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ABSTRACT
In this work, we studied microstructural features of several densities of elastomeric polyurethane foams as they underwent

uniaxial compression. High-resolution (1.725 micron/voxel) volumetric images of the foam samples were acquired using x-
ray computed tomography at the Advanced Photon Source at Argonne National Laboratory. A custom-built quasi-static load
frame that was transmissive to x-rays allowed in-situ volume acquisition at several levels of deformation ranging from 0-75%
engineering strain. A wide range of statistical descriptors (e.g. pore size and shape distribution, spatial correlations, ligament
thickness and curvature) were calculated at each deformation step. By performing a spatially averaged calculation using the
pore size and shape, the change in pore anisotropy (i.e., the amount of deviation from a spherical pore) was calculated
between deformation steps. In addition, relationships between globally averaged statistical descriptors and macroscale
measurements were investigated. Digital volume correlation was used to calculate the volumetric strain field in each sample
and enabled correlations between the locally measured statistical descriptors and local strain fluctuations to be explored.
These data have inspired development of a new constitutive model that takes into account the effect of the local
microstructure on the homogenized response.
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INTRODUCTION
Elastomeric foams are lightweight, inexpensive materials with a wide variety of uses from structural components to soft pad

materials. Variations in foam density and polymer cross-linking can produce a broad range of material properties, ranging
from highly flexible elastomers to rigid foams. In most manufacturing processes, cells are elongated along the direction of
foam rise, resulting in anisotropic material properties. Another perspective is that a foam is merely a polymer with a
particular microstructure of holes, and the interplay between solid polymer properties and microstructure govern the behavior
of the foam. For low density foams (~50 kg/m?), Gibson and Ashby [1] have advanced a successful theoretical framework
relating bulk mechanical response to microstructural characteristics using beam analysis of idealized cell geometries.
Theoretical, computational and experimental investigations of microstructure have been reported for low-density foams [2-
10]; however, relatively few studies [11, 12, 13] have focused on moderate-density foams, where the microstructure is not
well described by thin struts that form the edges of polyhedral cells. The relatively widespread availability of X-ray
computed tomography (XCT) systems has spurred studies of microstructure in both metal [14, 15, 16] and polymer [11-13,
17] foams, as reviewed by Petit et al [18]. Anisotropy has been quantified in undeformed foam samples [19, 20] and
compared between undeformed samples and samples deformed up to 7.5% axial strain [21]. However, to our knowledge,
three-dimensional anisotropy evolution during deformation has not been previously characterized, particularly for the
moderate-density foams and large deformations investigated here.
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We studied the evolution of microstructure under large compressive deformation for different densities (hence different
microstructures) of the same polymer matrix material, thus holding the solid material variable constant to isolate the
microstructural effects. In this paper, we will present the in-situ x-ray computed tomography (XCT) at the Advance Photon
Source (APS) at Argonne National Laboratory during compressive loading of different densities of General Plastics LAST-
A-FOAM®, a flexible polyurethane foam. We will discuss statistical descriptors that quantify the microstructure, specifically
the anisotropy, and the evolution of the descriptors with large deformation (0 to 75% engineering strain). We also performed
digital volume correlation (DVC) on the XCT scans to quantify local strains through the volume and compare those to the
statistical descriptors.

EXPERIMENTAL APPROACH
We performed uniaxial compression on 6.25-mm diameter, 6.25-mm tall cylinders of four densities of LAST-A-FOAM®,

ranging from 80 to 240 kg/m>. High-resolution (1.725 micron/voxel) radiographic images of the foam samples were acquired
for tomographic reconstruction at varying steps of compression loading process. A custom-built quasi-static load frame that
was transmissive to x-rays allowed in-situ volume acquisition at several levels of deformation ranging from 0-75%
engineering strain; the frame was held in displacement control at specific displacement levels during approximately 12-
minute x-ray scan times. Figure 1 shows a representative compressive engineering stress vs. compressive engineering strain
for the 240 kg/m? foam for compression along the rise direction of the foam, comparing the APS discrete data to conventional
servo-hydraulic load frame data for the loading-unloading behavior, and a central vertical slice of the foam in its undeformed
state and two deformed states. The APS stress-strain behavior of the foam was similar to that of the conventional constant
loading rate (0.001/s) data, with and initial elastic response, a post-yield/buckling plateau region, and a densification/lock-up
regime. The central vertical slices show the considerable deformation and local evolution of the microstructure, with the 63%
engineering strain in the densification region exhibiting the packing out of the porosity.
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Figure 1: APS stress-strain and in-situ XCT data at various load levels for the 240-kg/m? foam aligning the rise direction with compressive
load: (upper left) compressive engineering stress vs. compressive engineering strain, comparing the APS discrete data to conventional
servo-hydraulic load frame data for the loading-unloading behavior; (upper right) central vertical slice of the XCT reconstruction at the



undeformed state; (lower left) central vertical slice of the XCT reconstruction at 16% strain in the plateau regime; and (lower right) central
vertical slice of the XCT reconstruction at 63% strain in the early densification regime.

