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Quantitative evaluation 
of particle–binder interactions 
in ceramic slurries via differential 
centrifugal sedimentation
Hideaki Nakajima 1*, Toshihiko Ogura 2, Yuichi Kato 3, Naoki Kondo 4, Ryutaro Usukawa 4, 
Ryota Watanabe 5, Kazufumi Kobashi 1 & Toshiya Okazaki 1*

In diverse materials science spanning from fine ceramics to lithium-ion batteries and fuel cells, the 
particle–binder interactions in slurries play a crucial role in governing the ultimate performance. 
Despite numerous efforts to date, quantitatively elucidating these hidden interactions has remained 
a longstanding challenge. Here, we demonstrate a dynamic approach to evaluate adsorptive 
interactions between ceramic particles and polymeric binders entangled in a slurry utilizing differential 
centrifugal sedimentation (DCS). Particles settling under a centrifugal force field impart significant 
viscous resistance on the adsorbed binder, leading to its detachment, influenced by particle size and 
density. This behaviour directly reflects the particle–binder interactions, and detailed DCS spectrum 
analysis enables the quantitative assessment of nano-Newton-order adsorption forces. An important 
finding is the strong correlation of these forces with the mechanical properties of the moulded 
products. Our results provide insight that forming a flexible network structure with appropriate 
interactions is essential for desirable formability.

One of the most longstanding concerns for the science of slurry is the quantitative understanding of its char-
acteristics. In various materials science such as fine  ceramics1–3, lithium-ion  batteries4–6, and fuel  cells7,8, the 
liquid-phase process is a versatile manufacturing method, and slurries (also known as suspension or ink) serve 
as the starting materials. Generally, slurries consist of inorganic particles like  Al2O3,  BaTiO3, Li transition metal 
oxides, or Pt catalysts, including small amounts of organic additives such as dispersants and  binders1–8. Dis-
persants play a role in uniformly dispersing the particles by covering ionic groups like carboxylic acids onto 
the particle surfaces, enhancing affinity to the solvent and electrostatic  repulsion3. Conversely, binders act as 
cross-linking agents between individual particles, forming a network structure in the solvent (Fig. 1a)3,5,6. The 
interaction between particles and binders determines the structural stability of the network and is essential to 
impart the desirable formability in all liquid-phase processes such as tape-casting2,7, inkjet  printing1,8, extrusion 
or filtration  moulding1,3,5, and binder  jetting1,3. However, local disruptions and agglomerations in the network 
structure lead to non-uniform drying behaviour, resulting in defects including internal pores, deformations, 
and  cracking5,9. Since these defects persist into subsequent processing steps of laminating, sintering, and so on, 
they become primary causes of performance  degradation1–3,8. Consequently, slurry formulation has traditionally 
relied on years of intuition and experience to strict control. Nevertheless, the characteristics of slurry remain 
elusive, and even the assessment of its quality is not fully  understood1,4. Therefore, quantitatively elucidating 
the particle–binder interactions in slurries is a key factor in optimizing the manufacturing process in diverse 
materials developments, including the electronics, environmental resources, and energy fields.

The characteristics of slurries are primarily interpreted from a rheological  perspective10–12. Rheology compre-
hensively characterizes multiple aspects of slurries, including fluidity, viscoelasticity, structure stability, and stress 
 relaxation10–13. Nevertheless, the obtained properties are a complex mixture of various factors such as dispersion 
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 state11,12, interfacial  tension10,11, and interparticle attraction or  friction10,14,15, making the particle–binder interac-
tions difficult to discern within this complexity. From another perspective, sedimentation  tests16,17 and solvent 
relaxation nuclear magnetic resonance (NMR)18 are often employed. The former allows estimating the amount 
of binder adsorption to the particle surface by distinguishing between adsorbed and excess components in the 
slurry. The latter enables a qualitative examination of the adsorption characteristics of the binder to particles 
based on changes in the relaxation time of solvent protons. Recently, access to the interaction between Si particles 
and polyacrylic acid binders has been explored by using ultra-small-angle neutron  scattering19. This method can 
estimate the length and shape of the polymer chains from the scattering spectrum, enabling the identification 
of binder aggregation near particles. However, these methods are based on a static approach and are limited in 
their ability to quantitatively evaluate the binding forces between particles and binders.

