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Abstract

:

Coal-based carbon foam (CCF) has been widely used in the hypersonic vehicles’ thermal protection system (TPS) due to its good thermal insulation and mechanical properties. In addition, CCF can absorb large quantities of energy when crushed so that the CCF sandwich structure can effectively improve the impact resistance of the TPS. However, there are few studies on the impact performance of CCF sandwich structures, even the mechanical constitutive model (MCM) of CCF. This research work built the CCF MCM and studied the low-velocity impact properties. A large number of experiments were implemented to establish an effective and comprehensive CCF MCM which has three parts: basic mechanical properties, multiaxial loading failure criteria, and hardening rules. A series of tests on the low-velocity impact performance of two CCF sandwich structures were carried out, and finite element models (FEMs) were established according to the CCF MCM to simulate these tests. The experimental and simulation results were in good agreement. The impact damage mechanism was revealed by the tests and the FEMs. The MCM can be used not only for the simulation of low-velocity impact process but also for failure analysis of other CCF structures, which will help to design CCF structures at a low cost.
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1. Introduction


Hypersonic vehicles (HVs) have serious aerodynamic thermal problems, which require a thermal protection system (TPS) to protect the vehicle [1,2,3,4,5]. With the development of HVs, the vehicle has higher comprehensive demands for thermal insulation materials for the TPS: (1) Higher thermal stability. Insulation materials need to maintain stable high-temperature performance to ensure a longer flight cycle [4]. (2) Higher impact resistance. HVs are under threat of impact, including low-velocity impacts during transportation, installation, and runway take-off and landing and high-velocity impacts by space debris outside the atmosphere shock [6,7,8,9,10,11]. The impacts might cause the TPS to fall off in a large area, or local penetrating damage, which will seriously weaken the thermal insulation performance of the TPS and affect the safety of the HV.



Scholars [12] have studied a variety of insulation materials that meet the above comprehensive demands and found that coal-based carbon foam (CCF) is one of them. CCF is a porous material made of raw coal that is foamed and carbonized [13], which has the following characteristics that make it suitable for TPS: (1) The thermal conductivity can be as low as 0.1 W/(m·K) after depositing carbon aerogel in its cells [14], and it is equivalent to that of the third generation ceramic tile aluminum-enhanced thermal barrier (AETB) at high temperatures [15,16,17]. (2) The high-temperature performance can be stable for a long time at 3000 °C under the condition of isolated air [18,19]. (3) The compressive modulus and strength are 1.5–2.5 GPa and 10–17 Mpa, respectively, at room temperature [19,20,21,22], and their reductions are less than 45% and 5%, respectively, at 1800 °C [23]. Compared with AETB’s compressive modulus and strength, which are 0.153 GPa and 0.689 MPa [24], respectively, at room temperature, CCF’s relatively high mechanical properties allow it to absorb more impact energy, which enable the TPS to withstand greater impact energy before overall or partial failure.



The above properties have led scholars to apply CCF to the TPS. Grujicic [25] studied an integrated thermal protection system (ITPS) consisting of C/C composite materials and CCF on common aviation vehicles (CAVs). A CAV is a small, unpowered, autonomously navigating supersonic vehicle that can carry a variety of weapons and launch them from space. ITPS enables the aircraft to maintain the temperature of the internal aluminum alloy structure within 160 °C under extreme aerodynamic heating conditions of up to 3000 s and bear the aerodynamic load as the skin. Ogasawara et al. [26,27,28] studied two types of TPS prepared with different sandwich panels: one TPS panel was made of a carbon-fiber-reinforced resin matrix composite, and the other TPS outer panel was made of C/C composite material. Using a three-point bending test, the authors measured the flexural strength and flexural modulus of the sandwich structures at room temperature and elevated temperatures. The results showed that the bending strength of the sandwich panel remained basically unchanged at high temperatures. The authors also evaluated the thermal insulation performance of the sandwich structure, and it was found to have a good thermal insulation performance. The solar probe Parker Solar Probe launched by the United States in 2018 also adopted the CCF TPS manufactured by Ultramet [29,30,31,32,33], and its structure was “alumina coating-isolation layer-C/C panel-CCF-C/C Panel.” The alumina coating was used to radiate energy outward to dissipate heat. The C/C panel was made of chopped carbon fiber and resin. CCF was filled between the panels as the insulation material with a thickness of 11.43 cm, so the satellite’s internal structure could maintain 30 °C, while the external temperature was 1371 °C. The application of CCF in TPS has clear application prospects. However, there are few studies on the impact properties of CCF TPSs, which may not be conducive to the further development of CCF TPSs.



This study investigated the low-velocity impact performance of the CCF TPS for a runway take-off HV. This type of HV flies in the atmosphere and will not be threatened by the high-velocity impact of space debris, but it might be impacted by the low-velocity impact of debris on the runway during takeoff. The typical structures of CCF TPSs are CCF sandwich structures. According to different protection positions, the panel materials are carbon-fiber-reinforced bismaleimide composite material (CFRC) and carbon fiber/silicon carbide ceramics composite material (C/SiC). The CFRC’s strength and modulus reduce less than 50% and 40% at 200 °C, respectively, compared with those at room temperature [34,35]. Cai [36] studied the thermophysical properties of C/SiC and found that the tensile strength was nearly unchanged, the specific heat of increased from 0.7 to 1.6 JK−1g−1, and the thermal conductivity decreased from 32 to 23 Wm−1K−1 as the temperature changed from 25 °C to 900 °C. Patel [37] also found a similar variation trend. However, the HV is still at normal temperature when it takes off, so we need to focus only on the normal temperature and low-velocity impact performance of the CCF sandwich structures.



A series of low-velocity impact tests have been carried out in this study. Before discussing them, we first need to clarify the mechanical constitutive model (MCM) of CCF. Although scholars [38,39,40,41] have researched the CCF’s mechanical properties, it is still incomplete. In addition, there is no research on the failure behavior and the CCF MCM. Since CCF is an anisotropic brittle cellular foam, we combined the research results of Gibson et al. [42] on anisotropic brittle reticulated vitreous carbon foam (RVC) and the research results of Deshpande and Fleck [43] on isotropic cellular foam to propose an MCM suitable for CCF.



