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Abstract
[bookmark: _Hlk46620656]The recent development of snap curing epoxy resins, low-cost reinforcement fabrics, and automated rapid processing technologies has led to increased usage of fiber-reinforced plastic (FRP) composite materials in high-volume production vehicles. For energy absorbing vehicle structures, characterizing the strain rate-dependent response and the local failure behaviour of the epoxy material is critical to assess the crashworthiness of these FRP materials. The current study investigated the deformation response of a three-part snap-cure epoxy resin under tensile and compressive loading over a range of strain rates (i.e., ). The experimental results revealed that the tensile elastic modulus and the yield strength of the tested material increased notably over the range of strain rates investigated, while all the tensile specimens fractured in a brittle manner. In contrast, the compressive elastic modulus was not sensitive to the change in strain rates; however, the compressive yield strength increased significantly and was higher than the tensile yield strength at similar loading rates. This study provides an important data set for a snap-cure epoxy material while addressing a gap in the literature, which will support the development of a robust high-fidelity virtual multiscale-modeling framework aimed at predicting the impact performance of FRP materials. 
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1 Introduction

     Owing to their high specific mechanical properties and excellent energy absorption characteristics, high-performance fiber-reinforced plastic (FRP) composite materials are regarded as a viable option for improving the fuel economy of light duty vehicles and increasing the range of future electric vehicles through vehicle mass reduction. Despite several advantages, FRP materials have not been widely integrated into the body-in-white (BIW) structures of high-volume production vehicles due to the inherently high cost and long cycle times of conventional FRP fabrication processes (Elmarakbi, 2014). The recent development of snap curing epoxy resins, low-cost reinforcement fabrics, and automated liquid composite molding processing technologies, such as high-pressure resin transfer molding (HP-RTM) (Cherniaev, et al., 2019) and liquid compression molding (LCM), provide a promising opportunity to increase usage of FRP materials in high-volume production vehicles. Advances in polymer chemistry have enabled a significant reduction in the cure times of epoxy resins, making the production speed of snap-cure resin-based FRP parts comparable to that of stamped steel (Malnati & Sloan, 2018). One niche application for these new FRP materials is for energy absorbing vehicle structures and vehicle crashworthiness, where assessing the material response under impact loads is crucial. It is known that the strain rate-dependent deformation response of FRP materials is governed by the rate-dependent properties and local failure phenomena of the matrix (Perry & Walley, 2022). To date, few studies focused on characterizing the constitutive behaviour of snap-cure epoxy resins have been reported (Morelle, et al., 2017). Assessing the strain rate-dependent deformation response of snap-cure epoxy materials is necessary for conducting virtual tests to capture the associated response of FRP materials. 

[bookmark: _Hlk42638284]     Since Kolsky’s pioneering work on the characterization of the impact response of plastics (Kolsky, 1949), there have been many early studies on investigating the mechanical strain rate sensitivity of brittle or glassy polymers. Walley et al. (1989) reported the compressive response of several glassy polymers for a wide range of strain rates, showing notable strain rate-dependence in the plastic region, including the strain hardening response at large strains. Other early studies on glassy polymers were primarily focused on dynamic testing of thermoplastic materials due to the earlier development of the structural thermoplastics (e.g., Polymethylmethacrylate (PMMA)) (Chou, et al., 1973). Over the last 20 years the usage of epoxy materials has increased for structural applications, and the results of characterization efforts for epoxies at strain rates in the range of have been more widely reported.  Chen et al. (2002) characterized the response of Epon 828/T-403 epoxy, showing that the strain rate-dependent behavior, particular in the plastic deformation region, was significant under tensile and compressive loading.  Gilat et al. (2007) studied the strain rate sensitivity of E-862 and PR-520 epoxies at the strain rates of  , demonstrating that the tensile strength at the highest strain rate considered increased by approximately 100% from the lowest strain rate case for both tested materials. The maximum shear strain for E-862 was found to decrease with increasing strain rate, while the maximum strain for PR-520 remained constant for all shear tests. Jordan et al. (2008) tested Epon 826/DEA epoxy at strain rates in the range , revealing a clear strain rate dependence for the plastic region under compression. It was reported that there was no notable difference in the elastic response of the tested material at different strain rates. Gerlach et al. (2008) characterized Hexcel RTM-6 epoxy at the strain rates of  , showing a notable increase of yield and flow stress and elastic modulus with increasing strain rate under both tension and compression. A significant increase of failure strength and elastic modulus were also associated with the increase of strain rate under tension. Werner and Daniel (2014) characterized 3501-6 epoxy at strain rates in the range of   and demonstrated that the compressive stress-strain curves showed similar overall shape for all strain rates considered. It was found that only the nonlinear response was dependent on the strain rate, while the relation between the yield strength and strain rate followed a linear logarithmic equation. Tamrakar et al. (2018) tested DER 353 epoxy at the strain rates of  , and the compression test results indicated that a noticeable increase of yield and flow stress was associated with the increase of strain rates, as well as a clear increase for elastic modulus. 

