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Abstract

Adhesion forces between tungsten spherical microparticles and tungsten substrates with different roughnesses have

been measured using the Atomic Force Microscopy (AFM) colloidal probe technique. Mean roughnesses of the

tungsten substrates were measured by AFM and were ranked in three categories i.e. nanoscale, sub-microscale and

microscale roughnesses. Experimental Hamaker constant of 37 ± 3.5 × 10−20 J has been obtained using a spherical

tungsten particle of 10.5 µm in radius and a tungsten substrate with nanoscale root-mean-square roughness of rms =

11.5 nm. It was shown that larger roughness of the order rms = 712 nm induces a two order of magnitude decrease on

the adhesion of tungsten microparticles compared to a smooth tungsten surface with nanoscale roughness. Comparison

with the van der Waals-based adhesion force model of Rabinovich which integrates the roughness of surfaces showed

good agreement with experimental pull-off forces even when roughness of the substrate is close to the micrometer

range. In such case, measurements have shown that dependency of adhesion force with particle size (in the micrometer

range) has a secondary influence compared to the roughness of surfaces.
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Introduction1

The study of adhesion of microparticles on surfaces have numerous applications in many different fields of re-2

search. It is, for example, particularly of great importance in the evaluation of resuspension or removal of particu-3

late contaminants from rough surfaces encountered in domains such as biotechnology, micro and nanoelectronic or4

powder handling in pharmaceutic or nuclear industry. In this latter domain, special attention to the safety and oper-5

ation of next-generation nuclear fusion facilities has emerged over the years. Indeed, large amount of metallic dusts6

(Krasheninnikov et al. [2011]) will be generated by energetic plasma-surface interactions that cause significant erosion7

of the vacuum vessel (VV) plasma facing-components (PFCs) made from beryllium and tungsten. Characterization8
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of the behavior of these dusts and especially the amount of particles that can be re-suspended or are already airborne9

during normal operations is of primary interest for the design and the definition of the functioning procedure and10

safety domain of these facilities. Therefore, it is necessary to know a priori the adhesive properties of these particles11

on specific surfaces of interest such as rough tungsten or beryllium to evaluate their re-suspension potential. Despite12

its importance, the phenomenon of adhesion of particles on rough surfaces is difficult to measure in a quantitative way13

because of its complexity. For example, environmental conditions (humidity, temperature), geometry (size, rough-14

ness) of the surfaces in contact, energetic heterogeneity and chemical interactions can influence the adhesion force.15

In particular, value of adhesion energy for tungsten surfaces is still poorly documented and recent studies (Rondeau16

et al. [2015], Peillon et al. [2017], Tolias et al. [2018]) are questioning data found in the literature for this material.17

Detachment of microparticles from rough substrates is a process resulting from the competition between the removal18

force e.g. aerodynamic, electrostatic, centrifuge or inertial and the particle-surface interactions among them adhesive19

forces. In the case where a large number of microparticles are dispersed on a surface, the strength necessary to de-20

tached each particles will not be constant and is usually approximated by a log-normal distribution. It is customary21

to determine experimentally the adhesion force by calculating the ratio between the number of particles detached by22

a certain force and the number of particles initially deposited on the surface. There are many methods for measuring23

adhesion strength between particles and surfaces. One common method is centrifugation (Krupp [1967], Mizes et al.24

[2000], Salazar-Banda et al. [2007], Petean and Aguiar [2015]), where particles are being detached by centrifugal25

forces when the surface on which they are deposited is rotated rapidly. Aerodynamic detachment method (Matsusaka26

and Masuda [1996], Peillon et al. [2014], Brambilla et al. [2017]), vibration method (Ripperger and Hein [2004]), or27

inertial detachment (Wanka et al. [2013], Zafar et al. [2014]) have also been proposed to measure the adhesion force28

distribution of a set of particles deposited on a substrate. Other known methods like electrostatic detachment based29

on planar capacitor devices in which particles are exposed to increasing electric fields have been used extensively30

