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Abstract 

Due to the low cost, the ease of processing, and excellent material properties, polymer foams are used in various applications, 

e.g. packaging, building and construction, furnitures and bedding, and the automotive and aerospace sector. The mechanical 

response of polymer foams is primarily influenced by density and morphology. While foam density can be determined with 

high precision, cell morphology is more difficult to determine since the size distribution of foam cells differs in three 

dimensions. However, using conventional methods, e.g. optical light microscopy or scanning electron microscopy, it is very 

difficult to obtain three-dimensional information and to differentiate between the strut system and cell walls. An alternative for 

the three-dimensional characterization of foam morphology is micro-computed tomography (XCT). But even non-destructive 

techniques like XCT are not able to characterize anisotropic foams if the thickness of single struts and cell walls is below the 

physcial resolution of the respective XCT system. In this contribution we therefore investigate different polymeric foam 

samples using a Talbot-Lau grating interferometer XCT (TLGI-XCT) system. We show that the obtained darkfield contrast 

images show a high contrast and a strong signal at struts and cell walls, facilitating the segmentation of foam cells in various 

examples.  
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1  Introduction 

Synthetic foams play a universal role in a wide field of applications ranging from packaging, lightweight structures to thermal 

insulation [1]. Modern technologies enable the production of foamed polymers in a wide range of densities. Cellular polymers 

vary in relation to their density from light (0.003 to 0.05 g / cm3) to high (> 0.7 g / cm³) density foams [2]. Various polymers 

have been used for foam applications including polyurethane, polystyrene, polyethylene, and polypropylene [3]. 

However, foams of the same density that show different cell size distributions show different mechanical properties. Primary 

factors influencing the mechanical deformation behavior are foam density, cell size and diameter, foam hardness, and 

deformation rate. For closed- and open-cell foams, numerous geometric parameters must be determined in addition to the 

relative density and stiffness of the polymer phase in order to determine the foam modulus. To this end, the spatial distribution 

of matrix material in the cell walls must be accurately described [4].  

In polymeric foams, the low density in addition to the low wall thickness poses a major task in the three-dimensional materials 

characterization using conventional and absorption-based micro-computed tomography (XCT) systems [5], in particular at low 

physical resolutions. A method to overcome these shortcomings is Talbot-Lau grating interferometer XCT (TLGI-XCT) that 

has a big potential in the non-destructive testing of materials since it provides complementary information to standard 

absorption-based methods (AC) in the form of differential phase contrast (DPC) and dark-field contrast (DFC) images [6]. 

Talbot–Lau grating interferometry provides three complementary characteristics in a single scan of the specimen: (1) 

attenuation contrast (AC), (2) differential phase contrast (DPC) due to refraction, (3) dark-field contrast (DFC) due to 

scattering [7]. AC provides information on the attenuation of the X-ray beam intensity through the specimen and it is thus 

equivalent to conventional X-ray imaging. DPC is related to the index of refraction and image contrast is thus achieved 

through the local deflection of the X-ray beam. 

DFC reflects the total amount of radiation scattered at small angles, e.g. caused by microscopic structures in the sample 

represented by particles, pores, fibers, struts, or cracks. Depending on the microstructure, the scattering has a preferred 

direction perpendicular to the local orientation, which is reflected by the measured dark-field signal [8]. This immanent 

physical property of grating-based dark-field imaging can be used to extract directional information about the angular variation 

[9]. In particular dark field imaging reveals information undisclosed by both AC and DPC imaging since dark field contrast 

delivers morphological information in the sub‑pixel regime depending on the local scattering power [10, 11]. In addition, dark 

field images yield a high contrast and a strong signal of interfaces. This improves segmentation and the subsequent 

computation of pore size distributions of polymeric foams, even if the sample was scanned at a relatively low physical 

resolution [12].  

In this contribution we qualitatively and quantitatively characterize the pore size distribution in two polymer foam samples 

using TLGI-XCT and compare the results to standard XCT.  
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2  Materials and methods 

TLGI-XCT scans have been performed on open-cell polyurethane (PU) foam samples with a density of 43.5 kg/m³ produced 

by Greiner Foam International GmbH. The foam consists of a 6000MW polyol, a SAN polyol, and a high-functionality polyol. 

