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A B S T R A C T   

The friction behavior of rough polycrystalline diamond (PCD) surfaces is important in many applications and 
devices that are required to operate in various harsh environments and it can be argued that a thorough un-
derstanding of the friction behavior is essential to the application performance. However, the interplay between 
electrochemical corrosion, capillary adhesion and friction behavior of PCD in multi-asperity contacts is still 
poorly understood. In this work, we quantify the interfacial capillary adhesion at contact interfaces and its effect 
on the friction response, between a colloidal microsphere and rough PCD films before and after electrochemical 
corrosion, for water-immersed, low RH, and humid air conditions. For these multi-asperity contacts, we 
demonstrate how electrochemical corrosion influences the surface hydrophilicity of the PCD surfaces, and how 
capillary adhesion due to water condensation contributes to the friction force. We estimate the capillary forces 
from both the microscopic lateral force experiments and elastoplastic boundary element method (BEM) contact 
calculations. The combined results indicate strongly that the observed increase in friction force on 
electrochemically-corroded PCD surfaces is governed by enhanced capillary adhesion at the contact interface, as 
affected by surface hydrophilicity and environmental humidity.   

1. Introduction 

Due to excellent mechanical properties, wear and corrosion resis-
tance, high thermal stability and chemical inertness, polycrystalline 
diamond (PCD) is an attractive candidate for applications and devices 
operating in a variety of harsh environments [1,2]. PCD is currently 
utilized in various extreme wear and corrosion applications such as or-
thopedic artificial joint prostheses and heart valves in the human body 
[3–5], mechanical seals and bearings in marine ships [6], micro-/-
nano-electromechanical systems (MEMS/NEMS) [7,8], coatings for al-
loys used in nuclear facilities [9], etc. Sustained operation in corrosive 
environments leads to physical and chemical changes to the PCD sur-
face, resulting in changes to the tribological behavior that could 
potentially affect the working performance and service lifetime. 
Nevertheless, the interplay between electrochemical corrosion, capillary 
adhesion and friction behavior of PCD in multi-asperity contacts is still 
poorly understood. 

Friction is a system property, depending not only on the intrinsic 

properties of the contacting materials, but also on the extrinsic param-
eters of the sliding environment. Interfacial capillary condensation can 
play an important role, occurring below the saturation vapor pressure as 
a result of increased van der Waals interactions inside the confined space 
of asperity contacts, and inducing capillary bridges with a negative 
curvature in the direction normal to the interface [10]. The Laplace 
pressure difference inside and outside the meniscus bridge leads to 
capillary adhesion, which strongly impacts the friction behavior across 
scales [11]. The influence of capillary condensation on the contact 
mechanics and friction behavior at nano-asperity contacts has been 
widely studied in the literature [12–14]. The thickness and structure of 
water adsorption on contacting surfaces, which is governed by surface 
hydrophilicity and ambient humidity (RH) [15,16], plays a significant 
role in the friction behavior. In previous work concerning single-asperity 
contact between hydrophilic surfaces, the interfacial adhesion/pull-off 
force value was added directly to the applied normal load and consid-
ered to be responsible for the change in friction force [17–19]. This 
interpretation has also been successfully extended to smooth 
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multi-asperity contacts where the interfacial gap is completely filled by 
the meniscus bridge due to water condensation, so that in this case the 
capillary adhesion is independent of the actual solid-solid contact area 
[20]. However, when the surface roughness is larger than the adsorbed 
water thickness, the capillary adhesion shows strong real solid-solid 
contact area dependence because the interfacial gap is not filled by 
the condensed water meniscus [13,21,22]. Few studies have considered 
how capillary adhesion, in a microscopic multi-asperity contact with a 
relatively rough PCD surface, influences the interfacial friction 
behavior. 

