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Abstract: Processing (grinding, polishing) of phosphate laser (PL) glass involves material removal at two 

vastly different (spatial) scales. In this study, the nano- and macro-tribological properties of PL glass are 

investigated by rubbing the glass against a SiO2 counter-surface in both dry and humid conditions. The 

results indicate that the friction of the PL glass/SiO2 pair has opposing trends at the nano- and macro- 

scales. At the nanoscale, the friction coefficient (COF) in humid air is much higher than in dry air, which 

is attributed to the capillary effect of the absorbed water-film at the interface. At the macroscale, on the 

other hand, the COF in humid air is lower than in dry air, because the water-related mechanochemical 

wear makes the worn surface less susceptible to cracking. Material removal for PL glass is better 

facilitated by humid air than by dry air at both scales, because the stress-enhanced hydrolysis accelerates 

the material-removal process in glass. Moreover, the material-removal is more sensitive to contact 

pressure at the macroscale, because stronger mechanical-interaction occurs during material removal at the 

macroscale with the multi asperity contact mode. At the macroscale, the material removal is more 

sensitive to contact pressure in humid air compared to dry air. Because almost all mechanical energy is 

used to remove material in humid air, and most of the mechanical energy is used to produce cracks in PL 

glass in dry air. The results of this study can help optimize the multi-scale surface processing of optical 

glasses. 
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1  Introduction 

Nd-doped phosphate laser (PL) glasses are an 

ideal gain medium for high peak-power solid-state 

lasers because of their high optical energy-storage 

capacity. For this reason, they are widely used for 

power amplification in high peak-power laser- 

systems [1, 2]. To provide a high-quality optical 

surface, PL glasses need to be processed via grinding 

to ensure high surface precision. This process 

involves material removal at the macroscale [3]. 

Subsequently, the PL glasses are polished to provide 

an ultra-smooth and defect-free surface, which 

involves material removal at the nanoscale [4]. In 

both processes, the material removal occurs due to 

tribological interaction between the grinding/ polishing 

particles and the glass substrate. In other words, 

understanding the tribological properties of PL 

glass at both nano- and macro-scales is critical. 

Owing to varying contact areas and shear stresses, 
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the tribological properties of many materials, such 

as metals, semiconductors, and ceramics, are often 

significantly different between the nanoscale and 

macroscale [5–13]. For metals, Kumar and Bhushan 

[8] found that nitriding reveals the different nano- 

and macro-tribological properties of H-13 steel. At 

the nanoscale, the COFs of pristine H-13 steel and 

nitride H-13 steel were found to be almost equal. 

However, the wear depth of nitride H-13 steel was 

lower than that for the pristine sample as nitriding 

improved the nanohardness of H-13 steel. However, 

the COF of nitride H-13 steel at the macroscale was 

found to be lower than that for the pristine H-13 

steel, although the wear depth of nitride H-13 steel 

was higher than that of the pristine sample owing to 

increased material exfoliation. For semiconductors, 

Yu et al. [9, 10, 14–16] found that the surface 

hydrophilicity exhibited a critical effect on the nano- 

tribological properties of Si(100): The interfacial 

water-film increased both the capillary force and 

friction force, as well as water-related tribo-chemical 

wear. However, the surface hydrophilicity hardly 

affected the macro-tribological performance of 

Si(100) because asperities can easily penetrate the 

interfacial water-film owing to the very high local 

contact-pressure due to the multiasperity contact 

[11]. For ceramic materials, Zum et al. [12] showed 

that a humid environment hardly affects the COF 

of SiC ceramics at the nanoscale. However, with 

increasing humidity, the COF increased but the 

wear rate decreased at the macroscale, because the 

wear mechanism changed from mechanical to 

tribo-chemical wear. Despite all these studies, a 

quantitatively comparative analysis of the nano- 

and macro-tribological properties of glasses has 

not been performed.  

