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A B S T R A C T   

Anti-attrition and water lubrication are two areas where ceramics are widely applied. In comparison to pure 
ceramics, glass-ceramic composite materials are more accessible to machine and manufacture into water 
lubrication kits. However, current water lubrication theories are mainly applied to ceramic materials such as SiC, 
Si3N4, Al2O3 and ZrO2. Glass-ceramic water lubrication mechanisms are not involved, in particular, the specific 
development process of low friction glass-ceramics in the water environment is yet unknown, which limits the 
application of glass-ceramics. As a result, we developed custom-made γ-LiAlSi2O6 glass-ceramics for a ball and a 
wafer that were utilized to conduct friction and wear tests. By contrasting the dry and wet friction coefficients 
between the ball and the wafer, abrasion losses and surface roughnesses of glass-ceramics, particle size distri
bution and zeta potential of wear debris over time, the water lubrication mechanisms of glass-ceramics in three 
different friction stages were clarified, the interactive lubrication effects of the electrical double layer and the 
dynamic fluid pressure ensure that the wet friction coefficient of the glass-ceramics is constant below 0.02.   

1. Introduction 

Water has progressively replaced oil-based lubricants as sustainable 
development requirements and environmental protection regulations 
have improved, owing to its characteristics of environmental protection, 
high cooling and low viscosity. Under high-speed and light-load scenes, 
water as a lubricant is mainly used for water pumps, stern tubes and 
water turbine engine spindles. Under low-speed and heavy-load scenes, 
it is mainly used for dikes, sluices, hydraulic generator guide vanes and 
valves, etc. Under low-speed and light-load scenes, it is mainly used for 
water treatment machinery, conveying equipment, marine rudders, etc. 
Ceramics had been essential and frequently used water lubrication 
materials and successfully used in mechanical parts such as bearings or 
mechanical seals since Tomizawa and Fischer [1] reported that the 
friction coefficient of the against Si3N4 kits was less than 0.002 in water, 
and elucidated the water lubrication mechanism of the dynamic fluid 
pressure in 1987. Ceramic materials’ excellent hardness and wear 

resistance, on the other hand, raise the processing complexity and 
expense. In contrast, composite materials of glass-ceramics not only 
integrate the advantages of ceramics and glass, such as suitable me
chanical property, heat resistance and chemical resistance, but also 
possess high machinability in virtue of relatively softer glass compared 
with ceramics. Therefore, an increasing number of academics are paying 
particular attention to glass-ceramics. The anisotropy and thermal 
conductivity [2], thermal expansion coefficient and thermal shock 
resistance [3,4], vibration mode [5], afterglow effect [6] of 
glass-ceramics have all been researched, but the water lubrication per
formance has never been involved. Furthermore, Sasaki [7], Wong et al. 
[8] and Chen et al. [9], as well as other academics [10–16], focused on 
the water lubrication processes of composite ceramics, including SiC, 
Si3N4, Al2O3 and ZrO2, but never reported on those of glass-ceramics. 