A diamond surface is naturally terminated by heteroatoms, such as 
hydrogen or oxygen. H-terminated diamond can be converted to O- 
terminated through surface oxidation induced by electrochemical 
corrosion in an aqueous electrolyte solution [23,24]. Moreover, surface 
modification by chemical corrosion also leads to changes in surface 
structure and chemistry. X-ray photoelectron spectroscopy (XPS) and 
Raman spectroscopy have shown evidence for the corrosion proceeding 
via an oxidation reaction, which occurs more strongly at the grain 
boundaries, leading to an increase in carbon sp2 content and the for-
mation of oxides of C––O, C–O/OH, and C(=O)–OH on the corroded 
surface [25,26]. The changes in surface hydrophilicity and interfacial 
shear strength due to these surface modifications contribute to changes 
in the friction response of the tribological system [27]. In addition, the 
anisotropic corrosion characteristics of the diamond crystal may alter 
the surface topography [28], which will affect the contact dynamics and 
associated interfacial interactions. A quantitative analysis of the 
contribution of the corrosion-dependent capillary adhesion to friction at 
corroded PCD interfaces would not only help to understand the changes 
in tribological performance of PCD devices during environmental 
aging/oxidation, but would also provide a valuable paradigm of the 
surface chemistry effect on nanoscale friction behavior. 

In this work, we show how electrochemical corrosion influences the 
surface hydrophilicity of microcrystalline diamond (MCD) and nano-
crystalline diamond (NCD) surfaces, and how capillary adhesion due to 
water condensation contributes to friction force at multi-asperity con-
tacts, on pristine and corroded diamond surfaces in low RH air, humid 
air, and water-immersed conditions. To quantify the capillary adhesion 
at the contact interfaces and its effect on the friction response, the areas 
of solid contact and the capillary-wetted areas at multi-asperity in-
terfaces are estimated using elastoplastic boundary element method 
(BEM) contact calculations based on the interfacial gaps as affected by 
the ambient humidity and the surface hydrophilicity. 

2. Experimental 

2.1. Materials 

Undoped MCD and NCD films produced by Advanced Diamond 
Technologies (Romeoville, USA) with a thickness of 1 μm, synthesized 
by hot filament CVD on a single crystal p-silicon substrate with a square 
area of 40 mm × 40 mm, were adopted as the working electrodes in 
electrochemical tests. The (root mean square, RMS) surface roughness 
and grain size of the non-corroded diamond films were measured in 
tapping mode by atomic force microscopy (AFM) to be approximately 
13.2 nm and 200–500 nm for MCD, and 10.4 nm and 50–100 nm for 
NCD respectively, over a square scanned area of 2 μm × 2 μm using a 
sharp Si AFM tip (RTESPA-300, Bruker) with a nominal diameter of 
approximately 20 nm. The sample surfaces were cleaned using chemi-
cally pure ethanol (Sigma Aldrich) and subsequently deionized water, 
and dried using pure N2 gas before performing the electrochemical tests 
and lateral force measurements. 

2.2. Electrochemical corrosion 

All electrochemical and topographical experiments were performed 
at room temperature (22 ◦C). As illustrated in Fig. 1a and b, the MCD and 
NCD samples were mounted in an AFM-compatible electrochemical cell 
module (Dimension Icon, Bruker, MA, USA): the diamond-coated side 
was in contact with two gold-plated spring pins that provided the 
electrical connection with the working electrode. A circular area of 35 
mm diameter on the sample surface was exposed to an electrolyte so-
lution of 0.1 M potassium chloride (KCl, Sigma Aldrich) for different 
corrosion durations, and a fluorine rubber O-ring was used to seal the 
gap between the sample clamp and sample [29]. Open circuit potential 
(OCP) and chronoamperometry measurements were performed using an 
electrochemical workstation with a bipotentiostat (CHI 760E, CH In-
struments, TX, USA). Ag|AgCl and Pt wires served as the reference and 
counter electrodes respectively and all potentials are given with refer-
ence to the reference electrode (Ag|AgCl in 0.1 M KCl). An anodic 
(oxidative) potential of 2.5 V was applied to the MCD and NCD samples 
in electrochemical corrosion tests. 