Because oxide glasses are typically brittle materials, 

the friction-induced fracture is expected to be a 

major damage mode with regard to wear at the 

macroscale [17, 18]. However, at the nanoscale, the 

brittle glasses may also suffer from ductile material 

removal when the contact pressure is lower than 

the fracture strength [19, 20]. In addition, the 

tribological properties of glasses at both the nanoscale 

and the macroscale depend not only on the 

mechanical properties of the materials themselves 

but also on the environment [21, 22]. Water molecules 

are an important environmental factor that could 

affect the tribological properties of glasses [23]. 

Owing to the presence of water molecules, the 

hydrolysis, ion exchange, and surface hydration of 

the glass network easily occur, which contributes 

to the friction and wear performance of most oxide 

glasses [24–26]. As there is no cross-linked backbone 

structure, phosphate glasses usually show much 

poorer water-resistance than most silicate glasses 

[27]. As a result, water molecules can attack a 

glass network more easily under the assistance of 

frictional shear stress. Our previous study also 

revealed that, with the help of water molecules, 

material removal rates are higher, and cracking of 

PL glass occurs more easily than BK7 silicate glass 

in liquid water [17]. Due to the different contact 

modes at different scales (single-asperity contact 

for nanowear, multiasperity contact for macrowear), 

the contact stress can vary with respect to nano- 

and macro-tribological properties. This can further 

affect not only the damage mode of glass directly 

but also the degree of water-related tribo-chemical 

wear. However, the exact difference between the 

nano- and macro-tribological properties of PL 

glass with or without the participation of water 

molecules remains unclear. 
In this study, the nano- and macro-tribological 

properties of a PL glass were investigated using an 

atomic force microscope and a universal reciprocating 

sliding tribometer, respectively. The experiments 

were operated in both dry and humid air. The COF 

and material removal volumes were quantitatively 

evaluated for all conditions. The damage modes 

were also analyzed at both scales. The differences 

in friction and wear between nanoscale and macroscale 

were ascertained, and the role of contact stress, with 

regard to glass deformation and mechanochemical 

wear, was investigated. The results provide new 

insights into the tribological properties of glasses 

in relation to surface processing.  

2  Materials and methods 

2.1  Materials 

Polished N31 Nd-doped PL glass slides (5 wt%– 
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60 wt% P2O5, 8 wt%–12 wt% Al2O3, 10 wt%–14 wt% 

K2O, 8 wt%–12 wt% BaO, 2 wt%–3 wt% Li2O, 1 wt%– 

3 wt% Nd2O3), with the dimensions of 20 mm × 

20 mm × 2 mm provided by Shanghai Daheng 

Optics and Fine Mechanics Co., Ltd., China, were 

used as glass substrates. Before the tribology tests, 

all the glass samples were stored in an electronic 

moisture-proof box, where the relative humidity 

was set below 10% and the temperature was 

maintained at room temperature. Using an atomic 

force microscope (AFM, SPI3800N, Seiko, Japan), 

the root-mean-square (RMS) roughness of the glass 

was measured as 0.57 nm for an area of 3 μm × 

3 μm. The elastic modulus and the nanohardness 

of the PL glass were measured as 66.6 and 6.0 GPa, 

respectively, using a nano-indenter (G200, Keysight, 

USA). Using a contact-angle tester (DSA30E, KRUSS, 

Germany), the water contact-angle of the glass 

substrate was determined as 29.1 in humid air 

(for a humidity level of 55%). Before every tribological 

test, the glass slides were washed with ethanol and 

pure water for 5 min using an ultrasonic cleaning 

machine. They were then blow-dried using high- 

purity nitrogen. 

2.2  Nanoscale tribological tests 

As shown in Fig. 1(a), all nanoscale friction and 

wear tests were performed using an AFM equipped 

with an environmental chamber. The frictional 

counter-surface was fused silica (SiO2) microsphere, 

which is a typical polishing particle used in glass 

surface processing. It was glued to the end of the 

AFM probe cantilever (Novascan Technologies, 

Ames, IA; the inset in Fig. 1(a)). The radius of the 

silica microsphere was ~1 μm. The friction mode in 

the test was linear reciprocating sliding friction. 