As early as 1984, Sugita et al. [17] discovered that the amorphous 
hydrate SiO2⋅H2O was produced at the friction interface of two Si3N4 
wafers in water, eventually, the wafer surfaces became smooth. 
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Tomizawa and Fischer [1] who first found the water lubrication char
acteristics of Si3N4 materials, also demonstrated that the SiO2⋅H2O was 
beneficial in lowering the friction coefficient between the Si3N4 surfaces. 
Saito et al. [13,14,18] investigated the chemical/mechanical wear ratios 
of Si3N4 by determining the quantity of ammonia tribochemically pro
duced in water. A large constant for the regression curve of the chemical 
wear ratio showed a large chemical contribution to the wear of the 
material. Tribological analysis on the sliding surfaces of Si3N4 revealed 
that the observed low friction coefficient is attributable to the hydrate, 
and the hydrodynamic effect was due to water entrapped by hydroxide 
and hydrate and a model of the sliding surface is proposed. Chen et al. 
[19] explored the friction and wear of self-mated SiC and Si3N4 with 
different initial roughness sliding in water with a pin-on-disk. It was 
found that the wear mechanism for surface smoothening to obtain low 
friction was tribochemical wear. Xu and Kato [20] studied the formation 
of a tribochemical layer on silicon nitride sliding in water. The wear 
mode changes from mechanically dominated wear to tribochemically 
dominated wear as the sliding distance increases. The silica tri
bochemical layer is formed on the friction surface and reduces the 
friction. These studies further verified that the hydrodynamic lubrica
tion processes of ceramics were realized by a hydrodynamic film 
generated by the tribochemical reaction between ceramics and water. 
Moreover, the surface-bound hydration layer consists of ceramic mole
cules and water molecules and the electrical double layer on the hy
drodynamic film could be regarded as other hypotheses for the water 
lubrication mechanisms of ceramics. In 2002, Raviv and Klein [21] 
observed that the surface-bound hydration layer might form and 
maintain under high-speed fluid shear conditions via the rapid exchange 
of molecules [22]. By examining the link between the friction coefficient 
of the Si3N4-glass interface and the pH value in a phosphate solution, Li 
et al. [23] revealed that the hydrogen adsorbed on the Si3N4 surface 
could enhance the creation of the electrical double layer on the hydro
dynamic film. In a nutshell, the ceramic water lubrication mechanisms 
may be explained in four ways as follows. 1) Hydrodynamic lubrication, 
which involves a water film flowing between two relatively slipping 
ceramic friction surfaces, entirely separating the ceramic friction pairs, 
and the contact load being balanced by dynamic fluid pressure [1,24, 
25]. 2) Boundary lubrication, based on the effects of the tribochemical 
reaction layer and the dynamic fluid pressure, that is, the colloidal silica 
film SiO2⋅H2O lubrication gradually takes the place of fluid dynamic 
pressure lubrication [8,9,18,20,26–29]. 3) Electrical double layer 
lubrication, the ceramic surface adsorbs a significant number of charged 
particles to form an electrical double layer due to the static electricity 
and van der Waals, and the layer plays a role in supporting the ceramic 
friction pair [12,20,22,30,31]. 4) Surface-bound hydration layer lubri
cation, hydrogen ions in the electrolyte solution can be absorbed on the 
ceramic surface with negative electricity through the protonation reac
tion, the surfaces of two ceramic friction pairs with the same electric 
charge repel each other to balance the contact load [21,22,30,32,33]. 

In fact, the hardness values of the glass-ceramics and the composite 
ceramics are larger than HRA80, and their anti-friction performance is 
outstanding. However, the melting points of the composite ceramics 
exceed 1400 ◦C which is almost twice as much as those of the glass- 
ceramics. The glass-ceramics have more advantages over the compos
ite ceramics under the low speed and light load scenes. On the other 
hand, current water lubrication theories are primarily applied to 
ceramic materials such as SiC, Si3N4, Al2O3 and ZrO2. The water lubri
cation mechanisms of glass-ceramics are not involved, in particular, the 
specific low friction process of glass-ceramics in the water environment 
is still unclear. Therefore, our custom-made γ-LiAlSi2O6 glass-ceramics 
were prepared for a ball and a wafer, and friction and wear tests were 
carried out. The water lubrication mechanisms of glass-ceramics in three 
different friction stages were clarified by contrasting dry and wet fric
tion coefficients, abrasion losses and surface roughnesses of glass- 
ceramics, particle size distribution and zeta potential of wear debris 
along with time, which provided theoretical support for the application 

of γ-LiAlSi2O6 glass-ceramics in the water environment. 