This study aimed to build the MCM of CCF and investigate the low-velocity impact properties and damage mechanism of CCF sandwich structures. A large number of experiments were implemented to establish a relatively accurate and comprehensive CCF MCM, which is divided into three parts: basic mechanical properties, multiaxial loading failure criteria, and hardening rules. A series of tests on the low-velocity impact performance of two CCF sandwich structures were carried out, and finite element models (FEMs) were established according to the CCF MCM to simulate these tests. The experimental and simulation results were in good agreement. Some important details of the damage mechanism were revealed by the FEMs.




2. Materials and Methods


2.1. Structures and Materials


We studied the impact resistance performance of two CCF sandwich structures, shown in Figure 1, whose impacted side panels were carbon-fiber-reinforced bismaleimide composite material (CFRC) and carbon fiber/silicon carbide ceramics composite material (C/SiC), respectively. The two sandwich structures were named resin matrix composite panel sandwich structure (RPS) and ceramic matrix composite panel sandwich structure (CPS). The maximum long-term use temperature of RPS was 270 °C, and that of CPS could reach 900 °C. The CFRC structures with the grade IS2101/T800 were manufactured by Tianjin Istar Aerospace Technology Co., Ltd. The C/SiC structures with the grade GSI31 were manufactured by National University of Defense Technology. Table 1 lists the mechanical and thermophysical properties provided by the manufacturer.



The CCF’s production process was introduced in our previous work [20], and Figure 2 shows its mesoscopic structure. It can be seen that the cells are approximately circular in the in-plane direction but elliptical in the out-of-plane direction. Therefore, it is reasonable to assume that the CCF we studied was a transverse isotropic foam, and the mechanical performance parameters obtained from the later experiments also confirmed this assumption.




2.2. Tests


2.2.1. Tests for CCF


When the sandwich structure was subjected to low-velocity impact, the sandwich core collapsed under multiaxial loading conditions. Hence, to simulate this process, it was necessary to study the comprehensive mechanical properties of CCF. Carbon foam is a type of brittle foam whose stress-strain curve under uniaxial compression is usually divided into three parts: elastic section, platform section, and densification section. CCF’s mechanical properties include basic mechanical properties, multiaxial loading failure criteria, and hardening rules.



The basic mechanical properties of CCF include uniaxial modulus, strength, and Poisson’s ratio in all three directions in the elastic section, which can be obtained by conventional test methods, including uniaxial tension (UT) test, uniaxial compression (UC) test, and single shear (SS) test.



However, measuring the basic mechanical properties of porous materials cannot describe their failure behavior under multiaxial loading conditions. Therefore, multiaxial loading failure criteria must be established to solve this problem, which requires the multiaxial loading test of CCF. Gibson et al. [42] and Kolluri et al. [43] used the passive confining pressure (PC) test, as shown in Figure 3, to perform multiaxial loading on other foams and obtain valid data. The specimen coated with lubricating oil was set in a steel groove with an interference fit whose magnitude was 0.05 mm. The groove needed to be heated above 70 °C before assembly. The specimen was compressed by the loading block after cooling. The wall thickness of the steel groove should be large enough to ensure that the transverse strain of the specimen is approximately equal to 0 during the test so that the constraining force of the steel groove on the specimen can be solved according to the constitutive equation. Then, the stress in all directions can be obtained when the CCF fails under multiaxial loading. This test method is simple and reliable, so we conducted a PC test in all three directions on CCF.



The hardening rules describe the mechanical characteristics of CCF in the platform section. The mechanical characteristics of other brittle foams are shown in Figure 4 [44]: (1) The maximum stress reached its peak when it entered the platform section, then dropped sharply and fluctuated in a small range around a value. The value was defined as platform stress    σ p   , whose equation is


   σ p  =    ∫   ε 1     ε 2     σ  ( ε )  d ε    / (  ε 2  −  ε 1  )  



(1)




where   σ  ( ε )    is the function of the stress-strain curve, and    ε 1    and    ε 2    are the strains of two points in the platform section. (2) The modulus of the remaining material remained unchanged in the platform section. We measured   σ  ( ε )    in the uniaxial compression and PC tests to obtain CCF’s multiaxial loading mechanical behavior in the platform section. We also unloaded and reloaded multiple times during the PC test to measure the change of CCF modulus in the platform section. The reason for choosing the PC test instead of the UC test was that in the UC test, after the CCF entered the platform section, the side of the CCF would fall off, resulting in the loss of material in the loading direction, and the accurate platform stress could not be measured, while the groove restricted the specimen of PC test.



The maximum compressive failure stress and compressive modulus of CCF in the densification section proliferated with the increase of strain. Our study did not characterize the mechanical behavior of the densification section because the CCF would absorb the impact energy through continuous crushing during the impact process. The CCF would enter the densification section when wholly crushed in the thickness direction. Simplifying the mechanical behavior of the compaction section would not affect the influence of the simulation results.



Table 2 shows the test matrix of CCF, and Figure 5 shows the photograph of specimens. There were 42 CCF tests in total. The specimens used in this study were all derived from the same CCF blank, which has insufficient research, so further tests are needed to confirm our findings, such as tests with different processes or batches of CCF. All the tests were conducted on a hydraulic mechanics testing machine (Instron 8801, Instron, Norwood, MA, USA). The loading speed was 0.5 mm/min. It should be noted that the cell wall on the surface of the specimens needed to be completed, resulting in the surface strength being much smaller than the true strength of the CCF. Hence, the surface of the compression specimens needed to be pasted with a metal sheet, and the adhesive had to penetrate the specimens to a thickness of 0.5~1 mm to enhance the surface strength.



The gas inside the brittle foam was able to flow freely when the cell wall was crushed, unlike that inside the plastic foam, which remained in the cell wall and affected the mechanical properties. Coupled with the large modulus of the CCF skeleton material, the effect of the strain rate of the CCF on the mechanical properties under low-velocity impact could be negligible [12].