As a dynamic method for evaluating interactions between particles and binders, an atomic force microscopy 
(AFM)-based colloidal probe technique has been  developed20–25. It involves attaching target particles (e.g.,  Al2O3) 
to the tip of a probe, and the interaction with the binder in the liquid medium can be directly measured from 
the force curves. Although numerous reports have demonstrated nano-Newton-order attractive adsorption 
 interactions20–25, these studies have limited microscopic verification focusing on individual particles. Conse-
quently, there is still a lack of quantitative evaluation techniques to elucidate bulk interactions functioning across 
the entire slurry.

Differential centrifugal sedimentation (DCS)26 is a measurement technique for evaluating particle size distri-
bution based on the settling time of suspended particles (Fig. 1b). The technique combines centrifugal separation 
of particles with light scattering measurements at a specific detection position. Generally, the disk is filled with a 
sucrose solution capped with a dodecane layer, creating a density gradient through the rotation of the disk. Parti-
cles injected into the disk rotating at a constant angular velocity undergo centrifugal force (Supplementary Sec-
tion 1). They are guided from the initial position R0 to the detection position RD and detected as light scattering 

Figure 1.  Conceptual diagram of this study. (a) Ideal network structure of particles and binders dispersed in 
a slurry. (b-d) Schematics of the DCS measurement. Arrival process of separated particles and binders to the 
detector (c) and the obtained spectrum (d).
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(Fig. 1c). The settling velocity depends on the size, density, and shape of the particles, and the equivalent sphere 
diameter (Stokes diameter) DS is given by Eq. (1), according to Stokes’ law.

where η is the viscosity of the fluid medium, ρ is the density of the particles, ρ0 is the density of the fluid medium, 
ω is the angular velocity of the rotating disk, and tmeas is the time until reaching the detector. This method, based 
on centrifugal classification, has superior resolution over a wide range from a few µm to a few nm compared to 
other methods such as dynamic light scattering (DLS) and particle tracking analysis (PTA)27. Therefore, DCS has 
been applied for a variety of nanomaterials ranging from silica  particles28, metal  nanoparticles29, amyloid  fibrils30, 
carbon  nanotubes31–33, mineral  dusts34, and  viruses35. In recent years, it has been found that the analysis allows for 
the extraction of various characteristics, such as settling  coefficient30,  density35, and  porosity32,33, based on Eq. (1).

Here, we provide a novel dynamic approach for evaluating adsorption interactions between particles and 
binders entangled in  Al2O3 ceramic slurries by leveraging the measurement principle of DCS. In a centrifugal 
force field, inorganic particles and organic binders are separated from each other due to unbalanced size and 
density differences and are detected at separate arrival times (Fig. 1c,d). On the other hand, in a dispersed system 
where binders strongly adsorb to particles, the binders settle within the disk without separation. These dynam-
ics enable quantitative analysis of the adsorption interactions on the order of nN. Based on the DCS results, we 
discuss the particle–binder interactions from multidimensional perspectives, including rheological properties 
and sheet formability.

Results
Fundamental properties of slurry
High-purity α-Al2O3 fine ceramic material with an average diameter of 3 µm was selected as the universally used 
sphere-like particles. The slurry was prepared using distilled water as a solvent (pH = 6), polycarboxylic acid as 
a dispersant, and an emulsion-type polymer binder composed of polymethylmethacrylate (PMMA) and poly-
butyl acrylate (PBA) (see “Methods” and Supplementary Section 2 in detail). By introducing a suitable amount 
of dispersant to the  Al2O3 surface before the addition of binder, electrostatic repulsion among the particles 
is  induced36,37, ensuring a well-dispersed state with low  viscosity3,16 (Fig. 2a). Upon adding the binder to the 
dispersion, the acrylic emulsion induces wetting on the carboxylic acid surface layer, forming particle bridging 
through capillary  forces38,39. The amount of binder absorbed on the  Al2O3 surface is described by the Langmuir 
adsorption model related to the loading amount (Fig. 2b). The experimental results are adequately explained by 
the model, converging to a saturated adsorption amount (~ 4.5 wt%) in the high-concentration region. It sug-
gests a uniform adsorption behaviour without precipitation or aggregation of active  sites40. Furthermore, the 
saturated adsorption amount of ~ 4.5 wt% corresponds to ~ 80 mg/m2 considering the specific surface area of 
 Al2O3 particles (0.56  m2/g). It is significantly higher than the one of a commonly used polyvinyl alcohol (PVA)-
type binder on  Al2O3  surface16,41 (< 10 mg/m2, Supplementary Fig. 9), indicating well-adsorptive properties of 
the binders. These details are described in Supplementary Section 2.5. It is noted that the surface potential (zeta 
potential) of  Al2O3 particles before binder addition stabilizes at − 60 mV (Fig. S5), while the potential shifts to 
− 90 mV after binder addition (Fig. S12). It suggests that the adsorption of the binder on the  Al2O3 surface is 
mainly due to electrostatic interactions.

