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Abstract

:

The commercial availability of 3D printers for continuous fiber-reinforced 3D-printed (CFR3DP) composites has attracted researchers to evaluate the thermomechanical properties of these materials. The improvement of strength through chopped or continuous fiber reinforcements in polymers could provide remarkable results, and its exploration can provide broad applications in several industries. The evaluation of mechanical properties of these materials at elevated temperatures is vital for their utilization in severe operating conditions. This study provides insight into the effect of different fiber reinforcements (Kevlar, fiberglass, and high-strength high-temperature fiberglass) and temperatures on the creep and recovery behavior of CFR3DP Onyx composites. Experimental results were also compared with analytical models, i.e., Burger’s model and Weibull distribution function, for creep and recovery. Results from analytical models agreed well with experimental results for all the materials and temperatures. A significant drop in maximum and residual strains was observed due to the introduction of fibers. However, the creep resistance of all the materials was affected at higher temperatures. Minimum creep strain was observed for Onyx-FG at 120 °C; however, at the same temperature, the minimum residual strain was observed for Onyx-KF. Based on the analytical models and experimental results, the role of fiber reinforcements on the improvement of creep and recovery performance is also discussed.
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1. Introduction


Additive Manufacturing (AM) (also known as three-dimensional printing (3DP)) processes have been the subject of interest for the past few decades and have attracted several industrial sectors owing to multiple benefits of rapid fabrication, design flexibility, and in low-batch conditions, low cost over traditional manufacturing processes [1]. Based on the working principle, 3DP processes are mainly divided into seven categories: vat polymerization, powder bed fusion, material extrusion, material jetting, binder jetting, directed energy deposition, and sheet lamination processes [2]. Material extrusion processes, more specifically fused filament fabrication (FFF) technique, have been used domestically and in industries due to their cost-effectiveness [3]. 3DP market has made decent progress in fabricating polymer-based components for several industries through extrusion processes [4]. However, physical and mechanical properties of polymers have hindered their utilization due to inferior properties compared to conventional materials such as metals and alloys. Several studies reported improved mechanical properties of polymers through synthetic or natural fibers reinforcement [5,6,7]. However, 3DP of continuous fiber-reinforced polymer (CFRP) composites is still a challenge. Therefore, to utilize freedom of fabrication through 3DP and improve their properties, several efforts have been made on synthesis and 3DP of polymers reinforced with particle or fibrous reinforcement [8,9,10].



Although limited, the commercial availability of 3D printers for continuous fiber-reinforced 3D-printed (CFR3DP) composites has attracted researchers to evaluate properties of these materials for various potential applications [11]. CFRP composites are an important class of materials, as they provide excellent structural and thermomechanical properties. CFR3DP composites offer an opportunity to fabricate high-strength and lightweight components for the automotive, aerospace, and medical industries [12]. Investigation of mechanical behavior of materials primarily included tensile, flexural, fatigue, and creep analysis [6,13]. Besides, several analytical models are also reported in the literature to predict the physical and mechanical properties of the composites. For instance, the recently proposed fractal model can be utilized to investigate the mechanical properties of polymer composites without the need for empirical constants [14].



Several studies reported different polymer materials with varying reinforcements for the characterization of CFR3DP composites. Mohammadizadeh et al. [15] reported the tensile, fatigue, and creep analysis of nylon reinforced with carbon fiber (CF), fiberglass (FG), and Kevlar fibers (KF). Kaur et al. [16] investigated 3D-printed octahedral and octet micro trusses produced from polylactic acid (PLA), carbon fiber reinforced PLA, and nylon. Korkees et al. [17] studied the flexural performance of carbon fiber reinforced nylon composites. Their study reported the effect of fiber volume fraction and fiber orientation on flexural properties of nylon–carbon fiber composites.



