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Abstract

:

The split Hopkinson pressure bar (SHPB) is a machine used for obtaining dynamic material properties at high strain rates of 102–104 s−1. In the SHPB test, the material properties obtained vary depending on the shape of the specimen. In other words, it is important to understand the behavior of the specimen when selecting the specimen dimensions. However, specific standards, such as the size of specimens and bars for the SHPB, have not yet been established. This study investigates the effect of changing the specimen diameter on strain and stress results. Comparison and verification with experimental results were performed using the LS-DYNA program. Specimens are cylindrical titanium grade 1. The specifications of bars and length (  L  ) of the specimens were not changed. The results revealed that the reflected ratio increased, and the transmitted ratio decreased as the area of the specimen decreased. The ratios of these strains are affected by impedance (  Z = ρ A C  ). The area reduction of specimens under the same conditions made it possible to obtain dynamic properties at a higher strain rate. It was shown that the impedance relationship and strain rate can be altered by varying the diameter of the specimen without changing the dimensions or material of the bar itself.
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1. Introduction


Material properties are a basic consideration in manufacturing. Researchers and engineers must carefully examine material characteristics like stress (  σ  ), strain (  ε  ) and strain rate (    ε    ˙   ). Stress and strain are affected by the strain rate and vary between quasi-static and dynamic conditions. The strain rate represents the amount of change in strain per unit time, and it must be considered since materials have different behaviors based on it. Materials have a high yield stress and ultimate strength at high strain rates [1,2]. This is called the strain rate effect, which is important for understanding high-speed loading scenarios, such as car collisions and explosions. Furthermore, dynamic properties can be used in a high-velocity forming process, which can improve the formability and strength of the material. Currently, machines for obtaining high-speed material properties are typically high-speed tensile test machines [3], the split Hopkinson pressure bar (SHPB) [4,5,6,7,8] and the split Hopkinson tensile bar (SHTB) [9,10,11,12]. The split Hopkinson bar (SHB) is an apparatus that is designed for acquiring dynamic material properties of a specimen for a given high strain rate of 102–104 s−1. SHB machines have been supplemented and improved from the initial model [13,14] and should be designed and manufactured to suit the situation of each laboratory. Raw data obtained through them can be converted to high-speed material properties using the Johnson-Cook [15] or Cowper-Symonds constitutive models [16]. The Hopkinson bar has been widely used to obtain dynamic material properties for various materials such as metals [17,18], concretes [19] and composites [20,21]. It can be also modified to measure dynamic behavior in ultra-high [22] or ultra-low temperatures [23]. Recently, there have been efforts to apply peridynamic modeling in SHPB analysis to achieve more accurate simulation results [24,25].



Material properties such as Young’s modulus (E) and the stress-strain (S-S) curve in a quasi-static state are obtained through uniaxial tensile tests. The test must be performed after an appropriate specimen size is selected for each material to be measured in ASTM standards. While some researchers are working to standardize the SHPB through the round-robin test [26,27], specific standards for the SHPB have not been officially established. An appropriate specimen diameter (D) and thickness (L) can be selected by referring to previous studies. Because the specifications of SHPBs used in laboratories are different, and various specimen sizes are recommended, more studies are required. SHPB specimens are typically shaped similarly to a cylindrical rod. Factors involved in shape are thickness and diameter. Previous studies have suggested that different material properties can be obtained depending on the shape of the specimen [28,29].



In this study, an SHPB experiment was conducted to investigate the effect of the specimen diameter using titanium grade 1. The cross-sectional area of the specimen is an important factor in the impedance relationship and is expected to have a direct effect on the SHPB test. The experiment was conducted with specimen diameters of 5, 6, 7, 8 and 10 mm, and the thicknesses of all specimens were 5 mm. By maintaining a constant thickness and varying the diameter of the specimen, the effect of diameter was determined, and material properties for various strain rates were obtained.