2.2.2. Tests for RPS and CPS


Low-velocity impact tests and quasi-static indentation tests were conducted to study the impact performance of RPS. During low-velocity impact, the effect of strain rate on the mechanical performance of CFRC and CCF could be negligible, so it was reasonable to replace the load-displacement curve of low-velocity impact tests with the load-displacement curve measured by quasi-static indentation tests. Due to the high cost of C/SiC, only two CPS specimens were prepared in this study, all of which were subjected to low-velocity impact tests. The test matrix in this section is shown in Table 3. The impact energy of RPS-1 and RPS-2 was 20 J, which could verify the repeatability of the experiment. The specimens for the two tests were the same, as shown in Figure 6, and the size was 100 × 100 mm2 (referenced ASTM D7766 [49]).



The experimental facility is shown in Figure 7. Two metal plates clamped the specimen with eight bolts, and the size of the hollow area in the middle of the metal plate was 80 × 80 mm2. The bolt was tightened by hand until the specimen could not shake freely in the tooling, avoiding excessive constraints on the free boundary conditions of the specimen. The lower metal plate was bonded to the test platform to prevent the specimen from bouncing during impact. The diameter of the impactor and indentator was 16 mm. The load sensor connected the impactor and the counterweight to collect load data. The total mass of the impactor, load sensor, and counterweight was 5.275 kg.





2.3. Simulations


2.3.1. Mechanical Constitutive Model of CCF


The stress-strain relation of the transverse isotropic CCF in the elastic section is


   σ  =  C ε   



(2)




where   σ  ,   ε  , and   C   are the stress vector, strain vector, and stiffness matrix, respectively. We defined the z direction as the foaming direction. Therefore, the mechanical properties in the x and y directions were the same, and   C   could be expressed as


     C  =  1 Ω   [       C  x x        C  x y        C  x z      0   0   0          C  y y        C  y z      0   0   0             C  z z      0   0   0               Ω  G  x y      0   0         S y m           Ω  G  y z      0                     Ω  G  x z        ]       E x  =  E y   ν  x y   =  ν  y x      ν  x z      E x    =    ν  z x      E z         C  x x   =  E x   (  1 −  ν  x z    ν  z x    )  =  C  y y    C  x y   =  E x   (   ν  x y   +  ν  x z    ν  z x    )       C  x z   =  E x   (   ν  x z   +  ν  x y    ν  x z    )             C  y z   =  E x   (   ν  x z   +  ν  x y    ν  x z    )       C  z z   =  E z   (  1 −  ν  x y  2   )    Ω = 1 −  ν  x y  2  − 2  ν  x z    ν  z x   − 2  ν  x y    ν  x z    ν  z x      



(3)







There are currently no studies on multiaxial loading failure criteria and hardening rules of CCF. We referred to the characterization method of failure criteria of anisotropic reticulated vitreous carbon foam (RVC) by Gibson et al. [42] and proposed a modified characterization method for CCF. We placed the failure points of anisotropic CCF in the    p ˜  −  q ˜    space, where   p ˜   is the modified mean stress and   q ˜   is the modified von Mises stress, which can be expressed as


   p ˜  = −  1 3   (   c x  +  c y  +  c z   )   



(4)






   q ˜  =  1   2         (   c x  −  c y   )   2  +    (   c x  −  c z   )   2  +    (   c z  −  c y   )   2  +  c s   (   c  x y     2  +  c  x z     2  +  c  z y     2   )     



(5)






   c i  =  {       σ i  /  S  i c      σ i  ≤ 0        σ i  /  S  i t      σ i  ≥ 0             i = x , y , z  



(6)






   c j  =  τ j  /  S j          j = x y , y z , z x  



(7)




where    c s    is the strength factor determining the proportion of normal and shear stress when CCF fails; this value cannot be obtained directly through tests, and its defining method will be described later.



When the CCF was under uniaxial loading, the stresses in the non-loading direction were 0. In this case,    q ˜  = 3  p ˜    (when    p ˜  ≥ 0  ) and    q ˜  = − 3  p ˜    (when    p ˜  < 0  ) are always established according to Equations (4)–(7), and their corresponding failure points are always (1/3, 1) or (−1/3, 1). When the CCF was under single shear loading, the normal stresses were 0 and shear stress was    σ j   . It had    p ˜  = 0   and    q ˜  = (  σ j  /  S j  )    c s  / 2    , and its corresponding failure point was   ( 0 ,      c s  / 2   )  . In conclusion, CCF’s failure surface in the    p ˜  −  q ˜    space had to pass through the above three failure points. Gibson et al. [42] found that the failure surfaces of isotropic and anisotropic RVC had similar shapes, so we also phenomenally assumed that anisotropic and isotropic CCF had similar failure surfaces. CCF is a type of cellular foam, and the failure surface of isotropic cellular foam in    p ˜  −  q ˜    space is semi-elliptical [43]. We also assumed that CCF in this study had a semi-elliptical failure surface. According to the three coordinate points above, the function of the failure surface is


    q ˜  2  = a   p ˜  2  − a / 9 + 1 ,    c s  = 2 − 2 a / 9  



(8)




where a reflects the ellipticity of the failure surface; it can be obtained by fitting the failure points measured by PC tests, and then the value    c s    can also be obtained.



When the CCF failed under compressive loading, a damaged surface was generated inside the foam. As the loading continued, the foam collapsed at the damaged surface, and the CCF entered the platform section. The cell wall on the damaged surface was incomplete, resulting in the failure stress, which was the platform stress    σ p   , which was smaller than the strength of the complete cell wall. The collapse points in the platform section under different loading constituted the collapse surface, and its expression in the    p ˜  −  q ˜    space was assumed to be


    q ˜  2  = b   p ˜  2  + c  



(9)




where b and c are the shape parameter obtained by relevant test results; in summary, the relationship between mechanical test results and failure surface and collapse surface is shown in Figure 8.




2.3.2. Finite Element Models of RPS and CPS


The low-velocity impact tests can only obtain the damage morphology and load curve of the specimens but cannot measure their damage process, which makes it difficult to analyze the damage mechanism, but the FEM with sufficient accuracy can simulate this process. We used the commercial finite element software Abaqus to simulate the low-velocity impact and quasi-static indentation tests. The FEM is shown in Figure 9. The models of the two tests differed only in how the load was applied. The other settings were the same.