The applied load varied from 3 to 5 μN. The 

sliding displacement and the sliding velocity were 

set to 2 μm and 8 μm/s, respectively. The number 

of sliding cycles was 100. The temperature for the 

test was maintained at 20–22 ℃. All the tests were 

performed in dry air at a relative humidity below 

2% and humid air at a relative humidity of 50%– 

60%. After the tests, the topography of the wear 

area on the PL glass surface was scanned using the 

tapping mode with a sensitive silicon-nitride tip 

with a curvature radius of 10 nm (Nanosensors, 

Switzerland). Before all the tribological tests, the 

spring constant of the AFM probe was calibrated 

using a calibration probe with a force constant of 

3.438 N/m (CLFC-NOBO, Bruker, USA). After 

calibration, the spring constant was found to be 

41.5 N/m. Then, the friction force was calibrated 

using a modified wedge method with a silicon 

grating and a wedge angle of 5444' (TGF11, 

MikroMasch, Estonia) [28]. The adhesion forces 

(pull-off forces) between the PL glass and the silica 

microsphere were measured to be 0.5 and 1.2 μN 

in dry and humid air, respectively. 

2.3  Macroscale tribological tests 

As shown in Fig. 1(b), all the macroscale friction 

and wear tests were performed using a universal 

ball-on-flat tribometer (MFT-3000, Rtec, USA), which 

was equipped with a home-made environment 

chamber. The friction mode used in the test was 

also linear reciprocating sliding friction. Similar to 

the nanoscale test, the frictional counter-surface 

during the macroscale test was a fused silica ball 

with a radius of 2 mm. The normal load during the 

test varied from 0.2 to 0.8 N, the sliding displacement 
 

 

Fig. 1  Schematic of the tribological tests conducted at (a) 
the nanoscale using an atomic force microscope and (b) the 
macroscale using a universal ball-on-flat tribometer. 
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was 2 mm, and the sliding time was 68 min (the 

number of sliding cycles was 50). To equalize the 

effect of sliding velocity on the tribological property 

for both the nano- and macro-scales, the sliding 

velocity was set to 50 μm/s, which is similar to the 

sliding velocity of the nanoscale test. Similarly, all 

macroscale tests were performed at room temperature 

in dry air at a relative humidity below 2% and 

humid air at a relative humidity of 50%–60%. After 

each experiment, the wear track in the PL glass was 

analyzed using a white light scanning profilometer 

(Rtec, USA). All the wear tracks were also investigated 

with an optical microscope (BX51-P, Olympus, Japan) 

to better understand the damage mode. The detailed 

experimental parameters for both the nano- and 

macro-scales are summarized in Table 1.  

3  Results and discussion  

3.1  Comparison of friction of PL glass with a 

SiO2 counter-surface at the nano- and macro- 

scales 

Figure 2(a) shows the nanoscale COF of a PL 

glass/SiO2 pair as a function of the applied load 

after 100 sliding cycles, where the inset shows the 

measured friction-force for different loads under 

both dry and humid conditions. The COF was 

calculated as the ratio of the friction force to the 

sum of the applied load and adhesion force. In dry 

air, the COFs decreased slightly, during a load 

increase from 3 to 5 μN, and all the values almost 

keep around 0.04. The friction force only increased 

from 0.16 to 0.19 μN with increasing load. However, 

in humid air, both the COF and friction forces 

were much higher than in dry air. Furthermore, an 

increase in load from 3 to 5 μN resulted in an 

increase in the friction force from 2.0 to 2.6 μN,  

whereas the COF decreased from 0.48 to 0.42. The 

average COF in humid air was nine times higher 

than in dry air.  

At the nanoscale, the friction force is the sum of 

interfacial friction and ploughing friction [29, 30]. 

