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Abstract12

Particle coating is a widely used strategy for tailoring particle properties to13

specific applications, with the morphology of the coating layer strongly influencing14

the effective properties of the resulting hetero-aggregates. Dry particle coating by15

means of mechano-fusion (MF) has gained increasing attention in applications such16

as battery material manufacturing, where coating layers surrounding host particles17

can significantly enhance performance and lifetime. To improve the understanding18

of process–structure relationships and consequently optimize the coating process,19

detailed characterization of the resulting hetero-aggregates is essential. In this pa-20

per, several geometric descriptors are introduced for the quantitative analysis of21

coating structures, including mean coating thickness, surface area coverage, and22

contact loss. In addition, correlations between these descriptors are investigated23

to provide a more comprehensive understanding of the interactions that govern the24

coating process. The analysis is based on micro-computed tomography (CT) images25

of a model particle system consisting of PTFE-coated alumina particles produced26

by MF. To reduce artifacts arising from the embedding of coated particles in epoxy,27

a hierarchical segmentation pipeline was developed for micro-CT image processing.28

Keywords: Hetero-aggregate; dry particle coating; mechano-fusion; micro-CT; statistical29

image analysis; geometric descriptor30
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1 Introduction31

The dry particle coating process mechano-fusion (MF), originally developed in the 1980’s32

[1, 2], has recently been used more frequently in different applications ranging from phar-33

maceuticals [3, 4], matrix-reinforced composite materials [5, 6], to lithium-ion battery34

(LiB) materials [7, 8]. The various advantages of dry coating are particularly beneficial in35

the manufacturing of functionalized battery materials: (i) the coating occurs at the level36

of individual host particles with smaller individual guest particles, and uniform coatings37

(core-shell type aggregates) with predefined coating thicknesses can be synthesized, (ii)38

MF does not rely on the use of liquid solvents, which reduces processing efforts, costs,39

and environmental impacts [9], and (iii) the process is scalable and can be performed in40

continuous operation [10].41

The type of functionalization of the host particles in the context of battery materials,42

e.g., cathode active materials (CAM), depends on the specific particle system to be pro-43

cessed. Several examples of MF coating for LiB materials have the objective of increasing44

mechanical or chemical stability, and electronic conductivity of lithium-nickel-manganese-45

cobalt oxide (NMC) used as CAM [7, 11–15].46

As a result, superior specific capacity, energy density, and long-term cycling stability47

can be achieved [14]. For the optimization of the newest generation of all-solid-state48

batteries (ASSB), a sufficiently close solid-solid contact must be established between CAM49

and solid electrolyte (SE) to allow the transfer of lithium ions [12, 16, 17], since geometric50

physical contact losses between two materials result in high interface resistances. In51

general, the performance of any battery electrode material is highly dependent on the52

optimization of the underlying microstructure [18–22].53

Thus, MF is applied to coat CAM host particles with SE [12, 15, 16] or an artificial54

cathode electrolyte interface material [23] as guest particles. Compared to merely mixing55

CAM and SE, the coating requires less SE content because interfacial contact and total56

contact area are significantly improved [16]. Currently, different types of materials are em-57

ployed as SE, e.g., polymer-lithium salts, glass, or (glass-)ceramic type SEs [24]. From the58

latter, (crystalline) sulfide SE, e.g., lithium thiophosphate chloride (LPSCl), shows very59

high ionic conductivities (1.9·10−3 S cm−1) [24–26] but low intrinsic electronic conductiv-60

ity (1.6·10−8 S cm−1) [27, 28]. In contrast, NMC is characterized by dominating electronic61

conductivity (10−4 S cm−1 to 10−2 S cm−1) and low ionic conductivity (3.7·10−9 S cm−1 to62

9.1·10−9 S cm−1) [29]. The difference in particle size and stiffness (CAM: larger, rigid, and63

brittle particles; sulfide SEs: smaller, soft, and ductile particles) facilitates the coating.64

The dry coating mechanism using the hybridization of a deformable model material,65

sulfide SE, is described as room temperature pressure sintering [30]. Mechanical energy66

input leads to plastic deformation of the initially discrete individual guest particles of SE,67

so a continuous SE coating is obtained on the surface of the host CAM particles. The68
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deformation of guest particles during MF was investigated recently by atomic force mi-69

croscopy [31]. Structural characterization using different 2D and 3D imaging techniques,70

e.g., scanning electron microscopy (SEM) in combination with focused ion beam (FIB)71

milling and micro- or nano-computed tomography, is essential to understand the resulting72

microstructure of particles after coating, to be used as advanced battery materials.73

In this paper, a model material system of alumina host particles and polytetrafluo-74

roethylene (PTFE) guest particles is dry coated with MF to produce hetero-aggregates75

mimicking SE coated CAM particles. 3D image data of the resulting aggregates is ac-76

quired by micro-computed tomography (CT) measurements. After image processing to77

segment the host particle and guest phase, various geometric descriptors are computed to78

quantitatively characterize the morphology of the hetero-aggregates. In particular, geo-79

metric descriptors that characterize the coating, such as the mean coating thickness, the80

surface area coverage of host particles, and the degree of contact loss between the host81

and guest phase are considered. The statistical relationships between these descriptors82

are investigated with the aim of studying various factors influencing the quality of the83

coating structure, i.e., the outcome of the coating by MF. Although the materials consid-84

ered in this study serve merely as a model system and are not directly applicable to LiB85

manufacturing, the developed synthesis and analytical analysis methods are applicable to86

general hetero-aggregate particle systems produced by MF or related coating techniques.87

These methods enable quantitative characterization of particle morphology, improve the88

understanding of process-property relationships, and thereby facilitate the identification89

of critical factors affecting coating quality.90

2 Materials and Methods91

2.1 Particle system92

The need for a controlled processing atmosphere with a very low residual air moisture93

content and the associated safety concerns [32] favor the use of model materials rather94

than sulfide SE materials. As described previously, a soft, deformable model material95

needs to represent the sulfide SE, accompanied by larger sized, brittle, relatively spherical96

host particles representing CAM. It is important to note that the chosen particle system97

is scaled up by a factor of approximately 5 to 9 (median particle size of commercially98

available NMC particles is 5µm to 10 µm [33]). The up-scaling ensures the capability of99

micro-CT to fully resolve the guest particle structure. In addition, the particle system fo-100

cuses on the electrode components CAM and SE only. At this point, conductive additives101

or binder are not considered.102

PTFE particles (FP30-PD-000110, Goodfellow GmbH, Hamburg, Germany) with a103

density ρguest = 2.2 g cm−3 and a median particle size of 9.5 µm were acquired and served as104
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guest particles. SEM images of the pristine PTFE particles are shown in Figure 1(a). Due105

to their synthesis process, the PTFE particles show irregular shapes and form aggregates106

consisting of a large number of primary particles.107

The host particles were chosen to be spherical alumina (DAW-45, Denka Chemicals108

