenerated
increases with loading frequency, specimen therefore stabilized at a higher temperature at higher loading frequency in order to make the balance between Hgenerated and Htransferred.
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Figure 3: Temperature distribution of the specimen tested at loading frequency of 5, 7, 10, and 15 Hz for a fixed load level (50% load of UTS)

Fig. 3 also exhibits that, for the same percentages of applied stress with the increase of loading frequency, the specimen needs a greater number of cycles to reach stabilized temperature. It is worthy to mention that, in Fig. 3 temperature evolution is plotted with respect to time (cycle = time × f). As heat transfer (Htransferred) is a function of time, therefore at higher loading frequency material needs significantly a greater number of fatigue cycles to get stabilized temperature. At higher loading frequency the temperature peak was also observed at lower percentages of applied stress.

3.2 Energy Distribution

The force-displacement diagram of a single fatigue cycle consists of a loop having loading and an unloading portion. These loops are called Hysteresis-loop [29]. The area under the hysteresis loop represents the dissipated energy during one single fatigue cycle [30]. Fig. 4 shows the distribution of the dissipated energy per cycle during the cyclic loading at different percentages of applied stresses on the specimen (40%, 50%, 60% load of UTS) for the loading frequencies of 5, 7, 10, and 15 Hz. For all cases, dissipated energy per cycle exhibited a decrease during few initial fatigue cycles and then reduce to a stable value with some small oscillatory fluctuations. A Similar trend of dissipated energy per cycle for flax fiber reinforced thermoplastic composite was reported by Haggui et al. [30]. Development of many distributed micro-crack and the reorientation of elementary micro-fibrils happens within the specimen during some initial fatigue cycles. Stiffness of the flax fibers increases with the re-orientation of elementary microfibrils (cyclically harden). As material becomes cyclically harden (range of oscillation (x) will decrease during cyclic loading), dissipated energy per cycle therefore exhibited a decrease during some initial fatigue cycles.
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Figure 4: 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

Furthermore, Fig. 4 also exhibited, dissipated energy per cycle increases with the increase of the percentage of applied stress. Dissipated (intrinsic) energy-per-cycle consists of internal friction (generate heat) and microplastic deformation (crack formation). As mentioned before, internal friction increases with applied stresses. Although microplastic deformation is negligible at a stress level below the fatigue limit, but becomes significant at a stress level above the fatigue limit. At stress levels above the fatigue limit, microplastic deformation increases with applied stress [31]. Hence, the dissipated energy per cycle increases with applied stress.

As shown in Fig. 5, at the same percentage of applied stress (e.g., 50% load of UTS), the dissipated energy per cycle does not change significantly due to the change of the loading frequency. For the 50% load of UTS, dissipated energy per cycle is almost the 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 varies little with loading frequency. A one-way ANOVA test was conducted on the data of dissipated energy per cycle at different loading frequencies. Table 2 shows five data points of stabilized dissipated energy per cycle at each loading frequency, which was used for the one-way ANOVA test. Table 3 shows the results of ANOVA test. As p = 0.8406 ≫ 0.05, the 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 frequencies. As discussed in Section 3.1, for a certain percentage of applied stress, the range of oscillation of the specimen (x) does not change with changing loading frequency. Because of the fixed range of oscillation, dissipated energy per cycle is not changing with the change of loading frequency.
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Figure 5: Distribution of dissipated energy-per-cycle for specimen tested at loading frequencies of 5, 7, 10, and 15 Hz under a fixed load level (50% load of UTS)
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3.3 Thermographic Approach for HCFS

Fig. 6 compares the stabilized surface temperature of the specimen 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 represent HCFS. Determination of HCFS from the inflection point of stabilized temperature was well established in the literature for both metals and composites materials [15,24,32]. Moreover, fatigue is a process of gradual cumulative damage evolution within the specimen. Damage evolution per cycle shows a jump at stress level above fatigue limit. As mentioned before, damage evolution during cyclic loading has a direct relation with temperature increase [27]. Hence, stabilized temperature also exhibited a rapid increase after the fatigue limit with showing an inflection point. It is clear from Fig. 6 that HCFS is decreasing slowly with increasing loading frequency. Table 4 also shows the HCFS of unidirectional flax fiber-reinforced composites using the thermographic approach for loading frequencies of 5, 7, 10, and 15 Hz. As the loading frequency changes from 5 to 15 Hz, HCFS changes from 45% load of UTS to 40% load of UTS. Furthermore, Table 5 shows the equation for the bilinear straight lines shown in Fig. 6. The slope of those straight lines is demonstrating an increasing trend with increasing loading frequency.
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Figure 6: Thermographic approach to define fatigue limit (HCFS) at (a) loading frequency = 5 Hz, (b) loading frequency = 7 Hz, (c) loading frequency = 10 Hz, (d) loading frequency = 15 Hz
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3.4 Dissipated Energy per Cycle-Based Approach for HCFS