2. Materials and methods 

2.1. Glass-ceramics 

Our custom-made γ-LiAlSi2O6 glass-ceramic powders were pressed at 
180 MPa for 5 min and made into a Φ 8 mm ball and a Φ 30mm × 1.4 
mm wafer, respectively. The ball and the wafer were crystallized in a 
700 ◦C thermostatic furnace (SJF1600, Boyuntong, China) for 2 h, and 
then cooled with the furnace after sintering. 

The glass-ceramic samples were phase-wise investigated by an X-ray 
diffractor (D8 Advance A25, Bruker, USA), as shown in Fig. 1. The re
sults indicate that the glass-ceramic samples were mainly made up of 
lithium aluminum silicate. According to the lattice map provided by 
Hongwei Shou and Yonghua Duan [2], the samples were γ-LiAlSi2O6 
with a hexagonal crystal structure, as shown in Fig. 2. 

2.2. Friction and wear tests 

Before friction and wear tests, the glass-ceramic balls and wafers 
were lapped. The final surface roughness Sa values (i.e., the arithmetical 
average height of area) were the mean of nine measurements uniformly 
distributed throughout the lapped glass-ceramic surfaces, and they were 
about 142 nm as measured by an upright metallurgical microscope 
(DM2500 M, Lecia, Germany) and a white light interferometer (Contour 
GT-K0, Bruker, USA), as shown in Fig. 3. The lapped glass-ceramic 
surface was still covered with micro pits, which is related to the for
mation of a large number of micropores in the sintering process. 

As seen in Fig. 4, the glass-ceramic ball and wafer could be consid
ered friction pairs. The ball was held in place by a copper fixture and 
moved in X and Z directions through slide rails. The ball and the wafer 
had a contact force of 2 N. A stepless speed motor controlled the rotation 
rate of the wafer which was fixed at the bottom of a cylindrical container 
revolving with a disc. The average relative linear speed in the contact 
zone between the ball and the wafer was about 0.168 m/s. A torque 
sensor was also attached to the fixture to capture signals in real-time, 
and Eq. (1) was used to calculate the friction coefficient between the 
ball and the wafer. 

μ=
f

Fn
=

T
FnL

(1)  

where μ and f are the friction coefficient and friction force (N) between 

Fig. 1. XRD spectrum of γ-LiAlSi2O6.  
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the ball and the wafer, respectively. Fn (N) and T (N•m) are the applied 
load and the torque on the ball, respectively. L (mm) is the distance from 
the center of the ball to the axis line of the wafer. 

The dry and the wet friction and wear tests were separated into three 
stages, the first and second stages lasted 10 min, and the last stage lasted 
40 min. To imitate a wet environment, 20 ml of deionized water (DIW) 
was decanted into the aluminum alloy container at the start of each wet 
friction test. To guarantee that the clamping locations were not chang
ing, the ball and the wafer were immediately measured together with 
the fixture. The diameter of the wear area of glass-ceramic balls under 

different conditions was measured using a white light interferometer. To 
simplify the calculation, it is assumed that the wear areas are flattened. 
Therefore, the wear volume of the glass-ceramic spheres V is calculated 
as the sphere calculation Eq. (2) [34,35]: 

V =
πd4

64R
(2)  

where R is the radius of the ball and d is the diameter of the wear plane. 
The area percentage of the pits on the wafer surface was obtained by 

calculating pixel values [36–38]. Wear debris was characterized by a 
Transmission Electron Microscope (TEM) equipped with an energy 
dispersive spectrometer (EDS) (HT7700, Hitachi, Japan). Wear debris 
size distribution trend was measured by a Zetasizer (Lab, Malvern, UK). 
The pH values in the water-based solution were monitored by a tester 
(PHS–3C, Leica, China) during wet friction processes. 

3. Results and discussion 

3.1. Variation of glass-ceramic friction coefficients in dry and wet 
conditions 

In general, the whole friction and wear process is divided into three 
stages: running-in, stable and severe wear stage [39]. The dry and wet 
friction wear tests were conducted in three different groups, respec
tively. As demonstrated in Fig. 5, the fluctuation in the friction coeffi
cient of glass-ceramics over time might represent the contact conditions 
of the friction pairs under various situations. 