Onyx is a nylon-based material with improved mechanical properties, owing to the impregnation of carbon microfibers. Bárnik et al. [18,19] studied the effect of infill pattern and density on 3D-printed Onyx samples’ mechanical properties. A rectangular pattern with an even number of layers revealed optimum mechanical performance; however, this infill pattern added the most towards overall volume. Sága et al. [20] also attempted to optimize the 3DP process parameters for enhanced 3D-printed onyx parts. According to their findings, 0°/90° printing orientation provided the highest tensile strength and modulus, whereas, for the ±45° printing pattern, Poisson’s ratio and tensile strain were found optimum. Besides experimental studies, finite element analysis (FEA) tools have also been utilized to study the effect of infill pattern, size of infill geometry, and elastic properties of CFR3DP composites [21,22,23]. Nayak et al. [24] investigated the tensile properties of acrylonitrile butadiene styrene (ABS), PLA, and Onyx reinforced with carbon and Kevlar fibers. FG and high-strength high-temperature FG (HSHT-FG) reinforced onyx composites revealed the best stiffness and loading capacity out of all the materials tested. Zhang et al. [25] examined the wear behavior and mechanical performance of 3D-printed nylon gears, and they performed better than injection molded gears for low-to-medium torque applications. Cuesta et al. [26] studied 3D-printed polymer sheets’ fracture behavior, including Onyx, and proposed a cost-effective technique to evaluate the same for 3D-printed polymers.



The creep phenomenon causes permanent deformation to materials under specific load and is time-dependent. At room temperature, creep deformation is often neglected when applied stresses are significantly below the material’s yield limit, but it is crucial for components requiring higher precisions [27]. Creep becomes even more critical, as it is considered a life-limiting issue under higher loads and elevated temperatures [28]. Understanding the creep and recovery behavior of polymer composites is vital, but not limited to their application in the aerospace and automotive industries. The above-reported literature on polymer composites and the 3DP process mainly focused on optimizing process parameters (infill density, raster orientation, fiber orientation, etc.) or mechanical testing at room temperature. However, investigation on the effect of temperature and time-dependent loading (creep) is merely reported, more specifically for the material reported in this study. Onyx is remarkably strong, exhibits higher strength compared to conventionally used polymers [20]. Furthermore, improvement of strength through continuous fiber reinforcements could provide remarkable results, and its exploration can provide applications in several industries [24,29]. An in-depth examination is vital to evaluate the creep and recovery response of Onyx and its composites.



Dynamic mechanical analysis (DMA) is a sophisticated experimental approach to investigate the effect of temperature and/or frequency/time on the mechanical properties of polymers [30,31]. DMA provides information on storage modulus, loss modulus, and tangent delta, which can also be used for qualitative analysis of composites [30]. The effect of temperature and time-dependent loading on the thermomechanical behavior of CFR3DP Onyx composites is vital to evaluate for their utilization in applications involving elevated temperatures and time-dependent loads. To the best of the authors’ knowledge, there is a gap for a comprehensive study on creep and recovery analysis of CFR3DP composites, specifically for Onyx-based composites [32]. This study provides insight into the effect of different reinforcements (Kevlar, fiberglass, and high-strength high-temperature fiberglass) and temperatures on the creep and recovery behavior of CFR3DP Onyx composites. Experimental results were also compared with analytical models, i.e., Burger’s model and Weibull distribution function, for creep and recovery.




2. Materials and Methods


2.1. Materials and 3DP Conditions


Onyx (base material) and Kevlar, FG, and HSHT-FG fibers (reinforcements) were obtained from Markforged® company (Watertown, MA, USA) [33]. Onyx itself is a composite material consisting of nylon as a base, reinforced with carbon microfibers. It needs to be stored in a dry box for protection against moisture to avoid property deterioration. Composites with four compositions were 3D printed: pure Onyx and Onyx reinforced with Kevlar fiber, fiberglass, and high strength high-temperature fiberglass (Onyx-KF, Onyx-FG, and Onyx-HSHT-FG, respectively). Markforged® Mark Two printer was used for 3DP of composites specimens. This printer uses two printheads to extrude base material and fibers separately at desired positions.




2.2. 3D Printing Process


The specimen geometry of a rectangular plate shape (60 × 12 × 3 mm³) was designed using commercial 3D modeling software, Solidworks® (Dassault Systèmes, Paris, France). Eiger, an exclusive slicing software from Markforged® company (Watertown, MA, USA), was used to define the process parameters and different material compositions. A printing resolution was kept as 0.1 mm for all materials, requiring 30 layers to produce a sample to achieve higher dimensional accuracy. Specimens were printed with 100% infill density, building a solid structure with two wall layers. Printing temperature for onyx and fibers printheads was 275 and 252 °C, respectively.