Spectral characteristics of DCS measurements
Next, we examine the details of the spectral characteristics in the DCS measurements. Figure 3a presents DCS 
spectra from ceramics alone, binder alone, and a 10 wt% binder concentration slurry. The Stokes diameter cor-
responds to calculated values at the densities of  Al2O3 (3.95 g/cm3) and binder (1.10 g/cm3). In ceramics alone, 
a single distribution with a peak at 3 µm is observed, which is in good agreement with the particle size in the 
scanning electron microscope (SEM) image (Supplementary Fig. 4). For the binder alone, a distribution with 
a Stokes diameter of ~ 300 nm is obtained. It suggests that DCS reflects the size of emulsion particles in the 
binder, as it aligns well with the particle size observed using SEM-based scanning electron-assisted dielectric 
microscope (inset in Fig. 3a).

Considering the above results, the DCS spectrum of the slurry shows that the peaks for ceramics and binder 
appear separately (bottom in Fig. 3a). To further investigate this behaviour, a sedimentation test was conducted 
(Fig. 3b). By diluting the slurry 10 times and allowing it to settle spontaneously, excess binder component 
(supernatant) and binder-adsorbed ceramic component (sediment) are separated (#1-#10 of bottom in Fig. 3b). 
Figure 3c illustrates the DCS spectra for each component. In the supernatants (#1 to #8), a peak corresponding to 
the binder is obtained. It is consistent with energy dispersive X-ray spectroscopy (EDS) analysis in SEM, where 
binder-derived carbon elements dominate (top in Fig. 3d). In the DCS spectrum of #9, although the binder 
peak is dominant, a small peak is observed in the few µm regions at 1.10 g/cm3 equivalent. SEM–EDS analysis 
confirms the presence of a trace amount of  Al2O3 particles in the excess binder (middle in Fig. 3d). Therefore, 
the detection of a small DCS peak suggests the existence of  Al2O3 particles entrained in a large amount of binder. 
In contrast, the DCS spectrum of sediment #10 shows peaks for both ceramics and binder (bottom in Fig. 3c). 
SEM–EDS image reveals that the binder exists as an adsorbed component between  Al2O3 particles (bottom of 
Fig. 3d). Additionally, the elemental composition analysis (Fig. 3e) shows a binder-derived carbon component 
of ~ 4 wt%, consistent with the binder adsorption analysis (Fig. 2b). However, in the DCS measurement, the 
binder and ceramics appear as separate peaks. It indicates that binder molecules adsorbed on the  Al2O3 surface 
are detached by the centrifugal force field of DCS.

(1)Ds =

√

18ηln(RD/R0)

(ρ − ρ0)ω2tmeas
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Figure 2.  Fundamental properties of  Al2O3 ceramic slurry. (a) Viscosity profile as a function of dispersant 
concentration. (b) Analysis of binder adsorption amount relative to preparation concentration.

Figure 3.  Detailed analysis of DCS spectra. (a) DCS spectra of  Al2O3 particles, binder, and slurry, respectively. 
(b) Sedimentation test of slurry and (c) DCS profile obtained for each component #1-#10. (d) SEM–EDS images 
of #1, #9, and #10. (e) Weight concentration of Al, O, and C elements from SEM–EDS analysis of sediment 
(#10).
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DCS profile reflecting particle–binder interactions
The interaction between particles and binders depends on various parameters such as the surface state of the 
particles and the type of  polymers5,11,16,17. While the details of these effects will be discussed later, DCS measure-
ments can identify changes in binder adsorption forces from detachment behaviour in a centrifugal force field. 
As a validation experiment, a slurry with a low concentration of binder of 0.8 wt%, where the excess binder 
component is sufficiently negligible (see Fig. 2b), was used. By varying the powder concentration, particle–binder 
interactions were controlled (Fig. 4a-c). The average particle distance L∗ (normalized by particle size) and the 
number of contacts between particles N  in spherical particles are simply described as 2/(3φ) and 7φ , respec-
tively, as a function of powder concentration φ (details in Supplementary Section 3.1)42. Figure 4a presents the 
calculated results for L∗ and N  . At a powder concentration of 15 vol%, the particles are widely spaced ( L∗=4) 
and the number of contacts is limited ( N=1). In contrast, at 35 vol%, particles begin to contact with more than 
two other particles ( N=2.1). At concentrations exceeding 55 vol%, N  values increase to 3.85 (55 vol%), 4.06 (58 
vol%), and 4.34 (62 vol%), forming a robust network structure. Simultaneously, L∗ decreases to 1.21 (55 vol%), 