Fig. 7 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 comparisons also indicate a bilinear behavior with an inflection point. These inflection points also represent the HCFS. This approach of determining HCFS from dissipated energy per cycle was also implemented before by Montesano et al. [24] for carbon fiber reinforced composites. As mentioned in Section 3.2, microplastic deformation increases rapidly after the fatigue limit. Hence, dissipated energy per cycle also exhibited a sharp increase after the fatigue limit. This dissipated energy-based approach also provides similar results to the HCFS like the stabilized temperature-based approach. Table 6 shows the HCFS at different loading frequencies using dissipated energy per cycle-based approach, which is almost similar to the HCFS using the thermographic approach shown in Table 4. Moreover, Table 7 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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Figure 7: Dissipated energy per cycle (after stabilization) based approach to define fatigue limit (HCFS) at (a) loading frequency = 5 Hz, (b) loading frequency = 7 Hz, (c) loading frequency = 10 Hz, (d) loading frequency = 15 Hz
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3.5 Linear Relation between Temperature and Dissipated Energy

Fig. 8 exhibits the linear relationship between stabilized temperature and dissipated energy per cycle for the loading frequencies of 5, 7, 10, and 15 Hz. As a linear relation exists between stabilized specimen temperature and dissipated energy-per-cycle during the cyclic loading, HCFS can therefore be determined by using either of them.
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Figure 8: Linear relation between stabilized temperature and dissipated energy-per-cycle at (a) loading frequency = 5 Hz, (b) loading frequency = 7 Hz, (c) loading frequency = 10 Hz, (d) loading frequency = 15 Hz

3.6 General Relation between Loading Frequency and HCFS

In Sections 3.3 and 3.4, high cycle fatigue strength (HCFS) of unidirectional flax-fiber reinforced epoxy composites were calculated based on both thermographic and dissipated energy-based approaches at the loading frequency of 5, 7, 10, and 15 Hz. In this section, HCFS calculated in both approaches were compared with the loading frequencies (Fig. 9). A generalized power-law fitting curve (y = 53.24x−0.1118) is also proposed to exhibit the relation between loading frequency and HCFS for unidirectional flax fiber-reinforced thermoset composites. In the generalized power law equation, y = HCFS in the percentage of UTS, and x = Loading frequency in Hz. The accuracy of this power-law fit is also evaluated by measuring R2, which was determined to be equal to 0.8835.
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Figure 9: Power-law general relation between loading frequency and HCFS for unidirectional flax fiber-reinforced composites

3.7  Discussion

The fatigue limit of unidirectional flax fiber reinforced epoxy composites decreases with increasing loading frequency. However, the surface temperature of the specimen tested at higher loading frequency was significantly higher than the specimens tested at lower loading frequency. Besides the effect of fatigue, this higher surface temperature also plays a role in reducing the fatigue limit. As shown in Eq. (2), total dissipated energy per unit time 
[(∮⁡σdε). f]
. is consumed for heat energy generation (Eheat,t) and micro-mechanical damage creation (Edamage,t) per unit time. As discussed in Section 3.2, dissipated energy per cycle 
(∮⁡σdε)
is not dependent on loading frequency. In the authors’ previously published article, the authors experimentally separated dissipated energy per cycle 
(∮⁡σdε)
into the heat energy generation per cycle (Eheat,cycle) and energy for micromechanical damage creation per cycle (Edamage,cycle) (Eq. (3)) [28]. Like dissipated energy per cycle, Eheat,cycle and Edamage,cycle are also not dependent on loading frequency.