Titanium grade 1, which is one of four commercially pure titanium materials, was selected as the specimen material. Titanium is widely used in aerospace, automotive and marine industries, owing to its high corrosion resistance and weldability. Because aircraft and cars are often exposed to high-speed loading conditions, understanding the dynamic material properties of titanium grade 1 is required.



The pressure of the pneumatic launcher was set to 0.5, 1.0 and 1.5 bar. Subsequently, dynamic compression curves were obtained by applying the S-S curves from each test to the Shin-Kim model [30]. LS-DYNA (R12.0, Livermore Software Technology Corporation (LSTC), Livermore, CA, USA), a commercial software program, was used to verify the effect of the diameter and material properties obtained in experiments.




2. Experimental Work


2.1. SHPB Apparatus and Theory


The SHPB apparatus includes a striker, incident bar, transmitted bar, specimen and data acquisition devices (Figure 1). The striker bar is launched by a gas gun. It collides with the incident bar at a velocity of     V   0     and generates compressive elastic waves.     V   0       is measured using a photogate. Voltage signals are measured from strain gauges attached to the incident and transmitted bar to quantify the elastic waves propagating through them using an oscilloscope and amplifier. Owing to the impedance difference, the incident wave is divided into reflected and transmitted waves after passing the interface between the specimen and the incident bar. These are the incident pulse (    ε   I     t    ), reflected pulse (    ε   R     t    ) and transmitted pulse (    ε   T     t    ). They are used to calculate the stress (    σ   S    ), strain (    ε   S    ) and strain rate (      ε   S    ˙   ) of the specimen using SHB theory and engineering relationships, as shown in the following equations [8]:


    σ   S     t   =     A   B       A   S       E   B     ε   T     t     ,  



(1)






    ε   S     t   = − 2     C   B       L   S       ∫  0   t      ε   R     t   d t   ,    



(2)






      ε  ˙    S     t   = − 2     C   B       L   S       ε   R     t     ,  



(3)




where     A   S    ,     A   B    ,     E   B    ,     L   S     and     C   B     are the area of the specimen, area of the pressure bar, Young’s modulus of bars, thickness of the specimen and elastic wave speed of the pressure bar, respectively. Equations (1)–(3) are based on the assumptions of uniaxial and uniform stress in the specimen and satisfy a stress equilibrium condition (i.e.,     σ   I   +   σ   R   =   σ   T    ).



SNCM439 is used for pressure bars in SHPB theory, assuming an elastic deformation of incident and transmitted bars. In addition, the pressure bar should be long enough to prevent wave overlap. Detailed specifications for the bars are available in Table 1 and Table 2 [31].




2.2. Wave Impedance in the SHPB Test


The SHPB test is based on one-dimensional (1D) stress wave propagation through materials, including pressure bars and specimens. The stress wave traveling through the incident bar encounters the material specimen of interest. At the interface between the incident bar and specimen, some of the incident pulse reflects while the rest transmits through the specimen (Figure 2). The material properties of the specimen can be determined by analyzing the reflected and transmitted stress waves. Equations (4) and (5) show the relationship between the incident stress wave (    σ   I    ), reflected stress wave (    σ   R    ) and transmitted wave (    σ   T    ).


    σ   T   =     2 A   1     ρ   2     C   2       A   1     ρ   1     C   1   +   A   2     ρ   2     C   2       σ   I   =     2 A   1     ρ   2     C   2       Z   1   +   Z   2       σ   I     ,    



(4)






    σ   R   =     A   2     ρ   2     C   2   −   A   1     ρ   1     C   1       A   1     ρ   1     C   1   +   A   2     ρ   2     C   2       σ   I   =     Z   2   −   Z   1       Z   1   +   Z   2       σ   I     ,  



(5)







These can also be defined as the relational expression of impedance   ( Z = A ρ C )  .   A   is the cross-sectional area,   ρ   is the density, and   C   is a 1D wave velocity of the medium. Because striker and incident bars in SHPB tests are typically designed with the same material and cross-sectional area, stress waves are transmitted without reflection. However, there is a difference in impedance between the bars and specimen, causing the incident wave to split into reflected and transmitted waves. The voltage signals from the strain gauge attached to the incident and transmitted bars can measure the reflected and transmitted waves, respectively.