In the dry friction process, the friction coefficient was always more 
than 0.6, and its variation was violent. The dry running-in stage lasted 
10 min, during which the asperities on the glass-ceramic surfaces slipped 
against each other and the total contact area was limited, resulting in 
high contact stress and shear force on the glass-ceramic asperities, and 
the friction coefficient fluctuated noticeably and rose straightly. 

Fig. 2. Crystal structure of γ- LiAlSi2O6 and structure of SiO4 tetrahedron and 
AlO4 tetrahedron with a sharing O atom. The red and purple balls are oxygen 
and lithium atoms, respectively [2]. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 3. Surface topography of the lapped γ-LiAlSi2O6 glass-ceramics.  

Fig. 4. Friction and wear setup and parameters.  
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Afterward, the slipping glass-ceramic asperities were rapidly worn-flat 
in a short micro-cutting process, and the stable wear stage with a con
stant friction coefficient of 0.85 began at about 22 min and ended at 32 
min. After a prolonged friction and wear process, the glass phase in 
glass-ceramics was softened due to friction heat, the softened glass phase 
formed a film layer on the friction pair surfaces (similar as Fig. 6 [40]) 
and played an anti-attrition role, therefore, the friction coefficient 
decreased and s eventually steadied at 0.6 which was similar as the 
initial point. By contrast, the wet friction coefficient dropped straightly 
down to 0.02 at 20 min, and subsequently stabilized until the end, 
indicating the water lubrication characteristic of glass-ceramics. 

3.2. Variation in the topography of worn glass-ceramics 

The low friction characteristics of glass-ceramics in the water envi
ronment were discovered by tracking the friction coefficient over time 
through dry and wet friction operations. The worn surface topography of 
glass-ceramic pairs was examined and compared in dry and wet friction 
processes to further investigate the reasons for water lubrication. The 
worn ball was exhibited in Fig. 7 along with the zone C on the wafer 
surface (Fig. 4), the wear volume of the ball and the area ratio of the pits 
on the wafer surface were determined and shown in Fig. 8. From Fig. 7, 

the surface roughness values of the worn ball and the wafer first 
decrease and then increase along with the dry friction process, while the 
surface roughness on the slipping zones between the ball and the wafer 
dropped obviously. 

The surface roughness of the glass-ceramic ball and the wafer spread 
out in the opposite directions in the dry or wet conditions, and the 
surface roughness decreased in the early stage of the dry friction process, 
but eventually increased significantly, as evidenced by the pits on the 
glass-ceramic wafer surface (Fig. 8 (b)). On contrary, over the whole 
friction and wear test, the wet surface roughness decreased dramati
cally, and the surface defects gradually reduced. Moreover, the initial 
wear rates of the two balls were nearly identical, however, the total wear 
volume of the dry glass-ceramic ball was almost twice that of the dry 
one. The wear volume of the dry ball rose significantly from 10 to 20 
min, and then fell to a low value similar to that of the wet ball (Fig. 8 
(a)). In the 10 min friction and wear tests, the contact number and area 
of the asperities on the rough glass-ceramic surfaces are restricted, 
resulting in a significant load on the contact area. According to Arch
ard’s law [41], the abrasion loss is proportional to the product of contact 
pressure and sliding velocity, so the wear rate is high. Typically, the 
asperities on the friction pair surfaces gradually wear and vanish 
throughout the continuous running-in stage. The surfaces smooth out 
and the total real contact area grows, which leads to a decrease in the 
wear rate of friction pairs. Obviously, the wet friction process is in line 
with the preceding law. However, the dry friction and wear process 
produces a lot of heat and that could cause severe contact point adhe
sion. Therefore, the friction coefficient, the wear rate, the surface defects 
and the surface roughness all go up. Shortly afterward, the glass phase is 
glazed in frictional heating, and the vitrification layer on the 
glass-ceramic surface acts as a lubricant, so the friction coefficient and 
the surface roughness are dropping (Fig. 7). By contrast, the friction heat 
is taken away by the water flow in the wet environment, and the water 
film is also a lubricant, which causes a decrease in the surface roughness, 
wear rate and friction coefficient. 