(∮⁡σdε)×f=Eheat,t+Edamage,t
(2)


(∮⁡σdε)=Eheat,cycle+Edamage,cycle
(3)

Combining Eqs. (2) and (3), and considering 
(∮⁡σdε)
, Eheat,cycle, Edamage,cycle are not dependent on loading frequency, it is possible to deduce Eqs. (4) and (5). From Eq. (4), heat energy generation per unit time is a linearly increasing function of frequency. Therefore, heat energy generation per unit time might be higher at a higher loading frequency. This higher heat energy generation creates a higher specimen temperature. Higher specimen temperature might accelerate the failure mechanism within the composite materials. Hence, the increased specimen temperature is the prime reason for decreasing fatigue limit from the increase of loading frequency. Furthermore, fatigue is a process of cumulative damage accumulation. As micromechanical damage creation energy per cycle (Edamage,cycle ) is not dependent on loading frequency, micromechanical damage therefore may not be responsible for decreasing the fatigue life/fatigue limit due to higher loading frequency.


Eheat,t=Eheat.cycle×f
(4)


Edamage,t=Edamage.cycle×f
(5)

4  Conclusion

Both thermographic and dissipated energy-per-cycle-based approaches exhibited that the HCFS of unidirectional flax fiber-reinforced polymer matrix composites changes from 45% load of UTS to 40% load of UTS due to the change in loading frequency from 5 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 the same percentages of applied stresses, dissipated energy per cycle does not change with changing loading frequency. However, for the same percentages of applied stress, specimen surface temperature shows a significant increase with increasing loading frequency. These thermal degradations due to high specimen temperature at higher loading frequency may play a significant role in decreasing HCFS at higher loading frequency. Material that is not continuously loaded with higher loading frequency may not encounter thermal degradation in real-life applications. Therefore, the effect of loading frequency on HCFS would be more insignificant if the thermal degradation of the specimen could be separated from the fatigue damage. Knowledge about HCFS of flax fiber-reinforced composites at higher loading frequency may help to create a new era of using flax fiber-reinforced composites under high-frequency cyclic loading.
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Table 1: Mechanical properties of manufactured unidirectional flax/epoxy composites

Stiffness in X-direction, E,
Stiffness in Y-direction, E,,

Shear modulus G,

Tensile strength in X-direction, X
Tensile strength in Y-direction, Y,

Shear strength, S

25 GPa
3.36 GPa
1.7 GPa
290 MPa
28 MPa
70 MPa
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Table 3: Result of ANOVA test on the data of dissipated energy-per-cycle at different loading frequencies from
Table 2 [28]

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
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Table 6: HCFES of unidirectional flax fiber-reinforced composites at different loading frequencies using the
dissipated energy-per-cycle-based approach

Loading frequency (Hz) HCFS

5 45% UTS
7 43.3% UTS
10 40.5% UTS

15 40% UTS
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Table 4: HCFS of unidirectional flax fiber-reinforced composites at different loading frequencies using the
thermographic approach

Loading frequency, f (Hz) HCFS

5 45% UTS
7 42% UTS
10 41% UTS

15 40% UTS
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Table 7: Equations for bilinear curve in dissipated energy-per-cycle based approach to determine HCEFS

Loading frequency (Hz) Equations

5 y=0.0157x — 0.5387; x>45
y=0.0070x—0.1525; x <45

7 y=0.0146x — 0.4983; x>43.3
y=0.0056x—0.111; x<43.3

10 y=0.0123x — 0.0479; x>40.5
y=0.0016x+0.0277; x <40.5

15 y=0.0115x — 0.3491; x>40

y=0.0053x—0.0998; x <40

Note: Here, x represents the applied stress (% of UTS), and y represents the total dissipated
energy per fatigue cycle of the specimen.
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Table 2: Dissipated energy-per cycle (after stabilization) data at different loading frequency to run one-way
ANOVA test [28]

Frequency (Hz) Group 15 Group 27 Group 310  Group 415

Dissipated energy per cycle (after stabilization), ]  0.2260 0.2373 0.2373 0.2486
0.2260 0.2260 0.2147 0.2260
0.2373 0.2373 0.2260 0.2373
0.2147 0.2260 0.2599 0.2147

0.2260 0.2260 0.2260 0.2147
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Table S: Equations for the bilinear curve in thermographic (stabilized specimen temperature-based) approach
to determine HCFS

Loading frequency (Hz) Equations

5 v =0.5689x +2.1970; x>45
y=0.2920x + 14.5; x <45

7 v =0.7060x —2.24; x>42
y=0.270x+16.15; x <42

10 y=0798x —-2.92; x>41
y=0.33x+15.98; x <41

15 y=0.95x —4.9167; x>40

y=0.40x+17; x <40

Note: Here, x represents the applied stress (% of UTS), and y represents the stabilized
surface temperature of the specimen.
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