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Abstract 

Tannin- and Lignin-based foams are novel materials that find increasing attention in the insulation and automotive industry due 

to their versatile properties such as high fire resistance and remarkably low thermal conductivity. While foam density can be 

estimated with high precision, it is difficult to non-destructively determine pore morphology since the size distribution of foam 

pores differs in three dimensions. It is therefore challenging to obtain reliable information using standard methods like optical 

light microscopy or scanning electron microscopy, and to differentiate between the strut system and cell walls. In this 

contribution we non-destructively investigate three samples of tannin foam that were produced in different moulds along with 

one lignin specimen using X-ray microcomputed tomography (XCT). The tannin samples show porosities between 89% and 

93.5% and a mean wall thickness between 15.2 µm and 16.6 µm. The lignin sample is characterized by a porosity of 79.9% 

and a mean wall thickness of 360.6 µm. We found that differences in mould dimensions influence the pore morphology not 

only in pore size but also in shape, sphericity and anisotropy. Additionally, we quantified the porosity of added wood particles 

that were identified inside the Lignin cell matrix. 
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1 Introduction 

Foams constituted of polyflavonoid tannins or black liquor lignins copolymerized with furfuryl alcohol consist of over 90% 

natural, renewable compounds [1]–[3]. By completely eliminating the use of formaldehyde, which was formerly utilized as 

cross-linking agent and is known for its toxicity [3], a decisive step to a sustainable and safe production was made. These 

materials can be molded into a wide range of foamed structures with various attributes by polycondensation and further 

processing [4], [5]. With characteristics like a fire resistance comparable to phenolic foams [6]–[8], tannin- and lignin-based 

foams are an interesting alternative for applications ranging from floral foams to insulating materials and lightweight 

components in the automotive industry [9]–[11]. Especially when used for thermal insulation or as filter medium [9] an in-

depth characterization in relation to the mechanical and structural properties is essential, e.g. to identify tortuosity and flow 

properties [12]. Primary factors that influence the mechanical and thermal behavior of foams are density, pore size and 

diameter, foam hardness, interconnectivity, and deformation rate. Therefore, besides relative density and stiffness numerous 

additional geometric parameters must be determined, ideally non-destructively, in order to evaluate the foam modulus. To this 

end, the spatial distribution of matrix material in the cell walls must be accurately described [13]. More traditional methods 

like scanning electron microscopy (SEM) or mercury intrusion porosimetry only consider surface near characteristics or 

evaluate averaged properties under the assumption of a homogenious distribution [14], [15]. With X-ray microcomputed 

tomography (XCT) image data of internal structures can be acquired and analyzed non-destructively although often a 

compromise between spatial resolution and sample dimensions has to be made. The XCT evaluation of pore morphology 

includes smoothing and de-noising steps, followed by a binarization to distinguish between pores and matrix material. The 

extraction of pore features requires the segmentation and labelling of those pores into volume parts that can be investigated 

individually by use of a watershed algorithm [16]. For this paper three samples of tannin foams with the same chemical 

formulation but produced in differently shaped moulds were investigated to show the effects of foam expansion height on pore 

morphology. Moreover, a prototype material of black liquor lignin foam was produced and the distribution of added wood 

particles in the matrix material along with pore morphology was investigated. 

2 Materials and methods 

Formaldehyde-free Mimosa (Acacia mearnsii) tannin foams as well as lignin (black liquor) foams were produced by 

copolymerization with furfuryl alcohol by acid and thermal catalysis. During this procedure the foam grows to an 

inhomogeneous structure of monolithic shape. To determine the influence of expansion in vertical direction during production, 

tannin foams with the same chemical formulation but different moulds were produced for this purpose. Sample A was 

produced in an open, tall but narrow mould further referred to as “vertical” mould and cut out close to the top end of the 

specimen to represent the foam characteristics after a high vertical expansion. Sample B was produced in a cylindrical mould 
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closed at the top further referred to as “closed” mould and sample C in an open, flat but wide mould further referred to as 

“horizontal” mould (see Figure 1). The lignin sample D was produced in a closed mould with dimensions 10x10x2.5 cm. 

