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We investigate deformation dynamics in a widely used closed-cell foam of polymethacrylimide under uni-
axial compression with in situ X-ray computed tomography and digital volume correlation. Axial strain
mapping demonstrates discrete deformation bands nucleated in sequence across the sample. A buckling
strength index is proposed to quantify the buckling resistance of cell walls, based on their morphology
extracted via an edge-segmentation procedure developed in this work. The spatial distribution of the weak-
est cell walls is correlated well with the location and nucleation sequence of deformation bands, and can be
used for predicting deformation banding.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Cellular materials can be made of a wide variety of materi-
als, including metals, ceramics, and polymers, and exhibit excellent
physical, mechanical and biological properties [1-3]. They are being
increasingly used in various engineering applications for energy
absorption, catalysis, sandwich structures and/or tissue repair [3,4].
Understanding the relationship between microstructures of cellular
materials and their mechanical properties (in particular deforma-
tion and failure) is of substantial interest [5]. However, exploring
deformation mechanisms at the cell scale has been an experimental
challenge.

Deformation of cellular materials under compression begins with
elastic deformation of the cellular structure, followed by local col-
lapse of cells via elastic or plastic buckling. During the collapse stage,
deformation proceeds in a strongly localized manner within nar-
row crushing bands that nucleate and propagate within the cellular
structure [6], as manifested by optical digital image correlation (DIC)
[7-9]. The formation of localized compaction bands is considered
universal to cellular materials and cohesive granular materials (e.g.,
porous sandstone [10] and snow [11]).

An important but pending question is what structural factors trig-
ger the localized collapse of cells. Considerable efforts have been
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made to predict the location of deformation bands in cellular materi-
als based on their microstructures [12,13], e.g., local density and cell
size. It was proposed that deformation banding can be detected with
measures of structural anisotropy [12] quantified via the Minkowski
tensor analysis [ 14]. However, the increase in local anisotropy shown
in previous data [12] is not pronounced. X-ray computed tomogra-
phy (CT) showed that cells which exhibit the most visible distortions
are not the largest, but are those elliptic non-equiaxed [15]. It implies
that the cell morphology might dominate its deformation and failure
over the cell size. However, 3D quantification on the morphology of
cells (especially cell walls) is rarely reported, which hinders under-
standing the correlation between cell morphology and deformation
banding. In addition, deformation band angles were previously char-
acterized with two-dimensional (2D) DIC [7]. However, deformation
bands in real foams are inherently 3D, and accurate characterization
of band morphology with 3D CT is critical for validating constitutive
models of foams [7].

With synchrotron sources, in situ CT has been developed to char-
acterize the evolution of 3D cellular structures [13,16-19]. Micro CT
facilitates characterization of cell deformation at a micron scale [20].
In this letter, uniaxial compression tests are carried out on a rep-
resentative closed-cell foam, polymethacrylimide (PMI) foam. PMI
foams are superior to conventional polymer foams in mechanical
properties [21,22]. Here, in situ synchrotron CT is adopted to map
3D microstructures of PMI foams. A new image processing technique
is proposed to quantify cell wall morphology. The buckling strength
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index is calculated for cell walls based on the elastic buckling the-
ory. The spatial distribution of the strength index allows for the
prediction of deformation bands.

The initial density of the PMI foam is 52 kg m~3, measured with a
100 x 100 x 60mm?> foam block. The solid fraction of the foam is
calculated as 4.3% on the basis of the apparent density of the foam
sample and the solid PMI density (1200kgm~3). The as-received
foam block is machined into cuboidal samples via laser cutting. The
sample size is 3.5 x 3.5 x 4.0 mm?, and the sample height (along the
loading direction) is 4.0 mm. The sample contains over 10 cell lay-
ers in both the longitudinal and horizontal directions, sufficient for
mechanical analysis of the PMI foams [15].