Interfacial friction is the sum of the solid–solid 

interaction and the capillary effect. Ploughing friction, 

on the other hand, is determined by the ploughing 

plastic-deformation [31]. The specific friction mode 

greatly depends on the contact pressure between 

the friction pairs. Using the Hertz contact mode, 

the maximum contact pressure, P, between a 

sphere and flat can be calculated using Eq. (1) [32]: 

 

 

Fig. 2  COF of a PL glass/SiO2 pair as a function of applied 
load at (a) the nanoscale and (b) the macroscale. The inset in 
(a) shows the measured friction force for different loads in 
dry and humid conditions, and the inset in (b) shows the 
measured real-time COF as a function of sliding time for 
different loads in the two environments.  

 
Table 1  Details of the tribological test parameters at the nano- and macro-scales. 

Equipment Provider Load range (N) Counter-body radius (m) Velocity (m/s) Sliding cycles 
Counter-body 

material 

AFM Seiko, Japan 10‒6 1 × 10‒6 8 × 10‒6 100 SiO2 glass 

Tribometer Rtec, USA 100 2 × 10‒3 50 × 10‒6  50 SiO2 glass 
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where L is the normal load, E* is the reduced 

elastic modulus of the sphere and flat materials, 

and R is the radius of the sphere. To determine the 

critical load when plastic deformation occurs in PL 

glass, different loads were used in nanoindentation 

tests that used a nano-indenter with a sphere 

diamond tip with a radius of 0.59 μm (Fig. S1, 

Electronic Supplementary Material (ESM)). When 

the normal load of 0.5 mN was applied, the loading 

and unloading curves did not coincide with each 

other, which indicated that plastic deformation had 

occurred. As a result, using Eq. (1), the maximum 

contact pressure for plastic deformation in PL glass 

was determined as 10.8 GPa. For the nanoscale 

friction test, the normal load was taken as the sum 

of the applied load and the adhesion force. As a 

result, the maximum normal load was 5.5 μN in 

dry air and 6.2 μN in the humid air. Using Eq. (1), 

the maximum contact stress during the nanoscale 

friction experiments was calculated as 1.12 GPa for 

dry air, and 1.17 GPa in humid air, which was only 

~10% of the contact stress of the plastic deformation. 

Because of the low contact-pressure, there was no 

plastic ploughing for the nanoscale friction of the 

PL glass/SiO2 pair. Thus, ploughing friction should 

not be considered in the nanoscale friction test for 

both dry and humid conditions. 

As a result, interfacial friction dominates the 

friction mechanism of the PL glass/SiO2 pair at the 

nanoscale in both dry and humid environments. 

The interfacial friction force, Fint, is defined as the 

shear force in the elastic contact region. Hence, Fint 

can be defined using Eq. (2):  

 Fint = S  Aint  (2) 

where S is the so-called shear stress, and Aint is the 

contact area between the SiO2 microsphere and PL 

glass surface. The Hertz contact equation relates 

the contact radius for a known tip and a sample 

under a certain load [32]:  
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Using Eqs. (2) and (3), the interfacial COF, μint, 

can be expressed as 
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Equation (4) shows that the interfacial COF 

correlates negatively with the normal load. This is 

the reason why the COF of the PL glass/SiO2 pair 

decreases with an increase in load under both dry 

and humid air conditions. Equation (4) also shows 

that the interfacial COF has a positive correlation 

with shear stress. In dry air, owing to the absence 

of water molecules, the capillary effect between 

the SiO2 microsphere and PL glass can be neglected, 

and interfacial friction is mainly due to solid–solid 

interactions. As a result, the shear stress is determined 

by the van der Waals forces and the chemical bond 

force in dry conditions. In humid air, on the other 

hand, the PL surface is relatively hydrophilic. 

Based on the water contact-angle of PL glass and 

the relative humidity, the thickness of the water 

film at the PL glass/SiO2 interface was calculated 

as 1.44 nm using the theory proposed by Xiao and 

Qian [33]. The interfacial water film increases the 

capillary effect, which, in turn, increases the shear 

stress between the PL glass/SiO2 pair. Therefore, 

the COF is much higher in humid air than in dry 

air. 