     In general, for most epoxies certain properties have been reported to exhibit strain rate-dependence, while the influence of strain rate on the post-yield response is typically pronounced. However, there are contradictory reports regarding the effect of strain rate on elastic modulus in both tension and compression. One of the potential reasons for this discrepancy is that in some studies dynamic force equilibrium or a constant strain rate was not achieved during intermediate and high-rate tests (not reported in most studies), which can lead to inaccurate data. Furthermore, most reported studies focused on characterizing moderately cross-linked epoxies (e.g., EPON and DER), which were based on the widely used DGEBA/F and cured with amine-based hardeners. These epoxies can exhibit ductile behaviour at room temperatures and low strain rate conditions. Few reported studies investigated the response of highly cross-linked epoxies (e.g., Gerlach et al. (2008)), which may exhibit distinct strain rate sensitivity. Snap-cure epoxy systems, which are more suitable for high-volume production environments such as for automobile structures, have not been characterized under dynamic loading conditions. Additionally, in most previous studies epoxy specimens were fabricated in the laboratory, lacking connection to the industrial manufacturing process (Cherniaev, et al., 2019).

     A review of the literature has revealed a critical gap in reporting the results of characterization campaigns focused on the rate-dependent deformation behaviour of highly cross-linked snap-cure or rapid curing epoxies, particularly those fabricated using industrial fabrication processes. The objective of the current study was to characterize the tensile and compressive rate-dependent deformation behaviour of a three-part snap-cure epoxy material that is used for fabricating FRP composites. The epoxy material was fabricated using a rapid high-pressure resin transfer molding process, after which custom test specimens were cut and machined as required for each test setup. Specimens were tested using different tension and compression testing apparatus, where each setup was carefully calibrated to ensure that dynamic force equilibrium and a constant strain rate were achieved for all performed tests. The fracture surfaces of the tensile specimens were also investigated with an optical microscope to assess the influence of strain rate.



2 Background 

2.1 Deformation response of cured epoxy
     A representative stress-strain curve for a highly cross-linked epoxy material under quasi-static uniaxial compressive loading reveals four typical deformation stages (Fig. 1): I. elastic (linear elastic and viscoelastic); II. onset of plastic flow; III. strain-softening; and IV. strain hardening or re-hardening (Morelle, et al., 2017). The linear region of the first deformation stage typically only spans 1-2 % strain  (Goldberg, et al., 2003). With increasing strain, the glassy polymer exhibits a nonlinear stress-strain response due to the increase of the nonlinear viscoelastic deformation or nonlinear elastic deformation (Chen, et al., 2002; HASAN & BOYCE, 1995). The deformation response of glassy polymers in this stage may be influenced by the strain rate and temperature (Morelle, et al., 2017). The onset of plastic flow occurs during the second deformation stage (Fig. 1, stage II). Distinct from the classical definition of a yield point for metallic materials, the yield point for a polymer can be defined as the point at which the stress does not increase with the increase of the strain (i.e., local stress maximum)  (Brown, 1999).  Many studies indicated that the yield behaviour of glassy polymers is largely affected by the hydrostatic pressure, strain rate, temperature in this stage (Morelle, et al., 2017; Gerlach, et al., 2008; Littell, et al., 2008). The third deformation stage constitutes strain softening (Fig. 1, stage III), where there is no general agreement on the governing mechanism. If strain-localization or necking occurs, the softening behaviour is associated with the evolution of the macroscopic shear bands (Morelle, et al., 2017). In many cases, micro-shear bands occur within the specimen rather than external macro-shear bands. In these situations, some researchers proposed that the yield and softening were determined by the initiation, evolution, and merger of the shear transformation zone (STZ) (Sindt, et al., 1996; Hasan & Boyce, 1995). Some researchers suggested that the rearrangement of the free volume is the cause of strain softening (Struik, 1991; Jatin, et al., 2014). The final deformation stage consists of material strain hardening (Fig. 1, stage IV), where the stress begins to rise with increasing strain. This phenomenon can be described by a rubbery elastic response of the entangled cross-linked molecular network, where the reorientation and stretching of the molecular chains are confined by the network (Haward & Thackray, 1968); (Hasan & Boyce, 1995; M.Arruda & C.Boyce, 1993; Klompen, et al., 2005). The material response in this stage is primarily affected by the cross-link density and secondly by the temperature and strain rate.

[image: ]
Fig. 1  A typical compressive stress-strain curve for highly cross-linked epoxy resins and many glassy polymers
 
     The deformation rate, temperature, and hydrostatic pressure can influence the deformation behaviour of epoxy materials. Normally, for compressive deformation, the nonlinear elastic and plastic regions show strain rate dependence, and higher yield strengths are associated with higher strain rates (Fig. 2) (Werner & Daniel, 2014). The influence of temperature on the deformation response is opposite to that of strain rate, where lower yield strengths are related with higher temperatures (Fig. 2a) (Littell, et al., 2008; Boyce, et al., 1988). Unlike many crystalline materials in which shear deformations are independent of hydrostatic pressure, the shear stress-strain behaviour of most polymer materials can be significantly affected by their hydrostatic stress (ARGON, 2013). The presence of compressive normal stresses normally increases the elastic modulus and yield strength of the polymer materials (Fig.2b) (Pae & Bhateja, 1975). This pressure-dependent behaviour of deformation can be explained as that the compressive pressure can reduce the free volume of the polymer material, thus increasing the resistance to molecular mobility (PARRY & TABOR, 1974). 
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[bookmark: _Ref40067434][bookmark: _Toc48383350]Fig. 2  Schematics of (a) strain rate- and temperature-dependent deformation response of glassy polymers under compressive loading; (b) Typical stress-strain curves at various hydrostatic pressures for a glassy polymer. Adapted from Pae and Bhateja (Pae & Bhateja, 1975)