 

 
Figure 1: Schematic drawing of the different moulds used for the production of the tannin foams. Cutout sections indicated red. 

In total, we investigated three tannin and one lignin foam sample (see Table 1 and Figure 2) varying in density between 0.05 

and 0.27 g/cm
3
. The samples were scanned at voxel sizes of 3µm and 6µm respectively using a Nanotom 180NF (GE phoenix | 

X-ray; see Table 2). For the classification of pore structure, data was binarized by global thresholding (Otsu) and segmented 

via preflooded watershed algorithm in MAVI 1.5.2 (Modular Algorithms for Volume Images, see Figure 3).  

 

 type mould size [mm] density [g/cm³] 

sample A tannin vertical 4.2x4.2x4.2 0.0735 

sample B tannin closed 4.2x4.2x4.2 0.0495 

sample C tannin horizontal 4.2x4.2x4.2 0.0527 

sample D lignin closed 9.3x8.2x6 0.2701 

Table 1: Investigated samples 

 

Preflood thresholds were chosen in order to minimize over- and undersegmentation. Due to the high complexity of pore shapes 

in sample A, a second algorithm for pore segmentation (complex morphology) was tested as well as image filtering 

(smoothing) via non-local-means filter. In comparison to the complex morphology method, the preflooded watershed yielded 

slightly better results especially concerning the separation of smaller pores. Consequently, this method was used for 

subsequent analyses. The additional non-local-means filtering showed no significant effect on segmentation quality, hence the 

original data set was used for all evaluations. For the evaluation of morphological characteristics border pores were removed 

from data in order to eliminate the influence of partially cut pores. 

 

 
Figure 2: 3D rendered cutout of tannin based sample A (“vertical mould”), Sample B (“closed mould”) and Sample C (“horizontal mould”) 

from left to right. 
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Since the lignin sample shows inclusions of lower density we investigated the porosity inside the material (cell walls and 

vertices) of the foam. The data was processed in VGStudio MAX 3.0 (Volume Graphics) with several smoothing, 

erosion/dilation, noise particle removal and void filling steps to determine the surface of the material. The inclusions were 

characterized using the porosity analysis tool with threshold only function (see Figure 6) with a minimum size set to 27 voxel. 

The evaluation of orientation of these inclusions was performed using MAVI 1.5.2. Segmentation was carried out using the 

same global threshold used for the evaluation in VGStudio. Volume data was subsequently labeled using preflooded watershed 

algorithm. To investigate the wall thickness of the matrix material, each sample was analysed in CTAn (Bruker-MicroCT) by 

means of a maximum inscribed sphere method [17]. 

 

 

Voxel size 

[µm] 

U          

[kV] 

I           

[µA] 

Tint         

[ms] 
Proj. Avg. Skip Mode Target Filter 

Detctor 

shift 
Binning 

Tannin 3 50 180 900 1900 4 1 0 Mo no yes no 

Lignin 6 60 220 750 1700 5 1 0 Mo no yes no 

Table 2: Scan parameters used for tannin and lignin samples 

3 Results 

3.1 Tannin Foams 

The average pore volume of sample A was 5.6·10
-3 

mm³ at an average diameter of 0.243 mm, exponentially distributed with 

95% of pores smaller than 2.15·10
-2 

mm³. As shown in Figure 3, mean pore anisotropy of 0.462 suggests partially oriented 

pores. Further investigations revealed that the average pore shows an elongation of 0.732 at a flatness of 0.737. Elongation and 

flatness are described as the ratio of mean to maximum and minimum to mean pore diameter respectively. Both parameters are 

1 for perfectly spherical pores or closer to 0 for elongated/flat pores. Sample B predominantly shows small pores, 95% of the 

pores being smaller than 1.13·10
-2 

mm³ while only few large outlier pores are found. The average pore has a volume of 

3.14·10
-3 

mm³, showing a mean diameter of 0.17 mm and a maximum diameter up to 0.25 mm. Sample B is characterized by a 

high value sphericity (0.785). Similar to sample B, sample C also showed mostly small pores with few large outliers. Pore 

volume and diameter therefore resembles an exponential distribution with 95% of pores being smaller than 1.7·10-2 mm³ and 

0.185 mm respectively. Average pore volume was 4.38·10
-3 

mm³ at an average diameter of 0.185 mm and largest pores up to 

0.37 mm³. Pore anisotropy of 0.284 suggests minor orientation of pores (see Figure 3), at an average elongation of 0.898 and a 

flatness of 0.8. 