The friction of the PL glass/SiO2 pair at the 

macroscale is different from at the nanoscale. 

Figure 2(b) shows the stable COF of PL glass/SiO2 

pair at the macroscale as a function of the normal 

load during 50 friction cycles. The inset in Fig. 2(b) 

shows the measured real-time COF as a function 

of sliding time for different loads under both dry 

and humid conditions. In dry air, the COF decreases 

from 1.37 to 1.03 as the load increases from 0.2 to 

0.8 N. In humid air, however, the COF varies over 

a very limited range (0.77‒0.88). The COF in dry 

air is significantly higher than that in humid air, 

which is the opposite of the nanoscale. 

At the macroscale, the maximum Hertz contact 

stress was calculated as 0.23–0.37 GPa using Eq. (1), 

which is much lower than that for the nanoscale. 

However, the contact at the macroscale, between 

the PL glass and SiO2 ball is a multiasperity 

contact. The roughness of the SiO2 ball was measured 
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as ~20 nm for the contact region. If we assume that 

the asperity radius of the SiO2 ball is 2 μm (much 

larger than the roughness), the Hertz contact pressure 

is as high as ~23 GPa for a load of 0.2 N, which is 

much higher than the contact pressure that occurs 

during plastic deformation (10.8 GPa). As a result, 

unlike the friction at the nanoscale, the friction of 

the PL glass/SiO2 pair would be dominated by 

ploughing friction between contact asperities. Thus, 

the COF at the macroscale is much higher than that 

at the nanoscale. In dry air, typical dry ploughing 

friction occurs. The scratching and cracking, which 

are caused by multiasperity, make the wear track 

surface bumpy (Section 3.2), which results in a 

related high COF. In humid air, the water film at 

the PL glass/SiO2 interface was very thin (1.44 nm). 

Because of the multi asperity contact, the contact 

stress at each asperity is high enough, and the 

asperity can penetrate the water film and the glass 

substrate. Therefore, the role capillary effect is 

weakened, and as a result, the friction force does 

not increase at the macroscale. On the contrary, the 

COF in humid air is lower than that in dry air 

because the water-related mechanochemical reaction 

makes material removal easier than in dry air, where 

the wear track surface would become smoother with 

less cracking. The mechanochemical wear that occurs 

in humid air is discussed in detail in the next 

section. 

Figure 3 summarizes the COF for PL glass/SiO2 

pair as a function of the maximum Hertz contact 

stress for both scales. The friction of the PL glass/ 

 

 
 

Fig. 3  COF of the PL glass/SiO2 pair as a function of the 
maximum Hertz contact stress at the nanoscale and macroscale. 

SiO2 pair shows completely different trends for the 

two scales. At the nanoscale, owing to the single- 

asperity contact, the contact pressure is equal to 

the real contact pressure. The contact pressure is in 

the range of 0.86–1.16 GPa, which is lower than the 

stress under which plastic deformation occurs. As 

a result, the interfacial friction dominates the friction 

process, and the COF is relatively low in both dry 

and humid air. The higher COF in humid air is 

attributed to the capillary effect due to the interfacial 

absorbed water-film. At the macroscale, owing to 

the multiasperity contact, the contact-stress is 

only in the range of 0.23–0.37 GPa. However, the 

real contact stress is expected to be much higher 

than the contact-stress. The friction at each asperity 

is dominated by ploughing friction, which causes 

relatively high COFs at the macroscale compared 

to the nanoscale for both dry and humid air. The 

lower COF in humid air occurs because water-related 

mechanochemical wear makes the wear track surface 

smoother.  

