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Abstract: Superconducting YBa2Cu3Oy (YBCO) foams were prepared using commercial open-cell,
polyurethane foams as starting material to form ceramic Y2BaCuO5 foams which are then converted
into superconducting YBCO by using the infiltration growth process. For modelling the supercon-
ducting and mechanical properties of the foam samples, a Kelvin-type cell may be employed as a first
approach as reported in the literature for pure polyurethane foams. The results of a first modelling
attempt in this direction are presented concerning an estimation of the possible trapped fields (TFs)
and are compared to experimental results at 77 K. This simple modelling revealed already useful
information concerning the best suited foam structure to realize large TF values, but it also became
obvious that for various other parameters like magnetostriction, mechanical strength, percolative
current flow and the details of the TF distribution, a refined model of a superconducting foam sample
incorporating the real sample structure must be considered. Thus, a proper description of the specific
microstructure of the superconducting YBCO foams is required. To obtain a set of reliable data, YBCO
foam samples were investigated using optical microscopy, scanning electron microscopy and electron
backscatter diffraction (EBSD). A variety of parameters including the size and shape of the cells
and windows, the length and shape of the foam struts or ligaments and the respective intersection
angles were determined to better describe the real foam structure. The investigation of the foam
microstructures revealed not only the differences to the original polymer foams used as base material,
but also provided further insights to the infiltration growth process via the large amount of internal
surface in a foam sample.

Keywords: Superconducting foams, YBCO, microstructure, modelling parameters, foam cells, current
flow

1. Introduction

Superconducting YBa2Cu3Oy (YBCO) open-cell foam samples [1–3] are interesting
materials for a variety of applications (fault current limiters, trapped field magnets, space
applications [4–11]) due to their various, unique properties, which include low sample
weight, a very effective oxygenation process, excellent thermal properties allowing for quick
cooling, excellent mechanical properties, the possibility for easy shaping of the samples and
straightforward upscaling of the sample size. The cooling effectivity, effective oxygenation
and sample upscaling have previously been demonstrated in [3,12,13]. Measurements
of trapped fields (TFs) in superconducting YBCO foam samples [13–15] have revealed a
more complicated TF pattern than those of conventional bulk samples. The presence of
several small peaks in the TF patterns was ascribed to the compression of local current
loops in the sample. Furthermore, it was found that these small peaks do not arise from
the same positions in the sample for subsequent TF experiments. These observations
demonstrated that current flow through a superconducting foam sample is complicated
due to the 3D arrangement of the foam struts, so that local current loops can be formed.
Another observation is that the mechanical strength of the foam samples is superior to that
of conventional samples. The foams are less prone to cracking caused by magnetostriction
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Figure 1. (a) Heat treatment to obtain the Y211 foam, (b) heat treatment (IG-process) converting the Y-211 foam to an
superconducting YBCO foam. (c) Illustration of the foam samples at different process stages (1), (3) and (5).

[16,17]. The typical internal cracks of bulk samples due to the oxygenation process [18,19]
do not exist in the foams.

Thus, to enable the use of superconducting foam samples in various applications,
a better understanding of their superconducting and mechanical properties is essential.
Computer modelling may be used to assist in reaching this goal. This approach has been
utilized in delineating the mechanical and thermal properties of polymer and metal foam
materials [20–25].

The already existing modelling approaches for polyurethane foams [21–25] may pro-1

vide a useful starting point. It has been shown that modelling of foam samples with a2

regular succession of cells and a simple cell geometry (the Kelvin cell) as a first approxima-3

tion does permit reasonable prediction of properties. However, for a better description of4

the mechanical properties of polymer and metallic foam materials [26–31], it is necessary to5

improve the model using parameters from the real foam structure. Therefore, it is essential6

to properly evaluate the microstructure of the superconducting foams to obtain information7

to improve the modelling. This is particularly important since the double-step fabrication8

process (polyurethane foam→ ceramic Y2BaCuO5 (Y-211)-foam→ superconducting YBCO9

foam) may alter the original foam microstructure. Although to a first approximation, the10

ceramic material will mimick the structural arrangement of the polymer foam. Further-11

more, the infiltration growth (IG) process [32,33] applied to the foam sample will create12

an unique microstructure, which is not seen in bulk superconductors [34] due to the large13

amount of internal surfaces in the foam structure.14

To achieve a better understanding of the details of the foam microstructure, a thorough15

analysis of the real foam microstructure of open-cell, superconducting YBCO foams has16

been performed. Digital optical microscopy, scanning electron microscopy (SEM) and17

electron backscatter diffraction (EBSD) have been used to identify the structural parameters18

important for modelling of superconducting foam samples.19
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2. Experimental procedures20