3.3. Wear debris variation in friction and wear tests 

The surface topography and the defect area ratio of the glass-ceramic 
wafer during the dry and wet friction and wear tests were compared in 
Section 3.2, the findings were opposite. The particular note is that the 
rough surface of the glass-ceramic wafer was initially covered with 
micro pits, however, the rough surface was smoothed down and the 
micro pits seemed to be filled in. Therefore, it is required to determine to 
classify and categorize wear debris which can fill the micro pits more 
effectively. Fig. 9 and Fig. 10 presented the morphology and EDS of wear 
debris created during the dry and wet friction and wear tests, 
respectively. 

The bar and globular-like particles were produced during dry and 
wet friction processes, respectively, and dry wear debris is larger than 
wet ones. In addition, as demonstrated in Figs. 9 and 10 (a) (b), the weak 
Li element energy spectrum could not be shown, the percent of Al and Si 
atomics on the bar and globular-like particle surfaces were Al: Si ~ 1: 2, 
indicating that the particles were γ-LiAlSi2O6. The pull-out bar and 
globular-like particles are generated by the attrition and micro-fracture 
of the glass-ceramic ball and wafer, as evidenced by the surface topog
raphy of the scratch zone in Fig. 7. It is worth noting that the detected Al 
element energy spectrum of the nanoscale globular-like particles shown 
in Fig. 10 (c) is inconspicuous, and the silicon and oxygen atomic per
centage is Si: O ~ 1: 2, therefore, the particles are most likely SiO2. 

Nano silica particles are more straightforward to fill micro holes or 
pores on the surface of the glass-ceramic wafer than bar and microscale 
globular-like particles, allowing for the formation of a smooth surface 
and a low friction coefficient. Therefore, the size and number of wear 
debris generated during dry and wet friction processes are necessary to 
measure and present in Fig. 11, respectively. 

Throughout the test, the size distribution curves of the dry wear 

Fig. 5. Friction coefficient variation over time.  

Fig. 6. SEM image of the sliding track on glass-ceramic [40].  
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debris presented two pronounced peaks. The prominent peak shrank and 
the other peak broadened with the passage of time. In the initial stage of 
the dry friction process, the small real contact area between the ball and 
the wafer carried the high stress, therefore, the friction pairs were 
severely worn and even occurred micro-fracture. Moreover, the glass- 
ceramic surfaces were worn and torn by the large pull-out particles via 
three-body wear, resulting in additional micron and nano scale debris. 
As the ball surface was flattened (Fig. 7), the contact area increased and 
the contact stress decreased, the wear rate fell. The secondary debris 
breaking owing to the extrusion and shear, as well as the large pull-out 
particles rolling between the friction pairs, are prone to widening the 
particle size distribution range (Fig. 11 (a)). In the running-in stage of 
the wet friction, the wear debris in size of more than 200 nm only 

presented a single peak. Based on the above result and the analysis in 
Fig. 10 (a) (b), it can be judged that the wear debris is glass-ceramic 
particles. The single peak of wear debris turned into the double peaks 
during the stable wear stage, a large number of 100–200 nm debris could 
be judged to be silica particles based on discussing Fig. 10 (c), and the 
number continued to increase (Fig. 11 (b)). Moreover, the nano silica 
particles could effectively fill the micro pits and pores on the surface of 
the glass-ceramic wafer, which effectively reduced the wafer surface 
roughness (Fig. 7). 