3.2  Comparison of the wear properties of PL 

glass rubbed against a SiO2 counter-surface 

at the nano- and macro-scales 

To characterize the wear of PL glass quantitatively, 

AFM images and optical profilometry images of 

wear tracks were obtained for both the nanoscale 

and the macroscale, respectively. Figure 4(a) shows 

the AFM images of the nanoscale wear tracks on 

PL glass in both dry and humid air. After 100 

cycles reciprocating friction in dry air, no visible 

friction-tracks were found on the glass surface even 

when the applied load was increased to a maximum 

of 5 μN. In contrast, visible grooves were found on 

the glass surface for all the load conditions. Some 

wear debris was also found at the sides of the wear 

track, which indicates that nanoscale material-removal 

took place. Figure 4(b) shows the wear volume for 

PL glass as a function of applied load in dry and 

humid air, which was estimated based on the cross- 

sectional profile lines of the wear tracks shown in 

the inset of Fig. 4(b). In dry air, the wear volume 

remained constant, at 0 nm3, for all load conditions. 

However, in humid air, as the load increased from 

3 to 5 μN, the wear volume increased sharply from  
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Fig. 4  (a) AFM topography images of the wear tracks for 
PL glass at the nanoscale in dry and humid air under different 
loads. (b) The wear volume of PL glass as a function of 
applied load in both dry and humid air, where the wear 
volume was estimated from the cross-sectional profile lines 
of the wear track shown in the inset. 

 

8.4 × 104 to 37.1 × 104 nm3. These results revealed 

that the wear of PL glass was much more severe in 

humid air than in dry air at the nanoscale. 

Figure 5(a) shows the optical profilometry images 

of macroscale wear-tracks on PL glass for both dry 

and humid air. Some obvious wear-grooves were 

observed on the glass surface in both the two 

environments. In dry air, the surface of the wear- 

grooves looked bumpy, but it seemed to be smoother 

in the humid air. According to the cross-sectional 

profile lines of these wear groove, Fig. 5(b) shows 

the wear volume of PL glass as a function of the 

applied load in dry and humid air at the macroscale. 

Although the wear volume of PL glass increased 

with increasing load for both environments, the 

increase ratio was higher in the humid air. Upon 

increasing the load from 0.2 to 0.8 N, the wear 

volume increased from 1.0 × 104 to 4.8 × 104 μm3 in dry 

air, and from 3.0 × 104 to 14.4 × 104 μm3 in the humid 

air, respectively. Furthermore, the wear volume of PL 

glass in humid air was larger than in dry air at the  

 

Fig. 5  (a) Optical profilometry images of the wear tracks of 
PL glass at the macroscale in dry and humid air under 
different loads. (b) The wear volume of PL glass as a function 
of applied load in both dry and humid air, where the wear 
volume was estimated from the cross-sectional profile lines 
of the wear track shown in the inset. 

 
macroscale, which is similar to the trend observed 

at the nanoscale. It is plausible that the high wear 

of PL glass in humid air could share a similar 

mechanism at both scales. 

The higher wear volume of PL glass at both scales 

in humid air indicates that the water molecules 

play an important role in accelerated material 

removal. The chemical reaction between water and 

oxide glass includes hydration, leaching, and 

hydrolysis [26]. The reaction degree is determined 

by the chemical stability of the glass network as 

well as external energy (such as mechanical and 

thermal). Comparing common silicate glasses, the 

chemical stability of phosphate glasses is low due 

to the lack of backbone cross-linking. Therefore, 

phosphate glasses can be attacked by water molecules 

relatively easy [27]. Although the reaction between 

water molecules and phosphate glass is very weak 

at room temperature (about 25 ℃), it can be enhanced 

by increasing the temperature [26]. In addition, at 

room temperature (about 25 ℃), the reaction between 

water molecules and phosphate glass can be intensified 
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in the presence of tensile stress and frictional shear- 

stress. Here, the reaction process can be regarded 

as stress-corrosion [22] and tribo-corrosion [34]. 