2.1. Sample preparation21

For better understanding the microstructure of the superconducting YBCO foams,22

the details of the fabrication steps must be considered. The preparation process of the23

superconducting YBCO foam samples is a two-step process:24

(i) Starting from commercially available polyurethane foams (1) [35], which define the25

porosity and other structural parameters of the final product, the sample is covered26

with a slurry of Y-211 powder dissolved in polyvinyalcohol (PVA) and water. To form27

ceramic Y-211 foams, a heat treatment is required to burn off the polyurethane and to28

compact the Y-211 ceramic (2). This is illustrated in the temperature program shown29

in Fig. 1 (a).30

(ii) The green Y-211 foam (3) is then converted into the YBCO superconductor using the31

IG process [32,33] using a Nd-123 seed crystal on top and a liquid source consisting32

of a 1:1 mixture of Ba and Cu oxides with an overall stoichiometry of Ba3Cu5Oy and33

additional 123 powder placed beneath the Y-211 foam. When being heated above34

the eutectic temperature (1010 ◦C, (4)), the liquid phase infiltrates the Y-211 foam by35

capillary action [36]. The seed crystal ensures an overall texture of the superconducting36

foam sample like in the case of bulk superconductors. Finally, the Y-211 foam is fully37

converted to the 123-phase (5) in a slow-cooling process.38

Thus, the superconducting YBCO foams owe their specific properties to the IG process39

applied. The liquid phase, which moves along the foam struts from bottom to the top of40

the sample, plays an essential role for the appearance and shape of the foam struts. This41

will be investigated in detail using electron microscopy and digital optical microscopy in42

the following sections. The samples investigated in this study were prepared at RWTH43

Aachen, Germany, as well as new ones, which were fabricated using the same process44

parameters.45

2.2. Microscopy investigations46

Digital optical microscopy was performed using a Keyence VHX-5000 microscope [37]47

with large depth of field and long observation distance (most images were taken with 100×48

magnification), enabling 3D imaging and digital image processing/analysis. The images49

were treated by the built-in analysis software for calibration and size measurements. Using50

the possibility to record the image processing steps, an automated routine for determining,51

e.g., the window sizes, can be generated. This enables a large number of images to be52

processed in reasonable time. Additional image analysis was performed using ImageJ [38]53

and WSxM software [39].54

SEM images were taken using a field emission scanning electron microscope (JEOL55

7600 F) and a JEOL 7000F SEM microscope operating at 20 kV with a working distance of56

10 mm. EDX analysis was performed using a EDAX ZAF system with a SUTW sapphire57

detector.58

The EBSD orientation imaging was performed in a JEOL 7000F SEM microscope59

equipped with a TSL (TexSEM Labs, UT [40]) analysis unit. The Kikuchi patterns were60

generated in reflection mode [41] at 15 kV, and were recorded by means of a DigiView61

camera system. To perform crystallographic orientation mapping, the electron beam was62

scanned over a selected surface area and the resulting Kikuchi patterns were indexed and63

analyzed automatically. Automated EBSD scans were performed with an EBSD step size64

down to 50 nm.65

The sample surfaces for EBSD analysis were mechanically polished using SiO2 grind-66

ing papers, followed by mechanical polishing with diamond pastes (3 µm down to 1/467