A miniature material test system (MTS) is designed for in situ CT
experiments at the beamline 2-BM of the Advanced Photon Source.
More experimental details can be found in Ref. [20]. The X-ray energy
is set at 24.9 keV, and the sample-to-scintillator distance, at 60 mm.
The nominal resolution is 0.87 1 m per pixel. The projection data
for each tomography scan comprise 1500 radiographs in 0°-180°,

H. Chai, H. Li, X. Xiao, et al. /Scripta Materialia 170 (2019) 177-182

which are then reconstructed into volume data using an open-source
program TomoPy [23]. To quantify the 3D structures of foams, the
volume data is binarized via the level set method after threshold-
ing segmentation [24]. The threshold is selected to yield the solid
fraction of foams (~0.045) consistent with prior measurement. Since
the wall thickness in PMI foams is only a few voxels at certain loca-
tions, local watershed segmentation [25] is applied to recover those
thin walls which may have been wrongly removed during the global
binarization process.

The samples are scanned at different strain levels including zero
strain. The stress-strain curves are measured simultaneously with
the MTS device. Upon loading, once the desired strain level is
achieved, the upper platen is fixed and CT-scan is carried out after
the stress relaxes to a nearly stable state. Since the sample height
is larger than the field of view (1.8 mm high), two or three scans
are necessary to cover the whole gauge length at each deformation
stage. For two consecutive scans, there is an overlap of ~0.34 mm
along the loading direction. Such an overlap facilitates the splicing
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Fig. 1. (a) Stress-strain curves of the PMI foam under uniaxial compression. The solid curve with stress drops refers to in situ CT test with pauses, while the dashed curve, to
continuous loading. (b) Volume renderings of the PMI foam at different bulk strains obtained from in situ CT measurements. Color-coding refers to the increment in axial strain

between two consecutive images.
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of two sets of volume data in post-processing using the normalized
cross-correlation method [26].

The engineering stress-strain curves along with the 3D volume
renderings are presented in Fig. 1. The solid curve with stress drops
is the stress-strain curve from the in situ CT test with loading pauses.
For comparison, a continuous loading test is also conducted (the
dashed curve); the stress—strain curves in these two cases agree
well. The initial volume rendering indicates that cells are largely
polyhedrons; the foam is nearly isotropic with no preferred cell ori-
entations; the equivalent diameter of cells is distributed in a narrow
range of 200-400 um with a mean of 323 um.

The axial strain fields (g;;) are calculated via digital volume
correlation (DVC) [16,27], and Fig. 1 (b) shows the xz- and yz-cross-
sections of the 3D strain maps. Correlation is calculated between
two adjacent tomographs and a strain map is overlaid on the pre-
vious tomograph. At the elastic stage, the foam sample deforms via
the elastic deformation of the foam skeleton, yielding a uniform
strain field with low amplitudes. During the collapse stage, defor-
mation banding occurs and significant cell collapse and crushing
are observed within the bands. Compressional strain localizations
develop at 10% strain due to cell wall bending and buckling, and
subsequently, an apparent collapse band appears at 15% strain.
With increasing loading, discrete deformation bands are formed in
sequence (marked by arrows in Fig. 1 (b)). Strain localizations in
the nucleated bands fade out with further loading, due to local den-
sification or hardening. At about 60% strain, all deformation bands
coalesce, resulting in macroscopic densification of the sample.

The wrinkles or folds in cells are selected to characterize deforma-
tion bands. The band angle 6 and the azimuthal angle s are calculated
via planar fitting. 6 is the angle between the loading direction and a
band normal; ¢ is the angle between the projection of a band normal
on the xy-plane and the x-axis. Fig. 2 (a) presents the deformation
band distribution across the sample at 40% strain. Five deformation
bands (E1-E5) initiated at different instants are singled out for anal-
ysis. Evolutions of the 6 and s values of deformation bands with bulk
strain are shown in Fig. 2 (b). The initiation band angles for bands
E2-E4 (~10°) are similar, but larger than those for bands E1 (8°)
and E5 (4°), probably due to the structural inhomogeneity across the
sample. The band angle decreases with increasing loading, as illus-
trated by the exponential decay curve. The initiation azimuthal angle
and its evolution are quite different for five bands, partly due to the
complexity incurred by the 3D nature of the deformation bands.