Figure 4.  Experimental verification of particle–binder interactions. (a-b) L∗ and N  as a function of φ . (c) 
Variation of binder adsorption state with particle concentration. (d) Steady-state flow curves and e dynamic 
viscoelastic profiles for a series of slurries. (f) Change of DCS spectra depending on particle concentration.
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1.15 (58 vol%), and 1.08 (62 vol%), indicating high filling. As the distance decreases, the binders bridging between 
the particles form thick necking structures (Fig. 4c). At this point, the binding force F between the particles and 
the binder is described by Eq.(2)43.

where σb is the strength of the binder and A0 is the adsorption cross-sectional area between the particle and 
the binder. Consequently, the particle–binder interactions strengthen with increasing powder concentration. 
Utilizing this property, the binder detachment behaviour in DCS measurement is investigated. Note that for all 
slurries from 15 to 62 vol%, the binder adsorption amount on the  Al2O3 surface is almost 100% (Supplementary 
Section 3.3).

First, based on the rheological behaviour of each slurry, the network structure of the particles is discussed. 
Figure 4d represents the steady-state flow curves. Slurries with powder concentrations of 15 and 35 vol% behave 
as Newtonian fluids (gray dotted line). On the other hand, those with concentrations above 55 vol% show 
pseudoplastic flow (shear thinning) at the low shear rate region (< 100/s), suggesting the formation of network 
 structures10–12. Additionally, at 58 and 62 vol%, dilatancy (shear thickening) is observed at the high shear rate 
(> 200/s). This phenomenon arises from the strong resistance due to particle–particle friction in densely packed 
liquid under increasing shear rates, leading to a transition from shear thinning to shear thickening (jamming 
transition)14,44. The transition points correspond to 600/s and 150/s at 58 vol% and 62 vol%, respectively. This 
observation is a characteristic feature of highly concentrated slurries with narrow particle spacing. From these 
trends, it is evident that the rheology changes from liquid-like to solid-like as powder concentration increases. 
Moreover, for all powder concentrations, the slurries behave as Newtonian fluids under shear stress at ~ 100 Pa, 
corresponding to the stress at which the network structure cross-linked by binders is sufficiently disrupted.

More detailed structural information of a series of slurries is interpreted from dynamic viscoelasticity 
(Fig. 4e). G′ and G″ represent the storage and loss modulus, respectively. At 15 and 35 vol%, strong viscous 
profiles are exhibited regardless of frequency (G′ < G″). In contrast, at 55–62 vol%, elastic properties appear on 
the low frequencies (G′ ~ G″). As the frequency increases, viscous behaviours become dominant, and G″ tends to 
exceed G″ after 3, 8, and 30 Hz for 55, 58, and 62 vol%, respectively. These results indicate that the particle–binder 
interactions become stronger with increasing the powder concentration, forming a robust network structure. 
Like the steady-state flow curve (Fig. 4d), for all slurries, the network structure breaks down under shear stress 
of ~ 100 Pa, and the slurries behave as viscous fluids.

Changes in particle–binder interactions in these slurries are well characterized by DCS measurements 
(Fig. 4f). In slurries from 15 to 55 vol%, peaks derived from the binders are detected separately from the  Al2O3 
particles. In contrast, at 58 and 62 vol%, the peak intensity of the detected binder significantly decreases. Par-
ticularly at 62 vol%, the binder signal almost disappears. It suggests that the binder adsorption forces sufficiently 
resist the centrifugal force to allow the binder to settle with the  Al2O3 particle in the rotating disk. Such dynam-
ics are not observable with other particle sizing methods like DLS and are not discernible from surface charge 
measurements such as zeta potential (Supplementary Fig. 12). It represents unique insights afforded by the DCS 
method utilizing centrifugal force fields.