µm diamonds) using ethanol as lubricant. The final step consisted of polishing the surface68

using colloidal silica with 40 nm particles (Struers OP-S solution). More details on the69

sample surface preparation steps can be found in [42]. An additional low-angle (5◦) Ar70

ion-polishing step (5 keV, 5 min) could be applied to the sample surface after the mechanical71
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Figure 2. (a-d) SEM images at low magnification of broken-out foam strut pieces from a superconducting YBCO foam
(magnification 25× (a), 35× (b), 85× (c) and 95× (d)), giving information of the real foam microstructure and the various
internal surfaces existing in the open-cell foam structure. Note the rough character of the as-grown strut surfaces of the
YBCO foam. The images further demonstrate the irregular shape and size distribution of the foam struts, which need to be
modelled.

treatment. This process increases the image quality (IQ) of the resulting Kikuchi patterns72

and removes mainly adhered particles on the sample surface.73

3. Results and discussion74

3.1. Scanning electron microscopy75

Figures 2 (a)-(d) present SEM images in various magnifications of foam strut pieces76

broken-out from a bulk YBCO foam. These pieces reveal the directly the complicated and77

irregular arrangement of the foam struts and their vertices within the foam sample (a,b),78

exhibiting various ligament (strut) lengths, ligament cross sections and intersection angles.79

In the following, a foam strut denotes an entire broken-out section and the ligament is80

the material section between two adjacent nodes. In case of higher magnification (c,d),81

the images reveal further a certain characteristic structure of the foam strut surface. This82

structure was caused by the capillary flow of the liquid phase along the Y-211 struts, which83

left a rough and rugged surface, comprising several particles, particle clusters and flow84

structures. In Figs. 3 (a)-(c), more details of the strut surface structure are presented using85

higher magnification, illustrating the distribution of the Ba3Cu5Oy particles. Here, it must86

be noted that the foam sample offers a high amount of internal surfaces, which do not exist87

in conventional bulk samples prepared using the same IG-processing method. The images88

3 (a)-(c) reveal that a large number of Ba3Cu5Oy particles with typical size ranging between89

0.5 and 3 µm are distributed in an irregular fashion on the strut surfaces as individual90

particles or as particle clusters. EDX analysis (d) revealed that the particles are mainly91
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Figure 3. (a-d) SEM images (various magnifications ranging between 650× and 2200×) showing details of the internal
surfaces of the foam struts and vertices. The particles seen on the strut surfaces are Ba3Cu5Oy particles as determined by
EDX analysis (d). These structures and particles are caused by the capillary flow of the liquid phase during IG-processing,
which is not seen in conventional bulk samples.

Ba3Cu5Oy, that is, particles of the pure liquid phase used in the IG-processing. Besides92

these particles, the SEM images indicate distinct growth steps and some characteristic93

patterns on the strut surfaces, which are caused by the capillary flow of the liquid phase.94

These patterns were shown by EDX to possess a higher content of Y as the particles on the95

surface. All this information gained on the strut surfaces gives valuable input to better96

understand the details of the IG-process, which are not seen in conventional bulk samples.97

A closer investigation of these particles on the strut surfaces and their possible effect on the98

flux pinning properties will be presented in a forthcoming study [43].99

Figures 4 (a)-(c) present EBSD measurements on polished foam strut surfaces. Figure100

4 (a) is an overview measurement of the orientation distribution (inverse pole figure,101

abbreviated IPF) in [001]-direction along a foam strut ligament. The scan area is selected to102

be fully inside the foam strut. Furthermore, as the strut surface has underwent mechanical103

polishing, the particles on the surface are removed, so only 2 phases (YBCO and Y-211) are104

present. The crystallographic orientations are given perpendicular to the sample surface,105

i.e., in [001]-direction. Note that there is practically no orientation in [001]-direction (red)106

like in the case of a bulk superconductor pellet, which is due to the original 3D orientation of107

the strut within the bulk foam. Thus, the present observation is not contradicting the overall108

texture of the bulk foam as verified by neutron diffraction in [44,45]. The YBCO matrix109

consists of elongated grains showing various orientations 30-60◦ off the [001]-orientation.110

In contrast, the large Y-211 particles seem to be randomly oriented. In Figs. 4 (b) and (c),111

EBSD-mappings with high resolution are shown using an EBSD stepsize of 50 nm. Figure112

4 (b) presents a phase map with YBCO plotted in red and Y-211 in green. Furthermore, the113