For comparison with Saadatfar et al. [12], we also calculate the
distribution of the Minkowski anisotropic index, [3(2"2 [14], along the
loading direction (Fig. S1). A lower Bg'z value means higher local
structural anisotropy. The initial Bg'z value is around 0.95 and does
not show strong variation along the sample height, indicating an ini-
tial isotropy. As marked by arrows in Fig. S1, [5(2)'2 exhibits an apparent
decrease only in the vicinity of deformation bands, but no obvious
reduction (i.e. increase in anisotropy) in these areas prior to band
nucleation. Therefore, the increase in local anisotropy is a result of
cell deformation and collapse, rather than a signal of deformation
band nucleation.

Tomographic images (Fig. 1 (b)) show that cell collapse is gen-
erally preceded by (elastic) buckling of cell walls. Therefore, it is
essentially the buckling strength of cell walls that dominates cell
collapse and subsequent deformation band nucleation. We propose
a buckling strength index in terms of cell wall morphology under
two assumptions: (I) cell walls are simply supported by neighboring
walls; and (II) cell walls are subjected to elastic buckling. According
to the elastic buckling theory for thin plates [28], the critical buck-
ling strength o of a plate compressed by a uniform stress field and
with four edges supported (Fig. S2(a)), is
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Fig. 2. (a) Deformation bands (E1-E5) in the foam sample at 40% strain. Wrinkles
(denoted with dots) in cell walls are selected to extract deformation bands via planar
fitting. (b) Evolution of the band angle 6 and the azimuthal angle s, of deformation
bands with bulk strain. 6: the angle between the loading direction and a band normal;
: the angle between the projection of a band normal on the xy-plane and the x-axis.

where Es and vs are the elastic modulus and Poisson’s ratio
of the plate, respectively. K is the elastic buckling coefficient.
K = (b/h + h/b)*forh/b < v2,and K = 4 for h/b > +/2.t, b and
h are the thickness, width and height of the plate, respectively.

Suppose that cell walls are randomly orientated with respect to
the loading direction. The angle between the loading direction and
a wall normal is denoted as 3 (Fig. S2(b)). We also assume that the
stress imposed on each wall (0p,) is along the loading direction (Fig.
S2(b)). The stress component parallel to the wall, oy, sin 3, induces
the buckling of wall. A strength index A, for evaluating the buckling
resistance of a cell wall is then proposed as

2 1

Aw = K(hW,bW)E m‘

(2)

where ty, by and hy, are the thickness, equivalent width and height
of the cell wall, respectively, as defined in Fig. S2(b).

To obtain geometric parameters of cell walls, we develop a new
technique for edge segmentation, i.e. separating cell edges and walls,
as illustrated in Fig. 3. In a binary 2D slice (e.g. the xy-slice, Fig. 3
(a)), cell walls become lines, while edges become corners or lines
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Fig. 3. Procedure for edge segmentation. (a) A binary slice in the xy-plane. (b) Corresponding mapping of the Harris operator value. (c) Corner center or edge core voxel distribution
for edges not parallel to the xy-plane. (d) Edge voxel distribution in the xy slice. (e) The foam configurations before and after edge segmentation (ES).

(for the edges parallel to the xy-plane). Then, the 2D Harris corner
detector algorithm [29] is applied to the slice to extract the corner
regions. The Harris operator value, h(x,y), is calculated and assigned
to each voxel on the slice (Fig. 3 (b); represented by color-coding).
h(x,y) can be positive, negative or zero, referring to the cases where
a voxel belongs to a corner region, a line or a flat region, respec-
tively. The corner region contains a number of voxels depending on
the edge thickness. It is impossible to accurately obtain the whole
corner region via simply thresholding with h(x,y).

A feasible way is as follows. We first choose the center of a cor-
ner region (i.e. the edge core; green dots in Fig. 3 (c)) according
to the local maximum of h(x,y). Then the procedure shown in (a)-
(c) is repeated for all the xy-, xz- and yz-slices to obtain all edge
cores in the volume. Finally, each edge core is expanded into a