The detachment behaviour of binder particles due to centrifugal forces can assess the adsorption force of the 
binder on the  Al2O3 surface because it varies with the rotation speed of the disk (i.e., centrifugal acceleration). 
Figure 5a illustrates the rotation speed dependence of the DCS spectra for each slurry from 15 to 62 vol%. For 
concentrations from 15 to 55 vol%, the intensities of the binder peak (integrated value) remain nearly constant 
regardless of the rotation speed (Fig. 5b). It suggests that the binders are almost detached from the  Al2O3 particles 
even at low rotational speeds (2000 rpm). On the other hand, at 58 vol%, the intensity of the binder peak enlarges 
as the rotational speed is increased from 2000 to 4000 rpm. This trend is particularly pronounced at 62 vol%. 
The binder peaks, undetected at 2000 and 3000 rpm, gradually increase with higher rotation speeds from 4000 
to 7000 rpm. It suggests that an increase in centrifugal acceleration leads to the detachment of adsorbed binders 
from the  Al2O3 particles, which is good evidence of reflecting particle–binder interactions.

Influence of particle–binder interaction on sheet formability
Before the detailed analysis of DCS, the sheet formability of a series of slurries is discussed. Figure 6a illustrates 
the appearance of green sheets made from each slurry by the tape casting. At 15 and 35 vol%, the shape of sheets 
is not retained due to significant drying shrinkage. It is attributed to the rapid agglomeration of particles during 
drying caused by the high surface tension of water (~ 72 mN/m), which is commonly observed in weak network 
structures at low powder concentrations. In contrast, at 55 and 58 vol%, the robust network structure preserves 
particle alignment during drying, resulting in good sheet formability. Conversely, at 62 vol%, the coating property 
significantly degrades due to strong shear thickening (see Fig. 4d). Thus, the sheet formability of the slurry is 
closely associated with its rheological properties.

Particle–binder interactions strongly impact the microstructure and mechanical properties of the sheet. 
Figure 6b,c show the internal structures (cross-sectional SEM) and the results of nanoindentation measurements 
of each sheet, respectively. In the SEM images, it is evident that the binder connects among particles, forming 
a network structure (yellow arrows). These necking sites are formed with diameters ranging from 0.2 to 0.6 µm 
from 15 to 55 vol% (Supplementary Fig. 15). On the other hand, as the concentration increases to 58 and 62 
vol%, the spaces between  Al2O3 particles become narrower and the necking structures become thicker. These 
changes directly reflect the mechanical property of the sheet (Fig. 6c). Compared to the load–displacement curves 
at 15 to 55 vol% with a thin necking structure, there is a significant increase in hardness at 58 and 62 vol% with 
robust necking structures. At this point, the Young’s modulus E of the sheet depends on the following parameters 
(details in Supplementary Section 3.4)45.

(2)F = σb · A0



7

Vol.:(0123456789)

Scientific Reports |        (2024) 14:18508  | https://doi.org/10.1038/s41598-024-68420-9

www.nature.com/scientificreports/

where ε is the porosity, d0 is the diameter of the adsorption site between particles and binder, and Dc is the diam-
eter of the ceramic particles. Equation 3 indicates that even in a system composed of particles with the same 
diameter, Young’s modulus varies proportionally with the relative density 1− ε and the diameter of necking site 
d0 . The relative density of each sheet shows no significant differences among samples, being 60 ± 2% (15 vol%), 
60 ± 2% (35 vol%), 61 ± 3% (55 vol%), 65 ± 2% (58 vol%), and 65 ± 4% (62 vol%) (Fig. 6d). In contrast, d0 clearly 
changes with increasing powder concentration (Fig. 6e: details of the analysis in Supplementary Fig. 15). Moreo-
ver, this trend adequately explains the differences in Young’s modulus of the sheets (Fig. 6f) from the relatively low 
values ~ 0.6 GPa at 15 to 55 vol% to the increased values of 1.3 and 2.9 GPa at 58 and 62 vol%, respectively. These 
results suggest that the particle–binders interaction directly influences the mechanical properties of green sheets.