(Cho [1964], Cooper et al. [1988], Takeuchi [2006], Szarek and Dunn [2007]). Very recently this method has been31

employed specifically for tungsten spherical particles deposited on tungsten substrates with the aim of determining32

detachment correlation between particle diameter and electric field detachment threshold (Riva et al. [2017], Peillon33

et al. [2017], Tolias et al. [2018]). Such techniques make it possible to obtain the distribution of the adhesion forces34

for a large number of particles, thus with a good statistical representation. However, some common drawbacks such35

as control of the electric charge on the particles, uniformity of the electric fields, particle shape and spread of particle36

size distribution bring certain limitations for quantitative adhesion studies.37

On the other hand, the colloidal probe technique introduced by Ducker et al. [1991] permits the measurement of the38

total adhesion force (or pull-off force) between a single particle and a substrate. Over the years, Atomic Force Mi-39

croscopy (AFM) became a reliable method to confront adhesion theoretical models with quantitative measurements40

of adhesion forces (Butt et al. [2005], Leite et al. [2012]). Indeed, contact mechanic models such as JKR (Johnson41

et al. [1971]), DMT (Derjaguin et al. [1975]) or Maugis - Dugdale (M-D) (Maugis [1992]) as well as van der Waals42

based model (Hamaker [1937], Parsegian [2005]) have been consistently tested by means of AFM force spectroscopy43
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technique with common materials such as silica (Olsson et al. [1992], Jones et al. [2002]), alumina (Götzinger and44

Peukert [2003]), polystyrene (Gauthier et al. [2013]) copper (Butt et al. [2005]), gold (Heim et al. [2002]) or stainless45

steel (Götzinger and Peukert [2004]). Nevertheless, only few work have been initiated to evaluate the adhesion force46

with AFM technique between relevant dusts and surfaces one can find in nuclear fusion facilities. To our knowledge,47

only few studies (Mokgalapa et al. [2014], Zhang et al. [2015]) between graphene particles with complex geometry48

and different types of surfaces found in High Temperature Reactors (HTR) have been performed so far with AFM.49

However, in both aforementioned studies, roughness of surfaces and irregularity of particles were not controlled50

which makes the comparison with adhesion models difficult. Reduction of adhesion by roughness of surfaces is a51

well-documented topic since Fuller and Tabor [1975] conducted systematic studies of roughness effect on the adhe-52

sion and suggested taking into account the distribution of heights of substrates in the calculation of adhesive forces.53

Further developments based on the Hamaker theory (Hamaker [1937]) were proposed by Rumpf [1990] and later by54

Rabinovich et al. [2000b] by considering asperities on the surface as protruding hemispheres or submerged spheres55

for the latter. In these van der Waals based theories, surface deformation is not considered contrary to the mechanic56

theories of adhesion of JKR/DMT models that take into account the surface of the contact area between the two bodies57

under specific external load and the surface energy of adhesion to determine the pull-off force. When applied to rough58

surfaces, these smooth-surface models have shown to greatly over-estimate the adhesion force (Götzinger and Peukert59

[2003]).60

In this paper, we focus on direct measurement of adhesion force (or pull-off force) between hard spherical tungsten61

particles with sizes in the micrometer range and tungsten surfaces with various roughness using Atomic Force Mi-62

croscopy (AFM). The spherical shape of particles is a prerequisite for proper comparison between adhesion force63

models and pull-off force experiments. In the first part of this manuscript, van der Waals based theory of adhesion64

with the integration of roughness effect will be introduced and domains of applicability of the theory will be dis-65

cussed. The second part of the present paper will address the experimental method implemented for the pull-off force66

measurements. A special attention has been given to the production of samples with defined shapes and roughness67

and the characterization of contacting surfaces during experiments. A wide range of spherical tungsten particles were68

produced and studied from 1 µm to 10.5 µm in radius. Likewise, tungsten substrates with three different scales of69

roughness were fabricated and analyzed with AFM. In the third part of the paper, results of pull-off force measure-70

ments will be presented and a comparison with van der Waals based force models of Rumpf [1990] and Rabinovich71

et al. [2000a] is proposed. Estimation of the Hamaker constant for W/W interaction in ambient air is also addressed72

in this section.73

1. Theoretical considerations74

General adhesion of solids is governed by various phenomena such as capillary forces in the presence of water75

vapor, electrostatic forces when particles possess electrical charges (friction, radioactivity), hydrogen bonds in case76
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of chemical reactive surfaces and van der Waals forces. In the present study, capillary forces are not discussed and77

are considered as non determinant parameters since measurements were taken at a constant humidity level of 40 %.78

As the study is focused on the adhesion of similar materials (tungsten) and as grafted particles were actually used a79

long time after their fabrication, electrostatic interactions can also be neglected and the following will focus on the80

influence of surface roughness on the adhesion.81

1.1. The Hamaker theory82

The Hamaker [1937] theory describes interactions between pairs of atoms composing non-deformable macro-83

scopic objects. These atom-atom interactions are additive and ruled by the Hamaker constant and the distance between84

objects. The van der Waals force between a smooth sphere and a smooth planar surface is expressed by the Hamaker85

theory,86

FvdW =
A · Rp

6 · z2
0

, (1)

with A the Hamaker constant, Rp the particle radius and z0 the distance of closest approach between surfaces. In87

this theory, surfaces in contact are perfectly smooth which leads to consider the closest distance between materials88

z0 as the intermolecular length scale generally around 0.4 nm (Israelachvili [2011]). An early model that integrates89

roughness effect to Hamaker theory by changing the geometry of the problem was introduced by Rumpf [1990].90