We attempted to vary the impedance ratio by changing the pressure bar, but preparing corresponding bars for each specimen was inefficient and costly. ASTM standards currently provide guidelines for specimen details for quasi-static tensile tests. There is no specific standard for the specimen in an SHPB experiment, only a size recommendation by several researchers. It is difficult to establish a specific standard because different laboratories have varying SHPB apparatus specifications. To conduct an accurate test, researchers must carefully select the size of the specimen based on the properties of the material being tested and equipment being used. During the SHPB test, it is crucial to consider the wave impedance relationship regarding the specimen shape to obtain precise material properties. The diameter and thickness of the cylindrical specimen are the primary factors that determine its shape in tests. Changing the diameter may affect the initial impedance. The cross-sectional area can control the reflected and transmitted ratio. In this study, the effect of diameter was investigated while the thickness was fixed.




2.3. Specimen Dimensions


The stress wave investigation of the titanium grade 1 specimen was conducted by varying the diameter of the specimen during the dynamic compression test. To determine the effect of diameter only, specimens of fixed thicknesses (5 mm) and varying diameters (5, 6, 7, 8 and 10 mm) were used. Figure 3 shows specimens used in SHPB tests. The experiments were conducted at three different pressures: 0.5, 1.0 and 1.5 bar. Table 3 shows the dimensions and slenderness ratio (L/D) of the specimens.





3. Experimental Results


3.1. Equilibrium Check


The objective of the SHPB test is to obtain the dynamic properties of the material, particularly the S-S curves at specific strain rates. Because these values are obtained from Equations (1)–(3), it is important to verify if the assumptions of the equations are satisfied. Equations (1)–(3) assume the following conditions: (a) one-dimensional stress wave propagation through the pressure bars and (b) uniform and uniaxial stress and strain within the specimen. Under these assumptions, the sum of the incident stress and reflected stress is expected to be equal to the transmitted stress (i.e.,     σ   I   +   σ   R   =   σ   T    ). This means that stress on both sides of the specimen is the same. Figure 4 demonstrates the strain equilibrium for each pressure condition. Large oscillation in the incident and reflected pulse is inevitable unless a pulse shaper is used [32,33]. In contrast, the transmitted pulse has less oscillation as it passes through a plastically deformed specimen. While there may appear to be a significant difference between     σ   I   +   σ   R     with a high oscillation and     σ   T     with low oscillation, fitted pulses closely match each other.



To assess the equilibrium condition, we employed average percentages of discrepancy [26] and equilibrium factor. The average percentages of discrepancy   ∆   F   e q     a v e     for each experiment were calculated as follows:


  ∆   F   e q     a v e   = ±     ∑  1   n          F   1 i   −   F   2 i       F   2 i           2 n   × 100 %   ,  



(6)




    F   1     is the force at the interface of the specimen and incident bar, and     F   2     is the force at the interface of the specimen and transmitted bar. The results of   ∆   F   e q     a v e     can be found in Table 4. The discrepancies were generally low, except for a few cases. The maximum discrepancy of ±26.8% is still considered a valid value for obtaining an accurate S-S curve [26].



The equilibrium factor   R   t     is defined as follows:


  R   t   =     ∆ σ ( t )     σ   m   ( t )       ,  



(7)






  ∆ σ   t   = (   σ   I   +   σ   R   ) −   σ   T     ,  



(8)






    σ   m     t   =   ( ( σ   I   +   σ   R   ) +   σ   T   ) / 2   ,  



(9)







  ∆ σ ( t )   is stress difference between the two faces of the specimen and     σ   m   ( t )   is mean stress. The example of   R   t     for our experiment is shown in Figure 5.   R   t     was mostly high during rise and fall time of the pulse. Except for that region, the value was below approximately 0.3, which means that maximum difference between     σ   I   +   σ   R     and     σ   T     is 30% of the average stress     σ   m   ( t )  .