We directly defined the material properties of the panel and core through the VUMAT subroutine. The panel was made of fiber-reinforced composite material, and its continuous damage model was fully studied so that we directly used the method that Zhang et al. [50] proposed to define the mechanical properties of the panel. The CCF constitutive model was obtained from the tests discussed later in this paper, and the VUMAT subroutine of CCF was compiled with reference to the Abaqus modeling method for isotropic foam [51].



Eight-node brick element (C3D8R) was used in the whole model, while the stiffness-based hourglass control was used in the CCF core to prevent an hourglass issue in large deformation. From the central region to the edge region, the mesh size was 0.77 mm × 0.77 mm, 1.54 mm × 1.54 mm, and 3.33 mm × 3.33 mm, respectively. In the test, the interface between the panels and the core was not damaged, so the elements at the junction of the panels and the core were set as common nodes. Due to the small pre-tightening force of the bolts, the extrusion effect of the metal plate on the specimens could be ignored. The two metal plates had enough rigidity to limit the z direction displacement of the specimens, so the metal plates could be simulated by the rigid surfaces with fixed support, and a contact pair was set between the metal plates and the panels.



In the FEM of low-velocity impact test, an initial velocity was applied to the impactor, which was calculated according to the impact energy. In the FEM of quasi-static indentation test, a displacement constraint was imposed on the indentator to move downward at a speed of 1 mm/min.






3. Results and Discussions


3.1. Results and Discussion of Tests for CCF


3.1.1. Basic Mechanical Properties


The mechanical test results are shown in Figure 10. It can be seen that the mechanical properties in the elastic section were linear elastic. Therefore, the strengths were equal to the value of the maximum stresses in the elastic section, and the modulus was equal to the slopes in the elastic section. The CCF had no yielding behavior before failure, indicating that CCF could be regarded as a fully brittle material. During the uniaxial compression test, the lateral deformation of the specimen was also measured so that the Poisson’s ratio of CCF could be obtained. The basic mechanical properties of CCF calculated from the curves are listed in Table 4 and Table 5.



The modulus in the x direction is 2.57% larger than that in the y direction and 35.3% smaller than that in the z direction. The tensile strength in the x direction is 7.8% smaller than that in the y direction and 32.2% smaller than that in the z direction. The compressive strength in the x direction is 2.22% larger than that in the y direction and 55.7% smaller than that in the z direction. In summary, the mechanical properties of CCF in the x and y directions have little difference and can be approximately equal. The mechanical properties in the z direction are much larger than those in other directions. The conclusions above show that it is reasonable to regard CCF as a transversely isotropic foam.




3.1.2. Multiaxial Loading Failure Criteria


Table 6 shows the stresses when CCF fails in PC tests. The stresses reacted by the steel groove were calculated by the following equations. When the z direction was under loading, the x and y directions deflections were 0. It followed


   σ x  =  σ y  =  ν  z x    σ z  / ( 1 −  ν  x y   )   (  E x  /  E z  )  2   



(10)




where    σ z    was measured by the testing machine when the x direction was under loading, and the deflections in the z and y directions were 0. It followed


     σ y  = (  ν  x y   +  E x   ν  z x  2  /  E z  )  σ x  / ( 1 −  E x   ν  z x  2  /  E z  )      σ z  = (  E x   v  z x   ( 1 +  ν  x y   ) /  E z  )  σ x  / ( 1 −  E x   ν  z x  2  /  E z  )    



(11)




where    σ x    was measured by the testing machine; since the mechanical properties in the x and y directions were similar, the test loaded in the y direction had similar equations to the test loaded in the x direction.



So far, all the parameters in Equations (4)–(7) had been obtained, except    c s   . Nevertheless, the shear stresses in UT, UC, and PC tests were all 0, which means that the    c s    value had no influence on the calculation of the failure points’ coordinates of the above tests in    p ˜  −  q ˜    space, according to Equation (5). Therefore, the failure points’ coordinates we calculated are listed in Table 7 and were marked in the    p ˜  −  q ˜    coordinate system as shown in Figure 11. We were able to obtain the functional equations of the failure surface of CCF and its error band by fitting these failure points. The failure surface of CCF is


    q ˜  2  = − 1.472   p ˜  2  + 1.164  



(12)




The upper bound of the error band is


    q ˜  2  = − 1.577   p ˜  2  + 1.585  



(13)




The lower bound of the error band is


    q ˜  2  = − 1.297   p ˜  2  + 0.813  



(14)







It can be seen from Equation (12) that   a = − 1.472  . Further, we calculated    c s  = 2.328   according to Equation (8). So far, we obtained the complete Equation (5), which could calculate the CCF failure points where the shear stress was not 0. The failure points’ coordinates of the SS test are listed in Table 7 and displayed in Figure 11. These points are also within the error band, which shows that the failure criteria we obtained based on the normal stress tests can be used to predict the failure of CCF in the single shear loading.



Equations (12)–(14) have great significance in predicting the    p ˜  −  q ˜    point of CCF when it is damaged under multiaxial loading. Equation (12) predicts the average value of these    p ˜  −  q ˜    points, while Equations (13) and (14) predict the distribution of these points. The main reason for the dispersion of these    p ˜  −  q ˜    points was the inhomogeneity of the internal pores of CCF. During the low-velocity impact, a large area of CCF was destroyed. Even though the mechanical properties of CCFs were not uniform, their influence on the impact curve was determined mainly by their average value. Therefore, Equation (12) should be used in low-velocity impact FEMs. In other applications, such as when CCF is used as a sandwich beam core material, in order to ensure structural safety, Equation (14) should be used to predict the initial damage of CCF.




3.1.3. Hardening Rules


In the UC and PC tests, CCF entered the platform section, and the platform stress could be obtained according to Equation (1). As for the PC test, the stresses reacted by the steel groove were also calculated by Equations (10) and (11). The platform stresses of the UC test are listed in Table 8. The platform stresses and non-loading direction stresses of the PC test are listed in Table 9. The collapse points’ coordinates of UC and PC tests are listed in Table 10 and displayed in Figure 12. By fitting these collapse points, we were able to obtain the functional equations of the collapse surface of CCF and its error band. The collapse surface of CCF is


    q ˜  2  = − 1.25   p ˜  2  + 0.535  



(15)




The upper bound of the error band is


    q ˜  2  = − 1.779   p ˜  2  + 0.787  



(16)




The lower bound of the error band is


    q ˜  2  = − 0.785   p ˜  2  + 0.319  



(17)







It can be seen from Equation (15) that b = −1.250 and c = 0.535.