1.2. The Rumpf theory91

The Rumpf model consists of two terms that describe the total van der Waals interaction between a large spherical92

particle and hemispherical asperity protruding a plane surface as depicted in Figure 1. The first term represents direct93

interaction (contact) between the particle and the asperity while the second term stands for “non-contact” interactions94

between the particle and the surface separated by the height of the asperity. The corresponding van der Waals force is95

written as follows:96

FvdW =
A

6 · z2
0

[
rs · Rp

rs + Rp
+

Rp

(1 + rs/z0)2

]
(2)

with rs the asperity radius. Rabinovich et al. [2000b] pointed out that with such a geometry, the center of the hemi-97

spherical asperity must be located at the surface which is generally too much simplification for real substrate.98

In addition, Rabinovich noted that the radius of asperity is difficult to measure while common AFM technique is99

able to measure accurately the height and root-mean-square (rms) roughness of surfaces. Hence, Rabinovich et al.100

proposed a relationship between the radius of asperity and rms roughness defined as follows:101

rs = 1.485 · rms. (3)

Substituting (3) in (2) leads to the following expression:102
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Rp

rs

Figure 1: Schematic illustration of the geometry proposed by Rumpf for the interaction of a spherical particle with radius Rp with an hemispherical

asperity of radius rs.

FvdW =
A · Rp

6 · z2
0

[
1

1 + Rp/(1.485 · rms)
+

1
(1 + 1.485 · rms/z0)2

]
, (4)

which is referred to by Rabinovich et al. [2000b] as the modified Rumpf’s model . When more than one scale103

roughness is considered, the global equivalent roughness of the surface can be calculated as follows:104

rms =

√
rms2

1 + rms2
2, (5)

where rms1 and rms2 are the average root-mean-square roughnesses of the long and short peak-to-peak distances105

respectively (Rabinovich et al. [2000a]). Figure 2 depicts the evolution of total adhesion forces normalized by the106

radius of the particle using the relation (4) for tungsten particles with radius Rp = 2.5 µm, 5 µm and 10 µm, Hamaker107

constant for pure W/W interaction A = 49 · 10−20 J given by Tolias [2018] and closest distance approach between108

surfaces z0 = 0.45 nm (Israelachvili [2011]). Total adhesion force exhibits two distinct regimes depending on the109

surface roughness at the nanoscale. For a rms roughness above 10 nm, the normalized adhesion is ruled by the110

contact term of the modified Rumpf equation whereas the non-contact interaction between the particle and the surface111

dominates for rms roughness below 10 nm. As pointed out by Xie [1997], surfaces with such small rms roughness112

(below 10 nm) will be treated as smooth. As depicted by Figure 2, in the non-contact interaction regime corresponding113

to nanoscale roughness below 10 nm, the normalized adhesion force is independent on the particle radius (second term114

in Eq. 4) and increases when nanoscale roughness decreases. However this observation is not valid for the contact115

adhesion force regime (first term in Eq. 4) where the normalized force decreases as the particle’s size increases for a116

given rms roughness. Indeed, as the particle’s radius increases, the minimum normalized adhesion force decreases and117

a shift in the contact component towards higher rms roughness occurs. This prediction of the modified Rumpf model118

for roughnesses above tens of nanometers has been discussed extensively in the literature (Götzinger and Peukert119

[2003], Laitinen et al. [2013], LaMarche et al. [2017]) and systematically shows poor agreement with experiment120

underestimating the adhesion force.121

1.3. The Rabinovich model122

The poor agreement between the Rumpf theory and experiment for large nanoscale roughness has conducted123

Rabinovich et al. [2000b] to further develop the surface geometry by considering that the center of the hemispherical124
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Figure 2: Total adhesion force normalized by the particle radius (Rp = 2.5 µm, 5 µm and 10 µm) using the modified Rumpf model (4) with Hamaker

constant of 49 · 10−20 J (Tolias [2018]) and distance of closest approach z0 = 0.45 nm.

asperity is generally not aligned with the surface but embedded below it. In addition to the height of asperities, a new125

parameter λ referred to as the breadth between asperities has been added to the model.126