3.2. The Experimental Results of Reflected and Transmitted Pulses


The reflected pulse     ( ε   R   )   and transmitted pulse     ( ε   T   )   measured from strain gauges are used to obtain a strain rate–strain curve and true S-S curve using Equations (1)–(3). To acquire highly reliable material properties, the reproducibility of the obtained strain signals must be verified by conducting repeated tests under the same conditions. In this study, we verified reproducibility by conducting more than 10 tests on each specimen. Figure 6 shows the reflected and transmitted waves measured in each specimen under various diameters and pressure conditions.



The transmitted pulses have fewer oscillations because they are measured through the plastically deformed specimen. Conversely, a significant dispersive phenomenon was observed in the reflected waves. This was significantly affected by the contact area of the specimen as the wave was propagated or reflected inside the incident bar. In some studies, a one-wave analysis method using only the transmitted pulse was adopted. This method is appropriate when the stresses at the front and end of the specimen coincide well during the test. If the consistency of the front and end stress wave is low or if a damaged transmitted pulse is measured, the reliability of material property will be reduced. Therefore, a two-wave analysis method using Equations (1)–(3) was adopted in this study.



The incident pulse is only affected by the striker and incident bars. When tests were conducted under the same pressure conditions, identical incident waves were measured regardless of the specimen. Conversely, the reflected and transmitted pulses were affected by the impedance difference between the specimen and pressure bars. As expressed in Equations (4) and (5), the reflected ratio increases and the transmitted ratio decreases when the area of the specimen decreases for the same incident pulse. Experimental results show that, even under the same pressure conditions, the shape of reflected and transmitted pulses varied depending on the diameter. As the diameter of the specimen decreases, the reflected pulses tend to increase, and the transmitted pulses tend to decrease (Figure 6). Even simply changing the diameter of the specimen has a significant effect on the waveform. However, it does not verify if the material properties of each elastic wave correspond to diameter or if the S-S curves of different strain rate regions are obtained by experimentally influencing it.




3.3. Acquisition of Dynamic Compression Material Properties in an Experiment


The reflected pulses measured under each pressure condition can be used to calculate true strain and strain rate values using Equations (2) and (3). Figure 7 shows the strain rate-true strain curves obtained from the reflected waves shown in Figure 6. Even when the experiment was conducted under the same conditions, the specimen deformed in a higher-strain-rate region as the diameter decreased. The increase in the reflected ratio as the diameter decreased enabled the acquisition of material properties at higher strain rates. However, when the 10 mm-diameter test was conducted under any condition, a significant deviation was observed after the initial strain rate section. Furthermore, because the secured strain section is narrow, it is difficult to obtain reliable material properties. In contrast, with a smaller diameter, a longer range of strain can be secured, and the deviation can be reduced while increasing the strain rate. Therefore, it would be possible to obtain dynamic compressive properties at a wider range of strain rates by selecting an appropriate diameter of the specimen.



The transmitted pulses measured under each pressure condition can be used to calculate true stress through Equation (1). Figure 8 shows the true stress–true strain curves and the Shin-Kim model obtained from the reflected and transmitted waves in Figure 6. Constitutive equations are mainly used to apply the experimentally obtained S-S curve into an analytical model. Unlike the quasi-static test, the SHPB test must consider the strain rate effect when selecting a constitutive equation. Typically, the Johnson-Cook (J-C) or the Cowper-Symonds (C-S) model is used. However, these models have problems with strain and strain rate hardening terms and fit well in a specific strain-rate region only. Shin proposed the Shin-Kim (S-K) model [30] to address these issues (Equation (10)). The S-K model was well matched in the overall strain-hardening term and was observed to fit well with the SHPB test that acquires dynamic compressive properties in the high-strain region.