Fig. 1. Schematic of electrochemical-atomic force microscopy (EC-AFM) set-up: (a) isometric view and (b) cutaway view. AFM images of pristine (c) MCD and (d) 
NCD surfaces. (e) Optical image of colloidal probe with a diameter of 15 μm. (f) AFM image of the apex of the microsphere. (A colour version of this figure can be 
viewed online.) 
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2.3. Lateral force measurements on non-corroded and corroded MCD and 
NCD surfaces 

To assess the influence of electrochemical corrosion on the friction 
behaviors of MCD and NCD surfaces, lateral force measurements were 
conducted on non-corroded and corroded samples using AFM equipped 
with a semi-open fluid cell (Fig. 1b) in humid air (~50% RH), low hu-
midity (10%–20% RH), and water liquid immersed conditions. The gas 
environments were established by controlling the flow rates of water- 
saturated N2 and dry N2. To obtain a steady-state gas mixture in the 
fluid cell, at least 30 min equilibration time was introduced before every 
lateral force measurement. A silica microsphere with a diameter of 15 
μm, attached to a silicon cantilever with a spring constant of approxi-
mately 45 N/m, was used to measure the lateral force with a stroke 
length of 100 nm (Fig. 1e). The surface topography of the apex of the 
silica microsphere was estimated by scanning a test grating with a 
known tip curvature of 10 nm (TGT1, Tipsnano, Estonia). In this way, 
the RMS roughness of the silica microsphere was estimated at approxi-
mately 0.6 nm over a sampling area of 1.2 μm × 1.2 μm. The torsional 
stiffness of the silica probe was calibrated as approximately 27 μN/V 
using trapezoidal gratings (TGF11, Mikro Masch, Germany). During all 
the experiments, the ambient temperature was maintained at 23 ± 2 ◦C, 
and a sliding velocity of 2 μm/s was used. 

3. Results and discussion 

3.1. Electrochemical corrosion of MCD and NCD 

Chronoamperometry measurements with an applied voltage of 2.5 V 
in a 0.1 M KCl electrolyte solution were performed on MCD and NCD 
surfaces using EC-AFM. The surface topography at the microscale was 
imaged in-situ at various electrochemical corrosion durations using a 
sharp Si tip with a radius of 10 nm. Fig. 2a and b shows the AFM images 
obtained on MCD and NCD surfaces before and after corrosion for 
increasing time, together with images of the static water contact angles. 
No significant difference between the RMS surface roughness of non- 
corroded and corroded diamond surfaces was observed (Fig. 2c). Five 
randomly selected locations on non-corroded and corroded diamond 
surfaces were scanned ex-situ, and shows the same trend as the results of 
Fig. 2c, as displayed in Fig. S1 in the supplementary information. 
However, the water contact angle of both MCD and NCD surfaces was 
shown to decrease significantly, demonstrating that the surfaces became 
more hydrophilic after electrochemical corrosion. These results suggest 
that the predominant effect of the electrochemical corrosion process is 
to alter the surface chemistry of the topmost layers of the diamond films, 
through oxidation, without changing the surface topography, at least 
down to the length scale accessible using a 10 nm radius AFM tip. A 

previous Raman and XPS study indicated that a thin surface layer of 
carbon on the MCD and NCD is oxidized upon exposure to a corrosive 
environment [30]. As shown in Fig. S2 in the supplementary informa-
tion, compared to the non-corroded diamond surface, a small increase in 
the D band region (~1360 cm− 1) of the Raman spectra of corroded MCD 
and NCD diamond surfaces indicated that the diamond films were 
oxidized during electrochemical corrosion. This is also supported by 
EDX characterization, which showed an increased oxygen signal on the 
corroded diamond surfaces (Fig. S3). To qualitatively determine the 
effect of the electrochemical corrosion on the chemical composition of 
the uppermost surface, XPS was performed on non-corroded and 
corroded MCD and NCD surfaces. With corrosion, an increase in oxygen, 
silicon, and chlorine species was evident (Table S1). In the detailed C 1s 
spectra for MCD (Table S2) both lower (sp2) and higher (C–O, C––O) 
binding energy species were observed after corrosion, suggesting the 
formation of sp2-type and oxidized carbon species as a result of the 
corrosion process. The C 1s spectra of NCD showed a similar trend but 
this does not provide sufficient basis for a reliable interpretation by peak 
fitting due to the broad characteristic peaks. The oxidation reactions 
that occur on diamond surfaces are stimulated electrochemically and 
this leads to an increase in oxygen species and increased wetting of the 
diamond surfaces. 