Moreover, authors observed that common surfaces are always composed of a nanoscale roughness superimposed on127

a larger microscale roughness (also referred to as waviness) with much longer peak-to-peak distance. Rabinovich et128

al. thus incorporated the contribution of two scales of surface roughness, characterized by their root-mean-square129

roughness rmsi and peak-to-peak distances λi. The total adhesion force is simply the sum of the contribution of the130

adhesion of the particle with the different roughness structures and the underlying plane and is given by Rabinovich131

et al. [2000b]:132

Fa =
A · Rp

6 · z2
0

 1
1 + 58rms2Rp/λ

2
2

+
1(

1 + 58rms1Rp/λ
2
1

)
(1 + 1.82rms2/z0)2

+
z2

0

(1 + 1.82 (rms1 + rms2))2

 . (6)

Figure 3 depicts such a geometry considering two superimposed roughness as described by Rabinovich. Note that for133

this geometry, the height of the asperity above the average surface plane is not equal to the radius of the asperity and134

its origin is located below the average surface plane.135

λ1
λ2

r2

r1

Figure 3: Schematic illustration of the geometry proposed by Rabinovich et al. for the interaction of a spherical particle with a surface composed

of two scales of roughness.

6



Eq. (6) is valid as long as the rms and wavelength of the two scales roughness remain smaller than the size of the136

adhering particle. When λ1 becomes comparable to Rp, the average plane of the surface is incorporated in the large137

asperities and the third term of eq. (6) can be dropped, yielding:138

Fa =
A · Rp

6 · z2
0

 1
1 + 58rms2Rp/λ

2
2

+
1(

1 + 58rms1Rp/λ
2
1

)
(1 + 1.82rms2/z0)2

 . (7)

In such a case (λ1 > Rp), the contact term provides the major contribution to the total adhesion force although139

the non-contact term keeps its influence in the nanoscale roughness regime. This situation is depicted in Figure140

4 representing the total adhesion force normalized by the particle radius according to the superimposed roughness141

(rms2) while other surface parameters are kept constant. The Hamaker constant and distance of closest approach are142

identical to the example in Figure 2.143
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Figure 4: Total adhesion force normalized by the particle radius (Rp = 2.5 µm, 5 µm and 10 µm) using the Rabinovich model with the same

parameters of Figure 2 (Hamaker constant of 49 · 10−20 J and distance of closest approach z0 = 0.45 nm).

In contrast with the modified Rumpf model, the Rabinovich model does not predict a minimum value for the total144

normalized adhesion force but a continuous decrease with the increase of the superimposed roughness of the surface.145

This eliminates the increase in the normalized adhesion force predicted by the modified Rumpf model for rms rough-146

nesses above 10 nm previously described in Figure 2. Moreover, values of normalized adhesion forces appear to be147

a full order of magnitude greater than calculated with the modified Rumpf model. Although the geometry proposed148

by Rabinovich shows good results when compared to experiments (Laitinen et al. [2013]), it has some limitations: (i)149

particles and surfaces that come in contact are regarded as nondeformable under the applied loads. Plastic deformation150

is thus neglected; (ii) it considers a single point of contact between the particle and the surface which can be different151

from the equilibrium position. Nevertheless, when using the colloidal AFM technique, particles are fixed under the152

cantilever and thus not free to move to find more than one contact point. In addition, the use of a hard material such153
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as tungsten (Young’s modulus of E = 400 GPa at room temperature) for both the particle and the surface material154

reduces to its minimum the plastic deformations that can arise during contact.155

2. Experimental methods156

2.1. Adhesion force measurements157

Adhesion force measurements have been realized with a Multimode 8 (Bruker™) AFM in PeakForce Quantitative158

Nano-Mechanical mode (PF-QNM) in environmental conditions. The measurements were realized between tungsten159

spherical particles with different sizes glued onto tip-less CP-FM (Colloidal Probe for Force Modulation) cantilevers160

and three different tungsten surfaces with various roughnesses. Samples were cleaned by successive ultrasonic baths161

of acetone and ethanol and dried before being mounted in the AFM. For each particle/surface configuration, an AFM162

topographic image (see Figure 5-a) with a minimum size of 10 x 10 µm2 composed of a matrix of 128 x 128 points with163

a scanning rate of 0.1 Hz has been realized. A force/distance curve can thus be obtained for each pixel of the adhesion164

image. An adhesion force distribution is then extracted from the adhesion image (Figure 5-b) and approximated with165

log-normal distribution as shown in Figure 5(c).166

(a) (b) (c)

Figure 5: (a) Topographic AFM image (10 x 10 µm2) obtained in PF-QNM mode with a 3.9 µm tungsten particle. (b) Adhesion image resulting of

the PF-QNM scan and (c) adhesion force distribution extracted from the AFM force image with a 3.9 µm radius tungsten particle. The log-normal

fit is described by the red continuous line.