Stress enhanced hydrolysis and leaching are considered 

the main mechanisms, which can be described using 

Reactions (5) and (6), where M represents the metal 

ion in the glass network:  

 P–O–P + H2O = P–OH + OH–P  (5) 

 P–O–M + H2O = P–OM + OH–P  (6) 

At the nanoscale, the contact between PL glass 

and the SiO2 microsphere is elastic, and the shear 

stress is sufficiently low. As a result, reciprocating 

friction cannot produce any damage on the PL 

surface in dry air. In humid air, however, owing to 

the capillary effect, the frictional shear stress 

increases due to the much higher COF. The absorbed 

water molecules can react with the PL glass network 

under the high shear-stress, according to Reactions 

(5) and (6), which aids in the material removal from 

the glass substrate to generate visible wear grooves 

on the glass surface. The details of the nanowear of 

PL glass were described in our previous study [26]. 

At the macroscale, the increased wear volume in 

PL glass can also be explained by stress-enhanced 

hydrolysis or leaching. To verify this hypothesis, 

Raman spectra of wear debris on the PL glass 

surface under a load of 0.8 N in dry and humid air 

were recorded (Fig. 6). There is a clear peak at 

~3,200 cm‒1 for humid air, but nothing discernible 

for the dry air sample and the pristine surface 
 

 
Fig. 6  Raman spectra of the wear debris attached to the 
wear track in PL glass after the glass is rubbed in the dry and 
humid air. For comparison, the Raman spectrum of a pristine 
glass surface without wear is also shown.  

without wear. In PL glass, the peaks appear from 

2,950 to 3,450 cm‒1, which are typical for OH stretching 

[35, 36]. Therefore, the stronger peak at ∼3,200 cm‒1 

in humid air indicates that more OH clusters were 

found in wear debris after wear in humid air 

compared to dry air. This implies that hydrolysis 

of the P–O–P network, or leaching of P–O–M bond, 

occurs during wear in PL glass in humid air 

(Reactions (5) and (6)), which confirms a water-related 

mechanochemical reaction in the humid air. This 

suggests that the increased wear volumes of PL 

glass in humid air at both scales share the same 

mechanochemical reaction mechanism. 

On the other hand, stress-enhanced hydrolysis 

also acts on the counter-body of the SiO2 glass. 

Figure 7 shows photographs of the SiO2 glass ball 

after rubbing in the dry and humid air. Larger 

wear-scars can be observed on the SiO2 glass ball 

surface in humid air, which suggests that the 

water molecules also promote material removal of 

SiO2 glass. This can also be explained by the stress- 

enhanced hydrolysis. Similar phenomena were 

also found in another borosilicate- and barium- 

boroaluminosilicate-glasses [24, 25], which indicates 

that, for many oxide glasses, frictional stress- 

enhanced hydrolysis is the typical mechanism 

through which water molecules facilitate material 

removal.  

Figure 8 shows the wear volume growth-rate 

of PL glass, β, as a function of the maximum, P, 

for PL glass/SiO2 pair, for both the nanoscale and 

the macroscale. Using the wear volume at the 

lowest load as a reference, the β at the higher load 

0.2 N          0.5 N          0.8 N 
Dry air

Humid air

100 μm
 

Fig. 7  Optical images of the wear scars on SiO2 glass ball 
after rubbing in dry and humid air at the macroscale. 
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Fig. 8  β of PL glass as a function of the maximum Hertz 
contact stress at the nano- and macro-scale, where the plots 
were fitted by the power function.  

 

can be calculated using β = (Vi – V0) / V0, where V0 

is the wear volume for the lowest load, and Vi is 

the wear volume for the other higher load, for each 

environment and each scale. For further quantitative 

analysis, the relationship between β and P was 

fitted using a power function:  

 
( ) ma P b P  

  (7) 

where a, b, and m are the fit parameters. Furthermore, 

m can be defined as a pressure-sensitivity-exponent, 

and material removal occurs more easily when m 

is high. Due to no wear at the nanoscale in dry air, 

β can be considered 0 for all loads. For other 

experimental conditions, the fitting equations are 

shown in Fig. 8.  