Quantitative analysis of particle–binder interactions
Based on the experimental results obtained so far, the particle–binder interaction can be quantitatively assessed. 
Figure 7a shows a replot of the intensity change of the binder signal obtained from the disk rotation speed 
dependency (Fig. 5b) as a function of centrifugal acceleration ω2R . Here, R is the rotation radius of the disk 
(details in Supplementary Section 3.5). Considering the relationship between the centrifugal force and the 
viscous resistance to  Al2O3 particles and binders, the detachment behaviour of the binders can be appropriately 

(3)E ∝ (1− ε)3
(

d0

Dc

)2

Figure 5.  DCS profile dependence on disk ration speed. (a) DCS spectra of the 5 slurries at each disk rotation 
speed. (b) The change in integrated intensity of the binder peaks.
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Figure 6.  Changes in sheet formability of slurry. (a) Photographs of each green sheet. (b) Internal structures of 
the sheets (cross-sectional SEM). (c) Results of the nanoindentation test. (d) Relative density ( 1− ε ). e Diameter 
distribution of the adsorption sites between particles and binder ( d0 ). (f) Change in Young’s modulus.

Figure 7.  Quantitative analysis of particle–binder interactions. (a) Analysis results for the intensity change of 
binder peak obtained from the disk rotation speed dependence of DCS (Fig. 5b). (b-c) Analytical model. (b) 
Centrifugal force and viscous resistance acting on the particle and binder and (c) adsorption structure between 
the particle and binder.
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interpreted (Fig. 7b). Ceramic particles injected into the rotating disk are subjected to a centrifugal force Fc 
proportional to the centrifugal acceleration described by Eq. (4).

where ρc is the density of ceramic particle (3.95 g/cm3). In this experiment, the density difference between ceram-
ics and the fluid medium ( ρc − ρ0 ) corresponds to 2.91 g/cm3 and the diameter of ceramic particle Dc is 3 µm. 
On the other hand, when converting these parameters to binder molecules, the density difference with the fluid 
medium is 0.06 g/cm3 and the diameter is 0.3 µm (Fig. 3a). It implies that the centrifugal force acting on the 
binder molecules is four orders of magnitude smaller than that on the ceramic particles. Therefore, the settling 
velocity of the binder-absorbed ceramic particles is determined by the centrifugal force of the ceramic particles 
themselves Fc . The terminal settling velocity vc of ceramic particles is described by Eq. (5) according to Stokes’ law.

Thus, the binder adsorbed on the ceramic particles settles within the disk while undergoing viscous resist-
ance fb proportional to vc.

where Db is the diameter of binder particles. The upper axis in Fig. 7a represents the viscous resistance fb experi-
enced by the binder, converted from the centrifugal acceleration ω2R (Supplementary Section 3.5). The binders 
start to detach from the  Al2O3 surface due to the viscous resistance becoming greater than the binder’s adhesion 
force (Eq. 2). For instance, in the case of the 62 vol% slurry, the binders are gradually detached as the viscous 
resistance increases from 0.2 to 0.4 nN. Upon reaching a viscous resistance of 0.6 nN, the detachment saturates. 
This value well aligns with a previous study that measured the interaction between the α-Al2O3 surface and 
methylcellulose binder using AFM (adhesion force ~ 0.5 nN)21,22, suggesting a reliable analysis result.

The differences in binder detachment behaviour in slurries from 15 to 62 vol% can be understood by consid-
ering the necking structures of the binders (diameter d0 ) (Fig. 7c). Since the adhesion force between parti-
cle–binder is described by the product of the binder’s strength and the contact area (Eq. 2), it depends quadrati-
cally on d0 . Therefore, the durability against viscous resistance fb varies with the square of d0 . The dotted line in 
Fig. 7a represents calibration curves using the estimated d0 values from cross-sectional SEM observations of the 
sheets (Fig. 6e). Thin necking with d0 of 0.4–0.6 µm was observed from 15 to 55 vol%, while thick necking with 
d0 of ~ 0.8 µm and ~ 1 µm was observed at 58 and 62 vol%, respectively (Fig. 6b). These trends well correlate the 
results of DCS. From these calibration curves, the stress acting per unit area of the adhesion site 
fb/A0 = fb/π

(

d0
2

)2

 can be determined (right axis in Fig. 7a). For instance, considering a viscous resistance of 
0.2 nN to the thin necking site with d0 of 0.4–0.6 µm, a strong stress > 100 Pa is applied to the contact area. Thus, 
adsorbed binders are easily detached (15 to 55 vol%). Conversely, assuming thick necking with d0 of 0.8–1.0 µm, 
the stress drops < 50 Pa, allowing adsorbed binders to endure detachment sufficiently (58 and 62 vol%). From 
this perspective, the region of high centrifugal acceleration (> 20,000 m/s2), where binder detachment occurs in 
all slurries, corresponds to an applied pressure of 80–100 Pa. It is in good agreement with the rheological proper-
ties, supporting that all slurries behave as Newtonian fluids under a shear stress of 100 Pa (Fig. 4d,e). Based on 
these consistencies, we can conclude that the analysis of binder detachment behaviour under the centrifugal 
force field of DCS allows for the quantitative evaluation of the particle–binder interactions in slurries.