Equations (15)–(17) have great significance in predicting the    p ˜  −  q ˜    point of CCF when it collapses. Equation (15) predicts the average value of these points, while Equations (16) and (17) predict the distribution of these points. Equation (15) has higher application value and was used for FEMs in this paper because the ability of CCF to absorb impact energy depends on its average mechanical properties.



We selected one specimen of the PC test from each direction for the unloading and reloading test. The stress-true strain curves are shown in Figure 13, and the slopes of the reloading curve are listed in Table 11. The difference among several slopes was minimal, so it can be considered that the modulus of CCF remained unchanged in the platform section.





3.2. Results and Discussion of Tests and Simulations of RPS and CPS


3.2.1. Low-Velocity Impact Tests and Simulations of RPS


The load-time curves of the RPS low-velocity impact test are shown in Figure 14, from which it can be seen that the curves of RPS-1 and RPS-2 with the same impact energy almost coincided before reaching the limit load, indicating that the consistency of the tests was good. The curves have the following characteristics: (1) All the curves are approximately coincident at the beginning, and the panels and cores are not damaged in the coincident region. (2) After the coincident region, the specimen starts to become damaged, and higher impact energies lead to steeper curve slopes before limit loads are reached. (3) After reaching the limit load, the load enters the buffer zone, and the maximum load oscillates within a specific range. The sandwich structure at this stage absorbs impact energy through CCF crushing, while its modulus and platform stress remain almost unchanged. (4) The impactor rebounds, and the load decreases. The results of FEM are in good agreement with the test results of RPS-3 and can effectively simulate the limit load of RPS and the curve in the buffer region.



The sections of the RPS low-velocity specimens cut along the center line are shown in Figure 15. The perspective of cross-sectional damage morphology shows that the test results have a good consistency. Local matrix cracking and fiber breakage occurred at the position where the panel contacted the impactor. The damage on the foam was a “D”-shaped indentation. The crushing depth in the center of the indentation was relatively large and extremely small at the edge. The parameters of the curves and indentation of the RPS low-velocity impact test are shown in Table 12. Figure 15 shows the damage morphology simulation results of the maximum impact energy test (RPS-3). It can be seen that the panel damage under the impactor was mainly a fiber and matrix fracture. The panel damage near the impactor was difficult to obtain from the specimen section, but a large amount of delamination damage can be seen in the FEM results. The area of delamination damage was much larger than the area of the fiber and matrix fracture. The calculated indentation diameter was 15 mm, 5.13% larger than the experimentally measured 14.23 mm. The calculated indentation depth was 4 mm, 3.50% smaller than the experimentally measured 4.14 mm. The calculation errors of these two critical damage characteristic parameters were all within the acceptable range, which further verified the model’s accuracy.



The CCF in the specimen’s damage area was broken into powder. However, the elements of CCF in the FEM produced a large deformation, which made it look like the yield deformation of plastic materials. This is because it was difficult to simulate the process of brittle CCF breaking into powder in the FEM, and it was more convenient to model CCF as a plastic foam with the same stress-strain curve. Hence, the region where the CCF produced plastic strain in the FEM corresponds to the region where the actual collapse occurred.




3.2.2. Quasi-Static Indentation Tests and Simulations of RPS


The load-displacement curves of the RPS quasi-static indentation tests are shown in Figure 16, from which it can be seen that the curves of RPS-4 and RPS-5 almost coincided before the indentation depth reached 3.81 mm, indicating that the consistency of the tests was good. The curves have the following characteristics: (1) In Section A, the curves have good linearity, and the specimens are not damaged. (2) In Section B, the panels directly under the indentation are partially damaged, and the area away from the indentation (marked by the red dotted line in Figure 16) is accompanied by the sinking of the indentation, causing the foam below to collapse. The curves at this stage also show apparent linearity because the modulus and platform stress do not change during the foam-hardening stage. After the curves reach Point A, the load drops sharply, and the specimens emit a clear sound for the first time. (3) In Section C, the slopes of the curves are smaller than those in Section B due to the more severe damage in the specimens. When loading to Point B, the fiber of the panel is completely broken, and the indentator penetrates the panel. At this time, specimens emit clear sounds for the second time. RPS-4 and RPS-5 almost completely overlap before Point B, which shows that the destruction before Point B is relatively regular. (4) In Section D, the curves rise with fluctuation, which is related to the fluctuation of CCF in the platform section. The indentation starts to contact the CCF directly, and as the spherical indentation deepens, the contact area between the indentator and the CCF increases continuously, increasing the load. When loading to Point C, the specimens emit a clear sound for the third time, and the back panel separates from the CCF. (5) In Section E, the specimens lose the ability to resist indentation.



The damage evolution of the CCF inside the specimen could not be obtained experimentally, but it could be obtained by the FEM. It can be seen from Figure 16 that before Point A, the CCF collapsed only under the indentator, forming a pit. The pit depth and area increased as the indentator went deeper. At Point A, a longitudinal crack suddenly formed inside the CCF, and the load dropped rapidly at the same time, indicating that the CCF sandwich structure quickly lost its bearing capacity. In addition, for the TPS, longitudinal cracks may have also increased the local heat flow. Therefore, in the design of the CCF TPS, the structure should be avoided to reach Point A under a given impact load.



The sections of the RPS quasi-static indentation specimens cut along the center line are shown in Figure 17. In addition to forming a “D”-shaped pit under the indentator similar to the low-velocity impact test, these longitudinal cracks extended to the back panel, also formed in the foam. The pit depth of RPS-4 was more profound than that of RPS-5 because the fragments under the pit fell off after the specimen was cut. The cut RPS-5 was further symmetrically divided to observe the morphology on another symmetrical plane. Since the panel was a quasi-isotropic laminate, the damage morphology on the two symmetrical sections of RPS-5 should have been the same. However, the strength of the composite panel and the carbon foam had dispersion, leading to the sections’ actual morphology being slightly different. According to the results of the FEM, it was found that Crack 1 occurred at Point A of the curve, which led to the first load drop. Crack 2 did not appear before Point B, indicating that Crack 2 was probably generated at Point C of the curve.