3.2. Tribological responses of non-corroded and electrochemically 
corroded MCD/NCD surfaces 

To investigate the effect of electrochemical corrosion on the tribo-
logical responses of the MCD and NCD surfaces, lateral force measure-
ments under different applied normal loads were performed using a 
silica colloidal microsphere in water-immersed, low RH, and humid air 
conditions, as shown in Fig. 3. The friction coefficients for the different 
cases were calculated by linear fitting of the friction force (Ff) as a 
function of normal load, and are compared in Fig. 4. In the immersion 
condition, there is little observable difference between the friction co-
efficients measured on MCD and NCD surfaces in the non-corroded and 
corroded conditions. Any small differences in friction coefficient may be 
attributed to the combined effects of surface topography and the surface 
hydrophilicity-dependent boundary lubrication. Compared to MCD, the 
slightly higher coefficients of friction observed for the NCD surface are 
likely due to slightly larger real contact areas resulting from the relative 
smoothness of the NCD, which is supported by the BEM calculations (see 
Figs. 6a and 7c). In addition, after electrochemical corrosion, both the 
MCD and NCD surfaces become more hydrophilic and, in water- 
immersed conditions, it is known that higher hydrophilicity leads to a 
reduction in friction [31,32]. 

The friction coefficients increase significantly from ‘water- 
immersed’ to ‘low RH’ and then again to ‘humid air’ conditions. This 

Fig. 2. In-situ AFM imaging with the scanning area of 2 μm × 2 μm illustrating the surface topography evolution of MCD (a) and NCD (b) at various electrochemical 
corrosion time. Insets show the images of the static water contact angle of MCD and NCD surfaces before and after 2.5 h electrochemical corrosion (c) Surface 
roughness (RMS) of the measured area in (a) and (b). (A colour version of this figure can be viewed online.) 
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suggests that the effect of capillary forces on the normal force, which is 
not present in the water-immersed condition, is already significant in air 
at low relative humidity of ~10–20%, then increases even more at the 
higher relative humidity of ~50%. In ambient air conditions, corroded 
surfaces with higher hydrophilicity result in larger friction forces 
because more hydrophilic surfaces are more favorable for water 
condensation at the contact interface [33], thus the total area over 
which the Laplace pressure acts, Acap, increases, which increases the 
capillary force Fcap.  

Fcap = PLaplace × Acap.                                                                      (1) 

Qualitatively, Acap is also increased by increasing the RH, resulting in 
a higher capillary adhesive force that provides an additional normal load 
and thus increased friction when the surfaces are in contact [34]. 

3.3. Contribution of capillary interfacial adhesion to friction behavior 

The friction results suggest that the effect of capillary forces on the 
normal force is significant and depend strongly on the environmental 
humidity. In an initial attempt to gain insight into the magnitude of 
these forces, AFM pull-off force measurements were carried out between 
the colloidal sphere and MCD/NCD surfaces under different environ-
mental conditions. The forces measured were very low and similar for 
MCD and NCD diamond surfaces, see Fig. S4 in Supplementary Infor-
mation. Nevertheless, for both materials a slight increase in pull-off 
force was observed for the corroded condition compared to non- 
corroded in the low RH and humid air environments, which can be 
attributed to the greater hydrophilicity of the corroded diamond sur-
faces (see Fig. 2): as mentioned previously, a greater hydrophilicity 
promotes vapor condensation and an increase in Acap, thus an increase in 
the capillary force acting over the capillary-wetted area [33,35,36]. 