 

 
Figure 3: Cross-sectional image of sample A, B and C (from left to right), showing material in black and each segmented pore in a different 

color. 

In Figure 4 the pore distribution of the tannin samples can be seen in comparison to each other. The exponential distribution 

with a higher amount of pores in sample B as well as the rather large sized pores in sample A are clearly visible. 
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Figure 4: Histograms showing pore diameter (left) and pore volume (right) for each tannin sample. 

3.1 Lignin Foam  

Image data suggests that the foam has an open-pored structure, even though the applied spatial resolution of 6 µm may prevent 

the detection of cell walls that are thinner than ca. 18 µm. However, an amount of 252 Pores (see Figure 5) was identified with 

a volume ratio of 79.9% of the total volume. The average pore volume was 1.45 mm³ at an average diameter of 1.31 mm³. 

Nevertheless, largest pores ranged up to a volume of 74.42 mm³, resulting in an exponential distribution with 95% of the pores 

being smaller than 4.9 mm³. Using VGStudioMax, a total amount of 7200 pores inside the strut network was identified with a 

volume ratio of 3.97% of the total material volume. Most of those pores were fiber shaped and therefore considered to be 

transport channels inside the added wood particles. In order to investigate the properties of those particles, outliers were 

selected, with respect to their size and sphericity, and extracted from data. The remaining volume of pores reached a ratio of 

3.54% of the total material volume with an average of 16 pores per mm³ foam. The average pore volume was found to be 

4.02·10
-4 

mm³ at an average diameter of 0.18 mm while the largest pores ranged up to a volume of 0.059 mm³, once again 

resulting in an exponential distribution with 95% of the pores being smaller than 1.37·10
-3 

mm³. The anisotropy evaluation 

yielded a value of 0.252 at a sphericity of 0.13 for 438 detected particles. 

 

 
Figure 5: Cross-sectional XCT picture of a lignin foam sample binarized (left), with material white and pores black, and segmented (right), 

with material black and each segmented pore in a different color. 



8th Conference on Industrial Computed Tomography, Wels, Austria (iCT 2018) 

www.3dct.at  5 

 
Figure 6: 3D rendering of the tannin foam sample with semi-transparent material as a cutout (left) and front view of the whole sample with 

fully transparent material (right). The pores are color coded from smallest (blue) to largest (red). 

    Sample A Sample B Sample C Sample D 

anisotropy   0.462 0.134 0.284 0.113 

mean sphericity 
 

0.598 

±0.11 

0.785 

±0.04 

0.741 

±0.06 

0.647 

±0.10 

mean pore diameter [mm] 
0.243 

±0.12 

0.170 

±0.07 

0.185 

±0.10 

1.144 

±0.569 

mean pore volume [mm³] 
0.00560 

±0.0134 

0.00314 

±0.0077 

0.00438 

±0.0120 

0.8133 

±1.155 

total pore volume (*) [mm³] 55.742 57.010 58.168 366.304 

material volume (*) [mm³] 6.517 5.249 4.091 92.115 

porosity (*) [%] 89.53 91.57 93.43 79.91 

pores per mm³ (*)   145 284 205 0.55 

total pore number (*) 9000 17686 12761 252 

mean wall thickness [µm] 
16.64 

±6.9 

15.92 

±6.1 

15.22 

±5.5 

360.59 

±184.4 

(*) border pores included         

Table 3: Results of porosity and wall thickness analysis of sample A, B, C and D. 