Discussion
We have exemplified a dynamics method for assessing the interactions between particles and binders through the 
utilization of DCS. In water-based  Al2O3 slurries where particle spacing was controlled by powder concentration, 
DCS yielded unique spectral changes directly reflecting the interactions within the slurry. Our results suggest 
that the binder’s adsorption force, sensitive to the contact area between particles and binders, governs the overall 
interactions and rheological characteristics of the slurry. Furthermore, these interactions leave a history as the 
microstructure and mechanical properties of the green sheet. Although such insights have been semi-empirically 
 inferred1,9,46, experimental evidence is not yet abundant. For instance, attention has often been directed at the 
mechanical strength of green sheets, and variations in properties due to binder type or concentration have been 
 reported47,48. Nevertheless, there is a still lack of methods to evaluate the interactions within slurries, making it 
challenging to comprehensively interpret the correlation from slurry to sheet.

DCS allows for the quantitative assessment of interactions that govern the overall properties of slurry from the 
detachment behaviour of binders. Thus, it provides robust support in understanding particle–binder interactions 
that vary with particle shape, size, and surface state. Additionally, DCS is adaptable not only to the emulsion-
type binder, as used in this study, but also to various types of binders, such as PVA and polyvinyl butyral (PVB) 
(Supplementary Fig. 20). It leads to insights into the differences in dispersibility and sheet formability depending 
on binder types. Our results are expected to serve as a novel evaluation tool supporting the understanding and 
design of slurries, applicable to a wide range of material systems, including fine ceramics, lithium-ion batteries, 
and fuel cells.

(4)Fc =
π

6
D3
c (ρc − ρ0)ω

2R

(5)vc =
D2
c (ρc − ρ0)ω

2R

18η

(6)fb = 3πDbvc
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Methods
Sample
Slurry fabrication
All materials used in this study were commercially available. The  Al2O3 particles were high-purity α-crystalline 
powder (AA3, Sumitomo Chemical). The dispersant was a wetting agent consisting of a polycarboxylic acid 
copolymer (CA, Hichem). The solvent was distilled water, and the binder was an acrylic emulsion primarily 
composed of PMMA and PBA. The slurry was prepared by adding distilled water and dispersant to the  Al2O3 
powder, stirring in a ball mill for 1 h, and subsequently adding binder. Detailed information on each material, 
including composition ratios, is provided in Supplementary Section 2.

Sheet coating
The adjusted slurry was coated using an automatic film applicator (Allgood). A Si-free-type hydrophilic poly-
ethylene terephthalate (PET) film (Unipeel, UNITIKA) was used as the substrate, and the slurry was coated at a 
gap of 0.5 mm, a width of 80 mm, and a feed rate of 10 cm/sec. The coated slurry was then dried for 24 h under 
atmospheric pressure and room temperature. The appearance of the resulting green sheet was photographed 
using a digital camera. Details in preparation and analysis are given in Supplementary Section 3.4.

Characterization
DCS
All DCS measurements in this study were conducted using a disk centrifuge (CPS 24,000 UHR, CPS Instru-
ments). The disk was filled with a sucrose solution using a gradient generator (CPS Auto Gradient AG300, CPS 
Instruments) and capped with a dodecane layer to prevent evaporation (Fig. 1b). The mass concentration of 
sucrose ranged from 8 to 24%. The formation of a density gradient stabilizes the settling of particles, ensuring 
high resolution and  accuracy49. Measurements were performed by injecting 0.05 mL of slurry without dilution 
into a disk rotating at a constant angular velocity. Polyvinyl chloride spherical standard particles (CPS Instru-
ments) were used as calibration particles. The disk rotation speed was variable from 2000 to 22,000 rpm, and 
the disk temperature during measurements remained below 30 °C irrespective of the rotation speed. Detailed 
information about measurements and analysis is given in Supplementary Sections 1 and 4.