3.4. Water lubrication mechanism of glass-ceramics 

The first stage of the water lubrication. 

Fig. 7. Surface topography and roughness of γ- LiAlSi2O6 glass-ceramic ball and wafer at different dry or wet friction time points.  

Fig. 8. (a) Wear volume of γ- LiAlSi2O6 glass-ceramic ball and (b) pit area radio of wafer at different dry or wet friction time points.  
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The friction and wear process between the glass-ceramic ball and 
wafer can be regarded as the ball cutting the wafer. In general, based on 
the rigid-plastic contact model, the cutting force Fp is defined as a total 
force on the rake face of the ball in the sliding direction. Fig. 12 shows 
how the force on the rake face is split. 

On the surface of the wafer, the force Fp may be divided into the 
tangential force Fp,t and the normal force Fp,n as written as: 

Fp.t =Fp|cos γ| (3)  

Fp.n =Fp|sin γ| (4)  

where γ is the negative rake angle of the ball. 
The resultant friction force fp along the ball rake face is calculated as 

follows: 

fp = μFp (5)  

where μ is the friction coefficient between the ball and the wafer. 
On the surface of the wafer, the friction force may be separated into 

the tangential force fp,t and the normal force fp,n, as expressed as: 

fp,t = fp|sin γ| (6)  

fp,n = fp|cos γ| (7) 

The total tangential force Fpt and the total normal force Fpn on the 
surface of the wafer are computed as: 

Fpt =Fp,t + fp,t =(|cos γ| + μ|sin γ|)Fp (8)  

Fpn =Fp,n − fp,n =(|sin γ| − μ|cos γ|)Fp (9) 

Therefore, the cutting force ratio ε defined as the total normal force 
to the total tangential force can be calculated as: 

ε=Fpn
/

Fpt =
|sin γ| − μ|cos γ|
|cos γ| + μ|sin γ|

=
|tan γ| − μ
1 + μ|tan γ|

=
1
μ −

μ2 + 1
μ(1 + μ|tan γ|)

(10) 

Due to the wear of the glass-ceramic ball in the friction test, the 
negative rake angle of the ball constantly drops down to close to − 90◦, 
Eq. (10) can be simplified to ε ≈ 1/μ. Thus, the friction coefficient be
tween the glass-ceramic ball and the wafer decreases as the cutting force 
ratio increases, which is also in accord with the works of literatures [42, 
43]. Fig. 5 shows that the wet friction process conforms to the above law, 
while the friction coefficient increases in the early stage of the dry 
friction test. This is due to the micro-fracturing of the glass-ceramics in 
the friction and wear process, and the rake face of the ball is broken into 
several new rake faces (Fig. 12 (a)), causing the cutting force ratio to 
fluctuate or even decrease, while the friction coefficient reveals the 
opposite. In addition, the wafer can be efficiently cut by the ball with 
just a primary rake face and a large incident cutting angle or 
multi-cutting edges [44–46]. Therefore, the wear volume of the ball 
increases from 10 to 20 min during the dry friction process (Fig. 8 (a)), 
and the defects on the wafer surface (Fig. 8 (b)) and the surface 
roughness of glass-ceramics experience the parallel development 
(Fig. 7). 

Although the cutting force ratio model explains the variation of the 
friction coefficient between the glass-ceramic ball and wafer in the dry 
friction process, the lubrication mechanism of the wet friction cannot be 
fully clarified. In fact, γ-LiAlSi2O6 glass ceramics can react with water 
and translate into colloidal silica in frictional heating, as shown in Eq. 
(11) [47].  