Repeatability has been tested by measuring twice the adhesion force distribution on the same area (10 x 10 µm2)167

on a nanoscale tungsten substrate with the same colloidal probe cantilever and same scanning parameters. Mean168

adhesion force of the two measurements is found identical (0.16 % of difference) and the variation (twice the standard169

deviation) of each measurement lies around 5 %. For most configurations (particle/substrate), at least three different170

regions have been scanned thus giving three log-normal adhesion force distributions. The mean and the spread of171

these log-normal adhesion distributions can be then compared with the adhesion force models. It has to be recalled172

here that, for each adhesion image, 16384 pull-off force values are obtained giving in a single image a good statistical173

representation of the distribution of the adhesion between the particle and a specific substrate.174
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2.2. Materials175

Functionalized cantilevers. Tungsten particles were purchased from Tekna Advanced Materials™ which produces176

metallic powders by a RF plasma discharge technique (see Jiang and Boulos [2006]). The Tekna W25 powder comes177

with a broad size distribution with spherical particles with radius between 4 µm and 15 µm. In order to perform the178

grafting of spherical particles with best control, a wet sieving method has been used in order to reduce the broadness179

of the mean particle size. After this step, batches of powders with narrower particle size distributions were used180

for functionalization of the cantilevers. For smaller particle radii, i.e. between 1 µm and 4 µm, a specific tungsten181

powder from Alfa Aesar® with a median radius of 2.2 µm and a geometric standard deviation of 1.6 has been sent to182

Tekna Advanced Materials™ to undergo the same spheroidization procedure. Tungsten spherical particles of desire183

sizes were then grafted on AFM tip-less cantilevers using optical microscope, micromanipulator and epoxy following184

method introduced by Ducker et al. [1991] and well detailed by Gan [2007]. Grafted cantilevers were verified by SEM185

analysis before and after pull-off force experiments in order to estimate their radii and check that no contamination186

was present on the particles. Figure 6 shows SEM micrographs of these particles once attached onto AFM cantilevers.187

Seven particle radii have been investigated in this study: 1 µm, 1.8 µm, 3 µm, 3.9 µm, 5.5 µm, 7.5 µm and 10.5 µm.188

SEM analysis also emphasized that no plastic deformations were visible after pull-off force experiments. The spring189

constant of the functionalized cantilevers was measured using the Thermal Tune method provided by the Bruker AFM190

software. The thermal method calibrates the spring constant of a cantilever by fitting the power spectral density of the191

cantilever fluctuations with a known Lorentzian curve. The calibration procedure has been repeated three times for192

each cantilever in order to have the variation of the spring constant. Note that tungsten spherical particles were added193

to the cantilevers before spring constants were determined. The radii of the tungsten spheres and the corresponding194

spring constants of the cantilevers are provided in Table 1.195

(a) (b) (c) (d) (e)

(f) (g) (h)

Figure 6: SEM micrographs of tungsten spherical particles grafted onto tip-less cantilevers. Sphere radii are (a) 1 µm, (b) 1.8 µm, (c) 3 µm, (d) 3.9

µm, (e) 5.5 µm, (f) 7.5 µm and (g) 10.5 µm. Side view of the 3.9 µm sphere (h) is also presented. Scale bars are 10 µm in length.
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Table 1: Radii of tungsten spheres attached to the cantilevers measured by SEM and spring constants of the cantilevers with particles attached.

réf. Figure 6 (a) (b) (c) (d) (e) (f) (g)

Particle radius (µm) 1 ± 0.05 1.8 ± 0.05 3 ± 0.05 3.9 ± 0.1 5.5 ± 0.1 7.5 ± 0.1 10.5 ± 0.1

Spring constant (N/m) 2.53 ± 0.04 2.69 ± 0.03 2.22 ± 0.12 1.92 ± 0.06 1.89 ± 0.11 2.29 ± 0.16 3.03 ± 0.18

(a)

(b)

(c)

Figure 7: AFM three-dimensional images (50 x 50 µm2) of (a) the nanoscale tungsten surface, (b) the sub-microscale tungsten surface and (c)

the microscale tungsten surface used in the pull-off force measurements. Height histograms of the three substrates are represented together with