GmbH, Düsseldorf, Germany) with a density ρhost = 3.95 g cm−3 and a median (volume-109

weighted) particle size of 45.3µm. The median (volume-weighted) particle sizes are de-110

rived from the particle distribution of pristine PTFE guest particles and alumina host111

particles. Both are measured via laser diffraction using the dry dispersing unit Aero S at112

3 bar (Mastersizer 3000, Malvern Panalytical GmbH, Kassel, Germany), see Figure 2(a).113

The particle size distribution of alumina is rather narrow and only a small number of par-114

ticles deviate from ideal sphericity, with some showing open cracks, pores, larger cavities,115

distinct surface roughness, smaller satellite particles, and rarely completely irregularly116

shaped particles. Thus, these particle geometries strongly resemble those of NMC parti-117

cles. The (surface) features mentioned above are observable in the SEM images presented118

in Figure 1(b), where image acquisition relies on the XL 30 ESEM (FEI Europe B.V.,119

Eindhoven, The Netherlands) at low acceleration voltages of 1...3 kV.120

Figure 1: SEM images of different magnifications for pristine PTFE (a), pristine alu-
mina (b) and the coated particles after MF (c).

2.2 Mechano-fusion coating121

Dry particle coating of alumina with PTFE (guest phase) is performed via MF using122

the Angmill Mechano-Fusion (AMS) setup of the Picobond module in combination with123

the small-scale, multi-processing machinery platform Picoline (Hosokawa Alpine GmbH,124

4



Augsburg, Germany). The AMS is a rotor-stator type high energy mixer where the125

particles to be processed are forced into a small gap between rotor and stator. A scraper126

removes any adhering material from the rotor. For a scheme of the process, we refer to a127

previous publication [34]. The guest-particle weight ratio is determined by targeting 100%128

surface area coverage (SAC) of host particles with a monolayer of spherical guest particles.129

Assuming that all host and guest particles are each of the same sizes dhost = 43.3µm and130

dguest = 7.5µm (based on manufacturer’s specifications) with densities ρhost and ρguest131

(see above) respectively, the corresponding weight percentage of guest particles wt%(G)132

is estimated by133

wt%(G) =
Nd3guestρguest

(d3hostρhost) + (Nd3guestρguest)
, (1)

where134

N =
4(dhost + dguest)

2

d2guest
, (2)

see [35]. This results in a guest-particle weight ratio of 34.7%, which is close to those135

reported for SE in the literature, e.g., 10% to >30% [9, 16, 30, 36]. This weight ratio136

of 34.7% corresponds to a volume-weighted host particle fraction of 51.2%. After a137

short ramp-up phase, the coating is performed at 5000min−1 for 10min. The clearance138

between the rotor and stator remains fixed at 2mm, and the process chamber volume139

is filled up to 30% with material. The coated particles after MF are imaged by SEM,140

see Figure 1(c). The experimental setup successfully produces coated particles at the141

given processing parameters. The surfaces of alumina host particles are coated with142

strongly deformed PTFE guest particles, predominantly forming a primary continuous143

layer with some protruding, weakly attached guest particles on the outer surface. The144

preparation of samples for micro-CT imaging is expected to remove any weakly attached145

PTFE guest particles due to the shear forces acting on the coating during the mixing with146

a highly viscous epoxy resin. However, from those SEM images alone, it is not possible147

to deduce whether the primary coating layer is completely continuous, i.e., film-like, or148

partly discrete.149

2.3 Image acquisition150

2.3.1 Sample embedding and micro-CT imaging151

A workflow for the non-destructive 3D characterization of micron-sized particles using152

micro-CT that focuses on statistical significance has been established in [37] and serves153

as the general approach for sample preparation and micro-CT imaging in this study.154

Firstly, a representative sample of MF coated particles is produced by splitting using a155

micro riffler (QuantaChrome Instruments, Boynton Beach, USA). Then, the sample is156

mixed at a ratio of 3:2 by volume with a nano-sized spacer material (Lamp black 101,157
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1.77 g cm−3, Orion Engineered Carbons GmbH, Cologne, Germany), where the mixture158

is carefully blended by hand stirring into a two-component epoxy at a 1:1 weight ratio.159

Thereby, any PTFE guest particles that are only loosely attached are removed from the160

surface of the coated host particles. Upon achieving a homogeneous paste-like state, the161

sample is suctioned into a polymer tube and left to cure for 24 h. After curing, a cuboid162

of approximately 1mm×1mm×2mm is cut and attached to a metal pin with glue. 3D163

micro-CT imaging is performed with an Xradia 510 Versa (Carl Zeiss Microscopy GmbH,164

Oberkochen, Germany), which, in addition to the setup of a conventional micro-CT,165

features an optical magnification unit. The scanning parameters are optimized for the use166

of the highest optical magnification (40 times) near the resolution limit of the device with167

a voxel size of 0.4µm. The acceleration voltage is set to 80 kV at 7W power, and the Zeiss168

standard low energy filter 2 is inserted. 1601 projections are acquired with an exposure169

time of 18 s each. To increase the number of observed particles, two disjoint regions,170

one in the lower part and the other in the upper part of the cuboid sample, are imaged.171

The data are reconstructed using the Zeiss Reconstructor (Carl Zeiss AG, Oberkochen,172

Germany) filtered back projection algorithm and standard settings. Byte scaling during173

reconstruction ensures the same range of gray values in the histograms of the upper and174

lower samples. No image post-processing is performed before segmentation. Figure 2(b)175

shows a representative cross-section of the reconstructed micro-CT image data, which176

reveals that the guest particle coating is mostly continuous but in some positions shows177

delamination of the coating. This contact loss between host and guest particles can be178

suspected, but is difficult to fully resolve at the host-guest particle interface.179
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Figure 2: (a) (Volume-weighted) empirical cumulative distribution function (ecdf) of par-
ticle sizes of pristine alumina and pristine PTFE, measured with laser diffraction and dry
dispersion at 3 bar, along with a 2D cross section of the reconstructed micro-CT image (b).
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2.3.2 Sample polishing and high-resolution SEM imaging180

After micro-CT scanning, high-resolution SEM images are acquired of several polished181

sections across the z-axis (height) of the original micro-CT sample. In order to polish the182

sample, it is re-embedded in epoxy to be mounted onto the standardized sample holder183

of the polishing machine (LaboForce-100, Struers ApS, Ballerup, Denmark). During184

polishing, the sample is pressed to the surface of a very fine silicon carbide polishing disc185

with a contact force of 30N. Once the upper surface of the cuboid is reached, the sample186

is polished for 15 s and then prepared for SEM imaging by sputtering with carbon. The187

high-resolution SEM images are acquired with a Tescan Amber (Tescan, Brno, Czech188

Republic) at 15 keV using the back scattered electron detector and a field of view of189

500µm. The resulting image resolution is 0.12µm. The SEM images of the polished190

sections are used for an additional visual inspection of the coating structure; see Figure 3.191

(a) (b)

(c) (d)

Figure 3: High resolution SEM image after polishing of the sample, green arrow: contact
loss of alumina and coating, orange dashed line: air bubble, blue dashed line: removed
alumina host particle due to polishing (a). Segmented regions of alumina host and attach-
ing PTFE guest phase (b). Extracted alumina host phase (c) and PTFE guest phase (d).