3DP process performance strongly depends upon several process parameters. The selection of 3DP process parameters was carefully made to achieve optimum mechanical strength. Continuous fibers placed at 0° to the axial direction provided higher flexural strength and modulus than other orientations for Nylon/Carbon composites [17]. Besides, laminates symmetric about the mid-plane and evenly distributed reinforcement layers provide better mechanical performance than accumulated fiber-reinforcement layers. Finally, higher infill densities offer better structural integrity. With guided knowledge from existing literature, CFR3DP Onyx composites were designed symmetrically about mid-plane and stacking sequence reported in Table 1.



Reinforcement was designed as a hybrid fill type, including two concentric fiber rings and rest with isotropic fibers oriented at 0° to the axial direction. Onyx layers were 3D printed at ±45° printing orientation, as shown in Figure 1. Fiber volume fraction was kept constant at around 38% for all the specimens.




2.3. Creep and Recovery Experiments


The creep and recovery experiments were performed using DMA Q800 (TA Instruments Inc., New Castle, Delaware, US) and under a dual-cantilever configuration following ASTM D4065-20 [34], as shown in Figure 2. Creep and recovery tests were performed at three different temperatures (30, 70, and 120 °C), and the testing temperature was maintained for 5 min before loading the specimens. Constant temperature and stress (of 1 MPa) were applied to the specimens for 60 min to obtain the creep behavior. Finally, a step of 60 min was performed on the removal of the applied load for recovery analysis.




2.4. Modeling Viscoelasticity


Creep-time behavior of composite materials is mostly analyzed using Burger’s model, which constitutes Maxwell and Kelvin-Voigt models. Burger’s model proposes the linear summation of three distinct phenomena occurring in linear viscoelastic materials and is expressed as:


  ϵ  ( t )  =  ϵ E  +  ϵ V  +  ϵ P   



(1)







   ϵ E    represents the elastic deformation and is modeled as Maxwell spring element.    ϵ V    corresponds to the viscoelastic response of the material and corresponds to the Kelvin-Voigt model.    ϵ P    corresponds to the Maxwell dashpot element and represents the permanent deformation.


  ϵ  ( t )  =    σ o     E M    +    σ o     E K     [  1 − exp  (  −   t  E K     η K     )   ]  +    σ o     η M    t  



(2)




where  t  presents the loading time;    E M    and    η M    are the modulus of spring and viscosity of dashpot element in Maxwell model, respectively;    E K    and    η K    are the modulus of spring and viscosity of Kelvin-Voigt elements, respectively; and    σ o    is the applied stress. The ratio    η K  /  E K    is referred to as the total delay time for 63.2% deformation in the Kelvin model and is denoted as  τ .



Elastic deformation restores immediately on removal of applied load, thus strain is a time-dependent function representing the material recovery. The Weibull distribution function is commonly employed to the fit creep recovery process of polymer composites.


   ϵ R   ( t )  =  ϵ V     [  e x p   ( −    (    t −  t 0     η r     )     β r    )    ]  +  ϵ P   



(3)




where    ϵ V    represents the viscoelastic recovery strain, is a function of time and depends upon two critical factors    β r    and    η r    (named shape factor and characteristic life, respectively).    t 0    corresponds to the time at which stress is removed and    ϵ P    corresponds to the permanent deformation induced in the material due to viscous flow.





3. Results and Discussion


3.1. Creep and Recovery Analysis


Figure 3 presents the creep and recovery strain curves for Onyx and CFR Onyx composites as a function of time at different temperatures. The constant stress of 1 MPa was applied for 60 min to all materials for all temperatures selected for experiments, followed by a recovery step of the same duration. Typically, instantaneous elastic deformation, primary creep, and secondary creep constitute the creep behavior of the viscoelastic materials. These three stages of creep are evident from the creep portion of the curves. Creep rupture of the specimens is not apparent due to lower stress levels and shorter creep times. Temperature sensitivity of the materials under observation is also evident as an increased creep and recovery response is observed with increasing temperature for all materials tested due to temperature-activated softening of the polymer material resulting in reduced stiffness. For instance, an increase in temperature from 30 to 70 °C resulted in ~82%, ~95%, ~106%, and ~103% increase in maximum strain for Onyx, Onyx-FG, Onyx-HSHT-FG, and Onyx-KF, respectively.



Similarly, for temperature rise from 30 to 120 °C, maximum strain increased by 157%, 105%, 184%, and 108%, respectively. Interestingly, for Onyx-FG and Onyx-KF, the percentage increase in maximum strain for temperature rise from 70 to 120 °C was significantly lower than the increase observed for 30 to 70 °C temperature rise. However, maximum strain values followed similar behavior for the other two materials, i.e., maximum strain at 120 °C almost doubled the values observed at 70 °C. Bar plots present the maximum strain for all the materials at different temperatures (Figure 4a).



