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Abstract. This paper focuses on 3-dimensional non-destructive characterization of the morphologies of integral-skin 
cellular polymeric composites using X-ray Microtomography. Rapid Rotational Foam Molding (RRFM) is a polymer 
processing technology that is capable of creating composites with intricate shapes that have a foamed core surrounded 
by an integral solid skin layer (similar to the structure of a bone). The analyzed specimens were extracted from 
composites processed in RRFM having a solid skin made of polypropylene (PP) grades combined with foamed cores 
made of both polyethylene (PE) and PP grades by implementing a suitable chemical blowing agent (CBA) in extrusion. 
The resulting cellular structures pertaining to the foamed core and the near-skin area were visualized and their 
morphological quality was evaluated in terms of cell size distribution and cell density. The stress-strain behavior and 
3-dimensional structural changes were monitored and characterized with in-situ compression testing. 
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1. INTRODUCTION 

Integral-skin cellular polymeric composites are 
made of a solid skin and a foamed polymeric core, such 
as polyethylene (PE) and polypropylene (PP). The 
composite products are originally nature inspired by 
bones. Bone is a natural composite structure with 
characteristics of high stiffness and tensile strength [1]. 
High mechanical strength, high porosity, efficient pore 
interconnectivity, and graded pore size [2]. Cellular 
structures having mean pore size of 200 to 500 μm are 
considered as adequate for potentially achieving a high 
strength-to-density ratio [2]. The structure of bone 
because of its high mechanical strength per volume is 
therefore an inspiration to manufacture foam/skin 
composites by Rapid Rotational Foam Molding (RRFM) 
technique.  

RRFM is a patented manufacturing technique that is 
capable of producing composite with high porosity and 
interconnected pores in micro scale [3, 4]. RRFM 
process combines biaxial rotational molding of solid 
skin with extrusion foaming of the core. The process is 
continuous where the skin is not cooled during the 
procedure in order to achieve strong physical bondings 
between the skin and foam interfaces [3, 4]. The RRFM 
technique is also capable of producing functionally 
graded foam from the skin to the core; smaller pore size 
near the skin and larger pore size at the core. The 
performance of the foamed core can be evaluated based 
on its compressive strength, which is affected by cellular 
properties including cell size, cell density, and cell wall 
thickness. There are many characterization techniques, 
among them X-ray micro-computed tomography is a 
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suitable method that is non-destructive and is capable 
of depicting both qualitative visualization and 
quantitative analysis. 

Micro-CT is a technique which uses a series of x-ray 
transmission images acquired at different angles to 
generate a 3D reconstruction of the sample. The quality 
of an image, can be altered by the accelerating voltage of 
energy, and current of X-rays; the intensity of X-ray is 
therefore proportional to the product of voltage, 
current, and exposure time. [5]   

This paper focuses on the 3-dimensional 
morphological and mechanical studies of PE and PP 
foams extracted from integral-skin cellular products. 
The relationship between cellular properties and 
compressive strength were evaluated using X-ray 
micro-computed tomography. This paper intends to 
provide insight in the use of polymeric composite 
materials in the biomedical field. 

2. EXPERIMENTAL 

RRFM manufacturing technique was employed to 
produce the integral-skin cellular composites made of 
PP skin and two different grades of each PE and PP 
foams, including linear low-density polyethylene 
(LLDPE), single site catalyzed high density polyethylene 
(sHDPE) [6], homopolymer polypropylene (h-PP), and 
copolymer polypropylene (c-PP). Grades of polymers 
were differentiated by the compositions and melt flow 
rates (MFR) and are shown in Table 1. Chemical blowing 
agents Celogen OT and Celogen AZ were used to assist 
extrusion foaming, volume expansion ratios of six and 
four were achieved for PE and PP, respectively. 
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Table 1. Polymer material properties 

 

Micro-computed tomography was employed to 
characterize the integral-skin cellular composite 
specimens prepared (precisely cut) from a region 
adjacent to the skin.  

An X-ray Micro-CT scanner Skyscan 1172 from 
Bruker was used to scan cellular structures. To scan the 
cellular structure with high resolution, it is necessary to 
perform flat field correction. During the flat field 
correction procedure, the voltage of the Micro-CT 
scanner was changed through multiple iterations to find 
out the optimal contrast between the background and 
the sample. The optimal voltage and current for the 
scanned samples were determined to be 54 kV and 71 μA 
for all scans.  

With respect to the imaging procedure, a resolution 
of 2000 x 1000 pixels with size of 12 μm was set for all 
of the cellular structures. 360° scans with rotational 
steps of 0.6°, and frame averaging of 7 were used to 
achieve the best results for all areas of the samples. 

NRecon, CTAn, and CTVol software packages were 
used for image post-processing [7]. NRecon software 
was employed to reconstruct the 3D structure of the 
scanned images. Next, the CTAn software was used to 
assess the morphological properties of the cellular 
structures in 3D. Thresholding and despeckling 
procedures were performed before the 3D analysis to 
achieve reliable morphological results (porosity 
analysis). As a result, 3D models with phase separations 
of cell walls, open cells, and closed cells were obtained 
using the CTVol software. 

An in-situ mechanical test stage was used for 
compression stress-strain tests (MTS1 Stage). The main 
advantage of this mechanical test stage is the 
opportunity to utilize the micro-computed tomography 
technique to monitor the changes in morphology and 
mechanical properties of the samples during 
compression. The cellular structure was preloaded by 3 
N force before the compression test and morphological 
monitoring of the samples were done in three points 
including before the compression, at 30 % strain and at 
the 50 % strain (the end of the compression test). 