The delamination of the coating layer, suspected in the micro-CT images, is confirmed192

by the SEM images, see the green arrow in Figure 3(a). After applying a supervised ma-193
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chine learning-based algorithm (based on a Random forest classifier) to derive a semantic,194

phase-wise segmentation of host, guest, and background material (epoxy) in ilastik [38],195

this effect becomes more pronounced, see Figure 3(b). So far, previous experiments with196

other materials (alumina host and polystyrene guest particles) [39] and SEM images of197

non-embedded particles (see Figure 1(c)) did not indicate the presence of a gap formed198

by delamination between the host and guest particle phases. However, such gaps, i.e.199

local contact losses, are of particular interest in battery technology due to their occur-200

rence in LiBs caused by cycling induced volume changes [9, 36, 40]. The orange and201

blue encircled regions in Figure 3(a) indicate an air inclusion originating from the sample202

preparation, where PTFE particles accumulate, and a PTFE coating region lacking a203

host particle due to its removal during polishing, respectively. In those areas, the SEM204

image strongly differs from the respective micro-CT cross-sectional image due to artifacts205

of sample preparation.206

Note that further high-resolution SEM images and the trained segmentation model207

(pixel and object classification using the trained machine learning in ilastik) are available208

in a repository, see the Data Availability statement at the end of this paper.209

2.4 Image segmentation210

In this section, the segmentation procedure applied to previously acquired micro-CT im-211

ages is outlined. First, in Section 2.4.1 the phase-wise segmentation is described, i.e., each212

voxel is classified as host, guest, air inclusion, or background. Subsequently, Section 2.4.2213

presents the instance-wise segmentation used to identify individual aggregates. As the214

coating frequently exhibits guest regions arranged perpendicular to the surface of host215

particles, such artifacts arising from sample embedding are identified in Section 2.4.3.216

2.4.1 Phase-wise segmentation217

Let I : W → {0, 1, . . . , 255} denote the grayscale image derived by micro-CT scanning as218

described in Section 2.3.1, where W ⊂ Z3 denotes the cylindrical sampling window, and219

Z = {. . . ,−1, 0, 1, . . .} represents the set of integers. The phase-wise segmentation of I is220

given by the mapping Iphase : W → {0, 1, 2, 3}, defined as221

Iphase(x) =



1, if x corresponds to the host phase,

2, if x corresponds to the guest phase,

3, if x corresponds to the air inclusion phase,

0, else,

(3)

for each voxel x ∈ W , where the guest phase is given by Gall = {x ∈ W : Iphase(x) = 2}.222

Note that the phase-wise segmentation Iphase was obtained using the commercial software223
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Dragonfly (version 2024.1) [41]. More precisely, a 3D U-net [42] of depth 4 with an224

initial filter count of 32 and batch normalization was trained on hand-labeled cutouts of225

several slices of I first to distinguish between host, guest, and background phase. The226

background phase encompasses both the epoxy spacer matrix and its air inclusions, as227

well as the pores of the alumina host particles. Subsequently, a 2.5D U-net of depth 5228

with an initial filter count of 64, which takes three slices into account, is used to identify229

air inclusions. Note that individual air inclusions consisting of less than 4000 voxels (≈230

6.9µm3) are considered noise and classified as background. An exemplary cross section of231

Iphase is shown in Figure 4(b).232

(a) (b) (c)

(d) (e) (f)

Figure 4: 2D cross sections visualizing the segmentation procedure applied to a micro-
CT image: grayscale image (a), phase-wise segmentation Iphase, where blue, red, and
yellow colors indicate host, guest, and air inclusion phases, respectively (b). False colors
in the host-wise Ihost (c) and aggregate-wise Iagg (d),(e) segmentations, introduced in
Section 2.4.2 below, distinguish individual hosts and aggregates. In (e), the perpendicular
guest region is removed, differences to (d) are highlighted in (f). Note that some aggregates
may appear disconnected in 2D. Aggregates excluded in (b)–(f) are not fully contained
in the sampling window, contain multiple hosts, or contact an air inclusion.

2.4.2 Aggregate-wise segmentation233

In this section, the phase-wise segmentation Iphase introduced above is used to obtain234

an aggregate-wise segmentation that assigns a unique label to each aggregate, i.e., all235
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voxels of W ⊂ Z3 belonging to the same aggregate share the same label. For this,236

first a host-wise segmentation is determined by detecting individual host particles. In237

conjunction, the host-wise segmentation is used to obtain a guest-wise segmentation,238

where each voxel of the guest phase is assigned the label of the host particle to which it is239

connected. Together, the host- and guest-wise segmentations result in the aggregate-wise240

segmentation used throughout the remainder of this paper.241

More precisely, the host-wise segmentation Ihost : W → {0, 1, . . .} is obtained by ap-242

plying a connected component algorithm, as implemented in scikit-image [43], to the host243

phase of the mapping Iphase given in Eq. (3). This algorithm algorithm results in an initial244

mapping Chost : W → {0, 1, . . .} that assigns a unique label to each connected component245

of the host phase, where the value 0 is reserved for all voxels not belonging to the host246

phase. From this initial segmentation, all connected components that comprise fewer than247

100 voxels are discarded, as they are likely due to measurement noise or misclassification248

in the earlier image segmentation steps. Subsequently, morphological closing [44] with a249

sphere-shaped structuring element of radius r = 15 voxels is applied to the reaming re-250

gion to close holes within host particles. These closed regions are then used to define the251

host-wise segmentation Ihost : W → {0, 1, . . .} that assigns a unique label to each closed252

connected component of the host phase that has not been discarded. Voxels correspond-253

ing not to these closed connected components are assigned a value of 0. An exemplary254

cross section of Ihost is shown in Figure 4(c). A host particle H is defined as the set of255

voxels given as256

H = {x ∈ W : Ihost(x) = i}, (4)

for some i ∈ N = {1, 2, . . .} such that H ̸= ∅.257

To identify individual aggregates, i.e., connected components consisting of guest phase258

and at least one host, a binary image IGH : W → {0, 1} depicting the union of the guest259

and host phase is considered, where260

IGH(x) = 1 if and only if Iphase(x) ∈ {1, 2} (5)

for each x ∈ W . Then, a flood-fill algorithm implemented in scikit-image [43] is applied to261

the image IGH with seed points given by the centers of mass of each previously identified262

host component. In general, a flood-fill algorithm identifies all voxels that are connected263

to a given starting voxel. Thus, all voxels of the guest phase that are connected to a264

certain host are identified. In turn, every voxel of the guest phase that is not reached by265

the flood-fill algorithm is not attached to any host.266

The individual aggregates are then given by connected components that contain at267

least one host resulting in the aggregate-wise segmentation Iagg : W → {0, 1, . . .}, see268
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Figure 4(d), where an aggregate A is a set of voxels given by269