Analysis of binder adsorption amount
The measurements of binder adsorption (Fig. 2b) were performed using a commonly employed  method50. The 
slurry was centrifugally separated at 3000 rpm (~ 2000 G) for 30 min using a tabletop centrifuge (H-36, KOKU-
SAN), extracting the sediment as the ceramic components adsorbed with the binder. Subsequently, the dried 
sediment was subjected to the weight change measurement from 100 to 550 °C using a thermogravimetric 
analyser (NEXTA STA200RV, Hitachi High-Tech). The resulting weight loss was analysed as the solid content 
of the binder and dispersant adsorbed on the  Al2O3 surface. Details are described in Supplementary Section 2.5.

SEM‑based scanning electron‑assisted dielectric microscope
Observation of the emulsion particles of the binder (inset in Fig. 3a) was conducted using a scanning electron-
assisted dielectric  microscope51,52 based on a field emission SEM (SU5000, Hitachi). A binder solution diluted 
with water was enclosed in a homemade liquid folder consisting of W-coated SiN film. The lower side of the liquid 
folder was equipped with a preamplifier, detecting the potential changes induced by the transmitted electron 
beams. These potential changes reflect local dielectric constant differences in the aqueous solution. Compared 
to water with a dielectric constant of ~ 80, organic material usually has a lower dielectric constant (e.g., PMMA 
is ~ 4.3) and shields the transmitted electron beam signals. Thus, emulsion particles suspended in an aqueous 
solution are observed as a dark contrast. The measurement was conducted at an acceleration voltage of 5 kV. 
Details are described in Supplementary Section 2.4.

SEM and EDS
SEM–EDS measurements (Fig. 3d) were performed using a field emission SEM (SU8220, Hitachi) equipped with 
an annular-type EDS detector (Quantax FlatQUAD, Brucker)53. Each component from the supernatant to the 
sediment (#1, #9, and #10) was dropped onto a conductive Si substrate and dried in air. The measurements were 
conducted at an acceleration voltage of 4 kV, and elemental composition analysis was carried out with ESPRIT 
analysis software. Cross-sectional SEM of the green sheet (Fig. 6b) was observed after processing with an ion 
milling device (IM4000, Hitachi High-Tech). In the processing, the sheet was sandwiched between two glass 
plates (both ends were fixed with resin to make a small gap between the sheet and the glass plates). After rough 
cross-sectional polishing using a manual polishing device (PLATO, TOP TECH), milling was performed under 
irradiation conditions with Ar ions at an acceleration voltage of 4 kV for 10 h. SEM observation was carried out 
at an acceleration voltage of 5 kV. Details are described in Supplementary Figs. 14 and 15.

Rheology
Rheological properties of a series of slurries were analysed at room temperature and atmospheric pressure using 
a modular compact rheometer (MCR 102, Anton Paar) equipped with a cone plate (diameter of 25 mm and 
gap of 250 µm). Viscosity changes as a function of dispersant concentration (Fig. 2a) were measured at a shear 
rate of 500/s. In the steady-state flow curve (Fig. 4d), shear rates from 0.5 to  103/s were set with a logarithmic 
slope for integration times of 10 s (0.5/s) to 1.5 s  (103/s). Dynamic viscoelasticity (Fig. 4e) was measured at a 
fixed strain of 1%, integrating profiles from 0.1 to 100 Hz with an integration time of 1 s. It is noted that for all 
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slurries with powder concentrations ranging from 15 to 62 vol%, the condition of a 1% strain showed sufficiently 
linear trends for both G′ and G″, indicating measurements in a flow region without structural breakdown (Sup-
plementary Fig. 11).

Nanoindentation
The mechanical strength of the green sheets (Fig. 6c) was evaluated using a nanoindenter (iNano, KLA). The 
sheet was fixed to an Al substrate at four edges with acrylate adhesive, and measurements were performed using 
a Berkovich-type diamond indenter (typically n > 30). Load–displacement curves were measured at a set depth of 
1 µm, and Young’s modulus was calculated from the unloading profiles. The 1 µm indentation depth is sufficiently 
small than the thickness of the sheet (> 0.2 mm), and the influence of the substrate during measurements can be 
negligible (Supplementary Fig. 16). The conversion of Young’s modulus from the load–displacement curve was 
performed using InView analysis software.

Relative density of sheets
The relative density of the green sheets (Fig. 6d) was evaluated using a precision electric balance (XPR225DRV, 
Mettler Toledo) and a laser microscope (SFT-4500, Shimadzu). The bulk density was calculated from weight and 
volume measurements using sheet fragments of ~ 0.5 mm square size, and the relative density was determined 
by dividing it by the ideal density.

Data availability
All data necessary to lead the conclusions of current study are available from corresponding authors upon request.
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