It can be found that m at the macroscale is 0.69 

in dry air and 2.61 in the humid air. Material 

removal is more sensitive to contact pressure in 

humid air than dry air. This can be explained by 

the different damage modes in PL glass for dry 

and humid air. Figure 9 shows photographs of the 

wear tracks of PL glass after rubbing in the dry 

and humid air. In dry air, with increasing load, 

more Hertz cracks can be observed on the glass 

surface. This indicates cracking is an important 

damage mode, in addition to material removal. 

However, almost no cracking can be found in the 

wear tracks in the humid air. Furthermore, scratches, 

combined with a considerable quantity of wear 

debris, were observed in the wear track region, 

where material removal was the main damage 

mode due to the mechanochemical wear (stress-  

 

Fig. 9  Optical images of the wear tracks in PL glass after 
rubbing in dry and humid air at the macroscale. 

 
enhanced hydrolysis) in the humid air. That more 

mechanical energy is used to produce cracks in PL 

glass in dry air suggests a weaker material removal 

capability on the PL glass surface. In other words, 

material removal is less sensitive to contact pressure 

in dry air than in humid air. 

In humid air, m is 1.97 at the nanoscale, which is 

lower than the 2.61 at the macroscale. This means 

that material removal is more sensitive to contact 

pressure at the macroscale than the nanoscale. In 

this study, the effect of slide velocity on material 

removal is not considered because the sliding 

velocity has been set to the same order of magnitude 

for both nano- and macro-tribology experiments. 

Therefore, the difference in material removal capability 

at the nanoscale and macroscale can be due to 

different contact pressures. As discussed above, 

due to the very low real contact stress (lower than 

the stress that plastic deformation occurs), material 

removal of PL glass at the nanoscale is dominated 

by mechanochemical reactions, where the mechanical 

interaction is very weak. However, due to the multi- 

asperity contact at the macroscale, the real contact 

stress for each asperity is much higher than at the 

nanoscale. Although mechanochemical reactions 

also play a critical role in the material removal 

process, the high local contact-stress greatly 

accelerates mechanical material removal. Owing to 

the combined action of mechanochemical reaction 

and mechanical interaction, the material removal 

growth-ratio at unit pressure is higher at the 

macroscale. In other words, m can be derived more 

accurately at the macroscale than at the nanoscale. 

4  Conclusions  

In this study, the nano- and macro-tribological 
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properties of PL glass following rubbing against a 

SiO2 sphere were investigated using an atomic 

force microscope and a universal reciprocating 

sliding tribometer, respectively. This was done 

to obtain additional insight into the tribological 

properties of PL glass under both dry and humid 

conditions. The friction of the PL glass/SiO2 pair 

indicates opposing trends at the nanoscale and the 

macroscale. At the nanoscale, the COF in humid 

air is higher than that in dry air, which is 

attributed to the capillary effect associated with 

the absorbed water film at the interface. Because 

the interfacial friction dominates the friction process 

in both dry and humid air, the COF is lower at the 

nanoscale compared to the macroscale. At the 

macroscale, on the other hand, the COF in humid 

air is lower than that in dry air, because the water- 

related mechanochemical wear makes the wear 

track surface smoother in the humid air. Owing to 

the multiasperity contact, the friction at each asperity 

is dominated by ploughing friction, which causes 

higher COFs than at the nanoscale. 

The material removal of PL glass is more severe 

in humid air than in dry air at both the nanoscale 

and macroscale, due to that stress-enhanced hydrolysis 

accelerates the material removal process of the 

glass. Furthermore, material removal is found to 

be more sensitive to contact pressure at the macroscale 

than at the nanoscale because stronger mechanical 

interaction occurs in material removal at the 

macroscale with the multiasperity contact mode. 

At the macroscale, the material removal process is 

more sensitive to contact pressure in humid air 

than in dry air. Because almost all mechanical energy 

is used to remove material in humid air, whereas 

most mechanical energy is used to produce cracks 

in the PL glass in dry air. 
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