A = {x ∈ W : Iagg(x) = i}, (6)

for some i ∈ N such that A ̸= ∅.270

To ensure a robust data base for the statistical analysis of the aggregates in Section 3,271

additional processing steps are performed that exclude certain aggregates. First, only272

aggregates A are considered that are completely contained in the cylindrical sampling273

window W . Consequently, the aggregates intersected by the boundaries of the sampling274

window are removed.275

In addition, aggregates in contact with air inclusions are excluded from the analysis.276

Since guest particles are non-polar and therefore hydrophobic, they tend to accumulate in277

the vicinity of air inclusions (see Figure 3). Aggregates comprising guest particles attached278

to air inclusions are therefore considered artifacts arising from sample embedding rather279

than from the MF process. More precisely, an aggregate A is removed if for any x ∈ A280

there exists a y ∈ N26(x) with Iphase(y) = 3, where N26(x) denotes the 26-neighborhood281

of a voxel x ∈ W within the sampling window W . Formally N26(x) is defined as282

N26(x) = {y ∈ W : |x− y|max = 1}

with the maximum norm |z|max = max{|z1|, |z2|, |z3|} for z = (z1, z2, z3)
⊺ ∈ R3.283

Lastly, aggregates consisting of more than one host particle may appear as connected284

merely due to the embedding in epoxy. However, reliably separating such aggregates285

into separate ones containing only a single host particle is challenging. Therefore, these286

aggregates are also excluded from the analysis and removed. This affects approximately287

7% of the aggregates. A histogram indicating the distribution of the number of hosts per288

aggregate is shown in Figure S1 in Section S.1 of the supplementary information.289

2.4.3 Removing artifacts from sample embedding290

Up to this point, an aggregate consists of exactly one host particle along with all connected291

voxels of the guest phase as described in Section 2.4.2.292

In the micro-CT image data, some regions of the guest phase appear to be perpen-293

dicularly aligned to the surface of the host particle, as shown by the purple aggregate in294

Figure 4(d). This results from the mixing of the particles with the epoxy and the random295

distribution of the free PTFE particles within the matrix. Despite the presence of spacer296

particles, contact between an already detached PTFE guest particle and a coated host297

particle may still occur. Therefore, this is an artifact of the sample preparation process298

that needs to be identified and removed, as it does not reflect the true microstructure of299

the aggregates. To segment these regions, the tendency of the watershed algorithm to300
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oversegment non-spherical structures is exploited [45]. The effect should not be confused301

with contact loss, which refers to the delamination of the (continuous) coating of the host302

particle, see Figure 3(a).303

Each aggregate A ⊂ W is processed individually. To this end, the binary image304

IA : W → {0, 1} is considered, which is for all x ∈ W defined by IA(x) = 1 if and only if305

x ∈ A. Then, a morphological closing [44] is applied to IA using a spherical structuring306

element with a radius of five voxels to fill small gaps between barely non-connected regions307

of A. This operation primarily closes the gaps associated with contact loss, i.e., between308

the host particle and the tangentially aligned guest regions.309

The Euclidean distance maps of the resulting closed images are subsequently processed310

using morphological reconstruction [46, 47] to regulate over-segmentation. The severity311

of the morphological reconstruction algorithm is controlled by a parameter α ∈ (0, 1), for312

which a small value of α = 0.05 was chosen. Subsequently, a watershed algorithm [48] is313

applied on each of the processed images, providing a segmented image of each agglomer-314

ate. Finally, this image is multiplied voxel-wise with the original binary image IA of the315

considered agglomerate in order to reclassify those voxels as pore phase that have been316

assigned to the foreground by the morphological closing.317

In this way, the resulting segmentation of the binary aggregate image IA would have318

one large component including the host particle and parts of the guest phase that are in319

close contact with it. The remaining components would describe parts of the guest phase320

that are only loosely coated and have partially separated from the host particle. Thus, if321

a region of the final resulting segmented image does not contain any voxels that belong322

to the host phase (as given by Iphase), then all voxels of that region are classified as an323

artifact resulting from sample embedding. All remaining voxels of the guest phase (as324

given by Iphase) are classified as belonging to the guest layer of the aggregate A, denoted325

by G∥. Figures 4(d) and 4(e) show 2D cross sections of agglomerate-wise segmentation,326

with and without guest regions classified as resulting from embedding artifacts. The327

differences between these two images are shown in Figure 4(f). For the remainder of the328

manuscript, an aggregate A consists only of the union of its host particle H and its guest329

layer G∥, while neglecting the here identified regions of the guest phase that are considered330

as artifacts from sample embedding.331

2.5 Geometric descriptors332

To quantify the structural properties of individual aggregates, the following geometric333

descriptors are introduced, which reduce the complex 3D morphology of an aggregate to334

single numbers. The values of these descriptors are used in Section 3 for a comprehensive335

statistical analysis of the aggregate-wise segmented image data.336

As already stated in Sections 2.4.2 and 2.4.3, let A ⊂ W denote an aggregate consisting337
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of exactly one host H ⊂ A and its corresponding guest layer G∥ ⊂ A, where A = H ∪G∥.338

Although A, H and G∥ are discrete subsets of W derived from three-dimensional image339

data, they are treated as subsets of a continuous domain for the definition of the following340

geometric descriptors. In addition, the approximate computation of these descriptors341

based on discrete sets derived from three-dimensional image data is outlined.342

Volume-equivalent diameter. Let S ⊂ R3 be a connected set. Then, the size of S is343

characterized by its volume-equivalent diameter d3(S), defined as the diameter of a sphere344

having the same volume as S, that is,345

d3(S) =
3

√
6 ν3(S)

π
, (7)

where ν3(S) denotes the volume of S, which in all practically relevant cases is given by346

the three-dimensional Lebesgue measure of S [49]. Note that for discrete image data, the347

volume ν3(S) is estimated by counting the number of voxels of S ∩ Z3. In the present348

study, the volume-equivalent diameter is determined for each aggregate A and its host349

particle H of the aggregate-wise segmented image data, where it is always assumed that350

ν3(A) > 0.351

Volume fraction. The (host) volume fraction φ(H) of H with respect to A is defined352

as353

φ(H) =
ν3(H)

ν3(A)
∈ [0, 1], (8)

which quantifies the volumetric proportion of the host phase within the aggregate.354

Coating thickness. Without loss of generality, let the center of mass of a host particle355

H be aligned with the origin. For a direction v ∈ S2 = {x ∈ R3 : |x| = 1}, where | · |356

denotes the Euclidean norm in R3, a ray is defined as357

γv = {cv ∈ R3 : c > 0}. (9)

For each direction v ∈ S2 the point of intrusion x
(in)
coat(v) ∈ R3 and the point of protrusion358

x
(out)
coat (v) ∈ R3 of γv with respect to G∥ are defined as359

x
(in)
coat(v) =

argminx∈γv∩G∥
|x|, if γv ∩G∥ ̸= ∅,

0, else,
(10)
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and360

x
(out)
coat (v) =

argmaxx∈γv∩G∥
|x|, if x ∈ γv ∩G∥ ̸= ∅,

0, else.
(11)