EBSD-detected grain boundaries (GBs) are marked by thin black lines. There are several114

large Y-211 particles showing some substructures. Many small grains are located along the115

edges of the big Y-211 grains, but also very tiny Y-211 particles covering just one EBSD step116

[46] can be detected. This is indication of a small particle size ∼ 50 nm. Large numbers117

of such tiny Y-211 particles are found to fill the GBs between the YBCO grains (yellow118

arrows point to several such locations). This type of arrangement of Y-211 particles was not119

observed in any bulk YBCO pellets as already discussed in [47]. The inverse pole figure120

(IPF) orientation map, overlaid with the image quality (IQ) information, presented in Fig. 4121

(c) reveals that only two main orientations exist for the YBCO grains within the scanned122

area. In contrast, the large Y-211 grains are practically randomly oriented.123
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Figure 4. (a-c) EBSD orientation imaging of foam strut pieces with mechanically polished surfaces.
The scan areas are selected to be entirely inside the struts. (a) Overview measurement (scan area ∼
1 mm × 200 µm) along a foam strut ligament. Orientations are given perpendicular to the sample
surface, i.e., in [001]-direction. The EBSD stepsize for this measurement was 2 µm. Both phases
(YBCO and Y-211) are plotted together. The color code for the orientation mapping is given below
image (c). (b) Phase mapping (red – YBCO, green – Y-211) of a 10 × 10 µm2 scan area. Several
large and many tiny Y-211 particles are embedded within the YBCO matrix. The EBSD-detected GBs
are indicated using thin, black lines. The yellow arrows point to the tiny Y-211 particles found in
groove-like structures in the foam strut. (c) Inverse pole figure (IPF) map with overlaid image quality
(IQ) mapping, recorded with high magnification and an EBSD stepsize of 50 nm. Note here that the
YBCO matrix shows orientations up to 60◦ off the [001]-orientation which reflects the 3D-orientation
of the strut within the bulk foam. The Y-211 particles reveal several different orientations.

All observations of grain orientations within the foam struts are important to under-124

stand the flow of superconducting currents in the superconducting foam samples. Most125

importantly, the EBSD data reveal that the currents within a foam strut must cross several126

GBs, which poses a severe limitation as seen in the time-dependent TF measurements127

performed in [48], even though the overall foam sample has texture introduced by the seed128

crystal, which was verified by neutron diffraction experiments [44,45]. The possible influ-129

ence of the Ba3Cu5Oy particles located on the strut surfaces on the flux pinning properties130

was not yet studied, but it is obvious that the capillary transport of the liquid phase along131

the foam struts has altered the shape and appearance of the final YBCO foam struts as132

compared to those of the polyurethane foams, from which the processing had started.133

3.2. Digital optical microscopy134

Using digital optical microscopy, a large number of images were taken to study the135

various shapes of the cells building up the YBCO foam sample. Using the specific focal136

depth variation enabled to obtain processed 3D images of the foam cells. All the images137

presented here were collected on full-size foam samples by means of a Keyence VHX-5000138

microscope. The included image analysis software enabled a semi-automated analysis.139

Overall, about 200 such images were collected and analyzed. Figures 5 (a)-(d) present140

untreated raw images of several foam cells with a high focal depth, showing typical foam141
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Figure 5. (a-d) Optical raw images of foam struts, ligaments and windows in various positions within the bulk foam sample
taken by a Keyence VHX-5000 microscope, allowing a large focal depth. These images provide an impression of the local
variation of the foam windows, struts and ligaments, which need to be modelled.

struts and windows in their original location within the foam sample. These images142

serve as the input for the following analysis. The image-processed images of the foam143

microstructure as shown in Figs. 6 (a)–(f) give an impression of the real arrangement of the144

foam struts, windows and cells. This analysis provides the necessary input data (ligament145

length, intersection angles and window size) to the statistical analysis to obtain proper146

parameters for the modelling.147

3.3. Discussion of modelling approaches and parameters148

The first issue is a discussion about the sample density and the amount of super-149

conducting material in a foam sample. As the superconducting foams are prepared via150

the IG-process, the foam struts share their properties with the IG-processed bulks, even151

though there are certain differences in the microstructure. In [10], the densities of various152

melt-processed samples was discussed leading to different levitation forces. The density of153

the melt-textured samples ranged between 5.88 and 6.17 g/cm3, the tabulated theoretical154

density of YBCO being 6.4 g/cm3. The difference is due to the presences of pores and155

cracks, and also the lower density of Y-211 particles which make up to 40% of the material.156