ANALYSIS

We measure anisotropy using a method for quantifying the shape of the autocorrelation function (ACF) of the grayscale
three-dimensional image; this has the advantage of working directly with the grayscale image stack resulting from
reconstruction of the X-ray projections as opposed of pore/matrix-identified, thresholded images. The spatial autocorrelation
of the image intensity is defined as follows:

(I(x +1r)I(x)) — (I(x))?

A = I —amn

Here, I(x) is the spatially varying grayscale intensity, and angular brackets () denote a spatial average over all coordinate
points x. The second term in the numerator is the mean intensity squared, and the denominator is equivalent to the variance of
intensity. This shift and normalization are needed to adjust for changes in the dynamic range or shifts in detector sensitivity,
allowing for a more meaningful comparison across different scans. To provide some physical intuition, the autocorrelation
A(r) can be interpreted as the strength of correlation between intensities of any two points separated by vector r, averaged
over all such pairs of points. Its limits are instructive: when r = |Ir]l — 0, A(r) — 1, since every point is perfectly correlated
with itself. Conversely, r — oo implies A(r) — 0, since the intensities of points separated by a sufficiently large distance are
not expected to be correlated in a random medium. We measure overall anisotropy by quantifying the deviation of the shape
of the ACF from a sphere, and its associated direction. This resembles the method proposed by Wald et al [22] in quantifying
anisotropy of trabecular bone structure. The degree of anisotropy is defined based on the ratio of the smallest and largest
eigenvalues of moment of inertia tensor of the ACF: a; = 1-Amin/Amax. For cases where material structure does not possess an
axis of symmetry (e.g. a sample compressed in the transverse direction), the shape of the ACF is orthotropic, with different
dimensions in all three principal directions. In this case, a secondary direction of anisotropy exists, and its associated degree
of anisotropy is defined as: a; = 1-max(Amin/Amid, Amid/Amax), Where Amig is the intermediate eigenvalue of the moment of
inertia tensor of the ACF.

Figure 2 shows the anisotropy evolution with deformation for the 136 kg/m?® and 240 kg/m? foams compressed along both the
rise and transverse directions of the foams [Note: this data comes from in-situ XCT experiments taken on a benchtop system
at Sandia National Laboratories, but for the same source foams as those tested at APS]. As expected for compression along
the rise direction for both densities, the degree of anisotropy is moderately high, then reduces to nearly one as the pore shapes
become nearly spherical, and then increases again with further deformation. For compression along the transverse direction,
the level of anisotropy increases with deformation, given that the ellipsoidal pores are only becoming more eccentric with
deformation. When comparing the anisotropy evolution of the two densities, we see that the anisotropy of the lower density
begins at a higher anisotropy and ends at a lower anisotropy than that of the higher density foams. Also, the character of the
anisotropy evolution is considerably different for the two densities for both foam orientations.
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Figure 2: Anisotropy evolution of foams compressed along the rise and transverse orientations of two different foam densities, 136 and
240 kg/m’, as a function of compressive engineering strain.

Along with this evolution of the anisotropy statistical descriptor that provides a homogenized measure of the local
microstructural evolution with deformation, we performed DVC on the XCT scans of these foams under compression, using
the foam pores as the volumetric features for the DVC algorithm. We utilized Correlated Solutions Vic-Volume to measure
the local strain information on the internal response of the foam to the compressive load. A subset size of 151 and a step size
of 30 were selected based on the average feature size within the volume. For the strain analysis, the smallest filter size, 5, was
utilized. Figure 3 shows the engineering strain map for a central section of the foam at a nominal strain level of
approximately 16%. The average engineering strain calculated for the volume form the DVC was 19%. There are areas
within the volume that do see higher strain values than the average. Further analysis should indicate if these higher strain
values correspond to any microstructural features that will allow for more accurate prediction of polymer foam behavior.
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Figure 3: DVC result showing engineering strain distribution through the volume. The average engineering strain measured for the entire
volume was 19% (Correlation uncertainty = 7%)

CONCLUSION

We presented quantified measures of microstructural evolution in moderate-density polymeric foams under uniaxial
deformation with in-situ XCT from APS. We showed that anisotropy evolution differed between compression in the rise and
transverse foam directions and between relative foam densities. DVC measurements of the volumetric stain corroborated the
global average strain measured and showed regions of strain localization within the volume that can be correlated with
microstructural features. Overall, this research has quanitified how microstructure influences the global and local behavior of
polymeric foams under compression.
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