Then, the (directional) coating thickness δcoat(v) ≥ 0 in direction v ∈ S2 is given by361

δcoat(v) = |x(out)
coat (v)− x

(in)
coat(v)|, (12)

see Figure 5. For numerical approximations, let V be a set of 1000 equidistant points362

on S2, derived by Fibonacci’s algorithm [50]. The mean coating thickness δcoat > 0 is363

then determined by364

δcoat =
1

#V
(coat)
+

∑
v∈V (coat)

+

δcoat(v). (13)

Here, # denotes cardinality and V
(coat)
+ = {v ∈ V : δcoat(v) > 0}, where we assume that365

#V
(coat)
+ > 0. Thus, δcoat is the mean coating thickness conditioned on the directions366

in which the coating actually exists. Furthermore, the coefficient of variation of the367

coating thickness CVcoat ≥ 0 is defined as368

CVcoat =
σcoat

δcoat
, (14)

where σcoat denotes the standard deviation of coating thickness that is given as369

σcoat =

√√√√ 1

#V
(coat)
+

∑
v∈V (coat)

+

(
δcoat(v)− δcoat

)2
. (15)

Note that the coefficient of variation CVcoat can be considered as normalized standard370

deviation which quantifies the extent of the relative variability of the coating thickness.371

The case of CVcoat = 1 indicates that the values of δcoat(v) fluctuate within the same372

order of magnitude as the mean value δcoat.373

Surface area coverage (SAC). Let V and V
(coat)
+ be the sets defined above. Then,374

the surface area coverage θSAC ∈ [0, 1] can be approximated by375

θSAC =
#V

(coat)
+

#V
. (16)

Note that the case of θSAC = 1 corresponds to a fully covered host particle, whereas376

decreasing values of θSAC indicate a reduced surface area coverage by the guest phase, see377
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Figure 5.378

γvδgap

δcoat

θSAC =
#V

(coat)
+

#V

θCL =
#V

(gap)
+

#V
(coat)
+

host guest layer

gap

Figure 5: Sketch of directional coating thickness δcoat(v), SAC θSAC, directional gap thick-
ness δgap(v), and contact loss θCL.

Gap thickness. To quantify the gap between host and guest phase, let for a direction379

v ∈ S2 the point of protrusion x
(out)
host (v) ∈ R3 of γv with respect to the host particle H be380

defined as381

x
(out)
host (v) =

argmaxx∈γv∩H |x|, if γv ∩H ̸= ∅,

0, else,
(17)

where γv is defined as in Eq.(9). The (directional) gap thickness δgap(v) ≥ 0 in direction382

v ∈ S2 is given by383

δgap(v) =

|x(in)
coat(v)− x

(out)
host (v)|, if x

(in)
coat(v) ̸= 0,

0, else,
(18)

where x
(in)
coat denotes the point of intrusion with respect to G∥ as introduced in Eq. (10),384

see Figure 5. The mean gap thickness δgap can be approximated by385

δgap =
1

#V
(gap)
+

∑
v∈V (gap)

+

δgap(v), (19)

with V
(gap)
+ = {v ∈ V : δgap(v) > 0} assuming that #V

(gap)
+ > 0, where V denotes the set386

of 1000 equidistant points on S2 introduced above. Analogously to the coating thickness,387
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the coefficient of variation of the gap thickness CVgap ≥ 0 is defined as388

CVgap =
σgap

δgap
, (20)

where σgap denotes the standard deviation of gap thickness, given by389

σgap =

√√√√ 1

#V
(gap)
+

∑
v∈V (gap)

+

(
δgap(v)− δgap

)2
. (21)

Contact loss. Let V
(coat)
+ and V

(gap)
+ be the sets defined above . Then the contact loss390

θCL is given by391

θCL =
V

(gap)
+

V
(coat)
+

. (22)

It is important to note that the contact loss θCL depends on the SAC θSAC. In particular,392

θCL = 1 indicates that, in every direction where coating is present, a gap exists between393

the host and the coating. Furthermore, if θSAC = θCL = 0.5, half of the host particle394

surface is coated, and in half of the coated regions a gap occurs between the host and the395

coating. The concept of contact loss is sketched in Figure 5.396

3 Results and discussion397

As described in Section 2, two disjoint cylindrical regions of an epoxy sample were imaged398

using micro-CT. These regions contain dry coated aggregates, which were segmented399

using the procedure outlined in Section 2.4. In the following, the geometric descriptors400

introduced in Section 2.5 are determined and discussed for these segmented aggregates.401

The distributions of the descriptors are visualized using number-weighted probability402

density functions estimated by kernel density estimation, as implemented in the python403

package seaborn [51]. In particular, only aggregates that are entirely contained within404

the observation window and contain exactly one host particle are considered. Since both405

cutouts originate from the same sample, the aggregates segmented from both images are406

treated as a single data set comprising 174 aggregates.407

Figure 6(a) presents the probability densities of the volume-equivalent diameters408

of aggregates and individual hosts. The probability density of the volume-equivalent409

diameters of individual hosts has its mode at approximately 23µm, whereas the density410

of volume-equivalent diameters of aggregates has its peak at 26µm. The volume of an411

aggregate is determined as the sum of the volumes of its corresponding host and guest412

phase.413
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The probability density of the host volume fraction shown in Figure 6(b) exhibits414

a broad plateau for values from 0.7 to 1, implying that a typical aggregate consists of415

approximately 70%–100% host phase by volume. For reference, the dashed line in Fig-416

ure 6(b) shows the probability density of host volume fractions under the assumption417

that every host particle is fully covered by a guest layer with a constant coating thickness418

of 7.5µm. The resulting distribution can be interpreted as a lower theoretical boundary419

for any possible distribution of host volume fractions resulting from an MF process with420

the here defined process parameters. The mode is at around 0.22, which is drastically421

lower than the observed host volume fractions. This is because PTFE particles of me-422

dian diameter 7.5µm would need to deform in order to create a continuous layer, which423

reduces the overall thickness of the coating. Furthermore, a portion of the PTFE parti-424

cles does not contribute to the firmly adhering coating layer, resulting in higher values425

of observed host volume fractions. See Section S.3 of the supplementary information for426

more information. This is in part due to the fact that the host particle sizes assume427

a broad distribution, which is not taken into account in the weight ratio calculation in428

Equation (1) and again, all PTFE particles would need to be coated on the hosts. At429

this point, it is not yet apparent how the coating is distributed among the host particles430

and whether this distribution depends on, e.g., the host particle diameter. This, too,431

influences the host volume fraction in each aggregate. Therefore, different relationships432

between geometric descriptors of host particles and the guest phase will be investigated433

later on.434
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Figure 6: Univariate probability densities of the volume-equivalent diameters of aggre-
gates, hosts as well as the guest layer phase (a), along with the density of the host volume
fraction (b). Additionally, the dashed line in (b) indicates the expected host volume frac-
tion under the assumption of full coverage with a constant coating thickness of 7.5µm.