The results of the FEM were in good agreement with the test results of RPS-5 before Point B. However, we failed to simulate the curve and the damage morphology after Point B because the FEM model in this paper failed to accurately simulate the process of the indentator penetrating the panel and contacting the core, which needs further study. Nevertheless, the model in this paper had high accuracy in simulating the indentation before the panel penetration.




3.2.3. Low-Velocity Impact Tests and Simulations of CPS


The load-time curves of the CPS low-velocity impact test are shown in Figure 18. The average loads in the buffer region of the two curves in Figure 18 are close. This result is consistent with the phenomenon observed in Figure 14, indicating that when the core material was the same, the impact energy had little effect on the average load of the buffer region. The limit loads of CPS and the average loads of the buffer region were significantly lower than that of RPS because the strength and modulus of CMC were significantly lower than that of CFRC.



The limit loads of the curves in Figure 18 equaled the maximum loads, while the maximum loads were more significant than the limit loads in Figure 19. The reason for the above differences was that CFRC had a high fracture toughness. Although the structural bearing capacity decreased when the limit load was reached, the damaged part of the panel still had a part of the bearing capacity. The load could continue to increase as the impactor went down. Meanwhile, the fracture toughness of CMC was low, and the bearing capacity of the damaged part of the panel decreased rapidly after reaching the limit load. Figure 18 shows the load-time curves of the test results and calculation results of CPS-1. It was found that the simulation of the model after the panel was penetrated was not accurate enough, so only the FEM results of CPS-1 are given. The simulation results were consistent with the test results, and the results were in good agreement.



The sections of the CPS low-velocity specimens cut along the center line are shown in Figure 19, and the results of the CPS low-velocity impact test are shown in Table 13. It can be seen that the damage morphology of CPS was similar to that of the RPS quasi-static indentation test, which indicates that the damage processes of the two sandwich structures under low-velocity impact were similar, while the impact resistance of CPS was weaker.






4. Conclusions


This study investigated the MCM of CCF and the low-velocity impact properties of CCF TPS through many experiments and FEM simulations. The CCF MCM was obtained through a large number of comprehensive tests and verified in the FEM so that it can be used not only for the simulation of the impact process but also for the mechanical behavior analysis of other CCF structures under complex loads. The study on the low-velocity impact properties of CCF sandwich structures can provide an experimental basis for the TPS impact-resistant design of the HV for runway take-off. In addition, its verified method of FEM can also be used in the impact-resistant design of the CCF TPS, improving design efficiency and reducing R&D costs. The CCF MCM we proposed does not include the mechanical behavior of CCF after densification, which can be further studied to describe fully the mechanical behavior of CCF. The FEM presented in this paper cannot simulate the impact process after the panel is penetrated, a point which needs to be improved to analyze the impact process with higher energy. Further research on the effect of the strain rate and high temperature on the CCF MCM will allow us to simulate the response of CCF TPS under high-velocity impact to study the impact resistance of CCF TPSs for other HVs facing the threat of high-velocity impact of space particles.
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Figure 1. The size and composition of CCF TPSL (a) RPS and (b) CPS. 
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Figure 2. The mesostructures of CCF: (a) The section in the in-plane direction; (b) The section in the out-of-plane direction. 
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Figure 3. The setup for PC test. 
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Figure 4. The stress-strain curves of brittle foam during uniaxial compression [44]. 
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Figure 5. The specimens for mechanical properties of CCF: (a) UT test; (b) UC test; (c) SS test; and (d) PC test. 
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Figure 6. The specimens of low-velocity impact performance tests: (a) RPS and (b) CPS. 
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Figure 7. The experimental facility of low-velocity test and quasi-static indentation test. 
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Figure 8. The relationship among mechanical test results and failure surface and collapse surface. 






Figure 8. The relationship among mechanical test results and failure surface and collapse surface.



[image: Aerospace 10 00630 g008]







[image: Aerospace 10 00630 g009 550] 





Figure 9. The FEM of low-velocity impact tests and the quasi-static indentation tests. 
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Figure 10. The stress-strain curves of mechanical tests for CCF: (a) UT tests; (b) SS tests; (c) UC tests in x/y direction; (d) UC tests in x and y directions; (e) UC tests in z direction; and (f) PC tests. 
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Figure 11. Failure points, failure surface, and error band of CCF. 
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Figure 12. Collapse points, collapse surface, and error band of CCF. 
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Figure 13. The unloading-reloading stress-true strain curves of the PC test. 
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Figure 14. The load-time curve of RPS low-velocity impact test and FEM. 






Figure 14. The load-time curve of RPS low-velocity impact test and FEM.



[image: Aerospace 10 00630 g014]







[image: Aerospace 10 00630 g015 550] 





Figure 15. The sections of the RPS low-velocity specimens cut along the center line. 
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Figure 16. The load-displacement curves of the RPS quasi-static indentation test. 
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Figure 17. The sections of the RPS quasi-static indentation specimens cut along the center line. 
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Figure 18. The load-time curve of CPS low-velocity impact test and FEM. 
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Figure 19. The sections of the CPS low-velocity specimens cut along the center line. 
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Table 1. Mechanical properties of CFRC and C/SiC.
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	Symbol
	Property
	CFRC
	C/SiC