  σ =   A + B   1 −   exp  ⁡    − C ε           D   ln  ⁡        ε  ˙        ε  ˙    0         +   exp  ⁡    E       ε  ˙        ε  ˙    0               ,  



(10)







  σ   is the flow stress,   ε   is the strain,     ε  ˙    is the strain rate,       ε  ˙    0     is the reference strain rate, A is the yield strength, and B and C are strain-hardening constants. The first bracket (i.e.,     A + B   1 −   exp  ⁡    − C ε            ) corresponds to the Voce hardening law, and the values of A, B and C were selected based on the S-S curve of the quasi-static tensile test of titanium grade 1.    D   and   E   are terms affected by the strain rate, and values of   D = 0.014   and   E = 0.0000083   were used in this study. These parameter values are listed in Table 5.



As shown in Figure 6, the transmitted pulses decrease as the specimen diameter decreases. In addition, based on Equation (1), specimen stress (    σ   S    ) should decrease when the transmitted pulse decreases. However, Figure 8 demonstrates that the overall stresses increase as the diameters increase. This is because the cross-sectional area of the specimen (    A   S    ) acted as a more dominant factor in Equation (1).





4. Numerical Analysis


4.1. Finite Element Model


The commercial software LS-DYNA (R12.0, Livermore Software Technology Corporation (LSTC), Livermore, CA, USA) was used to construct finite element models based on the specifications listed in Table 1. The specimens had diameters of 5, 6, 7, 8 and 10 mm with a thickness of 5 mm. The material used for the pressure bars was SNCM439 (Table 2), which was assigned using the MAT001_ELASTIC keyword in LS-DYNA. The S-S curve obtained through the S-K model was applied to the specimen using the keyword MAT024_PIECEWISE_LINEAR_PLASTICITY. In the experiment pressures of 0.5, 1.0 and 1.5 bar were applied to a pneumatic compression launcher. This pressure accelerated the striker bar from zero to the collision speed     V   0    . For the analytical model(Figure 9),     V   0     was the initial velocity of the striker bar 0.1 mm from the incident bar. According to the empirical data from the experiment,     V   0     was set to 11, 17 and 20.5 m/s for 0.5, 1.0 and 1.5 bar, respectively. The friction between the bars and specimen was ignored in this analysis.




4.2. FEM Results


Figure 10 shows reflected and transmitted waves obtained through the FEM. Unlike in the experiment, waves without damage were obtained in the analysis. Numerous variables could occur in the experiment, such as noises, misalignment of the bars and incorrect attachment of strain gauges. The analysis does not have these errors, resulting in a clear waveform.



The shapes of reflected and transmitted pulses were similar to those of the waveforms acquired in the experiment. As with the experimental results, the same tendency was observed, where the reflected ratio increased and the transmitted ratio decreased with decreasing diameter.



For the same thickness, the effect of changing a waveform by varying the diameter can lead to significant expectations depending on the impedance relationship between pressure bars and the specimen. In addition to the cross-sectional area, Young’s modulus and density influence the impedance. To test a steel-based material with a higher Young’s modulus than titanium, a change in the diameter is required as the impedance is also affected by Young’s modulus. When the impedance is increased owing to a high Young’s modulus, and the specimen area remains the same, transmitted pulses may be significantly low to be used in the acquisition of material properties. Therefore, if a test is conducted using the diameters of SHPBs found in each laboratory without considering impedance, it may be difficult to secure valid data.



Figure 11 shows a comparison of true stress–true strain curves from the experiment and FEM for each pressure and diameter. The numerical results are in good agreement with the experimental values. Overall, longer strains were obtained from the experiments than from the analysis. It is difficult to obtain a perfect waveform in experiments as many variables can cause errors. Nevertheless, the errors in stress values between the experiment and FEM were low.



For the result of 0.5 bar pressure and 10 mm diameter, the FEM can secure up to 0.05 mm/mm of true strain, but the experiment shows a lower value. Therefore, in the case of the 10 mm-diameter test, obtaining reliable dynamic properties would be difficult, or reproducibility could be poor even if experiments are repeated. The SHPB apparatus used in this study was tested by selecting the initial 10 mm diameter regardless of the material. When a 10 mm diameter was selected for titanium grade 1, it affected the test. Rather, reliable material properties were obtainable as the diameter was decreased. However, this does not imply that titanium grade 1 should not be used on all SHPB apparatuses with a 10 mm diameter. After figuring out the impedance of pressure bars held in each laboratory, the area of the specimen should be decided.