Figure 7(a) shows the probability densities of the SAC and the contact loss. From435

this, one can observe that the SAC is nearly uniformly distributed on the interval [0,1],436

with a slight increase for values around 0.1. For SE coating of CAM in battery materials,437

higher SACs, e.g., just under 100% [52], are targeted and intended to provide a large and438
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homogeneous ion-conductive interface around the CAM particles. However, sometimes439

only values between 30% to 67% can be achieved [53], depending on the type of coating440

or mixing process.441

In contrast, the contact loss distribution exhibits a peak at approximately 0.53, indi-442

cating that roughly half of the coating layer is delaminated from the host particle. The443

mean value of the contact loss is approximately 0.46, indicating that, on average, about444

half of the coating is directly attached to the host, while a gap is present between the445

host and the remaining half of the coating. Note that the probability density is relatively446

broad and decreases toward larger values. This decline is intuitive, as a value of 1 would447

correspond to a “floating” coating that is completely detached from the host. Generally,448

the occurrence of contact loss in the particle system under investigation is likely related to449

PTFE’s chemical nature. PTFE shows weak intrinsic adhesion tendencies to other mate-450

rials due to its low surface energy and therefore low Hamaker constant (3.8× 10−20 J [54],451

whereas that of alumina is 15× 10−20 J [55]). The surface is smooth, has a low coefficient452

of friction, and is chemically inert [56]. Consequently, its dry coating mechanism is mainly453

governed by mechanical interlocking (form-fit), viscoelasticity, and plastic deformation,454

with creep and stress relaxation representing key time- and temperature-dependent de-455

formation phenomena [57]. Plastic deformation can also contribute to cold sintering or to456

the so-called room temperature pressure sintering of solid electrolytes. In these processes,457

high compressive stresses at temperatures well below the thermal sintering temperature458

can promote neck formation between individual particles, reducing interparticle bound-459

aries and voids and thereby leading to densification [58]. If the PTFE deforms but does460

not fully conform to the host particle surface, cracks and pores of alumina might be461

bridged, and the interface contains voids where no adhesion occurs.462

Another possible factor that should be considered is the thermal exposure of the mate-463

rials during the MF process. During MF, the local temperature at the host–guest interface464

can reach up to 300 ◦C [59]. PTFE and alumina differ strongly in their thermal expansion465

behavior. For PTFE, thermal expansion coefficients of 57 µmm−1K−1 to 170µmm−1K−1
466

are reported in the range of 30 ◦C to 300 ◦C [60], whereas alumina exhibits much lower467

values of 5.5µmm−1K−1 to 7.9µmm−1 K−1 in a similar temperature range [61]. Based468

on these material properties, PTFE may undergo stronger expansion-contraction response469

than the alumina host during heating and subsequent cooling. However, the exact stage470

at which contact loss occurs, as well as the local thermal and mechanical conditions dur-471

ing coating formation, are not known. Therefore, the thermal expansion mismatch is472

not proposed here as a direct explanation for the observed contact loss, but rather as a473

possible contributing factor that can influence the stability of film-like PTFE coatings474

formed during MF. Similar considerations have been discussed for hot-melt coating sys-475

tems, where contact loss has been observed and hypothesized to be related to differences476

in the thermal expansion behavior of the host particle and coating material [62].477
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Figure 7: Univariate probability densities of SAC and contact loss (a), mean coating and
gap thickness (c), as well as the coefficient of variation of the coating and gap thickness
(d), along with the empirical cumulative distribution function of SAC and contact loss
(b).

In Figure 7(b), the distributions of SAC and contact loss are additionally represented478

by empirical cumulative distribution functions (ECDFs), enabling direct quantification479

of the fraction of host particles that do not exceed a given SAC or contact loss value.480

Note that, in principle, Figure 7(a) and 7(b) show the same information, only visualized481

differently. For the SAC, only approximately 20% of the hosts exhibit SAC ≤ 0.1, whereas482

about 80% show SAC ≤ 0.8. The ECDF corresponding to the contact loss quantifies483

the fraction of host particles whose coating delaminates up to a specified level. For484

example, approximately 40% of the hosts exhibit a contact loss of at least 40%. It is485

important to consider both descriptors, as it is not only the SAC that determines the486

battery materials’ transport properties but also the fraction of direct solid-solid contact487

between the CAM and the SE, i.e., any coated surface area not affected by contact loss.488

The bivariate probability density of contact loss and SAC is presented in Figure S2(c) of489

the supplementary information.490

In the range of 70% to 100% SAC, simulations of individual CAM particles revealed491

no negative effects on the diffusion behavior of lithium ions [53], whereas for SAC<30%,492

lithium ions are forced to diffuse over longer distances within the CAM particle, resulting493
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in concentration gradients and incomplete CAM utilization. Note that this refers to the494

packed particle state of the electrode, in which even an uncoated surface of one CAM495

particle after MF can come into contact with the coated surface of another CAM particle,496

thereby significantly increasing the proportion of host-coating contacts, i.e., CAM-SE497

contacts. For the current model particle system, in which approximately 70% of the498

aggregates have a SAC greater than 20%, a good SE network can already be achieved and499

is expected to produce sufficient contacts in the packed state. It should be noted that the500

MF processing settings (rotational speed, processing time) for the investigated material501

system have not yet been fully optimized. Therefore, the occurrence of contact loss could502

be reduced by adapting the mentioned process parameters. The reduction of contact503

loss will allow for more contacts between the SE and the CAM, which will be available504

as effective conduction routes, i.e., an efficient SE network. The characteristics of the505

contact loss (e.g., gap thickness) and its relationship with other coating descriptors will506

be analyzed in the following. Additionally, the influence of the host particle morphology on507

these descriptors is examined as well. The purpose of this analysis also lies in identifying508

possible causes of contact loss.509

Figure 7(c) shows the probability densities of the mean coating thickness and the510

mean gap thickness. The values of the mean coating thickness vary around 1.5µm,511

which is significantly smaller than the median guest particle size of 7.5µm before MF.512

This discrepancy is attributed to the strong deformation of the PTFE guest phase during513

MF. The distribution of the mean gap thickness varies, has its mode at around 1 µm, and514

is slightly positively skewed, indicating the frequent occurrence of large gaps.515