Gaussian fits (discontinuous black lines).
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Surface characterization. Three tungsten surfaces with different roughnesses and textures have been used in this196

study. Two bulk tungsten substrates were polished in order to reach specific roughness. The first one has been197

mirror polished using different grades of SiC papers and diamond paste to reach a rms surface roughness of the198

order 10 nm. It will be referred as nanoscale tungsten substrate in the following. The second one has been hand-199

polished and exhibits a rms surface roughness in the range 100 − 200 nm (referred as sub-microscale surface in the200

following). The third tungsten substrate has been exposed to high temperatures (above 1000 °C) by He plasma using201

radiofrequence (RF) hollow cathode discharge technique described by Stancu et al. [2017] (referred as microscale202

surface in the following). The dimensions of the tungsten substrates are approximately 5 × 5 mm2. AFM topographic203

measurements in ScanAsyst mode (Bruker) with standard Scanasyst probes have been performed on the three surfaces204

and are depicted in Figure 7. The scans are 50 × 50 µm in size with a resolution of 2048 × 2048 data points. Height205

histograms of the three substrates are represented in Figure 7 together with Gaussian fits that permits to calculate the206

rms roughnesses (standard deviation of the height distributions) of each substrate. The root-mean-square roughness207

(also referred as Rq) is defined by:208

Rq =

√√√
1

MN

M∑
i=1

N∑
j=1

(z(i, j))2, (8)

with M × N a matrix containing the height data z(i, j). The calculated roughnesses (Rq) are 11.5 nm, 185 nm and 712209

nm for the nanoscale surface, the sub-microscale surface and the microscale surface respectively.210

3. Results and Discussion211

3.1. Estimation of the Hamaker constant212

In this section we present the method we used to measure the Hamaker constant for W/W interaction in ambient213

air. The cantilever with the grafted 10.5 µm radius particle has been used to performed pull-off measurements in 20214

different locations on the nanoscale W substrate. For this particular measurement, simple force-distance curves where215

obtained and analyzed in each location. Using the classical expression of van der Waals forces given by Eq. (1)216

and taking the closest distance z0 = 0.45 nm, we found an average Hamaker constant of 19.9 ± 2 × 10−20 J which is217

two times below the theoretical values of AH calculated using Lifshitz theory, i.e. 40 − 50 × 10−20 J (Tolias [2018]).218

The low values obtained experimentally can be explained by the influence of roughness of both contacting surfaces.219

Indeed, the nanoscale tungsten substrate exhibits a nanoscale roughness of 11.5 nm. Identically, the tungsten particle220

possesses its own surface roughness that we have calculated after mapping the top of the particle with AFM tapping221

mode (image dimension of 2 × 2 µm2). Figure 8 depicts a 2 µm wide line profile extracted from the AFM topography222

image taken at the top of the 10.5 µm particle. By substituting the fit parabola (red line in Figure 8) to the measured223

profile (blue line), we are able to plot the equivalent roughness that would be measured on a flat surface. In this case,224

the W particle shows a sub-nanoscale structured surface with a rms roughness of 0.29 nm.225

Although such atomic-scale roughness has proved to reduce adhesion by nearly an order of magnitude compared226

to atomically flat surface (Jacobs et al. [2013]), in the present interaction the separation distance between the colloidal227
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Figure 8: (top) Line profile at the top of the 10.5 µm particle (blue line) and parabola fit (red line). (bottom) Roughness profile of the top of the

particle after removal of the parabolic fit.

probe and the substrate is governed by the nanoscale roughness of the latter. In order to account for the roughness228

effect in the calculation of the Hamaker constant, we use the classical formula of the Rabinovich model presented in229

section I of this paper:230

Aexp =
6 · Fexp · z2

0

Rp

 1
1 + 58rms2Rp/λ

2
2

+
1(

1 + 58rms1Rp/λ
2
1

)
(1 + 1.82rms2/z0)2

−1

. (9)

The experimental Hamaker constants obtained with the classical formula of Hamaker and the Rabinovich model231

taking into account nanoscale roughness are plotted in Figure 9. The average experimental Hamaker constant obtained232

when taking into account the nanoscale roughness of the substrate is 37 ± 3.5 × 10−20 J. As can be seen from Figure233

9, the adhesion measurements are consistent and repeatable with a fluctuation of 10 % over all the measured data.234
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Figure 9: Measured Hamaker constant using a tungsten spherical particle of 10.5 µm radius and nanoscale tungsten surface with the classical

formula of Hamaker (blue diamonds) and the model of Rabinovich with roughness correction (red triangles).