The water content is 2.5-3%. Isoyanate is represented by T80, DEOA and UREA are used as stabilizers, and silicone and 

stannous octoate are used for cell control. The main foam sample (45 mm x 45 mm x 25 mm) was taken from the bulk material 

after cutting. The main physical parameters include compression load deflection (2.5 kPa at 40%), resilience (65-70%), tear 

strength, (ca. 100 kPa), and extensibility (140%). The first sample (Sample1) is represented by a 4 mm x 4 mm x 4 mm cube 

that was cut from the main sample. A parameter study was conducted on a 6 mm x 6 mm x 6 mm sample (Sample2) that was 

embedded in a thin stryrofoam cover to prevent movements of the sample during the consecutive TLGI-XCT and XCT scans. 

This sample was scanned at different resolution and with different XCT systems (see Tab. 1).     

Both samples were investigated using TLGI-XCT (Skyscan 1294, Bruker) and a conventional absorption based XCT using a 

GE Nanotom x|ray 180NF system. Table 1 summarizes the scan parameters for the Talbot-Lau grating interferometer XCT and 

XCT scans.  

 

 
U I  Ti Nproj VS Avg PS filter 

TLGI-XCT 35 1000 650 900 22.8 5 4 0.25 Al 

TLGI-XCT 35 1000 1400 900 11.4 5 4 0.25 Al 

TLGI-XCT 35 1000 1700 900 5.7 5 4 0.25 Al 

TLGI-XCT 35 1000 1700 1800 5.7 5 4 0.25 Al 

XCT 50 220 900 1900 4.6 4 - - 

XCT 50 220 900 1900 2.4 4 - - 

 

Table 1: Scan parameters: voltage (U) in kV, current (I) in µA, integration time (ti) in ms, number of projections (Nproj), voxel 

size (VS) in (µm)³, averaging (Avg), number of phase steps (PS), and filter 

 

The Talbot effect itself is a near-field diffraction effect which was first observed by Henry Fox Talbot and used for optical 

grating interferometers by Ernst Lau [13]. In 2002, the Talbot -Lau effect was first utilized for X-ray imaging of a so-called 

"phase object" using monochromatic synchrotron radiation [14]. The additional use of a source grating [7] enabled the 

introduction of this technique to polychromatic X-ray sources. In this set-up, the effect is based on the self-imaging of a grating 

whose period is a significant multiple of the wavelength. In order to generate three-dimensional data, the three complementary 

sets of AC, DPC, and DFC projections are acquired stepwise at different angles of a full rotation of the specimen, and 

subsequently reconstructed to volumetric datasets of the absorption, refraction and linear scattering coefficient. 

 

 

 
 

Figure 1:  Left: schematic view of a Talbot-Lau grating interferometer (from Revol et al. [9]). Right: sketch of the working principle of a 

Talbot interferometer. Blue: attenuation resulting in a reduced average intensity interference pattern (AC). Red: refraction resulting in a lateral 

shift of the interference pattern (PC). Green: scattering resulting in a reduced amplitude of the interference pattern (DFC) (from Tapfer [15]). 

 

Due to the phase stepping the total scan durations are generally longer (between 279 min and 1208 min) for TLGI-XCT scans 

(Skyscan 1294) compared to standard XCT scans (146 min). Reference scans using a Nanotom 180NF are performed with a 

voxel size of 2.4 µm (ROI-CT) and 4.6 µm.  
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Volume data processing, registration, data filtering and fusion, and image analysis techniques for AC, DFC, and DPC data for 

the three-dimensional characterization of the polymer foam were carried out in VGStudioMax 3.0 (Volume Graphics) and 

Avizo 9.2 (FEI). Data sets for Sampe2 (n = 11) were imported into VGStudioMax 3.0, registered, and a region of interest 

(ROI) was defined on the basis of the ROI-CT (2.4 µm voxel size). The resulting ROI is represented by a 4 mm x 4 mm x 4 

mm cube. Subsequently the 11 ROIs (AC, DPC, and DFC data sets at 5.7 µm, 11.4 µm, and 22.8 µm respectively and AC data 

sets at 2.4 µm and 4.6 µm) were imported into Avizo 9.2. Each data set was analysed using the following steps: 1) Filtering 

using a “Non-Local Means Filter” (´search window´: 21 pixel, ´local neighborhood´: 5 pixel) [16], 2) segmentation using 

“Auto Thresholding” (computes a threshold based on the histogram of the input image using factorization and provides binary 

images), and 3) analysis of pore size distribution using “Separate Objects” (combination of watershed, distance transform, and 

numerical reconstruction algorithms; ´Neighborhood´: voxels with at least one common vertex are considered connected). The 

output images are visualized as watersheds. The obtained distribution of three-dimensional pore volumes for each scan is 

presented in a histogram. Additionally, a simple image fusion approach using the “Arithmetic” module in Avizo was applied to 

combine AC and DFC images.     

