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Abstract
Polymeric foams are used extensively as the core of sandwich structures in automotive and aerospace industries. Normally, several experiments are necessary to obtain the properties which are required by material models to predict the response of crushable foams using Finite Element Analysis (FEA). Hence, this research aims to develop a simple and reliable calibration process for extracting the physical parameters which are required by the material model available in the commercial FE package Abaqus. Therefore, a set of experimental tests is proposed to obtain the required information. Finally, an indentation test was conducted to study the validity of the proposed methodology when the crushable foam was subjected to a mixed mode loading case. Good agreement of load-displacement response and failure mode was found between the experimental results and the numerical predictions by the FE model.
1.
Introduction
To improve the efficiency of vehicles, reducing the weight of structures has become a major target in automotive and aerospace industries. Sandwich panels with skins made of composite materials and core made of a lightweight material are widely used for this purpose. Selection of a suitable core material for a sandwich structure is a crucial part of the design process in order to have components which are both lightweight and crashworthy. There are several materials which can be used for the core of the structure, including aluminium or polymeric foams, aluminium lattice, honeycombs, balsa or cork. The low density as well as the high energy absorption capability make polymeric foams a suitable candidate for the core of crushable devices. Due to their complex microstructure, the mechanical response of foams depends on several factors including loading conditions, density, cell size, wall thickness and cell geometry [1]. In order to predict the response of these crushable foams, several mechanical properties need to be extracted from experimental tests for calibrating the material models which are available in commercial Finite Element (FE) packages.
While the compressive behavior of polymeric foams is well established, the methodology for extracting the main features of the tensile and shear responses remains a topic which requires further understanding. Despite the recent attempts to study the tensile and shear behavior of polymeric foams, there is not yet any agreement on the experimental procedures which should be followed to extract the strengths of the material under those loading conditions [1-8].

For this study, two different polymethacrylimide (PMI) foams were considered. A set of experimental tests is proposed in order to define a systematic process for calibrating the material parameters for the “Crushable Foam” model available in the commercial FE package Abaqus. To calibrate the model, three well defined stress states were considered: compression, tension and shear. Finally, the validity of the calibration process was checked with an indentation test and its corresponding simulation. Digital Image Correlation (DIC) was employed during the indentation tests to monitor the strain field under this multiaxial loading condition.
2.
Materials and Methods
2.1. 
Materials
The response of two PMI foams was investigated under different loading conditions. Although both foams were made of the same polymer, they were different in terms of density, cell size and manufacturing process. These foam characteristics are presented in Table 1 and a comparison between the cell sizes is illustrated in the photomicrographs shown in Figure 1, obtained using scanning electron microscopy (SEM).
Table 1. Characteristics of the PMI foams which have been studied
	Foam designation
	 (kg/m3)
	Cell size
(m)

	A
	75
	400

	B
	110
	50
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Figure 1. Comparison between the microstructure: (a) PMI foam A and (b) PMI foam B. Images were taken using SEM
2.2. 
Methodology
The Crushable Foam model requires the definition of physical parameters in order to predict the response of the material. In particular, the stress-strain curve of the foam under uniaxial compressive conditions represents the main required input, since it captures the plateau region as well as the densification process of the crushable foam. If necessary, the material model allows the definition of strain rate dependency. Apart from that, the hydrostatic compressive strength (pc) and the hydrostatic tensile strength (pt) are needed. All these properties are used by the model to define a yield surface, as illustrated in Figure 2 [9], where the horizontal axis is hydrostatic pressure (p) and the vertical axis represents von Mises stress (q).
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Figure 2. Yield surface of the Crushabel Foam material model which is available in Abaqus [9]

Previous researchers developed a rig to obtain the hydrostatic compressive strength of these types of PMI foams and a ratio between the uniaxial compressive strength (c) and the hydrostatic compressive strength equal to 1.04  was obtained for the foam system they were considering [2]. Due to the complexity of the test, that ratio has been taken by others as a reference value [10]. Although no information has been reported regarding the hydrostatic tensile strength, it is suggested in the Abaqus Documentation [9] that both hydrostatic strengths should take similar values. Since these material properties have a critical influence in the model for predicting the correct tensile and shear behaviours of the foam, a different approach is proposed to obtain them.