	   E  11     (GPa)
	Modulus along 1 direction
	167
	57.27



	   E  22     (GPa)
	Modulus along 2 direction
	9.13
	57.27



	   E  33     (GPa)
	Modulus along 3 direction
	9.13
	4.56



	    ν  12     
	Poisson’s ratio in 12 plane
	0.35
	0.36



	    ν  13     
	Poisson’s ratio in 13 plane
	0.35
	0.32



	    ν  23     
	Poisson’s ratio in 23 plane
	0.30
	0.32



	   G  12     (GPa)
	Shear modulus in 12 plane
	4.93
	3.01



	   G  13     (GPa)
	Shear modulus in 13 plane
	4.93
	3.01



	   G  23     (GPa)
	Shear modulus in 23 plane
	0.86
	1.02



	   X T    (MPa)
	Tensile strength along 1 direction
	2761
	204



	   Y T    (MPa)
	Tensile strength along 2 direction
	38.4
	204



	   Z T    (MPa)
	Tensile strength along 3 direction
	38.4
	23.7



	   X C    (MPa)
	Compressive strength along 1 direction
	1420
	360



	   Y C    (MPa)
	Compressive strength along 2 direction
	179
	360



	   Z C    (MPa)
	Compressive strength along 3 direction
	179
	87



	   S  12     (MPa)
	Shear strength in 12 plane
	75
	104



	   S  13     (MPa)
	Shear strength in 13 plane
	75
	104



	   S  23     (MPa)
	Shear strength in 23 plane
	30
	56



	   G   C , ft      (N·mm)
	Fiber tensile energy release rate
	180
	35



	   G   C , fc      (N·mm)
	Fiber compressive energy release rate
	100
	15



	   G   C , mt      (N·mm)
	Matix tensile energy release rate
	4
	35



	   G   C , mc      (N·mm)
	Matrix compressive energy release rate
	10
	15



	 ρ  (g·cm−3)
	Density
	1.65
	2.03



	   K f    (W·m−1·K−1)
	Thermal conductivity in fiber direction
	0.72
	28.8



	   K  o u t     (W·m−1·K−1)
	Thermal conductivity out of plane
	0.34
	11.0



	C (J·g−1·K−1)
	Specific heat capacity
	1.08
	0.69
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Table 2. Test matrix of the mechanical properties of CCF.
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Test

	
Referenced ASTM

	
Number of Specimens

	
Properties

(i = x, y, z; j = xy, xz)






	
UT

test

	
C297 [45]

	
UTx-1~3

	
Tension strength    S  i t    ;

Young‘s modulus    E i   




	
UTy-1~3




	
UTz-1~3




	
UC

test

	
C365 [46]

E132 [47]

	
UCx-1~5

	
Compressive strength    S  i c    ;

Young‘s modulus    E i   ;

Poisson’s ratio    ν j   

Platform stress    σ  i p    




	
UCy-1~5




	
UCz-1~5




	
SS

test

	
C273 [48]

	
SSxy-1~3

	
Shear strength    S j   ;

Shear modulus    G j   




	
SSxz-1~3




	
PC

test

	
C365 [46]

	
PCx-1~4

	
Failure stresses and platform

stresses in all three directions




	
PCy-1~4




	
PCz-1~4
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Table 3. Test matrix of RPS and CPS.






Table 3. Test matrix of RPS and CPS.





	
Test

	
Number of Specimens

	
Load






	
Low-velocity

impact test of RPS

	
RPS-1

	
Impact energy 20 J




	
RPS-2

	
Impact energy 20 J




	
RPS-3

	
Impact energy 25 J




	
Low-velocity

impact test of CPS

	
CPS-1

	
Impact energy 10 J




	
CPS-2

	
Impact energy 20 J




	
Quasi-static indentation

test of RPS

	
RPS-4

	
Indentation depth 8 mm




	
RPS-5

	
Indentation depth 15 mm
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Table 4. The modulus and strength of CCF. (The data unit in the table is MPa).






Table 4. The modulus and strength of CCF. (The data unit in the table is MPa).





	
Property

	
     E x     

	
     E y     

	
     E z     

	
     G  x y      

	
     G  x z      

	
     S  x t      

	
     S  y t      

	
     S  z t      

	
     S  x c      

	
     S  y c      

	
     S  z c      

	
     S  x y      

	
     S  x z      






	
Results

	
751

	
943

	
1283

	
953

	
1120

	
3.51

	
3.48

	
4.01

	
9.72

	
8.55

	
16.7

	
2.03

	
2.89




	
798

	
856

	
1170

	
899

	
1201

	
3.03

	
3.42

	
4.17

	
8.11

	
10.1

	
14.0

	
2.20

	
2.64




	
912

	
742

	
1256

	
925

	
1098

	
3.07

	
3.46

	
4.52

	
10.34

	
8.31

	
12.8

	
2.21

	
2.29




	
950

	
746

	
1232

	

	

	

	

	

	
9.22

	
8.22

	
13.1

	

	




	
792

	
913

	
1287

	

	

	

	

	

	
9.74

	
10.9

	
16.8

	

	




	
855

	
887

	
1245

	

	

	

	

	

	

	

	

	

	




	
977

	
831

	
1260

	

	

	

	

	

	

	

	

	

	




	
934

	
910

	
1264

	

	

	

	

	

	

	

	

	

	




	
Average

value

	
871

	
854

	
1250

	
926

	
1140

	
3.20

	
3.45

	
4.23

	
9.43

	
9.22

	
14.7

	
2.15

	
2.61




	
Standard

deviation

	
79

	
71

	
35

	
22

	
44

	
0.22

	
0.02

	
0.21

	
0.75

	
1.08

	
1.7

	
0.08

	
0.25
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Table 5. The basic mechanical properties of CCF. (The data unit in the table is MPa).






Table 5. The basic mechanical properties of CCF. (The data unit in the table is MPa).





	
Property

	
     ν  x y      

	
     ν  z x      






	
Results

	
0.21

	
0.57




	
0.24

	
0.55




	
0.23

	
0.56




	
0.22

	
0.55




	
0.24

	
0.56




	
Average value

	
0.23

	
0.56




	
Standard deviation

	
0.011

	
0.007
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Table 6. Stresses when CCF failed in PC tests.






Table 6. Stresses when CCF failed in PC tests.





	

	
X Direction (MPa)

	
Y Direction (MPa)

	
Z Direction (MPa)






	
    σ x    

	
−10.2

	
−9.05

	
−9.98

	
−10.6

	
−5.41

	
−5.91

	
−5.90

	
−6.58

	
−5.67

	
−5.29

	
−5.95

	
−5.02




	
    σ y    

	
−5.82

	
−5.14

	
−5.67

	
−5.99

	
−9.53

	
−10.4

	
−10.4

	
−11.6

	
−5.67

	
−5.29

	
−5.95

	
−5.02




	
    σ z    

	
−6.18

	
−5.46

	
−6.03

	
−6.37

	
−5.75

	
−6.28

	
−6.27

	
−7.00

	
−16.5

	
−15.4

	
−17.3

	
−14.6
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Table 7. The failure points’ coordinates of the UT, UC, and PC tests.