3. RESULTS AND DISCUSSION 

3.1. Morphology 

Both 2D and 3D morphologies are presented in 
Figure 1 and 2, generated from CTAn and CTVol, 
respectively. There were distinctive differences between 
PE and PP foams in terms of cell shape and cell wall 
thickness.  

PE foams were observed to have irregular cell shapes 
whereas PP foams were found to have spherical-like 

shapes as seen in Figure 1. This could be due to the 
difference in melt strength of the two materials which 
defines foamability.  

PP foams were also observed to have thicker cell 
walls than PE foams as seen from the white regions 
which denotes material, and black corresponds to pores 
(cells). Interconnectivity in 3D models: LLDPE has 
much thinner cell walls, and most structures are smaller 
open cells, therefore having a higher connectivity than 
h-PP. 

 

Figure 1. 2D LLDPE and h-PP foam structures 

 
(a) 

 
(b) 

Figure 2. 3D model of (a) LLDPE and (b) h-PP foam 
structures showing cell walls (light grey), interconnected open 

cells (dark grey), and closed cells (black) 

3.2. Cellular properties 

Quantitative cellular properties including cell size 
distribution, cell density, cell wall thickness, and 
percent porosity were evaluated using 3D analysis by 
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CTAn software. The cellular properties of the integral 
cellular composite products were examined near the 
skin-foam region, and the results are presented in Table 
2.  

In general, PE foams were found to have smaller 
average cell size and wall thickness, but higher percent 
porosity than those of PP foams. The porosity recorded 
for PE foams range from 70 - 80 % while PP varies 
between 55 - 65 %. 

Figure 3 shows cell size distributions for the 
specimens evaluated. LLDPE was observed to have the 
narrowest range of cell sizes thus the high cell density, 
whereas sHDPE had the widest distribution due to cell 
coalescence during the manufacturing process. All 
foams showed a unimodal behavior, and most of them 
showed asymmetric distribution except for h-PP. The 
larger average cell size in h-PP compared to c-PP could 
be a result of the difference in MFR, which affects the 
cell growth during the manufacturing process. 

 

Figure 3. Cell size distributions of PE and PP foams 

Table 2. Cellular properties  

 

3.3. Mechanical tests 

The results of uniaxial compression tests are 
presented as stress-strain curves in Figure 4. PP foams 
were observed to have higher compressive strength than 
PE foams, by a magnitude of 3 MPa. The huge difference 
is due to the molecular structures of the two polymeric 
materials, where a lower crystallinity nature of PP was 
observed to result in stronger strength. The shape of 
cellular structures could also be another factor, where a 
more spherical and elliptical shape in PP would resist 
compression more than a random polygonal shape in 
PE.  

There were two transitions throughout the 
compression until 50 % strain, the first one transitioned 
from a higher to lower slope assuming bi-linear 
behavior, the second one transitioned with an almost 

exponential growth of stress. The first transition is 
determined to be the compressive strength of the 
material where cell walls begin to collapse. The second 
transition occurs when the foam densifies to become 
solid-like and require higher stress to further compress 
the material. The two transitions can be visualized in 
Figure 5.  

During the compression, X-ray scans were 
performed at 30 % and 50 % strain for a selected PE and 
PP specimen. Quantitative results suggested that cell 
size reduces and cell density increases with 
compression.  

Morphological analysis illustrated that mechanical 
strength is a function of cellular properties. For PE 
foams (grey), smaller cell size and higher cell density in 
LLDPE resulted in higher compressive strength than 
sHDPE by 0.2 MPa. For PP foams (black), thicker cell 
walls and higher cell density in h-PP resulted in higher 
stress required in compression than c-PP. 

 

Figure 4. Compression stress-strain curves 

 

Figure 5. Morphology change during compression at 0, 30, 
and 50 % strain for (a) sHDPE foam and (b) c-PP foam 
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4. CONCLUSION 

In this study, Rapid Rotational Foam Molding 
manufacturing method was used to manufacture 
skin/foam integral composites that have some crucial 
properties of bone structure to produce a light structure 
with high strength. Microcomputed tomography 
technique and in-situ mechanical compression test were 
used to characterize the produced composite’s cellular 
structures near the skin. Morphological analysis was 
conducted for all samples during the mechanical test to 
assess the behavior of cells under mechanical 
compression test.  

The obtained experimental results could be 
summarized as follows: 

● By comparison, the analyzed PP foam 
morphologies demonstrated a significantly higher 
presence of spherical cells and thicker cell walls 
than those of PE foamed structures. This fact 
indicates that PP foams would be expected to have 
superior mechanical strength properties. 

● Mechanical strength of PP foam is much higher 
than that of PE foams, which is mostly because of 
the materials properties, but the orderly disturbed 
spherical structures of the cells could have a share 
in this high difference. 

● With respect to cell interconnectivity, LLDPE 
foams demonstrated the highest degree of 
interconnectivity in comparison to the other 
samples and would thus be preferred in 
applications that interconnectivity is needed. 

● As expected, h-PP cellular structures showed 
higher strength than c-PP because of the 
intrinsically superior morphological properties. 

● Bone tissue structure characteristics were the 
incentive to use RRFM for manufacturing of 
skin/foam composites; the results have shown 
that higher porosity and interconnectivity of 
cellular structures (LLDPE foam) would reduce 
mechanical strength, and on the other hand, well-
shaped spherical cellular structures and thicker 
cell walls would increase mechanical strength (h-
PP foam).  

Therefore, achieving an optimal balance between 
the above-described factors would be the best strategy 
to follow with a view of producing artifacts that would 
have high mechanical strength and low weight. 
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