The pull-off adhesion forces shown in Fig. S4 were determined from 

the f− d curves and based on the maximum deflection of the cantilever in 
the attractive region, just before the tip snap-off to the freestanding 
position. At this point there is no applied normal load at the solid in-
terfaces and only minimal contact between the relatively smooth surface 
of the colloidal microsphere and a few asperities on the MCD and NCD 
surfaces at the interface. Under such circumstances, the measured pull- 
off force cannot be expected to reliably reflect the interfacial adhesion 
force under loaded conditions during interfacial sliding in a rough multi- 
asperity contact. This is an example of the phenomenon known as the 
“adhesion paradox” [37,38]. 

Direct measurement of adhesion under loading conditions remains 
very challenging and is one of the barriers to achieving a true under-
standing of friction in microscopic multi-asperity contacts. In order to 
estimate the contribution of capillary adhesion to friction in such con-
tacts, the capillary adhesion force can be estimated using the following 
force balance [39]: 

|Ftotal| = |Felastic| = |Fex| +
⃒
⃒Fcap

⃒
⃒ (2)  

where the sum of the capillary adhesion force (Fcap) and the externally 
applied load (Fex) represents the total normal force Ftotal, which balances 
the elastic force (Felastic) generated by compressed asperities at the 
interface. When the colloidal sphere-diamond contact is fully immersed 
in water, the capillary adhesion force is negligible because capillary 
menisci can only form in the gas phase. The results given in Fig. 3 
indicate that the friction force is approximately proportional to the 
normal force. If we assume that any additional lubrication effect in the 
case of immersion can be neglected and that the capillary force deforms 
the contacting interface in the same way as the applied force, so that the 
increase in friction force from low RH (‘dry’) to higher RH (‘humid’) 
originates entirely from the capillary force, the reduction in friction in 
the immersed state can be used to estimate the capillary adhesive force 
[11,34]: 

Fig. 3. Friction forces against a 15 μm diameter silica colloidal sphere, as a function of applied normal forces, measured in (a) water immersion, (b) low RH, and (c) 
humid air conditions for MCD and NCD surfaces before and after 2.5 h electrochemical corrosion. (A colour version of this figure can be viewed online.) 

Fig. 4. Friction coefficients against a 15 μm diameter silica colloidal sphere, measured in (a) water immersion, (b) low RH, and (c) humid air conditions for MCD and 
NCD surfaces before and after 2.5 h electrochemical corrosion. (A colour version of this figure can be viewed online.) 
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COFambient = COFimmersed × (1 + Fcap/Fex),                                        (3) 

Where COFambient and COFimmersed are the COF measured in ambient 
and immersed environments, respectively. Taking the applied normal 
load of 2 μN as an example, the total normal load and capillary force 
component on corroded MCD and NCD surfaces in different environ-
mental conditions are given in Table S3 in the Supplementary 
Information. 

The elastic and capillary forces acting at multi-asperity interfaces can 
also be estimated numerically using BEM, which is a numerical 
computational method of solving linear partial differential equations 
which have been formulated as integral elasticity equations [40]. In this 
case the calculation consists of two parts: contact calculations based on 
the BEM [41] and calculations of the area wetted by the capillary liquid 
(Acap) of diamond surfaces [34]. The surface topography measured by 
AFM, of corroded MCD and NCD films and the colloidal microsphere, 
were adopted in the BEM calculation as input together with the me-
chanical properties (i.e., hardness and elastic modulus) listed in Table S4 
[42]. Fig. 5 displays the BEM calculated results and shows how the 
topography is elastoplastically deformed by a given load (Ftotal) in the 
absence of adhesion. The resulting interface gap profile can be used to 
estimate the solid-solid contact area and the capillary area associated 
with that interface geometry. We assume here that water can condense 
at regions of the interface within which the interfacial gap is smaller 
than W,  