5. Discussion


Previous studies have shown that the diameter and thickness of specimens can affect experimental results. This is because the size of the specimen is related to inertia and friction effects. Consequently, researchers have conducted studies on these factors [34,35,36]. Even at the same strain rate, specimens with a small L/D exhibit higher stress levels than those with a large L/D, primarily due to friction [6]. Friction impedes the specimen from expanding freely and causes the specimen to deform into a barrel-like shape. Because this phenomenon occurs near the surface, a specimen with a small L/D is influenced more. However, it also demonstrates that the error in the S-S curve was negligible when the L/D was approximately 1.0. Rodríguez et al. [37] also showed that an accurate S-S curve is obtainable at an L/D of 0.5 and a diameter of 10–14 mm.



For an ideal SHPB experiment, it is essential to achieve dynamic force equilibrium [38] and maintain a constant strain rate during deformation [39]. Dynamic force equilibrium is achieved as shown in Figure 4. The strain rate is considered constant, except during the initial rise, as small changes in the strain rate of about 10–20 s−1 have no significant effect on the S-S curve. It can be said that friction does not disrupt dynamic force equilibrium or the constancy of the strain rate. However, it could shift the overall stress value up or down.



Meng and Li [6] conducted a numerical study on the relationship between the L/D of the specimen and the inertia effect. They found that specimens with an L/D of 0.3–0.5 provide the best results with frictionless conditions. Ratios higher than this range increase the axial inertia effect, while ratios lower than this range increase both the radial and axial inertia effects. Ren et al. [40] also suggested that the L/D should be between 0.35 and 0.45.



However, there are also conflicting results. Pei et al. [41] numerically investigated the SHPB model without friction and concluded that the L/D of the specimen does not have a significant effect on the stress level of the specimen for the rate-dependent elastic plastic materials. Iwamoto and Yokoyama [42] also confirmed that accurate S-S curves can be obtained for a wide range of L/D ratios, from 0.1 to 2.0, under frictionless conditions without any curve corrections. There are still various conflicting results regarding the relationship between the L/D and the inertia effect.



Therefore, the influences of friction and inertia are considered negligible in this study. Even if they may have caused slight shifts in stress value, the magnitude of this variation is expected to be small, as indicated by previous studies. The results from our experiments revealed no significant difference between the experimental data with friction and the numerical results without friction (Figure 11). This suggests that the effect of friction was minimal. The stress of the specimen decreased as the slenderness ratio decreased (Figure 8). This is because the strain rate was reduced as the specimen diameter decreased. In addition, it shows that the strain rate can be altered by adjusting the specimen diameter, and corresponding S–S curves can be well obtained.




6. Conclusions


Although a test must be performed after an appropriate specimen size is selected for each material to be measured in ASTM standards, specific standards were not set for the SHPB experiment. In this study, the effect of changing only the diameter of the SHPB was investigated without replacing pressure bars in the currently possessed SHPB apparatus. The difference in impedance among pressure bars and specimens affects the acquisition of strain signals. In the SHPB test, the reflected signals increased and the transmitted pulses decreased as the diameter was reduced under the same experimental conditions. In the impedance relationship, it matched the trend of the wave ratio as the area decreased. There was no significant difference between the experimental S-S curves with friction and the numerical S–S curves without friction. Therefore, we concluded that the friction effect is negligible in this study. The results revealed that the area reduction of the specimen under the same conditions made it possible to obtain dynamic compressive properties in a slightly higher strain-rate region, and this was verified by the FEM.



There is a limit to presenting a required diameter for each material. Reflected and transmitted ratio equations can be used to obtain an accurate solution only for the initial stress wave in 1D. In the SHPB test, a specimen was plastically deformed, and an area was changed in real time, such that the ratio continuously changed. Even if a specific area is decided, it might be difficult to acquire a specimen in that shape. However, the effect of diameter on the test was identified through this study. Even if the area changed, the inherent material properties did not change. In addition, it was possible to indirectly determine whether the experiment was possible or not. Therefore, although it is impossible to precisely specify the specimen as in the ASTM standard, we can obtain a recommended area through the apparatus possessed by each laboratory.