The experimental values of Hamaker constant obtained with pull-off force data and adjusted with the Rabinovich235
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model are in good agreement with the theoretical value of Hamaker constant for W/W interaction considering the236

experimental conditions (measurements were performed in ambient air) and the repeatability of the technique. More-237

over, it is worth mentioning that pure tungsten is not chemically stable in ambient conditions and it is well known that238

a thin WO3 oxide layer (≈ 3−6 nm) forms at the surface of tungsten material (see Peillon et al. [2017]). Such an oxide239

layer adds to the complexity of the measurement for a pure W/W adhesion study and the determination of van der240

Waals interaction by modifying the Hamaker constant of the material. Nevertheless, since all the force measurements241

presented in this paper were realized in ambient air, we will consider an Hamaker constant of Aexp = 37± 3.5× 10−20
242

J in the following.243

3.2. Comparison with the Rabinovich model244

We present in this section the mean and standard deviation parameters of the adhesion force distributions obtained245

for each particle size and the three different tungsten substrates. Measurements and the outcome of the Rabinovich246

model are plotted in Figures 10, 11 and 12 using the surface parameters given in table 2. These parameters where247

extracted from AFM topography measurements presented in Figure 7.248

Table 2: Surface parameters (in nm) used with the Rabinovich model

Samples λ1 rms1 λ2 rms2

nanoscale 2780 9.6 1500 3.2

sub-microscale 12800 130 650 21

microscale 2130 717 300 27

Derivations of adhesion forces with the Rabinovich model were performed with a minimal separation distance249

z0 = 0.45 nm and the experimental Hamaker constant estimated previously Aexp = 37×10−20 J and are represented by250

the continuous lines in Figures 10, 11 and 12. We also performed the calculations of adhesion forces with the minimum251

(Amin = 33.5 × 10−20 J) and maximum (Amax = 40.5 × 10−20 J) Hamaker constants deduced from the measurement in252

Section 3.1. These limit values are denoted A±10% and are depicted by the dashed lines in Figures 10, 11 and 12.253

Tungsten surface with nanoscale roughness. Adhesion measurements obtained with the nanoscale tungsten surface254

are presented in Figure 10 together with the Rabinovich model derivations.255

Experimental adhesion measurements on the nanoscale roughness tungsten surface with tungsten particles from 1256

µm to 10.5 µm radius exhibit mean adhesion forces between 300 nN and 1700 nN. Standard deviations of the mean257

adhesion forces are below 5 % except for the 3.9 µm radius particle and the larger 10.5 µm radius particle where the258

standard deviations are 22 % and 10 % respectively. In comparison, the classical Hamaker formula for the derivation259

of the van der Waals force (eq. 1) between a sphere and a plane gives 3 350 nN for the 10.5 µm radius particle260

which is two times the experimental value. This two times overestimate by the model is clearly related to the surface261

roughness. This is confirmed by Figure 10 where the Rabinovich model is consistent with data for all particle sizes262

tested except for the 3.9 µm particle radius.263
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Figure 10: Mean adhesion forces versus particle radius with the nanoscale tungsten surface. Continuous and dashed lines represent the Rabinovich

model derivations with the experimental Hamaker constant Aexp and its 10% variation.

Effect of particle roughness. Indeed, the experimental mean adhesion force with the 3.9 µm particle radius is 414 nN264

which is two times lower than the predicted adhesion by the Rabinovich model. Such a drop in the adhesion can again265

be explained by the surface roughness of the particle itself. To confirm this hypothesis, we measured the topography266

of the summit of this particle with the AFM. A nanostructured surface was found with a rms of 12.6 nm. Such267

an important roughness cannot be ignored and have to be incorporated in the Rabinovich derivation. To do so, we268

simplified the problem by considering that the roughness of the particle rmsp adds-up to the superimposed nanoscale269

roughness rms2 of the substrate. We can thus rewrite the superimposed roughness used by the Rabinovich model as270

follows: rms3 =

√
rms2

p + rms2
2 which gives 13 nm. With this new roughness value, the derivation of the adhesion271

force for the 3.9 µm particle radius gives 440 nN which is much closer to the observed experimental value considering272

the variations observed (≈ 10%). On the other hand, derivations using the modified Rumpf model (eq. 2) and the273

same parameters (i.e. closest distance between surfaces z0 and Hamaker constant Aexp) were carried out with the274

rms roughness of 11.5 nm and returned adhesion values between 10 nN and 30 nN which are far from experimental275

data. As discussed previously in Figure 2, the minimal value of normalized adhesion forces for micron-sized particles276

predicted by the modified Rumpf model occurs precisely for rms roughness close to 10 nm. For such a range of277

roughness, we show that the modified Rumpf model greatly underestimate adhesion forces and should not be used in278

that case.279

Tungsten surface with sub-microscale roughness. Adhesion measurements obtained with the sub-microscale tungsten280

surface are presented in Figure 11 together with the Rabinovich and Rumpf model calculations.281

Experimental adhesion measurements on the tungsten sub-microscale roughness surface with tungsten particles from282