sphere with a given radius, and the edges are the intersection voxels
between the spheres and the volume data. The radius is set empir-
ically at 9.5voxels, which can extract the majority of edges and
segment the walls connected to them. Local watershed segmentation
is applied manually to separate those walls with very thick edges
(radius > 9.5 voxels). Fig. 3 (d) illustrates the edge voxels (colored
green) located in the xy-slice. The voxels outside the edges consists
of the cell walls which are separated from each other via the con-
nectivity criterion. The foam sample after edge segmentation (Fig. 3
(e))is separated into an edge skeleton (white) and 2352 walls (color).
The solid fraction in edges (edge volume divided by the total solid
volume) is estimated as ~0.3, much lower than those in conven-
tional polymer foams (~0.8 [1]) with curved, thin cell walls. This may
contribute to the difference in the dominant deformation modes at
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Fig. 4. (a) Probability density and accumulative probability distribution of the buck-
ling strength index Ay of cell walls. The dashed curves are both lognormal fitting. (b)
Spatial distribution of the weakest 3% cell walls. Red, yellow and green indicate three
buckling strength ranges, i.e., Ay € (0,0.0028], (0.0028,0.0033], and (0.0033,0.0037],
respectively. Here, the A -values of 0.0028, 0.0033 and 0.0037 correspond to cumula-
tive probabilities of 1%, 2% and 3% (Fig. 4 (a)), respectively.

the collapse stage between the PMI foam (cell wall buckling) and
conventional polymer foams (edge buckling [1]).

The thickness, width, height and inclination angle of each cell wall
are obtained and used to calculate its buckling strength index A.
The probability distribution of A is presented in Fig. 4 (a); it can be
described by a lognormal distribution (the dashed curve), denoted as
Lognormal (u, w), whereu = —4.15and @ = 0.83 are, respectively,
the mean and standard deviation of Ay,s natural logarithm.

Since the weakest cell walls tend to collapse first during quasi-
static loading, we explore the spatial distribution of the strength
index of the weakest 3% cell walls (Fig. 4 (b)). Red, yellow
and green represent three regimes of buckling strength index,
i.e., (0,0.0028], (0.0028,0.0033], and (0.0033,0.0037], respectively.
Here, Ay, = 0.0028,0.0033 and 0.0037 are thresholds corresponding
to a cumulative probability of 1%, 2% and 3% (Fig. 4 (a)), respec-
tively. It is interesting to note that these weak walls in the foam are
not uniformly distributed across the sample. They are located in five
positions (P1-P5) approximately where the five deformation bands
nucleate in the experiment (E1-E5, Fig. 2 (a)). The position with the
highest density of weak cells, i.e. band P2, corresponds well to the
first nucleated band E2.

The buckling strength of the weakest walls in band P2 deter-
mines the macroscopic collapse strength of the foam sample. The
mean strength index A,, of the weakest 3% walls in band P2 (Fig. 4
(b)) is about 0.003, and can be used to predict the macroscopic col-
lapse strength according to Eq. (1). The elastic constants of solid
PMI are chosen as Es = 5200MPa and vs = 0.35, respectively
[30,21]. The ratio of the solid to total section area is considered equal
to the relative density. The predicted collapse strength is 0.63 MPa,
comparable to the direct measurement (0.89 MPa; Fig. 1 (a)). The
buckling strength of these walls are ~15 MPa, far lower than the yield
strength of solid PMI (90 MPa), consistent with the elastic-buckling
assumption. According to their weak wall densities, bands P5 and P3
should nucleate after band P2, followed by P1 and P4, consistent with
the sequence of band nucleation in the experiment (Fig. 1 (b)). There-
fore, the cell wall strength index can predict accurately the location
and sequence for deformation banding. It also explains why the local
low-density area is favored for deformation banding, since the cells
in such areas generally have large volume but thin walls, and thus a
low buckling strength.

In summary, in situ X-ray CT is used to characterize the evolu-
tion of 3D microstructures of a closed-cell PMI foam under uniaxial
compression. Discrete deformation bands are observed to nucle-
ate in sequence across the sample during the collapse stage. An
edge segmentation technique is developed to extract the geometric
parameters of cell walls which are then used to calculate their buck-
ling strength index. The probability distribution of the strength index
of cells follows a lognormal distribution. The spatial distribution of
the strength index of the weakest cell walls can be used to predict
position and nucleation sequence of deformation bands. Our results
highlight the correlation between cell wall buckling and deformation
banding for closed-cell foams, which may serve a basis for tailoring
local strength and energy absorption of cellular materials in terms of
cell wall morphology.
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