4 Discussion and outlook 

Using XCT we found that pore morphology of differently casted foams does not only differ in pore size but also in shape, 

sphericity and anisotropy. While sample A has a rather complex pore shape with lower sphericity, sample B and C show 

comparable sphericity values of 0.785 and 0.741 respectively. Since both sample B and C were casted in a relatively flat mould 

compared to sample A, it is most likely that this complex pore shape is related to the elongated mould and thus the expansion 

in vertical direction during foam development. We were also able to confirm the one-directional elongation of pores in both 

open moulded samples, most likely caused by the higher expansion in vertical direction during production [18], in particular in 

sample A. These elongations cause an anisotropic alignment of pores which can lead to differences in mechanical stability 

depending on the orientation of the specimen. Another indication of the elongation being related to the vertical expansion is 

found in the closed mould sample B whose pores appear to have the highest sphericity of all samples, most likely because its 

limited possibility to further expand vertically. Additionally sample B shows lower mean pore diameter and volume compared 

to sample A, while its porosity is still higher because it includes almost twice as many pores. The horizontal mould sample C 

in turn has the highest porosity of all samples with less but larger pores compared to the closed mould sample B. Wall 

thickness and porosity negatively correlate, meaning a higher porosity involves thinner struts and cell walls. Since sample A 

was cut out close to the top end of the specimen pore characteristics might be more comparable to the horizontal sample C in 

lower regions. To confirm this assumption and to determine the changes in pore distribution along the direction of foam 

expansion samples cut out at different regions in height from the same specimen need to be investigated. Generally, pore 



8th Conference on Industrial Computed Tomography, Wels, Austria (iCT 2018) 

www.3dct.at  6 

diameters and porosity of the tannin samples are in the expected range as previously determined via SEM [14]. Conclusively, 

the extent of vertical expansion has an inverse effect on pore sphericity and total amount of pores while the closure of the 

mould does not only limit this expansion but also leads to smaller, more isotropically distributed pores. 

 

Since sample D turned out to be relatively large-pored, a section of roughly 9x8x6 mm was scanned at a resolution of 6µm to 

cover a representative volume element. The reduced resolution can therefore result in undetected structures such as thin cell 

walls, struts and pores. For the evaluation of pore characteristics 81% of pore volume had to be removed as border pores due to 

their relatively large size. Consequently the average pore volume might actually be higher than stated in the results part. This is 

particularly apparent when looking at the largest pore which covers more than 16% of the complete sample volume. With this 

in mind, it is difficult to make a clear statement about characteristics like sphericity or anisotropy. In the pore characterization 

of added wood particles more than 7000 pores were observed which seems sufficient for the evaluation of the investigated 

volume. A sphericity value of 0.13 is a strong indication of those pores being transport channels in the added wood particles 

while the anisotropy evaluation yielded a value of 0.252 suggesting a relatively isotropic orientation. It has to be mentioned 

that although the same thresholds were used for the separate evaluations in VGStudio and MAVI, the amout of segmented 

pores varies considerably. This can be explained by slight differences in the segmentation process on the one hand but mostly 

by different methods of labeling. In VGStudio several pores are combined only if they are truly connected in the volume data 

while the watershed algorithm in MAVI tends to combine clusters of close pores to one larger pore based on their proximity. 

This also leads to a lower mean sphericity value calculated via MAVI because small fractures from larger wood particles are 

not handeled as separate pore but as part of the whole. 

 

Further perspectives are the investigation of a larger sample in order to cover a higher amount of pores and minimize the 

effects of border pores along with XCT scans at a higher resolution to allow a closer examination of the added wood particles 

which might have major influence on mechanical properties [19]–[21]. Due to the relatively high contrast between the pores in 

the wood particles and the foam material, as shown by previous data, an investigation via XCT will be most suitable for this 

purpose. Additional evaluations of more application specific characteristics like insulation porperties or mechanical stiffness 

are also planned. For this purpose, mechanical tests in combination with finite elements simulation will be performed. 
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