W = 2h + dc,                                                                                  (4) 

where h is the equilibrium thickness of the adsorbed water layer and dc 
(= 1.5 nm for 20% RH and 3 nm for 50% RH) is the critical distance for 
capillary condensation on a silicon surface [35]. However, since the 
water adsorption behavior on electrochemically corroded diamond 
surfaces is unknown, W is calculated here assuming values from the 
literature for a hydrophilic silicon surface that correspond to a water 
partial pressure (P/Psat) of 10%–20% RH for dry (h = 0.5 nm) and 50% 
RH for humid air (h = 1.3 nm) conditions [35,43]. In Fig. 5b–d for an 
electrochemically corroded MCD film and Fig. 5f–h for an electro-
chemically corroded NCD film, the blue areas represent the solid-solid 
contact area with an interface gap smaller than 0.2 nm and the white 
regions represent the estimated capillary area with an interface gap 
smaller than W. The correlation between the measured friction coeffi-
cient, which was constant for all applied normal forces within the range 
0.2–3.8 μN, and the calculated real solid contact area Asolid of corroded 
MCD and NCD surfaces at an applied normal force of 2 μN, under 
different environmental conditions, is shown in Fig. 6a. According to 
Bowden and Tabor’s simple theory of adhesive friction [44], the friction 
force is proportional to the real contact area (Asolid) and the shear 
strength (τ) of two contacting surfaces [45],  

Ff = τ⋅Asolid.                                                                                   (5) 

It can be expected that the electrochemical corrosion results in a 
decrease in τ because of the relatively low hardness and shear strength, 
compared to diamond, of the corrosion product formed on the diamond 
surface. This would result in a reduction of the friction coefficient, which 
is not observed experimentally. Indeed, the very good correlation be-
tween measured friction coefficient and calculated real solid contact 
area indicates that the increase in Asolid dominates the friction behavior. 
Thus, for a given externally-applied load on a corroded diamond surface, 
the increase in Asolid with increasing ambient humidity originates pre-
dominantly from the enhanced capillary effect at the contacting in-
terfaces, which pulls the colloidal microsphere downwards and 
increases the load (eq. (2)), resulting in higher friction during the sliding 
process. 

To quantitatively analyze the capillary contribution to the increased 
normal load which increases the friction force when relative motion 
occurs, the capillary force can be expressed by the Laplace pressure 
difference within the interfacial area wetted by a condensed meniscus, 

PLaplace =
RgT
V

ln
(

P
Psat

)

(6)  

where V the molar volume of water, Rg the ideal gas constant, T the 
temperature, P the partial vapor pressure of ambient environment, and 
Psat the saturated vapor pressure. The capillary force is then given by the 
Laplace pressure acting over the whole capillary area Acap (total area of 
blue and white patches in Fig. 5) [46], 

Fcap = PLaplace ×Acap =
RgT
V

ln
(

P
Psat

)

× Acap (7) 

Fig. 6b compares the capillary force values estimated by the friction 
experiments (Fig. 4 and eq. (3)) with the BEM calculation (Fig. 5 and eq. 
(7)) for a colloidal microsphere on corroded MCD and NCD surfaces with 
an applied normal load of 2 μN in air at low RH and humid. 

The results in Fig. 6b show that the capillary forces estimated in both 
ways show the same trend to increase as the humidity increases, but that 
the BEM calculated values are consistently lower than the experimen-
tally estimated values. Four main factors may contribute to this 
inconsistency: 

1. In the BEM calculation, reference values for the equilibrium thick-
ness h of the adsorbed water layer and the critical distance dc for 
capillary condensation are taken from the literature for a hydrophilic 
silicon surface rather than for diamond, for which these values are 
unknown. In addition, the literature values for silicon were measured 
using attenuated total reflection infrared spectroscopy, which is very 
sensitive to the sample preparation and measurement environment. 
These measurements must therefore be considered to be of low 

Fig. 5. Colloidal sphere on corroded diamond contact 
calculation using BEM (MCD: a-d; NCD: e-h). AFM 
images of corroded MCD (a) and NCD (e). Simulating 
the contact status in immersion (b, f), dry (c, g), and 
humid air (d, h) condition under the load of Ftotal 
shown in Table S3, the solid contact area (blue 
patches) and capillary-wetted area (white patches) 
were calculated by the Tribology Simulator based on 
the topography of the colloid microsphere used in the 
experiments as measured by AFM (Fig. 1f). (A colour 
version of this figure can be viewed online.)   
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precision. Moreover, the possible solid-like structure of the adsorbed 
water layer, with different hydrogen bonding interactions, was not 
considered in this study. Such a structure would increase the capil-
lary adhesion and further increase the friction force [47].  