In the case of foams, the presence of pores reduces the density to 1/5...1/10 of the density157

of the bulks, depending on the porosity of the original polyurethane foam (20...40 ppi).158

A second issue concerns the underlying polyurethane foams, as their internal structure159

provides the base for the superconducting foams. Up to now, only products from one160

company were used for the superconducting foam preparation [35], so the present analysis161

focuses on this type of open-cell, reticulated polyurethane foam. The manufacturer gives162

the pore size in ppi (pores per inch) with a typical variation of ±5 pores. However, when163
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Figure 6. (a-f) Digitally processed images of foam windows, struts and ligaments in various positions
within the bulk foam sample. Images (a) and (c) show the calibrated size data, and (e) gives the
extracted values for x and the color code for z. These images are the base for the analysis presented
in Fig. 7 below.

comparing the foams of different makers, the geometry of the struts, windows and cells164

may be considerably different, which may lead to different mechanical behavior of the final165

samples. This was pointed out recently in Refs. [49,50], where additive manufacturing166

was employed to create artificial foam structures, and in Ref. [51], where porous sintered167

tin-bronze alloys were studied. Different microstructures of the foams may match specific168

application requirements (e.g., filters, heat exchangers, etc.). Such different microstructures169

were also observed in our case when selecting possible other suppliers of polyurethane170

foam materials, so we sticked to the products of the original maker to limit the variations.171

The previous modelling of polyurethane foams clearly revealed that it is important to172

properly model the real foam microstructure in order to achieve reasonable results for the173

mechanical properties of such foams as the real foam samples showed higher mechanical174

strength. Thus, we have analyzed about 200 such images to obtain a reasonable parameter175

set characterizing the YBCO foam samples.176
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Figure 7 (a) presents the definition of the ligament length (orange line), the intersec-177

tion angle α (red lines) and the foam windows (yellow ellipses). Ligament lengths and178

intersection angles were determined manually, whereas the window size was determined179

via the Keyence software with selected border values.180

The Kelvin cell geometry has already been used by many researchers to represent181

foam structures [20–25]. This geometry consists out of six square and eight hexagonal faces182

and is capable to partition the space into identical equal-volume units with minimal surface183

energy. However, in this model all foam struts are identical, and the nodes, where the struts184

interconnect, are quite simplified. Although such Kelvin cell models have proven to be185

efcient and useful to model the mechanical response of cellular materials in the literature,186

the geometry of the Kelvin cell does not comply with a real foam topology. The cells187

of real foams are irregular polyhedra with anywhere from 9 to 17 faces when regarding188

nearly monodisperse foams. The material is concentrated in the nearly straight ligaments189

and in the nodes where they intersect. Therefore, the mechanical properties of foams190

depend strongly on the microstructure realized, and thus, on the basic properties of the191

base material used to prepare the foam sample.192

The specific part of the microstructure, which is relevant for the mechanical properties193

of the foam, is the shape and geometry of the various nodes [22] as there is a large amount194

of material concentrated. Jang et al. showed further that the cross section of a ligament195

changes along its length, being relatively small in the center and growing towards the ends,196

which is due to an elongation when forming the polyurethane foam. For their polyurethane197

foam sample, they found a characteristic three-cusp hypocycloid cross section of Plateau198

borders, which is illustrated in Fig. 7 (b, right). From our present analysis, it is obvious that199

the flow of the liquid phase in the IG-process has altered the cross section of the foam struts200

or ligaments. The shape, as revealed by a large number of profiles taken from the optical201

images, has changed to a paraboloid type (see Fig. 7 (b), left), and the sharp cusps of the202

original polyurethane foam have almost vanished. We further note that there is a spatial203

variation of the strut shape within the foam sample. From the bottom side, which was204

closest to the liquid source, the shape is found to change from the parabolic type (which205

contains more material on the ligands) to a more cusp-like type at the top face of the foam206

sample, which indicates the amount of liquid which was present during the processing.207