[bookmark: _Toc51098745]2.2 Characterization techniques for epoxy materials across a wide range of strain rates 
     
     Different techniques and apparatus have been used to characterize the response of polymers at different applicable strain rates. For characterizing the tensile or compressive response of epoxies under quasi-static strain rates (< 10-1 s-1), commercially available servo-hydraulic and screw-driven testing machines are commonly used. The specimen geometries were typically cylindrical or rectangular dog-bone shape for tensile tests (Werner & Daniel, 2014; Gilat, et al., 2007) and cylindrical or rectangular blocks for compressive tests (Tamrakar, et al., 2018; Werner & Daniel, 2014). Characterizing the response of epoxy materials under intermediate strain rates (10-1 - 102 s-1) can be challenging since the frequency of experimental data acquisition can be close to the natural frequency of the loading device, which may cause signal oscillations (Siviour & Jordan, 2016; Mattucci, et al., 2012).  The most widely used testing devices have been closed-loop drop weight hydraulic machines or hydraulic intermediate strain rate (HISR) apparatus. HISR  apparatus are similar to conventional uniaxial testing machines where an engagement sleeve is accelerated to a predetermined constant velocity, which then impacts an engagement piston at the bottom of the stroke to deform the test specimen (Ouellet, et al., 2006). The geometries of the test specimens for intermediate strain rate tests are often the same as those used for quasi-static strain rate tests.

[bookmark: _Hlk76693795]     The split Hopkinson Pressure Bar (SHPB) or Kolsky bar has become a widely used testing apparatus for characterizing epoxies at high strain rates (102 - 104 s-1) (Chen, et al., 2002; Gerlach, et al., 2008; Jordan, et al., 2008). A typical SHPB apparatus consists of a transmitter bar, an incident bar, a striker bar, two strain gauges and a high-frequency data acquisition system. The two strain gauges located at the center of the transmitter and incident bars are used to record wave propagation during the test, including incident, reflected, and transmitted waves (Fig. 3). The waveforms along with their amplitude and timing are used for analyzing the material stress-strain behaviour (Gray III, 2000). The key assumption for the SHPB test analysis method is that the test specimen reaches dynamic force equilibrium after an initial transition period and deforms homogeneously. In general, a specimen reaches dynamic equilibrium once the impact wave has time to propagate in the specimen for more than four reflections before failure (Salisbury, 2001). A common technique to verify the dynamic force equilibrium is the one-wave versus two-wave method, where the forces on both ends of the test specimen measured from the incident and transmitter bars using the incident, reflected, and transmitted waves are compared (Gray III, 2000).  

[image: ] 
Fig. 3 A generic plot of the three elastic waveforms observed in the bars of a typical SHPB setup

     Elastic wave propagation in the bars and tested material can be complex, inertial effects may also be notable, and capturing data at high sampling frequencies may pose additional difficulties. Different techniques were developed to meet the SHPB test requirements and to improve the quality of test results. First, the material and geometric impedance differences between the specimen and the bars (e.g., polymer specimens and steel bars) may result in a low transmitted signal and high reflected signal, which may affect the data accuracy and complicate data processing (Sligtenhorst, et al., 2006). Several methods have been used to address the low impedance issue, including using additional strain gauges or gauges with high sensitivity (Jordan, et al., 2008; Wasley, et al., 1969; Chen, et al., 2000),  modifying the geometry of the bars and specimen (Tamrakar, et al., 2018; Chen, et al., 1999),  pulse-shaping (Frew, et al., 2002; Frew, et al., 2005), and changing the material of the bars (Bacon, 1998; Salisbury, 2001; H.Zhao, et al., 1997). Secondly, the stress wave propagation in the bars can be dispersive, especially for a viscoelastic polymeric bar (Liu & Subhash, 2006; Sligtenhorst, et al., 2006; Salisbury & Cronin, 2009; Salisbury & Cronin, 2015). Several methods were reported to correct the wave dispersion for SHPB numerically (Liu & Subhash, 2006; Gorham, 2000) and experimentally (Benatar, et al., 2003; Bacon, 1998). 



3 Material and test methodology

3.1 Material and specimen preparation
     The material studied was a three-part rapid curing (snap-cure) low viscosity epoxy system, namely EPIKOTE™ 06150 (Hexion Inc.). The epoxy system comprised EPIKOTE™ Resin TRAC 06150 (blends of bisphenol-based glycidyl ethers), EPIKURE™ Curing Agent TRAC 06150 (aliphatic amine), and the internal mold release agent HELOXY™ Additive TRAC 06805. 
     Owing to the different testing apparatus required to characterize the mechanical properties of the cured epoxy material over a range of strain rates in tension and compression, three different specimen geometries were required (Table 1). Therefore, two processes were used to manufacture the epoxy material into flat panels and cylindrical samples, namely HP-RTM and a hand-cast method, respectively. Flat panels of the epoxy system (nominally 4 mm-thick and 900 mm × 550 mm in size) were fabricated using a full-scale HP-RTM setup described by (Cherniaev, et al., 2019). Quasi-static and intermediate strain rate tension dog-bone specimens were machined from the flat panels. Compression and high strain rate tensile tests required thicker sample geometries that were not achievable using the HP-RTM process. Solid cylindrical epoxy samples (∅16 × 55 mm) were cast by hand-mixing and open-air molding using a custom-built mold, and later machined to size.			