From the material model, it is known that for uniaxial compression and uniaxial tension conditions, the von Mises stress is the same as the uniaxial stress and the hydrostatic pressure is minus one third of that value. Similarly, for pure shear conditions, the von Mises stress is equal to the shear strength multiplied by square root of three and the hydrostatic stress is zero. Therefore, using those three points (i.e. uniaxial compressive, uniaxial tensile and pure shear strengths) the yield surface can be recreated. Then, both hydrostatic strengths can be determined by calculating the points at which the von Mises stress is equal to zero.
In summary, the set of tests for obtaining the required inputs for the Crushable Foam model is as follows: uniaxial compression at different strain rates, following ASTM C365/C365M-16 [11]; quasi-static uniaxial tension, based on BS ISO 1926:2009 [12]; quasi-static shear punch test, based on ASTM D732-17 [13]. A punch test is employed due to its advantages regarding sample preparation and simple experimental set-up compared to other techniques such as single or double lap shear tests.
Finally, an indentation test was conducted to check the validity of FE model predictions under a more complex, multi-axial stress state.  For this purpose, blocks of foam were compressed locally using a cylindrical indenter made of steel and DIC was used to obtain full-field strain distribution in the foam during the indentation.
3.
Results and Discussion
3.1. Experimental tests for calibrating the material model
Both foams were subjected to uniaxial compression tests at different strain rates. The results are illustrated in Figure 3 and Figure 4, from which it can be seen that the plateau stress for foam A becomes strain rate insensitive for strain rates above 2.78s-1, whereas the plateau stress for foam B continues to increase over the range of strain rates tested. For the highest rate tested, both foams experienced a softening in the plateau region (Figures 3 and 4), which may be caused by thermal effects [6, 7].
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Figure 3. Uniaxial compression tests results at different strain rates for PMI foam A: stress-strain curves (left); plateau stress-log(strain rate) (right)
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Figure 4. Uniaxial compression tests results at different strain rates for PMI foam B: stress-strain curves (left); plateau stress-log(strain rate) (right)

A comparison between the uniaxial compressive and uniaxial tensile behaviour is presented in Figure 5 for both foams. While foam B has similar strengths in compression and tension, foam A exhibits a considerable difference, with. the value for tensile strength being nearly twice that for compressive strength. This is believed to be the result of the differences in characteristics (including cell size and wall thickness) of the two foams, which affect the collapse mechanisms of the cells within the material.
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Figure 5. Comparison between the response of PMI foams under uniaxial compression and uniaxial tension conditions: foam A (left); foam B(right)
Finally, results for the shear punch tests are illustrated in Figure 6. As with compression, the shear strength of foam A is lower than that of foam B. While the trends of the observed behavior are repeatable, some level of variability can be seen for this particular loading condition. It should be noted that repeat tests were also conducted for the other two loading conditions (the results are not included in this paper) and excellent repeatability was observed
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Figure 6. Shear stress – displacement curves obtained from shear punch tests on PMI foams: foam A (left); foam B (right)

2.2. Validation of the FE models
FE was used to simulate the indentation tests on both foams. The models used the input parameters extracted from the calibration process and a VUSDFLD subroutine was incorporated into the model to introduce element deletion based on a maximum strain failure criterion. The failure strains were determined from the experimental tests presented in Figures 5 and 6. Results are illustrated in Figure 7 and Figure 8. In addition, DIC was employed to correlate the strain contours and comparisons between experiments and simulations are presented in Figure 9 and Figure 10.
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Figure 7. Correlation between a mixed mode indentation test and its corresponding FE simulation for foam A
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Figure 8. Correlation between a mixed mode indentation test and its corresponding FE simulation for foam B
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Figure 9. Comparison of compressive strain (yy) contour between DIC and FEA for foam A at 8.7mm in the load-displacement curve
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Figure 10. Comparison of the compressive strain (yy) contour between DIC and FEA for foam B at 7.5mm in the load-displacement curve
With regards to the load-displacement curves (Figures 7 and 8), the FE models predicted an accurate response for the initial stage. However, in the experiments the loss of stiffness was more pronounced than in the simulations. This effect may be caused by the propagation of microcracks during the experiments, which are not captured by the numerical model. Subsequently, the foams exhibited a relatively stable plateau as soon as the macro-cracks started growing in both tests and simulations. Good agreement was found regarding the final failure of the foams. The FE models predicted failure driven by shear for foam A and by tension for foam B. In addition, the progressive damage in foam B was caused by buckling and crack growth in the clamping area, features which were not observed in foam A. Good correlations between experiments and simulations were reported with regards to the energy absorbed during the indentation (as presented in Table 2).
Table 2. Main differences between the PMI foams which have been studied
	Foam designation
	Energy absorption from tests (J)
	Energy absorption from FE (J)

	A
	48.4
	49.8

	B
	113.6
	111.3


Figures 9 and 10 show the strain contours at displacements of 8.7mm and 7.5mm for foam A and B respectively. It should be noted that after these displacements the DIC data was not reliable beacause of the extreme distortions and artifacts which were recorded. This limitation is probably the result of the irregular surface of the foams (caused by porosity and imperfections), which makes it very complicated to create the speckle required for this experimental technique. At the points illustrated in Figures 9 and 10, the strain fields were successfully predicted for both foams A and B, except from the area directly under the cylindrical indenter. In that area, the FE models calculated high strains, whereas experimental images did not show the same effect. Once again, this may be caused by the densification of the foam under the indenter, which results in the loss of DIC data due to the deterioration of the speckle quality.
4. Concluding remarks
Two PMI foams have been considered in order to develop a calibration process for determining the input parameters for the “Crushable Foam” material model. The methodology which is proposed in this study provides an alternative to difficult hydrostatic tests by conducting simple uniaxial compression, uniaxial tensile and shear punch tests. This new set of experiments provide information regarding the tensile and shear strengths that allow the yield surface of the material model to be determined. The calibration process has been validated by testing and simulating a mixed mode loading scenario, obtaining good agreements in terms of load-displacements curves, fracture mechanisms, absorbed energy and strain contours. Limitations in the use of DIC on the studied foams were also found, due to the difficulty of creating a good quality speckle, which results in the loss of information in areas with large deformations.
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