1 µm to 10.5 µm radius exhibit mean adhesion forces between 10 nN and 115 nN which is one order of magnitude283

below data obtained with the tungsten nanoscale surface. On the other hand, the standard deviations of the mean284
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Figure 11: Mean adhesion forces versus particle radius with the sub-microscale tungsten surface. Continuous and dashed lines represent the

Rabinovich model derivations with the experimental Hamaker constant Aexp and its 10% variation.

adhesion forces are much larger with values between 19 % and 46 %. Rabinovich model is consistent with data for285

particle above 5.5 µm in radius but fails to describe the adhesion reduction observed when the particle radius is below286

5 µm. This specific feature remains unexplained. Using the same parameters and the rms roughness of 185 nm for the287

sub-microscale tungsten surface, we plotted the modified Rumpf model calculations in Figure 11. In this case, results288

are of same order of magnitude with experimental data. However, the Rumpf model still underestimate by 25 % the289

adhesion forces compared to Rabinovich derivations.290

Tungsten surface with microscale roughness. Adhesion measurements obtained with the microscale tungsten surface291

are presented in Figure 12 together with the Rabinovich model calculations.292

Experimental adhesion measurements on the microscale roughness tungsten surface with tungsten particles from 1 µm293

to 10.5 µm radius exhibit mean adhesion forces between 10 nN and 30 nN. Standard deviations of the mean adhesion294

forces are consequent and above 80 % for all the mean adhesion forces. In such a case with a very textured substrate295

composed of a microscale roughness, adhesion of micrometer particles becomes independent with the particle size as296

previously noticed by Laitinen et al. [2013]. In this case, surface roughness appears to play the dominant role whereas297

particle size has a secondary influence on adhesion force. This behavior is well described by the Rabinovich model298

which returns values that are the same order of magnitude than experimental data. In contrast, derivations using the299

modified Rumpf model with the rms roughness of 712 nm returned adhesion values between 103 nN and 293 nN300

which are one order of magnitude higher than experimental data.301
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Figure 12: Mean adhesion forces versus particle radius with the microscale tungsten surface. Continuous and dashed lines represent the Rabinovich

model derivations with the experimental Hamaker constant Aexp and its 10% variation.

4. Conclusion302

Adhesion forces between tungsten spherical microparticles with radii from 1 µm to 10.5 µm and tungsten sub-303

strates with different roughnesses have been measured in ambient air using the Atomic Force Microscopy (AFM)304

colloidal probe technique. Mean roughnesses of the tungsten substrates were measured by AFM and were ranked305

in three categories i.e. nanoscale, sub-microscale and microscale roughnesses. Experimental Hamaker constant of306

37 ± 3.5 × 10−20 J has been obtained using a spherical tungsten particle of 10.5 µm in radius and a tungsten substrate307

with nanoscale root-mean-square roughness of rms = 11.5 nm. Pull-off force measurements with a nanoscale tung-308

sten substrate (nanoscale rms) and microparticles with radii from 1 µm to 10.5 µm gave adhesion forces in the range309

300 nN to 1700 nN. On the other hand, it was shown that larger roughness in the micrometer range induces a two310

orders of magnitude decrease on the adhesion of the tungsten microparticles compared to the tungsten surface with311

nanoscale roughness. Sub-micrometer surface roughness (rms = 185 nm) exhibited adhesion forces in the range 10312

nN to 115 nN in accordance with both the Rabinovich and the Rumpf models. Moreover, we have also shown that:313

• Comparison with the van der Waals-based adhesion force model of Rabinovich showed quantitative agreement314

with experimental pull-off forces for particles with radii between 1 µm and 10.5 µm for smooth surfaces (rms ≈315

10 nm) but also for very rough substrates with a rms roughness close to the micrometer range.316

• For all the configurations tested, we demonstrated the predictive accuracy of the Rabinovich model when defi-317

nition of the surface roughness is carried out with care.318

• For microscale roughness, measurements have shown that dependency of adhesion force with particle size (in319

the micrometer range) has a secondary influence compared to the roughness of surfaces.320
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The good predictions of the Rabinovich model throughout the range of micron-sized particles and rms roughnesses321

studied makes it a good substitute to classical empirical correlations (for example the correlation of Biasi [2001])322

used in common resuspension models like the Rock’n roll model of Reeks and Hall [2001] by placing the roughness323

of the substrate on which particles are deposited as a key parameter for removal predictions as recently stated by324

Henry and Minier [2018]. When available, experimental adhesion force distributions obtained by AFM can replace325

mathematical description of adhesion forces used in numerical codes for resuspension predictions like in Guingo326

and Minier [2008], Benito et al. [2015]. Such combination between adhesion force distribution measured by AFM327

colloidal probe technique and a resuspension model is intended to be tested by the authors in a future work.328
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