[bookmark: _Ref33617589][bookmark: _Toc48383629]Table 1 Summary of the material characterization tests performed in this study and specimen geometry
	Test
	Test frame
	Frame displacement rate
	Specimen geometry (mm)

	Quasi-static strain rate tension
	Small Servo-hydraulic
(MTS)
	0.0254 mm/s (0.001 in/s)
	[image: ]

	
	
	0.254 mm/s (0.01 in/s)
	

	Intermediate strain rate tension
	Hydraulic Intermediate Strain Rate (MTS)
	150 mm/s
	

	
	
	1,000 mm/s
	

	High strain rate tension
	Tensile Polymeric Split-Hopkinson Pressure Bar
	~6,000 mm/s
	[image: ]

	Quasi-static strain rate compression
	Medium-scale Servo-hydraulic (MTS)
	0.01 mm/s
	[image: ]

	
	
	0.1 mm/s
	

	Intermediate strain rate compression
	Medium-scale Servo-hydraulic (MTS)
	15 mm/s
	

	High strain rate compression
	Compressive polymeric split-Hopkinson pressure bar
	~2,200 mm/s
	




3.2 Dynamic Mechanical Analysis
     Dynamic Mechanical Analysis (DMA) was performed to compare the glass transition temperature () of specimens fabricated using HP-RTM and hand-cast methods, thus providing an indirect means to compare the degree of cure. A DMA Q800 (TA Instruments, New Castle, Delaware) was used to conduct the DMA tests, while TA Universal Analysis software enabled analysis of the experimental data. A three-point flexural test with both strain and temperature sweeping were conducted to investigate the change of storage modulus and loss modulus of the samples over a range of temperatures. The DMA specimens were rectangular with the dimensions of 55 × 9.5 ×3.8 mm.

3.3 Mechanical Test Setup 
     Uniaxial tension and compression tests at different strain rates, applicable to automotive crashworthiness applications, were conducted to investigate the deformation response of the neat epoxy material. For quasi-static strain rate tests, speed of testing followed the ASTM standard D638. The speed of testing for intermediate strain rate tests were limited by the test machine, where strain rates between 1 s-1 and 100 s-1 were achieved. High strain rate tests were conducted in the range 100 s-1 to 1000 s-1 to represent the material deformation rate during an impact event.
3.3.1 Uniaxial Tensile Tests
     All the tensile tests were carried out in a lab environment with a constant temperature (24 ± 1°C) and relative humidity (50 ± 5%). Quasi-static strain rate tensile tests were conducted on an MTS servo-hydraulic test frame with a 2,224 N (500 lb) capacity load cell (OMEGA LC412-500) and custom pin-loaded fixtures (Fig.4a).  An MTS FlexTest SE controller was used, where two sets of uniaxial tensile tests were performed at a constant crosshead displacement rate (CCDR) of 0.0254 and 0.254 mm/s (Table 1). Intermediate strain rate tension tests were conducted on a hydraulic intermediate strain rate (HISR) apparatus with the pin-loaded fixtures (Fig. 4 b). An MTS 407 unit was used to control the loading process of the HISR and the applied force was measured by a piezoelectric force sensor (KISTLER 9341B) with a 30 kN range. The crosshead displacement rates were set to 150 and 1000 mm/s (Table 1).  A minimum of five repeated tests were conducted for each strain rate considered, and additional trial tests were conducted to ensure that each test setup was appropriate. In addition, the fracture surface of the specimens was investigated with a KEYENCE opto-digital microscope equipped with a high-resolution zoom lens, VH-Z500R.
     A custom-built Tensile Polymeric Split-Hopkinson Pressure Bar (T-PSHPB) apparatus was used to characterize the tensile properties of the studied epoxy material at a high strain rate (Fig. 4c). The T-PSHPB apparatus comprised polymethyl methacrylate (PMMA) bars to minimize the material impedance difference with the tested epoxy specimens. A hollow cylindrical striker bar loaded by four bungee cords impacted the flange of the incident bar to generate an elastic stress-wave to the system. The impact velocity of the striker bar was adjusted by changing the stretch length of the bungee cords, while a load cell (OMEGA LC412-1k) with 4,448 N (1,000 lb) capacity measured the applied load. A 32 N load was applied to the striker bar to accelerate the bar to a velocity of 6 m/s upon impact. The strain of the incident and transmitter bars was measured by two strain gauges (OMEGA SGD-7/1000-LY13) and two signal-conditioning amplifiers (Vishay 2210B). The test signals were recorded by National Instruments™ LabVIEW software. 