Previous work on flux pinning and critical currents in the foam sample [52,53] also revealed208

a clear dependence on the position within the original foam, and the TF measurements on209

all sides of a foam sample demonstrated that the top side was the weakest one [13]. Thus,210

this finding is another important issue for improving the properties of future YBCO foam211

samples.212

Figures 7 (c)–(f) present the results of our image analysis. Figure 7 (c) gives the
histogram of the ligament lengths from 601 ligaments, ranging between 0.12 and 3.5 mm.
All data were fitted by log-normal functions with four parameters

y = y0 +
A√

2πwx
· e−

(
ln(x/xc)√

2w

)2

, (1)

as indicated in the graphs by dashed black lines with y0 = 0. The resulting parameters213

are xc =1.2 mm, w = 0.55 and A = 53. Similar to the data presented by Montmimy et al.214

[21], the data fall in a right-skewed distribution, which is common for natural systems. In215

Fig. 7 (d), the intersection angle histogram is presented, which represent a nearly normal216

distribution. The mean angle determined here is 104.1◦ (standard deviation 1.25◦), which is217

smaller than the angle found by Montmimy et al. in their polyurethane foams, and clearly218

smaller than the tetrahedral angle of 109.5◦. The foam window size distribution is shown219

in Fig. 7 (e), yielding xc = 1.25 mm, w = 0.26 and A = 35. Like in the case of Montmimy220

et al., this distribution is again right-skewed, but much stronger than the distribution of221

the ligament length, which says that there is a bigger variation of the window sizes as222

compared to the ligament lengths. Finally, Fig. 7 (f) gives the cell size histogram (155 cells223

analyzed) with the parameters xc = 0.84 mm, w = 0.12 and A = 8. Altogether, this analysis224
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Figure 7. (a) Definitions of the ligament length ( ), the intersection angle α ( ) and the window size (yellow ellipses). (b)
presents the typical cross section found by profile analysis for the YBCO foam (left) compared to the cross section found by
Jang et al. [22]. (c-f) Statistical distribution analysis of the ligament (strut) lengths, the window size, the intersection angles
and the cell size. The black dashed lines indicate log-normal fits to the data, and a normal fit in (d).

demonstrates that the real foam structure is clearly different from a simple Kelvin cell, and225

the parameter set obtained will be useful for generating a true foam model. The important226

finding here is the fact that the cross sections of the YBCO foam are distinctly different227

from the polyurethane foam, and also from the intermediate Y-211 foam.228

3.4. First modelling of field cooling and trapping229

Finally, a first attempt to model the properties of a superconducting foam sample is230

presented here. The modelling was started using a Kelvin type model of a foam cell as231

depicted in Fig. 8 (a), which is the most simple representation of a foam cell. The selected232

parameters are as follows: foam cell 5 mm wide, 0.25 mm thick struts, and the cell consists233

of circles with radius b = 0.833 mm and ellipses with major axis a = 1.25 mm and minor234

axis b = 0.833 mm. The foam is arbitrary tilted by 10◦ from the z-axis and 10◦ along the235

x-axis. A surface representing the field mapping area is placed at 2.75 mm above the foam.236
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Figure 8. First modelling of trapped fields of a foam using the Kelvin cell, the dimensions of which are given in (a). (b)
presents the distribution of the local magnetic field after field cooling in a field of 50 mT, and (c) gives the trapped field
distribution at 2.75 mm above the foam.