The second portion of the strain vs. time curve presents the recovery behavior of the material. Elastic deformation recovers instantly upon removing the applied load, followed by a delayed strain that shows material recovery and finally an unrecovered strain referred to as a permanent strain. The materials’ recovery behavior is also temperature dependent, as elastic strain is recoverable, but residual strain generally increases with a rise in testing temperature. For instance, in Onyx, 0.0248% residual strain was observed at 30 °C. However, ~225% and ~534% increase in residual strain was observed for temperature rise from 30to 70 °C and 30 to 120 °C, respectively. Bar plots present the residual strains for all the materials at different temperatures (Figure 4b).



The introduction of continuous fiber reinforcements to Onyx significantly improves the creep resistance; however, different fibers contribute differently to the composite material’s creep and recovery behavior. It is also evident in Figure 4 that the impregnation of fiber reinforcements contributed significantly towards the creep behavior of Onyx. The creep strain of composites significantly dropped with fiber reinforcements. The maximum creep strain observed for all CFR Onyx composites at 120 °C is even lower than the maximum creep observed for Onyx at 30 °C. However, the rise in temperature affects the maximum strain in CFR composites. Lower maximum strains were observed at all the temperatures for CFR composites. A similar trend was observed for permanent deformation/residual strain. It is worth mentioning that CFR composites resulted in lower residual strains compared to pure Onyx. Besides, the unrecoverable strain for Onyx also increased for higher temperatures. Therefore, the addition of reinforcements and variation in temperatures remarkably affects the viscoelastic response of the composites.




3.2. Creep and Recovery Modeling


Burger’s model and Weibull distribution function were used to fit the experimental data obtained for Onyx and CFR composites at different temperatures. Microsoft Excel (Solver tool) was used to fit the experimental data and obtain the parameters of Burger’s model (i.e.,    E M  ,    E K  ,  η M     and     η K   ) and Weibull distribution function (i.e.,    β r  ,    η r  ,    ϵ V    and    ϵ P   ). Figure 5 presents the plotted experimental results for creep and fitted curve with a satisfactory agreement for each temperature level. The evaluated parameters for Burger’s model are reported in Table 2. As mentioned above,    E M    is the modulus of the spring element in the Maxwell model, where higher    E M    values correspond to more elastic materials. The higher    E M    values also refer to higher elasticity and material strength. This component does not appear in the analytical model for creep recovery as elastic strain is instantaneously recovered upon load removal. The    E M    value increases due to the introduction of continuous fiber reinforcement at a specific temperature, owing to improved strength due to fiber reinforcement. For instance, at 30 °C,    E M    for CFR composites are higher than pure Onyx. The effect of temperature is also evident on    E M    values, which are higher at elevated temperatures, owing to the temperature-assisted movement of polymer chains.    η M    represents the dashpot element’s viscosity in the Maxwell model, which contributes significantly to the creep behavior of material and is temperature sensitive. This parameter presents the unrecoverable strain due to permanent deformation in the material. Generally,    η M    values are higher for CFR composites, which corresponds to lower creep rates compared to pure Onyx. Interestingly,    η M    increases with an increase in testing temperature for pure Onyx. In contrast, it decreases for composites with continuous fiber reinforcement.    E K     and     η K    represents the elastic modulus and viscosity of Kelvin-Voigt model elements. The    E K    value improves with the introduction of continuous fiber reinforcement at a specific temperature. For instance, at 30 °C,    E K    for CFR composites are higher than pure Onyx. The effect of temperature is also evident on    E K    values, which is lower at elevated temperatures.    η K    values also revealed higher values for CFR composites than pure Onyx, owing to strong inhibition of polymer relaxation. However, it dropped at higher temperatures.



Figure 6 presents the plotted experimental results for recovery and fitted curve with a satisfactory agreement for each temperature level. The evaluated parameters for the Weibull distribution function are reported in Table 3.    ϵ V    and    ϵ P    drop significantly due to continuous fiber-reinforcements, which refers to the improved recovery process of these materials. Increased values of viscoelastic strain and permanent strain are also observed at elevated temperatures. However, for CFR composites at 120 °C, these values were still significantly lower than pure Onyx at 30 °C. From Burger’s model and Weibull distribution function, it is concluded that incorporation of continuous fiber as reinforcements to Onyx results in viscosity increase (   η M   ), which corresponds to reduced molecular chains’ slippage. Consequently, the permanent strain values dropped significantly, resulting in improved recovery behavior of these materials.