[image: ]
Fig. 4 Images of (a) the quasi-static tensile test setup; (b) the HISR setup; (c) the T-PSHPB apparatus

     Specimen strain for the quasi-static and intermediate strain rate tension tests was determined using 2D digital image correlation (DIC). The gauge section of all specimens was painted with stochastic speckle pattern using latex-based spray paint. A Nikon D3200 Digital Single-lens Reflex (DSLR) camera was used to capture images of the specimen deformations during the quasi-static strain rate tests with a frame rate of 30 frames per second (FPS), while a Photron SA5 high-speed camera was used for the intermediate strain rate tests with a frame rate of 7,000 and 50,000 FPS. For post-processing of captured images, an industry-grade DIC software, GOM Correlate 2018, was used to calculate the strain of the specimen without using any strain filters. For the GOM setup, the subset sizes were 40 pixels for D3200 images (2,000 Pixels per inch (PPI)) and 23 pixels for SA5 images (500 PPI), while the step size was 8 pixels for D3200 images and 6 pixels for SA5 images. For the high strain rate tension tests, a point tracking technique was used instead of speckle patterns for DIC due to the cylindrical shape of the specimens. A Photron SAZ high-speed camera was used to capture the specimen deformation (frame rate of 480,000 FPS) for subsequent DIC analysis and to verify the calculated strain from the T-PSHPB system. For the GOM setup, the subset size was 11 pixels for SAZ images (350 PPI), while the step size was 5 pixels. 
     Yield strength of polymers can normally be determined as maximum stress (yield point) before the strain-softening stage. However, the yield point may not be identifiable for glassy polymers that exhibit a low elongation to break during tension tests. Different methods to define the tensile yield strength of polymers has been used in previous work, from 0.3% to 2% strain offset. In this study, a 0.3% offset of the elastic modulus slope line was used to define the yield stress since it is commonly accepted in the polymer technical community (Semeliss, et al., 1990). 
3.3.2 Uniaxial Compression Tests
     All compression tests were performed under a constant ambient temperature (24 ± 1°C) and relative humidity (50 ± 5%). The quasi-static and intermediate strain rate compression tests were conducted on a medium-scale custom-built servo-hydraulic test frame with a 88,964 N (20,000 lb) capacity load cell (Transducer Techniques SWP), flat platen fixtures, and an MTS 407 hydraulic controller (Fig.5a). To reduce specimen barreling during the compression tests, two carbide plates coated with white lithium grease were placed between the platens and the specimen to reduce surface contact friction. Three strain rates were used to characterize the compression properties of the epoxy material with this setup, two sets of quasi-static strain rate tests with 0.01 and 0.1 mm/s CCDR, and one set of intermediate strain rate tests with 15 mm/s CCDR (Table 1).
     A compressive polymeric split-Hopkinson pressure bar (C-PSHPB) test apparatus was used to characterize the compressive properties of the epoxy material at a high strain rate (Fig. 5b). The compressed gas pressure applied to the striker bar was set to 20 psi to yield a striker bar impact velocity of 2.2 m/s. The strains of the incident and transmitter bars were measured by two strain gauges (Micro-Measurements CEA-13-250UW-120) and two signal-conditioning amplifiers (Vishay 2210B). The test signals were recorded by a National Instruments™ LabVIEW software. 
     The Photron SA5 cameras and GOM software used for the tension tests were also used for the quasi-static and intermediate strain rate compression tests. A Photron SAZ high-speed camera was also used to record specimen deformation during the high strain rate tests and to perform subsequent DIC analysis. A point tracking technique was used instead of applying a speckle pattern on the specimen surface to analyze the compressive deformation due to the cylindrical shape of the specimens. Data analysis for compression tests was similar to that used for the tension tests.  Single-factor analysis of variance (ANOVA) was conducted to analyze the difference between the compressive elastic modulus at different deformation rates.

Fig. 5 Images of (a) the quasi-static and intermediate compression test setup; (b) the C-PSHPB apparatus
4. Results and Discussion

4.1 Dynamic mechanical analysis results
     The DMA test results (Table 2) showed that the average storage modulus onset and tan delta peak  values for the HP-RTM specimens were 3% higher when compared to the hand-cast specimens, which indicates that the HP-RTM specimens had a slightly higher degree of cure or crosslink density. This discrepancy may be a result of the difference in pressure applied to the specimens during curing. Nevertheless, the difference in the  values between the two types of tested specimens was considered negligible, and their mechanical properties were deemed to be similar.
[bookmark: _Ref46789053][bookmark: _Toc48383638]Table 2  for HP-RTM and hand-cast specimens (95% confidence interval (CI)) obtained using DMA
	
	HP-RTM
	Hand-Cast
	% Diff.

	Onset  ()
	121.86
	118.59
	3%

	Peak  ()
	139.11
	134.88
	3%




[bookmark: _Hlk76256609][bookmark: _Toc51098773]4.2 Uniaxial Tensile Test Results
     Two sets of tests with two different quasi-static strain rates ( and ) measured by DIC were conducted. Experimental strain measurements showed that the major and minor strain distributions were uniform in the gauge section of the specimens during deformation (not shown). The stress-strain response of the epoxy was consistent for each repeated test, for each strain rate (Fig. 6a and b), revealing that the degree of cure and mechanical properties across the HP-RTM resin panels were uniform. The tensile response of the epoxy material demonstrated moderate ductility. For both quasi-static strain rates considered, the epoxy deformed elastically up to approximately 30 MPa or 1-2% strain. Thereafter, the epoxy plastically deformed reaching the peak stress at approximately 78 MPa or 7% strain, which was followed by moderate strain softening. The failure strain of the specimens varied from 7 to 10% strain, which was attributed to machining-induced defects that occurred during specimen fabrication.
     In the intermediate strain rate range, uniaxial tensile tests were conducted at the two strain rates of  and . For both strain rates, the stress-strain response of the epoxy was consistent for all repeated tests (Fig. 6c and d). Overall, the response of the epoxy at intermediate strain rates demonstrated lower ductility when compared to the response measured during the quasi-static strain rate tests, with similar elastic deformation up to 1-2 % strain. All the specimens fractured during the plastic flow region, without reaching the strain-softening stage. There was notable variation in the failure strain of the specimens (from 4% to 9% strain), and the tests conducted with a strain rate of 3.2  have notably low failure strains compared to the other quasi-static and intermediate strain rate tensile tests. The low failure strains may have been a result of the applied loading frequency, which was close to the natural frequency of the hydraulic loading device; this resonance issue was previously reported as a common challenge for an impact based intermediate strain rate apparatus (Jordan, et al., 2008).
     The engineering stress-strain plots for the high strain rate tensile test reveal that the epoxy deformed in a linear elastic manner prior to failure, with an average strain at failure of ~3.7% (Fig. 6e). The stress-strain response and failure strains for the repeated tests were found to have good consistency. Note, only three repeated test results are reported here since they correspond to those where dynamic force equilibrium of the specimen was attained.