Table 7. The failure points’ coordinates of the UT, UC, and PC tests.





	

	
     (   p ˜  ,    q ˜   )     

	

	
     (   p ˜  ,    q ˜   )     

	

	
     (   p ˜  ,    q ˜   )     

	

	
     (   p ˜  ,    q ˜   )     






	
UT

test

(MPa)

	
(−0.35, 1.05)

	
UC

test

(MPa)

	
(0.35, 1.04)

	
PC

test

(MPa)

	
(0.71, 0.60)

	
SS

test

(MPa)

	
(0, 1.02)




	
(−0.30, 0.91)

	
(0.29, 0.87)

	
(0.63, 0.53)

	
(0, 1.11)




	
(−0.31, 0.92)

	
(0.37, 1.11)

	
(0.70, 0.59)

	
(0, 1.11)




	
(−0.35, 1.05)

	
(0.33, 0.99)

	
(0.74, 0.62)

	
(0, 1.20)




	
(−0.34, 1.03)

	
(0.35, 1.04)

	
(0.67, 0.56)

	
(0, 1.09)




	
(−0.35, 1.04)

	
(0.31, 0.92)

	
(0.73, 0.61)

	
(0, 0.95)




	
(−0.32, 0.95)

	
(0.36, 1.08)

	
(0.72, 0.61)

	




	
(−0.33, 0.99)

	
(0.30, 0.89)

	
(0.81, 0.68)

	




	
(−0.36, 1.07)

	
(0.29, 0.88)

	
(0.78, 0.52)

	




	

	
(0.39, 1.17)

	
(0.73, 0.48)

	




	

	
(0.38, 1.14)

	
(0.82, 0.54)

	




	

	
(0.32, 0.95)

	
(0.69, 0.46)

	




	

	
(0.29, 0.87)

	

	




	

	
(0.30, 0.89)

	

	




	

	
(0.38, 1.14)
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Table 8. The platform stresses of the UC test.






Table 8. The platform stresses of the UC test.





	
Directions

	
    σ p     (MPa)






	
X

	
−6.33

	
−5.13

	
−7.44

	
−5.99

	
−5.43




	
Y

	
−6.71

	
−7.56

	
−5.71

	
−5.51

	
−7.58




	
Z

	
−11.12

	
−9.78

	
−9.66

	
−9.84

	
−11.26
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Table 9. The platform stresses and non-loading direction stresses of the PC test.






Table 9. The platform stresses and non-loading direction stresses of the PC test.





	

	
X Direction (MPa)

	
Y Direction (MPa)

	
Z Direction (MPa)






	
    σ x    

	
−10.2

	
−9.05

	
−9.98

	
−10.6

	
−5.41

	
−5.91

	
−5.90

	
−6.58

	
−5.67

	
−5.29

	
−5.95

	
−5.02




	
    σ y    

	
−5.82

	
−5.14

	
−5.67

	
−5.99

	
−9.53

	
−10.4

	
−10.4

	
−11.6

	
−5.67

	
−5.29

	
−5.95

	
−5.02




	
    σ z    

	
−6.18

	
−5.46

	
−6.03

	
−6.37

	
−5.75

	
−6.28

	
−6.27

	
−7.00

	
−16.5

	
−15.4

	
−17.3

	
−14.6
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Table 10. The collapse points’ coordinates of the UC and PC tests.






Table 10. The collapse points’ coordinates of the UC and PC tests.





	

	
     (   p ˜  ,    q ˜   )     

	

	
     (   p ˜  ,    q ˜   )     






	
UC

test

(MPa)

	
(0.23, 0.68)

	
PC

test

(MPa)

	
(0.50, 0.42)




	
(0.18, 0.55)

	
(0.48, 0.41)




	
(0.27, 0.80)

	
(0.46, 0.39)




	
(0.21, 0.64)

	
(0.54, 0.46)




	
(0.19, 0.58)

	
(0.50, 0.43)




	
(0.24, 0.72)

	
(0.52, 0.44)




	
(0.27, 0.81)

	
(0.53, 0.45)




	
(0.20, 0.61)

	
(0.56, 0.47)




	
(0.20, 0.60)

	
(0.57, 0.38)




	
(0.27, 0.81)

	
(0.55, 0.36)




	
(0.25, 0.76)

	
(0.58, 0.38)




	
(0.22, 0.67)

	
(0.53, 0.35)




	
(0.22, 0.66)

	

	




	
(0.22, 0.67)

	

	




	
(0.26, 0.77)
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Table 11. The slope of the reloading stress-true strain curves.






Table 11. The slope of the reloading stress-true strain curves.





	
Number of

Specimen

	
Slope (MPa)

	
Fluctuation




	
Elastic Section

	
1st

	
2nd

	
3rd

	
4th

	
5th






	
PCx-1

	
883

	
879

	
875

	
874

	
867

	
858

	
2.83%




	
PCy-1

	
832

	
824

	
821

	
824

	
819

	
798

	
4.09%




	
PCz-1

	
1355

	
1351

	
1352

	
1346

	
1338

	
1326

	
2.14%
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Table 12. The results of RPS low-velocity impact test.






Table 12. The results of RPS low-velocity impact test.





	Number of

Specimen
	Impact

Energy (J)
	Limit

Load (N)
	Maximum

Load (N)
	Indentation

Diameter (mm)
	Indentation

Diameter (mm)





	RPS-1
	20
	7409
	7978
	22.41
	3.14



	RPS-2
	20
	6815
	7372
	23.18
	2.59



	RPS-3
	25
	6895
	8185
	24.52
	4.14
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Table 13. The results of the CPS low-velocity impact test.






Table 13. The results of the CPS low-velocity impact test.





	Number of

Specimen
	Impact

Energy (J)
	Limit

Load (N)
	Maximum

Load (N)
	Indentation

Diameter (mm)
	Indentation

Diameter (mm)





	CPS-1
	10
	2937
	2937
	11.95
	4.48



	CPS-2
	20
	3153
	3153
	30.28
	5.46
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