2. In the BEM calculation, a static contacting condition was assumed for 
the capillary condensation. However, under the dynamic sliding 
conditions of the experiments, the capillary necks encapsulating the 
multi-asperity nanocontacts are forced to grow to a more elongated 
shape, thus increasing dc and even facilitating the merging of the 
adjacent liquid bridges [48]. This would mean that Acap is greater 
than estimated by the BEM calculation and that the capillary force 
calculated by eq. (7) is an under-estimation.  

3. The experimental estimate shown in Fig. 6b indicates that the 
capillary force acting at the silica-diamond interface, at least for 
humid air conditions, is greater than the externally-applied force, 
which was up to 4 μN. In this case the interface may be in the ‘sticky’ 
regime, in which Fcap may increase more rapidly with decreasing 
separation than Ftotal [38]. The latter would mean that eq. (3) is 
invalid, and the discrepancy between the experimentally estimated 
and BEM calculated capillary forces may then be due to an imprecise 
value of Ftotal.  

4. The possibility of an additional boundary lubrication effect due to 
the confined adsorbed water film on hydrophilic contact surfaces is 
neglected in eq. (3) [48]. This would lead to underestimation of the 
friction force in the immersed condition, and thus overestimation of 
the capillary effect using eq. (3) for humid air conditions. 

In summary, although the experimentally-estimated and BEM- 

estimated calculations for capillary forces show similar trends with 
increasing relative humidity, there are a number of possible reasons why 
the absolute values calculated are imprecise and not comparable. 

The surface hydrophilicity also plays a critical role in the water 
adsorption isotherm and thus influences the formation of water menisci 
around asperity contacts. A pristine (i.e., non-corroded) diamond sur-
face is terminated mainly by C–H groups and our results (Fig. 2) show 
that it had a water contact angle of approximately 78◦ [49]. During 
electrochemical corrosion treatment, polycrystalline diamond surfaces, 
and especially their intercrystallite boundaries [30], are oxidized to give 
O-terminations (C–O–C, C––O or C–O groups), resulting in a significant 
increase in surface hydrophilicity. Generally, a hydrophilic surface with 
high surface energy facilitates vapor adsorption and dynamic capillary 
wetting [50]. For this reason, for the same environmental condition, 
corroded diamond surfaces exhibit greater friction than pristine samples 
due to the greater capillary condensation and Acap. To investigate the 
capillary force change and its contribution to the increased friction 
response after electrochemical corrosion, the capillary force at the 
interface of a colloidal microsphere and pristine polycrystalline dia-
mond surfaces were estimated by friction force experiments and BEM 
calculations as described previously. In this case, the water adsorption 
isotherm on hydrophobic silicon surface was used for the BEM calcula-
tions, again because the data for pristine polycrystalline diamond is 
unknown. For hydrophobic silicon, the average thickness value of the 
adsorbed water layer is about 0.2 nm, yielding a W value of 3 nm at 20% 
RH and 4.5 nm at 50% RH [51]. Fig. 7a (MCD) and 7b (NCD) display the 
solid contact area (blue patches) and capillary-wetted area (white 
patches) estimated by BEM calculation for the Ftotal given in Table S5. As 

Fig. 6. (a) Correlation between real contact area estimated by BEM contact calculations (blue regions in Fig. 5b–d and 5f-h) and friction coefficients of corroded MCD 
and NCD surfaces in immersion, low RH, and humid air conditions. (b) Comparison of capillary forces calculated by experimental results (Fig. 4) and BEM calcu-
lations (Fig. 5) of colloid microsphere on MCD and NCD surfaces in low RH and humid air conditions. (A colour version of this figure can be viewed online.) 