Fig. 6 Uniaxial tensile engineering stress-strain curves at the strain rates of: (a) 0.00033 s-1, (b) 0.0035 s-1, (c) 3.2 s-1, (d) 23.9 s-1, (e) 300 s-1, and (f) Overall average curves
     
          To assess dynamic force equilibrium for the T-PSHPB tests, two approaches were used, namely one-wave versus two-wave verification and a direct method employing DIC. The one-wave versus two-wave method compares the forces on both ends of the test specimen measured from the incident and transmitter bars, which should be equal for the duration of the test. The corresponding results for one of the T-PSHPB tests revealed that the specimen reached dynamic force equilibrium (Fig. 7). The direct approach involved measuring strain directly on the test specimen surface at various locations along its length to ensure that the specimen undergoes uniform deformation along the gauge section. In this study, the test specimens were divided into three sections (Fig. 8). DIC software was used to analyze the captured images and calculate the strain versus time for each section, which revealed that the specimen reached dynamic force equilibrium during the test. Furthermore, a good agreement was found between the strain calculated by the split Hopkinson pressure bar theory and that extracted from DIC (Fig. 9), thus verifying the accuracy of the theory. This is important for this tensile split Hopkinson-bar test because the fillets located at both ends of the gauge section of the dog-bone specimens (Table 1) might affect the strain calculation from the theory. These results also demonstrate that after an initial transition the test specimens were subjected to a constant strain rate for the duration of the tests. 
     
[bookmark: _Toc48383388]Fig. 7 The force-time profiles measured from the incident end (two-wave) and transmitter bars (one-wave) for the T-SHPB test

[bookmark: _Toc48383389]Fig. 8 (a) A gauge section image of the T-SHPB test specimen indicating three sections analyzed using DIC, and (b) strain-time plots for three indicated sections


[bookmark: _Toc48383390]Fig. 9 Strain profiles calculated by the test software and captured by the DIC method for the T-SHPB test


     The average tensile stress-strain curves for all considered strain rates were combined to assess the strain rate-dependent response of the epoxy (Fig. 6f).  The elastic modulus, tensile strength, 0.3% offset tensile strength and Poisson’s ratio were carefully determined based on the engineering stress and strain results, and a 95% confidence interval for each value was calculated (Table 3). The elastic modulus and 0.3% offset strength of the epoxy both increased with higher strain rates, while the Poisson’s ratio remained constant at 0.38 ± 0.04. The elastic modulus increased by 34% for high strain rate loading when compared to the quasi-static strain rate case, while the yield strength increased by 31% over the same range of strain rate.
     As indicated in Fig.10 (a) and (b), the strain rate dependence of the tensile modulus and 0.3% offset strength roughly follows a linear logarithmic increment relation. These phenomenological-based relationships can be used to calibrate strain rate-dependent constitutive models, as was previously accomplished for other polymers (Gerlach, et al., 2008; Bai, et al., 2015). 

[bookmark: _Ref34053790][bookmark: _Toc48383639]   Table 3 Summary of mechanical properties for tensile tests at different strain rates (95% CI)
	Average strain rate
	0.00033 
	0.0035 
	3.2 
	23.9 
	300 

	Elastic modulus
(GPa)
	2.70 ± 0.09
	3.02 ± 0.23
	3.12 ± 0.12
	3.25 ± 0.08
	3.57 ± 0.70

	Tensile strength
(MPa)
	77.6 ± 1.8
	85.8 ± 1.3
	97.5 ± 16.1
	104.6 ± 19.4
	115.8 ± 20.0

	0.3% offset strength
 (MPa)
	47.2 ± 3.0
	53.9  4.1
	70.9 ± 5.3
	73.4 ± 4.5
	N/A

	Poisson’s ratio
	0.39 ± 0.02
	0.36 ± 0.04
	0.38 ± 0.04
	0.39 ± 0.02
	N/A




   
Fig. 10 Relation between mechanical properties and strain rate for tensile tests: (a) elastic modulus, and (b) 0.3% offset strength