3  Results 

Figure 1 shows an absorption contrast (AC) and dark field image (DFC) of the first sample, an open-cell PU based foam 

sample with an edge length of 4 mm. The results illustrate that dark field imaging provides sub‑pixel information at struts. 

While thin walls of the polymeric foam cannot be resolved in the AC image, the dark field image delivers information that is 

otherwise inaccessible using conventional XCT at a voxel size of 5.7 µm. 

 

 
         

Figure 2: Axial slices (left: absorption contrast and right: dark-field image) of foam Sample1 (voxel size: 5.7 µm; 1800 

projections). The contrast in the AC image is high but thin walls cannot be resolved whereas in the DFC image even thin walls 

can be detected (see arrows). 

 

Using the current technology, it is not possible to precisely determine the whole cell size and foam content, because scanning 

electron microscopy (SEM) only provides 2D fragmentary images of a complex 3D geometry. Utilizing XCT it is possible to 

identify single cells to estimate the volume and shape of cell structures. Thus, XCT is a powerful method to infer the whole 

distribution and foam content as accurately as possible. Nevertheless, in polymeric foams the low density in addition to the low 

wall thickness poses a major task in the three-dimensional materials characterization using conventional micro-computed 

tomography (XCT) systems, in particular at low physical resolutions. 

In order to investigate if the additional information delivered by DFC images (see Fig. 1) facilitates three-dimensional image-

processing, we scanned Sample2 at different voxel sizes using TLGI-XCT and XCT and performed an analysis of pore size 

distribution in order to extract structural parameters quantifying the internal structure, e.g. pore volume. The results of this 

parameter study encompassing various data sets are presented in Figures 3 – 6. This approach provides an overview of the 

imaging capabilities of DFC imaging using a desktop TLGI-XCT system.  

Figure 3 shows absorption contrast (AC), dark field contrast (DFC), and differential phase contrast (DPC) images of Sample2 

using different binning modes (1x1: 5.7 µm voxel size, 2x2: 11.4 µm voxel size, 4x4: 22.8 µm voxel size). Even though image 

contrast in the AC and DPC image is high and enable the differentiation of single pores, DFC images deliver a high contrast at 

struts that are not visible in AC and DPC images. These structures are visible in all three binning modes, but the image 

information is blurred in the 22.8 µm voxel size TLGI-XCT data. However, even in the 4x4 binning mode the contrast in the 
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DFI data is high enough to allow a detailed visualization that allows a qualitative description of the foam. The results in Figure 

3 also illustrate that dark field imaging provides sub‑pixel information. While thin walls of the polymeric foam cannot be 

resolved in the AC and DPC image, the dark field image delivers information that is otherwise inaccessible using conventional 

XCT at voxel sizes > 5.7 µm.   

 

 
Figure 3: Axial slices of polymeric foam Sample2. Top row: AC, middle row: DFC, bottom row: DPC. Left column: 5.7 µm 

voxel size, Middle column: 11.4 µm voxel size, Left column: 22.8 µm voxel size. The contrast in the AC and DPC images is 

sufficient to visualize the general foam structure but thin walls are only resolved in DFC images (middle row). 

 

Figure 4 shows an image fusion of an axial slice (see Fig. 3) of an absorption contrast (AC) and dark field image (DFC) image 

of Sample2 increasing image contrast and visualizing the differences in information content between the two modalities.  

 

 
 

Figure 4: Axial slices of Sample2: Image fusion and superimposition of AC and DFC image. 
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The 3D analysis of the internal structure of polymer foams is essential to characterize the microstructure. Conventional 

investigations of solid foams are two-dimensional and principally performed by optical microscopy or SEM [1]. Even though 

SEM delivers high-resolution images that are used for a qualitative evaluation the quantification of cell size distributions using 

SEM images is very difficult and only provides partial information on the global structure. Figure 5 shows that TLGI-XCT and 

XCT are well-suited to quantify the distribution of cells in polymer foams at a feasible spatial resolution. Nevertheless, the 

spatial resolution has to be adapted to the application, i.e. the sample size for XCT based investigation of pore size distribution 

is limited to a few millimeters. In contrast, using TLGI-XCT it is possible to extract internal information of significantly larger 

samples without a loss of structural information. 