Future studies should investigate reflected and transmitted ratios for plastic deformation in 3D.
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Figure 1. Schematic of the split Hopkinson pressure bar apparatus. 
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Figure 2. Reflection and transmission of the stress wave through two different cylindrical mediums. 
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Figure 3. Titanium grade 1 cylindrical specimens with different diameters (5, 6, 7, 8 and 10 mm). 
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Figure 4. Stress equilibrium check for different diameters and pressures; (a) P = 0.5 bar and D = 0.5 mm, (b) P = 1.0 bar and D = 0.5 mm and (c) P = 1.5 bar and D = 0.5 mm. 
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Figure 5. Stress on transmission face (    σ   T    ), smoothed stress on incident face (    σ   I   +   σ   R    ) and equilibrium factor   R   t    . 
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Figure 6. Experimental strain for different diameters and pressure; reflected pulses at (a) 0.5, (b) 1.0 and (c) 1.5 bar; and transmitted pulses at (d) 0.5, (e) 1.0 and (f) 1.5 bar. 
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Figure 7. Experimental strain rate–true strain curves for different diameters and pressures; (a) 0.5, (b) 1.0 and (c) 1.5 bar. 
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Figure 8. Comparison of the true stress–true strain curves between experimental values and the S-K model; (a) 0.5, (b) 1.0 and (c) 1.5 bar. 
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Figure 9. Finite element model of the SHPB test in LS-DYNA. 
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Figure 10. Numerical strains under different diameters and pressures; reflected pulses at (a) 0.5, (b) 1.0 and (c) 1.5 bar; and transmitted pulses at (d) 0.5, (e) 1.0 and (f) 1.5 bar. 
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Figure 11. Comparison of the true stress–true strain curves between the experiment and FEM; (a) 5, (b) 6, (c) 7, (d) 8 and (e) 10 mm. 
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Table 1. Dimensions of the SHPB pressure bars.
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	Length (mm)
	Diameter (mm)





	Striker bar
	200
	20



	Incident bar
	1200
	20



	Transmitted bar
	1200
	20










 





Table 2. Material properties of SNCM439.
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SNCM439






	
Density

	
7850 kg/m3




	
Young’s modulus

	
196 GPa




	
Poisson’s ratio

	
0.3




	
Yield strength

	
1550 MPa











 





Table 3. Diameters, thicknesses and slenderness ratios of the specimens.
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	Specimen
	Diameter (mm)
	Thickness (mm)
	Slenderness Ratio





	Case 1
	5
	5
	1.0



	Case 2
	6
	5
	0.83



	Case 3
	7
	5
	0.71



	Case 4
	8
	5
	0.63



	Case 5
	10
	5
	0.5










 





Table 4. Diameters, thicknesses and slenderness ratios of the specimens; (a) P = 0.5, (b) P = 1.0 and (c) P = 1.5 bar.
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	(a) P = 0.5
	
	
	
	
	



	Diameter (mm)
	5
	6
	7
	8
	10



	  ∆   F   e q    ( a v e )    (%)
	±12.0
	±1.3
	±0.95
	±0.98
	±4.5



	(b) P = 1.0
	
	
	
	
	



	Diameter (mm)
	5
	6
	7
	8
	10



	  ∆   F   e q    ( a v e )    (%)
	±12.2
	±0.5
	±26.8
	±9.6
	±6.5



	(c) P = 1.5
	
	
	
	
	



	Diameter (mm)
	5
	6
	7
	8
	10



	  ∆   F   e q    ( a v e )    (%)
	±6.0
	±2.4
	±16.8
	±4.4
	±0.29










 





Table 5. S-K model parameters for titanium grade 1.
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	A (MPa)
	B (MPa)
	C
	D
	E





	410.15
	794
	1.6
	0.014
	0.0000083
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