4.3 Uniaxial Compression Test Results
     
     Uniaxial compression tests were conducted at two different quasi-static strain rates ( and). For both deformation rates, the stress-strain response for all repeated tests was consistent prior to the yield point and during the strain softening stage, with evident scatter during the strain re-hardening stage (beyond 25% strain) (Fig. 11a and b). Strain re-hardening may be affected by variations in the crosslink network, including crosslink density, crosslink distributions, specimen defects, which was not observed during the tension tests. Overall, the stress-strain response of the epoxy material demonstrated typical ductile behaviour, in which elastic, plastic flow, strain softening, and strain re-hardening stages were observed. For both quasi-static strain rates considered, the epoxy deformed elastically up to approximately 1-2% strain. Thereafter, the inelastic deformation of the epoxy specimens was significant, reaching the yield point at approximately 7% strain. Beyond the yield point, the epoxy specimens deformed plastically in the strain range of 8 – 15%, leading to strain softening because of shear band relocation. In the final stage of the deformation process from approximately 15% until specimen failure at 45-55% strain, the stress continuously increased during strain re-hardening. All specimens fractured along the axial direction due to the tensile transverse strains induced by Poisson’s effect. The difference in failure strain was less than 6% between specimens for both strain rates.
      In the intermediate strain rate range, the uniaxial compression tests were performed at one strain rate (1.56 s-1) due to limitations with the test frame. From the corresponding DIC analysis, it was observed that the test frame cross-head speed reduced when some of the tested specimens attained compressive strains beyond 35%. Thus, the corresponding test results are presented up to a strain of 35%. Similar to the quasi-static strain rate tests, assessment of the engineering stress-strain response revealed that the specimens underwent similar deformation stages including elastic, plastic flow, strain softening, and strain re-hardening (Fig. 11c). During the deformation, the yield point was observed at approximately 10% strain, while the strain re-hardening began at 18% strain. The stress-strain response for all repeated tests was consistent prior to the yield point, whereas the post-yield behaviour beyond 10% strain shows minor scatter. The specimens ultimately fractured along their axial direction due to the tensile transverse strains induced by Poisson’s effect.
     In the high strain rate regime, uniaxial compression tests were performed under one strain rate (approximately 550 s-1) using the C-PSHPB. The engineering stress-strain response of the epoxy revealed that the yield point was attained at 13% strain (Fig. 11d). In contrast to the quasi-static and intermediate strain rate tests, strain softening and re-hardening were not significant. Three repeated tests were performed with minor scatter in the stress-strain response. The specimens fractured comminuted into small pieces at failure.


Fig. 11 Uniaxial compressive engineering stress-strain curves for the strain rates of: (a) 0.0008 s-1, (b) 0.008 s-1, (c) 1.56 s-1, (d) 550 s-1, and (e) total curves
     To ensure accuracy of the compressive test data, specimen buckling and barreling were inspected using images captured during the tests. The side view of a cylindrical compression specimen during an intermediate strain rate compression test was checked, where no visible buckling was observed. Specimen barreling is not observed between 0 and -19 % strain, while there is minor barreling (with in 5% differences in diameter) in the strain re-hardening stage at approximately -35% strain (Fig.12), which may have contributed to the scatter observed in data. A one-wave versus two-wave method was used through the test software to verify that dynamic force equilibrium was achieved for the C-PSHPB tests (Fig. 13). To verify the calculation results of the software, the strain calculated by the test software was compared with the strain captured by the DIC method (Fig. 14), and a reasonably good agreement was found between the two results
     
Fig. 12 The barreling of a cylindrical specimen at the different strains during one intermediate strain rate compression test (1.56 s-1)


Fig. 13 The force-time profiles from the incident end (two-wave) and transmitter bars (one-wave) for a C-PSHPB tests

[bookmark: _Toc48383401]Fig. 14 A comparison of strain calculated by the test software and captured by the DIC method for a C-PSHPB test

     The average compressive stress-strain curves for all considered strain rates were combined to assess the strain rate-dependent response of the epoxy (Fig. 11e).  The overall stress-strain response is similar at different strain rates. The elastic modulus and the yield strength were carefully determined based on the engineering stress and strain results, and a 95% confidence interval for each value was calculated (Table 4). The elastic modulus was observed to have little change with increasing strain rate. Single-factor analysis of variance (ANOVA) showed that there were no statistically significant differences of the compressive elastic modulus between different strain rates ( and). In contrast, increased yield strengths were associated with increased strain rates (Fig. 15). From the lowest quasi-static strain rate to the highest strain rate, the yield strength increases as much as 81%.

[bookmark: _Ref46789276][bookmark: _Toc48383640]Table 4 Summary of mechanical properties for compression tests at different strain rates (95% CI)
	Average strain rate
	0.0008 
	0.008 
	1.56 
	550 

	Elastic modulus
(GPa)
	2.84 0.06
	20.24
	20.02
	2 0.16

	Yield strength
(MPa)
	1
	1
	1
	2




[bookmark: _Toc48383404]Fig. 15 Relation between yield strength and strain rate for compression tests