 

 
Figure 5: Computation of pore size distribution by computing the watershed lines of binary images based on AC (voxel sizes: 

2.4 µm, 4.6 µm, 5.7 µm) and DFC (voxel sizes: 5.4) images. Since dark field imaging provides sub‑pixel information, e.g. at 

thin struts (see red arrows), DFC images deliver additional microstructural information that facilitates the characterization of 

the complex geometry of open-cell foams. 

 

 

The total number of segmented pores in the respective data sets of Sample2 is showed in Figure 6. As expected, there is a clear 

trend relating voxel size and the amount of pores which are segmented at a given spatial resolution. 

 

  

 
 

Figure 6: Total number of segmented pores in Sample2 at different voxel sizes and in relation to the respective modality. 
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At low voxel sizes, thin struts can be distinguished in XCT images resulting in an increased amount of pores identified during 

the determination of pore size volume.  

4  Discussion 

Talbot-Lau grating interferometer XCT (TLGI-XCT) is an innovative X‑ray technology that expands imaging possibilities of 

standard XCT in material science by delivering information in the form of dark-field contrast (DFC), e.g. for the 

characterization of the strut system of open cell foams. Even though XCT imaging is a powerful tool for three-dimensional 

materials characterization, conventional absorption-based methods are not able to detect structures that are below the physical 

resolution of the respective system. The introduction of DFC imaging helps to overcome this limitation.   

We showed that DFC allows the identification of struts in polymer foams which are smaller than the spatial resolution of the 

reference XCT system. Sample size is a major limiting factor in high-resolution XCT, however DFC imaging allows the 

identification of structures in relatively large samples at a relatively low spatial resolution. Accordingly, the maximum sample 

diameter when using DFC imaging is determined by the systems´ set-up, allowing the investigations of samples up to 20 mm 

in diameter for the system used in this study (Skyscan 1294).  

Nevertheless, a systematic investigation using multiple samples that are scanned with varying voxel sizes and scan parameters  

is needed to rigorously evaluate the relationship between the probability of detectability in AC and DFC images, e.g. to 

elucidate the impact of image noise and contrast on the computed pore size distribution. In general, there are certain limitations 

in relation to TLGI-XCT that have to be considered prior to a more comprehensive application of DFC imaging for materials 

characterization in relation to open-cell foams. Primarily, there are only few investigations of DFC imaging for sub-pixel 

detection in polymer foams. Basically, studies on the relationship between dark field signal intensity and actual strut thickness, 

e.g. using reference methods like SEM are lacking. Hence, there is no “gold standard” to which the results of the computation 

of pore size distribution can be compared to. 

A first step to overcome this shortcoming is the investigation of foam samples in this contribution. We showed that DFC 

images deliver additional microstructural information facilitating the characterization of the complex geometry of open-cell 

foams. But further studies using DFC phantoms have to investigate the underlying relationships between DFC signal and 

amount and distribution of struts, e.g. in relation to the orientation of struts when varying the angular position of the sample 

between consecutive scans [8]. In many applications it is essential to understand how the foams´ microstructure influences the 

physical properties of cellular materials like permeability, thermal insulation, and stiffness. Imaging solutions that are able to 

track the geometric features, e.g. strut length, window and cell shape distributions, are therefore a powerful tool to investigate 

the three-dimensional morphology in open-cell foams.  

We showed that dark field imaging reveals information undisclosed by conventional XCT imaging since dark field contrast 

delivers sub‑pixel information. The obtained volume data can subsequently be used for the computation of the pore size 

distribution in polymeric foams. Furthermore, DFC data is an additional basis for models that can be used numerical 

simulations like finite element analysis and computational fluid dynamics that are essential for reliable and faster product 

development.     

5  Conclusion 

In this study we presented several examples concerning the characterization of polymer foams using a desktop Talbot–Lau 

grating interferometry XCT system. We showed that dark field imaging reveals information undisclosed by both AC and DPC 

imaging because dark field contrast delivers sub‑pixel information. The obtained data can subsequently be used for the 

computation of the pore size distribution in polymeric foams and facilitates the investigation of  relationships between foam 

microstructures and its physical properties. 
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