Fig. 7. Colloidal sphere on pristine diamond contact 
calculation. Simulating the contact status of MCD (a) 
and NCD (b) in humid air condition under the load of 
Ftotal shown in Table S5, the solid contact area (blue 
patches) and capillary-wetted area (white patches) 
were calculated by the Tribology Simulator based on 
the topography of the colloid microsphere (Fig. 1f) 
and PCD films (Fig. 5a and e) used in the experiments 
as measured by AFM. (c) Correlation between real 
contact area estimated by BEM contact calculations 
(blue patches in a and b) and friction coefficients of 
non-corroded and corroded MCD and NCD surfaces in 
humid air. (d) Comparison of capillary forces calcu-
lated by experimental results (Fig. 4) and BEM cal-
culations of colloidal microsphere on non-corroded 
and corroded MCD and NCD surfaces in humid air. (A 

colour version of this figure can be viewed online.)   
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discussed earlier for Fig. 6a (in which corroded samples are compared 
for different environments) there is good correlation between the 
measured friction coefficient and calculated real solid contact area in 
Fig. 7c. For the humid air condition, the interfacial capillary adhesion 
values obtained from eq. (7) are compared with the experimentally 
estimated values (Table S5) in Fig. 7d. The results suggest that the in-
crease in surface hydrophilicity resulting from the electrochemical 
corrosion gave a significant enhancement of the interfacial capillary 
adhesion. After 2.5 h electrochemical corrosion, for MCD the water 
contact angle of the diamond film decreased from 78◦ to 50◦ whilst the 
capillary force obtained by BEM calculation increased from 1.4 μN to 
2.2 μN. For NCD, the corresponding changes were from 77◦ to 37◦ and 
from 2.2 μN to 3.4 μN. An increasing trend was also observed for the 
friction coefficient (Fig. 4), albeit smaller than the change in the 
BEM-calculated capillary force. As discussed earlier, this inconsistency 
may be attributed to the imprecision of the capillary force estimates. The 
trend in increasing capillary force estimated here from BEM and 
experiment is also in line with the analytical and experimental capillary 
adhesion model developed earlier for a single-asperity contact [51]. The 
relative humidity effect and the hydrophilicity effect are dominated, 
respectively, by the water supply capacity of the environment and the 
water storage capacity at the interface. Combined, they determine the 
contribution of capillary condensation to the friction response in 
microscopic multi-asperity contacts. 

4. Summary and conclusion 

In this study, we have investigated how electrochemical corrosion 
influences the surface hydrophilicity of MCD and NCD surfaces, and how 
capillary adhesion due to water condensation contributes to friction 
force at multi-asperity contacts on non-corroded and corroded diamond 
surfaces in water-immersed, low RH, and humid air conditions. To 
quantify the interfacial capillary adhesion at the contact interfaces and 
its effect on the friction response, the capillary forces between a colloidal 
microsphere and rough PCD films before and after electrochemical 
corrosion were estimated for the different conditions from both micro-
scopic lateral force experiments and elastoplastic BEM contact calcula-
tions. In the latter, the elastic solid contact area and capillary-wetted 
area were estimated based on the interfacial gaps as affected by the 
ambient humidity and the surface hydrophilicity. The results indicate 
strongly that the observed increase in friction force on corroded PCD 
surfaces is governed by enhanced capillary adhesion at the multi- 
asperity tribological interface, as affected by electrochemical corrosion 
(causing an increase in surface hydrophilicity) and by increasing envi-
ronmental humidity. Compared to MCD, NCD surfaces, which have a 
greater intercrystallite boundaries area, experienced more intense 
electrochemical corrosion and showed higher observed friction forces as 
a result of smaller surface roughness and higher surface hydrophilicity. 
The enhanced capillary adhesive force contributes to the normal load 
and reduces the interfacial gap (increases the solid contact area), thus 
increasing friction force. These insights pave the way for better control 
over tribological properties in demanding high-tech applications. 
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