4.4 Summary of tension and compression results
     A summary of all the tensile and compressive characterization results at different strain rates reveals some key features of the strain rate sensitivity for the studied epoxy (Fig. 16). First, the tensile and compressive stress-strain behaviour is clearly dissimilar because of the different exhibited failure strains and the post-yield responses. During compressive loading, the studied epoxy showed notable strain softening and strain re-hardening behaviour after yielding. The quasi-static tensile response also revealed strain softening, while strain re-hardening was not observed since the test specimens fractured prior to reaching this region. However, in the strain range of 0-10%, the general trend of the all the stress-strain curves (tension and compression) are similar at different strain rates. The similar trend of the stress-strain response is an important assumption for many elastic-plastic constitutive models because these models use a linear logarithmic relation to scale up the plastic stress-strain curve at the lowest strain rate to incorporate the strain rate effect. Second, the epoxy exhibited asymmetric yielding between tension and compression. The compressive yield strengths were noticeably higher than the tensile yield strengths at similar strain rates. As shown in Fig.16, for the quasi-static tests, the compressive yield strength is about 30% higher than the tensile value at similar strain rates (0.00033 s-1 for tension versus 0.0008 s-1 for compression). The difference of yield strengths between tension and compression indicates the presence of pressure dependence in this epoxy material, where the higher hydrostatic pressures in compression lead to higher yield strength. Third, the tensile elastic modulus was more sensitive to the change of strain rates than the compressive elastic modulus, which is in agreement with several previous studies (Tamrakar, et al., 2018; Gerlach, et al., 2008; Werner & Daniel, 2014). The linear elastic regions of the compressive stress-strain curves are almost overlapping, which indicates a small variation of the elastic modulus with strain rates. The linear elastic regions of the tensile stress-strain curves reveal that there was notable strain rate dependency on the tensile elastic modulus, with an increase in elastic modulus of 34% at the highest strain rate considered relative to lowest the quasi-static strain rate. During linear elastic deformation, the response of the epoxy material includes a nonlinear viscoelastic component due to minor intermolecular interaction and movement in the side groups. The viscoelastic component of deformation can be significantly influenced by the strain rate, as was the case for tension.


[bookmark: _Ref38351862][bookmark: _Ref43192865][bookmark: _Toc48383426]Fig. 16 Average true stress-strain plots for all the compressive and tensile tests at different strain rates and representative true stress-strain plots of all the compression and tensile tests at different strain rates (up to 10% strain)
     

4.5 Fracture Surface Investigation
     All test specimens fractured due to tension. Tensile specimens for the lower quasi-static and high strain rate tests fractured in a typical brittle manner with the fracture surface oriented perpendicular to the loading direction. The compression specimens failed as a result of high tensile strains along the specimen radial direction caused by Poisson’s effect, resulting in fracture surfaces in planes parallel to the loading direction. The tensile specimens were chosen to investigate the fracture surfaces. Overall, all the tensile specimens fractured in a brittle manner without necking, with similar fracture pattern for all tested strain rates. This indicates that although the tensile stress-strain curves in Fig. 6 exhibit some degree of ductility, the epoxy was sufficiently brittle and the mechanisms leading to fracture do not change with strain rate. Fig.17 shows the typical fracture pattern observed, revealing that the crack propagation follows several well-known stages for thermosetting polymers: mirror-like, smooth with parabolas, hackle, and rough (Roulin-Moloney, 1989). The fracture process initiates at a local defect on the specimen surface, which may be a void or a machining mark. Thereafter, the crack propagates at a slow rate, creating a smooth and pattern-less surface, often call mirror-like stage (Fig.17a(i)). As the crack propagation speed increases with the increase of applied stress, parabolic patterns appear due to the formation of secondary crack (Fig.17a(ii)), referred to as smooth with parabolas stage. During the subsequent hackle stage, ellipse shape patterns are formed when the primary crack propagation speed increases as shown in Fig. 17a(iii). During the final stage, the abrupt fracture of the specimen creates rough surfaces and complex patterns (Fig.17a(iv)). Fig. 17b shows the fracture surface of the tensile specimen under dynamic loading. Comparing to the quasi-static strain rate tensile test, the fracture surface for the dynamic tensile test has similar patterns, but the mirror-like, smooth with parabolas and hackle stage areas are much smaller.
[bookmark: _Ref37645121][bookmark: _Ref34349200][bookmark: _Toc48383410]
[bookmark: _Toc48383411]Fig.17 Fracture surface images for tensile test specimens at the strain rates of: (a) 0.00033 s-1 and (b) 300 s-1












5 Conclusions
     This study characterized the mechanical response of a three-part snap-cure epoxy resin system designed for high volume automotive production. A series of uniaxial mechanical tests were conducted to characterize the strain rate-dependent tensile and compressive stress-strain behaviour of the epoxy material under a variety of strain rates, ranging from quasi-static to dynamic, which was the major component of this study. 
     The major findings for the mechanical characterization of the studied snap-cure epoxy are summarized as follows:
The studied snap-cure epoxy exhibited a large deformation for compressive quasi-static strain rates, where the stress-strain response can be divided into different stages: elastic, plastic yield, strain softening, and strain re-hardening. These four deformation stages agree with other high cross-linked epoxies and many glassy thermoplastics at a temperature well below their. The tensile and high strain rate compressive stress-strain behaviours showed different post-yield responses because of the different failure strains.
The tensile elastic modulus increased by 34% over the range of strain rates investigated, demonstrated a strong strain rate dependence, while the compressive elastic modulus showed little difference over the tested strain rates. 
The tensile and compressive post-yield responses showed noticeable strain rate dependence, where yield strength increased by 31% and 81% over the range of strain rates investigated, respectfully.
Pressure-dependent plastic deformation was identified by a difference in compression and tension yield strength. The compressive yield strength was 46% higher than the tensile yield strength at the similar quasi-static strain rates, attributed to the higher hydrostatic pressure in compression.    
Brittle fracture of all the tensile specimens was confirmed by the assessment of the fracture surfaces, where all the tensile specimens demonstrated similar fracture patterns at the tested strain rates.
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