Figure 7(d) shows the probability densities of the coefficients of variations of coat-516

ing and gap thickness. In both cases, the coefficient of variation predominantly assumes517

values between 1 and 2, which indicates variations of the coating and gap thickness within518

each aggregate in the order of up to twice the corresponding mean coating and gap thick-519

ness.520

Since it is well known that the particle size significantly influences the dry coating pro-521

cess [63, 64], the statistical relationship between volume-equivalent diameter and other522

descriptors is investigated by means of bivariate probability densities. Such multivariate523

distributions are essential for a detailed characterization of particle processes, as they allow524

for considering correlations between different geometric rather than evaluating each de-525

scriptor separately [65]. Additionally, Table S1 of the supplementary information presents526

the pairwise Spearman correlation coefficient between all descriptors. It is important to527

note that all volume-equivalent diameters discussed in the following refer to the size of528

the host particle.529

The bivariate densities relating the volume-equivalent diameter to the SAC, contact530

loss, and host volume fraction all exhibit a positive correlation, see Figure 8. This implies531

that larger hosts typically show a higher SAC, exhibit larger gaps between the host and532
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coating, and have a higher proportion of host within the aggregate. This corresponds to533

the literature, where a larger particle size ratio between host and guest particles prior to534

the MF process is associated with more successful coating [63], i.e., larger host particles are535

more likely to achieve higher SAC values. However, when the guest particle is deformable,536

which is the case for PTFE, the size ratio becomes less relevant [64]. This is in line with the537

observation that there is only a slight positive correlation between the volume-equivalent538

diameter and SAC, see Figure 8(a).539

Furthermore, the contact loss is positively correlated with the host particle size (see540

Figure 8(b)). One possible explanation is that larger host particles exhibit a lower sur-541

face curvature. Consequently, the already flattened PTFE particles may undergo less542

additional deformation upon attachment, potentially reducing the degree of mechanical543

interlocking between the coating and the host surface. In addition, larger host particles544

can generate higher collision-induced stresses due to their greater mass. These stresses545

may promote delamination in weakly attached coating regions, thereby increasing contact546

loss.547

The positive correlation between the volume-equivalent diameter and both the SAC548

and the host volume fraction (Figure 8(a), 8(c)) may appear contradictory, as an increasing549

SAC typically implies a larger guest phase and thus a lower host volume fraction.550

However, while both quantities are positively correlated with the volume-equivalent551

diameter, they are negatively correlated with each other (see Figure S2(b)). Thus, while552

larger host particles typically exhibit larger SAC values than smaller host particles, the553

volume of their guest phase does not increase proportionally to the volume of the host554

particle.555
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Figure 8: The bivariate probability densities between host volume-equivalent diameter
and SAC (a), contact loss (b) as well as host volume fraction (c) exhibit a positive corre-
lation structure. The shading of the colors indicate different quantiles of the probability
densities, where qp denotes the p-quantile.

Figure 9(a) and 9(c) (and the corresponding correlation coefficients as shown in Ta-556

ble S1) imply that large host particles typically have a thicker coating that exhibits a557
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larger spread in its thickness. A similar behavior is observable for the mean gap thickness558

in Figure 9(b). However, the coefficient of variation of the gap thickness shows a negative559

correlation with the volume-equivalent diameter, as seen in Figure 9(d). This indicates560

that the variations of the gap thickness within each particle decrease in relation to the561

mean gap thickness for larger host particles. Both effects again show the tendency for562

coating to be favored on larger host particles. However, several mechanisms may simul-563

taneously contribute to the formation of a thicker and less homogeneously distributed564

coating.565
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Figure 9: Bivariate probability densities between volume equivalent diameter and mean
of coating thickness (a), mean of gap thickness (b), coefficient of variation of coating
thickness (c) as well as coefficient of variation of gap thickness (d). The shading of the
colors indicate different quantiles of the probability densities, where qp denotes the p-
quantile.

In addition to correlations with the host volume-equivalent diameter, the relationship566

between SAC and other descriptors was investigated in more detail. Since Figure 8(a)567

indicates that SAC is positively correlated with host particle size, the correlations between568

SAC and the remaining descriptors were analyzed separately for two aggregate size classes.569

One class contains aggregates whose host particles have a volume-equivalent diameter570
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smaller than or equal to the median (≈ 24.2 µm), while the other contains the remaining571

aggregates. By definition of the median, this subdivision results in two classes with572

an equal number of 87 aggregates each. For completeness, the mean volume-equivalent573

diameter of the host particles based on the micro-CT data is ≈ 26.2 µm. The Spearman574

correlation coefficients between the SAC and other descriptors are reported in Table 1575

for both small and large host particles. Corresponding bivariate probability densities are576

provided in Section S.2 of the supplementary information.577

θSAC (small) θSAC (large)

d3 0.422 0.066
φ -0.599 -0.899
θSAC 1.000 1.000
θCL 0.357 0.518
δcoat 0.519 0.679
δgap -0.061 -0.017
CVcoat 0.699 0.723
CVgap -0.105 -0.191

Table 1: Pairwise Spearman correlation coefficients between SAC and selected descriptors
for two size classes. One class (small) contains aggregates whose host particles are smaller
than or equal to the median volume-equivalent diameter of ≈ 24.2 µm, while the other
(large) contains the remaining aggregates. Blue indicates positive correlation, while red
represents negative correlation. The intensity of the color reflects the strength of the
correlation.

When the two size classes are considered separately, a strong correlation between578

volume-equivalent diameter and SAC is observed for aggregates containing small hosts,579

whereas the correlation for aggregates with large hosts vanishes. This is likely due to580

the fact that aggregates within the group of large hosts already exhibit high SAC values581

independent of their exact size. On the other hand, aggregates within the group of small582

hosts show a wider range of SAC values that heavily depend on their exact size, see also583

Figure 8(a).584

A negative correlation between SAC and host volume fraction is observable, see Ta-585

ble 1. Under the condition of a relatively constant coating thickness, such a relation586

is intuitive since a higher SAC typically results in a higher guest phase volume, which587

reduces the host volume fraction. The negative correlation between SAC and the host588

volume fraction is clearly stronger for aggregates containing large particles. However, this589

effect may largely be driven by the previously discussed correlation between host particle590

size and volume fraction. The remaining correlations show only minor changes between591

the two size classes and should be interpreted cautiously.592

In particular, the SAC is positively correlated with contact loss, indicating that highly593

covered hosts tend to have less attachment or close contact to their guest coating. De-594
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lamination may spread through the PTFE coating due to the transfer of internal stresses595

upon collisions. Once detached, the coating layer (a single PTFE composite) will likely596

no longer adhere locally to the alumina surface. The weaker correlation observed for597

small hosts may be related to their generally smaller SAC values, see Figure 8(a). From598

a mechanistic perspective, this is reasonable, as a low SAC combined with a high contact599

loss would imply a coating that is only weakly attached to the particle. In addition, a600

strong correlation between the mean coating thickness and the contact loss is observed601

(Spearman correlation coefficient of 0.856, see Table S1 of the supplementary informa-602

tion). This effect may be attributed to the above mentioned increased shear stress acting603

on coating structures with a higher variability in their coating thickness.604

SAC also shows a positive correlation with the mean coating thickness and the coef-605

ficient of variation of the coating thickness. These correlations are more pronounced for606

aggregates containing larger host particles. This may be related to the generally larger607

SAC values observed for larger hosts, which tend to result in thicker coatings and greater608

variability in coating thickness.609

In contrast, host particle size appears to have little influence on the relationship be-610

tween SAC and gap properties. The correlation coefficients between SAC and both the611

mean gap thickness and the coefficient of variation of the gap thickness are close to zero612

for both size classes.613

4 Conclusion614

A particle system consisting of a model CAM (alumina host particle) and a model SE615