3.3. Possible Mechanism in Creep and Recovery


From the results presented, possible mechanisms undergoing in Onyx and its composites are presented in Figure 7. Due to shear forces involved in the extrusion 3DP process, the chopped fibers within the nylon matrix align with the printing orientation during the fabrication process [35,36]. Besides, the continuous fiber-reinforcements are aligned at 90° to the axial direction. Upon loading, the polymer chains, chopped fibers, and continuous fibers become strained. The polymer chains and chopped fibers get aligned with the loading direction. However, the continuous fibers effectively prevent the polymer chains’ slippage and disentanglement, resulting in lower creep deformations. Elevated temperatures assist an increased alignment of polymer chains and chopped fibers with the loading direction; therefore, higher creep deformations are observed at higher temperatures. However, continuous fibers play a vital role in hindering the significant polymer chains stretching and sliding of polymer molecules [37].



When the applied load is removed, elastic deformation is instantly recovered, and composite materials start the recovery process [38]. Besides, the relaxation of polymer chains also starts. At lower temperatures, the polymer chains can withstand higher loads, restraining the permanent deformation. However, at higher temperatures, the polymer chains can relatively undergo higher polymer molecules stretching, resulting in higher permanent deformations (residual strains). Continuous fibers provide higher elasticity and strength to the base material, leading to easier recovery to the initial state. The recoverable strain is highly dependent on the type of fiber reinforcement and its interfacial adhesion with the polymer.



Based on the discussion and coherence with the presented experimental results, the creep and recovery behavior of chopped fiber-reinforced composites is strongly dependent on the applied load and temperature. Continuous reinforcement significantly reduces the creep strain and residual permanent deformation, but it depends on the type of reinforcement and its interfacial bonding with the matrix (Onyx).





4. Conclusions


This study provides insight into the effect of different reinforcements (Kevlar, fiberglass, and high-strength high-temperature fiberglass) and temperature levels on the creep and recovery behavior of 3D-printed CFR3DP Onyx composites. Experimental results were also compared with analytical models, i.e., Burger’s model and Weibull distribution function, for creep and recovery. Results from analytical models agreed well with experimental results for all the materials and temperatures. A significant drop in maximum and residual strains was observed due to the introduction of fibers; however, the creep resistance of all the materials was affected at higher temperatures. From experimental results, it can be concluded that the addition of reinforcements and variation in temperatures remarkably affects the composites’ viscoelastic response. Lower creep and residual strains were observed for CFR Onyx composites, but both were affected by higher temperatures. Minimum creep strain was observed for Onyx-FG at 120 °C; however, at the same temperature, the minimum residual strain was observed for Onyx-KF. The experimental creep results and fitted curve (Burger’s Model and Weibull distribution function) had a satisfactory agreement for each temperature level. The parameters obtained for both analytical models and the associated microstructural behavior of materials resulted in improved properties. The improved elastic moduli and viscosities due to continuous fibers’ presence resulted in strong inhibition of molecular relaxation and reduced molecular chains’ slippage, consequently enhancing creep resistance and recovery behavior.



This study presented the creep and recovery performance of selected materials at elevated temperatures. All specimens were fabricated under similar process conditions. As reported in the literature, the tested materials are expected to provide optimum performance under these process parameters; however, future studies may investigate further this effect, such as variation in infill density, raster orientation, fiber orientation, etc., for each material. The analytical models presented here successfully predicted the creep and recovery behavior of materials. Insight into the parameters obtained from these models is also presented and linked with physical mechanisms causing creep and recovery. However, future studies will also focus on implementing temperature-dependent models for prediction at temperatures other than considered during tested.
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Figure 1. Printing orientation for Onyx and reinforcements. (a) Onyx layer with +45° printing orientation; (b) Onyx layer with −45° printing orientation; (c) Fiber reinforcement layer with hybrid infill 
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Figure 2. Clamped specimen under dual-cantilever configuration. 
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Figure 3. Creep and recovery curves of CFR3DP composites; (a) Creep and recovery behavior of Onyx; (b) Creep and recovery behavior of Onyx-FG; (c) Creep and recovery behavior of Onyx-HSHT-FG; (d) Creep and recovery behavior of Onyx-KF. 
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[image: Polymers 13 01644 g003]