The calculations were done using classical H formulation coupled with circuit coupling or237

external field [54], or alternatively, using the A-H coupled formulation [55] implemented238

in the PDE module and the global equation module in COMSOL Multiphysics version239

5.2a. The electrical parameters to simulate the YBCO foam sample use the power law240

E(J) = Ec(J/Jc)n with the parameters Ec = 1 µV/cm, n = 20, and a critical current density241

Jc = 1000 A/mm2, corresponding to the measurements on foam struts of Ref. [53]. Field242

cooling in a field of Bapp = 50 mT was modelled after reducing the field linearly towards243

0 within 10 s, and the end of the process is depicted in Fig. 8 (b). Finally, a simulated244

trapped field distribution is presented in Fig. 8 (c), which gives a nearly homogeneous TF245

distribution.246

The results of this first TF modelling using a simple Kelvin cell give already reasonable247

output as compared to the measured TF values presented in [13]. An interesting finding248

are the reddish areas along the foam struts as seen in Fig. 8 (b), depicting the field-cooled249

flux distribution. This observation implies that the thinnest sections of the foam ligaments250

form bottlenecks for the superconducting currents in the foam, experiencing the highest251

magnetic fields. Thus, the present shape of the foam ligaments is by no means well-suited252

to sustain a high critical current density. Therefore, these results point out that a more253

regular shape of the foam cells and, correspondingly, regular orientation of the foam254

ligaments would bring a better current distribution (as the main current flow takes place255

within the Cu-O-planes) in a superconducting foam sample. Such kind of structures could256

be produced by 3D printing/additive manufacturing as was already demonstrated in Refs.257

[56–58], which could significantly improve the TF performance of porous superconducting258

materials [59,60]. So, the first modelling of the trapped fields in superconducting foam259

samples using the Kelvin cell-type approach already delivered an important result for260

the future applications of such foam samples. This is a first hint that a simple approach261

to model the superconducting performance of a foam sample may be sufficient for some262

specific purposes. Introducing irregular cell sizes and a variation of the ligament thickness263

using the data elaborated here will not lead to higher calculated TF values, but may264

better reproduce the effects of current loop compression, the percolative current flow, etc.265

Thus, the modelling of the TF fields represents only one facette of the various properties266

being important for applications, which must be well designed in the view of possible267
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applications. One example for this is energizing the superconducting foam sample with268

pulsed currents in a separate coil. This will cause magnetostriction effects, resulting in269

strong forces on the foam structure. To model this situation and also the mechanical270

properties when applying the foam in a flux-pinning docking interface (FPDI) system as271

described in [11], a further developed model making use of the cell parameters determined272

here, will undoubtedly be necessary to find an optimized foam structure (porosity, amount273

of superconducting material, cell and ligament diemsions) for a given type of application.274

It will be very interesting to see which sample property requires a simple or an extended275

modelling approach. For such extended modelling, a well-suited direction to go for may276

be the lattice geometry approach as described in Ref. [61]. This will be investigated in277

subsequent works.278

Regarding the very specific microstructure of the superconducting YBCO foams, one279

must note here that the foam struts of the superconducting foams have a different shape as280

compared to the starting polyurethane foams. Strongly linked to the capillary flow of the281

liquid phase during IG-processing, a specific microstructure of the superconducting foams282

results. Tiny Y-211 particles are located mostly in groove-like channels within the YBCO283

matrix [34], and the strut surface exhibits presence of Ba3Cu5O8-particles stemming form284

the liquid source, which may also contribute to the flux pinning. Such additional particles285

on the sample surface were not seen previously in the commonly prepared bulk samples.286

All these details are essential for the superconducting performance of the foam samples.287

Thus, the final model of a superconducting foam must consider all these specific details of288

the foam microstructure.289

4. Conclusions290

A detailed analysis of the microstructure of superconducting YBCO foams revealed291

several interesting details, including the effects of the capillary flow of the liquid phase292

in the IG-process along the foam struts, the formation of Ba3Cu5Oy particles and flow293

patterns on the internal surfaces of the foam and the formation of tiny Y-211 nanoparticles294

located in channel-like structures within the YBCO matrix. SEM and digital optical mi-295

croscopy provide valuable input to better understand the real foam structure, revealing296

also clear differences to the polyurethane foams, which served as the base material. First297

modelling of the magnetic properties was done using the regular Kelvin cell approach and298

the H-formulation, which could already reproduce the basics of the trapped field measure-299

ments. Furthermore, the model data suggest that an uniform distribution of cell sizes could300

provide better TF performance as the irregular structure of the present YBCO foam material.301
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