(PTFE guest particle) was processed into coated hetero-aggregates using MF. Subse-616

quently, the hetero-aggregates were embedded in epoxy and imaged using micro-CT mea-617

surements. Several image processing techniques were applied to obtain a particle-discrete618

segmentation that subdivides each hetero-aggregate into its host and guest phase. Based619

on the segmented image data, various geometric descriptors that characterize the morphol-620

ogy of the hetero-aggregate were determined, in particular with respect to the thickness,621

SAC, and structural connectivity of the coating layer on the host particle surface, as these622

aspects play a crucial role in influencing the macroscopic properties, i.e., the electrochem-623

ical performance of hetero-aggregates in battery systems. Using methods of multivariate624

statistical analysis, the joint distribution of these descriptors was investigated, which pro-625

vides understanding not only of their individual one-dimensional distributions but also of626

the interdependencies between them.627

The applied methods significantly improve our understanding of the behavior of the628

chosen system during the MF process. In particular, they enable the 3D analysis of629

the resulting coating structures and allow for their quantitative characterization using630

appropriate descriptors. Certain phenomena, such as the contact loss between host and631
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guest particle, would not be detectable nor quantifiable without such 3D approaches.632

In future work, the established methods can be applied to other data sets of hetero-633

aggregates resulting from MF or related processes. For the current, MF processed particle634

system further experiments will be conducted with varying process parameters, such as635

rotational speed or overall process time, in order to optimize SAC and contact loss behav-636

ior. As a consequence, the presented statistical framework facilitates revealing process-637

structure relationships, which is crucial for optimizing the results of the coating process.638
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S Supplementary Information854

S.1 Image segmentation855

Figure S1 shows a histogram indicating the relative frequencies of the number of hosts per856

aggregate used in the image post processing procedure described in Section 2.4.2. Only857

aggregates that contain exactly one host are considered for further analysis.858
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Figure S1: Histogram indicating the relative frequencies of the number of hosts per ag-
gregate.

S.2 Additional correlation coefficients859

Since the coating process is significantly influenced by particle size [63, 64], the correlation860

analysis presented in Section 3 primarily focuses on relationships between the volume-861

equivalent diameter and other descriptors. For completeness, the Spearman correlation862

coefficients for all descriptor pairs are reported in Table S1.863

d3 φ θSAC θCL δcoat δgap CVcoat CVgap

d3 1.000 0.155 0.302 0.430 0.409 0.266 0.347 -0.178

φ 0.155 1.000 -0.697 -0.450 -0.515 -0.174 -0.442 0.289

θSAC 0.302 -0.697 1.000 0.488 0.638 0.009 0.723 -0.203

θCL 0.430 -0.450 0.488 1.000 0.859 0.623 0.657 -0.338

δcoat 0.409 -0.515 0.638 0.859 1.000 0.551 0.713 -0.436

δgap 0.266 -0.174 0.009 0.623 0.551 1.000 0.047 -0.563

CVcoat 0.347 -0.442 0.723 0.657 0.713 0.047 1.000 -0.083

CVgap -0.178 0.289 -0.203 -0.338 -0.436 -0.563 -0.083 1.000

Table S1: Pairwise Spearman correlation coefficients between all descriptors. Blue indi-
cates positive correlation, while red represents negative correlation. The intensity of the
color reflects the strength of the correlation.
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Additionally, for interactions between SAC and other descriptors, only the correlation864

coefficients for two host particle size classes are provided in the main text, see Table 1. For865

a more detailed insight into the correlation structure of some of these pairs, the bivariate866

probability densities are shown in Figures S2 and S3.867
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Figure S2: Bivariate probability densities between SAC and volume-equivalent diameter
(a), host volume fraction (b) as well as contact loss (c) for two size classes. Blue indicates
the density corresponding to aggregates whose host particles have a volume-equivalent
diameter smaller than or equal to the median (≈ 24.2 µm), while orange represents the
density corresponding to the remaining aggregates. The shading of the colors indicate
different quantiles of the probability densities, where qp denotes the p-quantile.

S.3 Attached guest particle fraction868

To quantify the quality of the coating process, the fraction of guest particles attached to869

host particles is determined. Accordingly, the proportion of free guest particles is also870

evaluated. These originate from PTFE particles that were never incorporated into the871
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Figure S3: Bivariate probability densities between SAC and mean of coating thickness
(a), mean of gap thickness (b), coefficient of variation coating thickness (c) as well as
coefficient of variation of gap thickness (d) for two size classes. Blue indicates the den-
sity corresponding to aggregates whose host particles have a volume-equivalent diameter
smaller than or equal to the median (≈ 24.2 µm), while orange represents the density
corresponding to the remaining aggregates. The shading of the colors indicate different
quantiles of the probability densities, where qp denotes the p-quantile.

coating during processing and any only weakly adhering PTFE particles (as observed in872

the SEM images of Figure 1), which are removed during the sample preparation.873

The fraction of attached guest particles θatt is given as874

θatt =
|G∥|
|Gall|

∈ [0, 1], (S1)

where G∥ denotes the union of the guest layer phase corresponding to any aggregate A.875

Note that, for the determination of θatt, all aggregates A are considered. This includes876

aggregates containing more than one host particle, aggregates in contact with air inclu-877

sions, and aggregates not entirely contained within the observation window. To detect the878

regions of the guest phase that appear as connected as a result from sample embedding,879
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the procedure outlined in Section 2.4.3 is conducted. However, applying this algorithm880

to aggregates in contact with air inclusions or containing multiple host particles may in-881

troduce a bias, leading to an overestimation of the guest layer. In the case of aggregates882

adjacent to air inclusions, guest phase regions attached to the inclusion rather than to883

the host may be incorrectly assigned to the guest layer. Moreover, since the detection884

algorithm is designed for aggregates containing a single host particle, its application to885

multi-host aggregates may result in guest regions being falsely attributed to the first layer886

of one of the hosts. Nevertheless, the volume of potentially misclassified guest phase re-887

gions is small relative to the total guest phase volume. Therefore, although θatt may be888

slightly overestimated, it provides a reliable estimate of the correct order of magnitude of889

the attached guest particle fraction.890

For the coating process investigated in this study, an attached guest particle fraction891

of approximately 36% was determined. Consequently, about 64% of the PTFE particles892

are classified as unattached after the MF process. This number must be considered in893

relation to the distribution of the SAC of the aggregates. Despite the attainment of fully894

coated states, the presence of host particles with low SAC remains significant. For the895

same guest particle weight ratio, the process parameters could therefore first be optimized896

to achieve a narrower SAC distribution with the peak density in the range from 0.6 to897

1.0. Subsequently, the fraction of attached guest particles can be determined once more.898

In further experiments, the guest particles weight ratio can be reduced by the fraction of899

any still uncoated guest material.900
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