[image: Polymers 13 01644 g004 550] 





Figure 4. Observed maximum strains for CFR3DP composites at different temperatures; (a) Comparison of maximum creep strain; (b) Comparison of residual strain. 
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Figure 5. Modeling of creep curves for CFR3DP composites at different temperatures; (a) Modeling of creep for Onyx; (b) Modeling of creep for Onyx-FG; (c) Modeling of creep for Onyx-HSHT-FG; (d) Modeling of creep for Onyx-KF. 
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Figure 6. Modeling of creep recovery curves for CFR3DP composites at different temperatures; (a) Modeling of creep recovery for Onyx; (b) Modeling of creep recovery for Onyx-FG; (c) Modeling of creep recovery for Onyx-HSHT-FG; (d) Modeling of creep recovery for Onyx-KF. 
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Figure 7. Possible mechanism in creep and recovery (effect of load and temperature on Onyx). 
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Table 1. Specimen Specifications and 3DP Parameters.
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	Specimen Dimensions
	60 × 12 × 3 mm³ (L × W × T)



	Printing Resolution
	0.10 mm



	Fill Pattern
	Solid Fill



	Fill Density
	100%



	Wall Layers
	2



	Printing Orientation (Onyx)
	±45°



	Fiber Volume Fraction
	~38%



	Reinforcement Fill Type
	Hybrid (Concentric + Isotropic)



	Concentric Rings
	2



	Isotropic Reinforcement Angle
	0ᴼ



	Stacking Sequence
	[4O/4F/2O/4F/1O]s



	Printing Temperature (Onyx)
	275 °C



	Printing Temperature (Reinforcements)
	252 °C
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Table 2. Simulated parameters of the Burger’s model.
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Temperature

	
Material

	
     E M     (  M P a  )     

	
     E K          (  M P a  )     

	
     η K     (  M P a · s  )    ×    10 3     

	
     η M          (  M P a · s  )    ×    10 3     






	
30 °C

	
Onyx

	
342,409

	
7.26

	
2.09

	
126




	
Onyx-FG

	
342,457

	
19.79

	
3.33

	
687




	
Onyx-HSHT-FG

	
342,483

	
23.09

	
4.80

	
821




	
Onyx-KF

	
342,457

	
20.10

	
3.84

	
528




	
70 °C

	
Onyx

	
342,449

	
3.52

	
0.84

	
171




	
Onyx-FG

	
342,500

	
10.00

	
2.27

	
393




	
Onyx-HSHT-FG

	
342,511

	
10.94

	
2.71

	
479




	
Onyx-KF

	
342,439

	
9.77

	
2.50

	
287




	
120 °C

	
Onyx

	
342,534

	
2.43

	
0.66

	
181




	
Onyx-FG

	
342,530

	
9.68

	
2.33

	
321




	
Onyx-HSHT-FG

	
342,532

	
7.87

	
2.03

	
379




	
Onyx-KF

	
342,470

	
8.95

	
2.54

	
543
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Table 3. Simulated parameters of the Weibull distribution function.






Table 3. Simulated parameters of the Weibull distribution function.





	
Temperature

	
Material

	
ԐV(%)

	
ηr (s)

	
βr

	
ԐP(%)






	
30 °C

	
Onyx

	
0.113

	
250.43

	
0.253

	
0.009




	
Onyx-FG

	
0.023

	
201.90

	
0.252

	
0




	
Onyx-HSHT-FG

	
0.024

	
955.99

	
0.298

	
0




	
Onyx-KF

	
0.026

	
520.63

	
0.213

	
0




	
70 °C

	
Onyx

	
0.124

	
3971.48

	
0.248

	
0.035




	
Onyx-FG

	
0.047

	
15,062.15

	
0.249

	
0




	
Onyx-HSHT-FG

	
0.039

	
3505.37

	
0.202

	
0.009




	
Onyx-KF

	
0.042

	
3536.11

	
0.206

	
0.017




	
120 °C

	
Onyx

	
0.171

	
8371.30

	
0.293

	
0.081




	
Onyx-FG

	
0.041

	
15,483.37

	
0.252

	
0.014




	
Onyx-HSHT-FG

	
0.064

	
10,196.39

	
0.357

	
0




	
Onyx-KF

	
0.044

	
4210.91

	
0.435

	
0.011
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