3LiAlSi2O6 + 2H2O + K+ → KAl2(AlSi3)O10(OH)2+ 3Li+ + 3SiO2+

2OH− (11) 

where K+ is a kind of cation, the generation consisting of silica and OH−

is soluble silicic acid. 
To be precise, the Li atom in a γ-LiAlSi2O6 cell (Fig. 2) can be 

regarded as an ion in the gap, while Al, Si, and O atoms form the skeleton 
of the cell. There is the polyhedron of {SiO4} units connected with co- 
vertexes such as Al atoms. The reaction shown in Eq. (11) belongs to 
a hydrolysis process, and the generation corresponding to the Si element 
is the ortho-silicic acid Si(OH)4. Moreover, the Si(OH)4 produced in the 

Fig. 9. TEM and EDS images of (a) microscale and (b) nanoscale bar wear debris during the dry friction process.  
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wet friction process is heated by the electron ray, and decomposed to 
SiO2 [48], which leads to the TEM and EDS images shown in Fig. 10 (c). 

3.4.1. The second stage of the water lubrication 
With the increase of the sliding distance in the running-in stage of the 

wet friction process, the contact area between the ball and the wafer 
becomes largens, the contact stress spreads, and the chemical wear is 
instead of mechanical wear gradually. This is mainly because the me
chanical friction between the glass-ceramic ball and wafer is weakened 
when the contact pressure and friction surface roughness are lowered. 
The glass-ceramics are induced by extrusion and impact, pass through 
and break along their crystals, and then react with water in frictional 
heating, resulting in an agglomerated Si(OH)4 film progressively 
growing and broadening on the glass-ceramic surfaces, which is an 
interactive process of micro-fracturing, oxidation and hydration of glass- 
ceramic materials [21]. The frictional chemical reaction occurs on the 
local interface between the glass-ceramic ball and wafer, and a colloidal 
silica layer is generated and expands to a hydration bond network to 
achieve the lubrication effect, as illustrated in Fig. 13. 

3.4.2. The final stage of the water lubrication 
Yamakirin et al. [49] investigated the effects of laser surface 

texturing on the friction behavior of silicon nitride under lubrication 
with water. They found that in a case of small dimple diameter textured 
surface, the dimples were buried with the wear debris as shown in 
Fig. 14. 

Similarly, the glass-ceramic ball and wafer occur Hertz contact in the 
initial stage of the wet friction process, the contact area gradually in
creases along with time, meanwhile, a large number of nanoscale 
colloidal silica particles (Figs. 10 and 11 (b)) generated by the frictional 
chemical reaction fill the pits on the contact area. Therefore, the rough 
contact surface is flattened and smoothed (Fig. 7), and the applied load 
on the wafer is balanced by a hydrodynamic force brought from a 
flowing water film. Furthermore, the friction coefficient drops down to 
0.02 when the minimum water film thickness is larger than the com
posite roughness of the two friction surfaces [20]. The above is the 
whole hydrodynamic lubrication process. Furthermore, Wang et al. [50, 
51] studied the effect of laser texturing of Si3N4 surface on the critical 
load for the transition of water lubrication mode from hydrodynamic to 
mixed and optimized the surface texture for silicon carbide sliding in 

Fig. 10. TEM and EDS images (a) microscale nanoscale globular-like, (b) nanoscale bar wear debris and (c) nanoscale globular-like wear debris during the wet 
friction process. 
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Fig. 11. Size distribution variation of wear debris during dry or wet friction process.  

Fig. 12. Schematic diagrams of (a) dry or (b) wet friction in a γ- LiAlSi2O6 glass-ceramic ball sliding a wafer process.  

Y. Peng et al.                                                                                                                                                                                                                                    



Wear 506-507 (2022) 204440

9

water. These studies prove that surface texturing was an effective means 
to improve the tribological performances of sliding surfaces, enhanced 
hydrodynamic lubrication and collected debris. 

In addition, the Zeta potential of the wet wear debris and the pH 
values of water-based suspension over time were measured and dis
played in Fig. 15. The lubrication mechanism in the later stage of the wet 
friction process is clarified as shown in Fig. 16. 

The Zeta potential and the pH values presented the opposite trend, 
which is justifiable on the weak ionization of Si(OH)4. The zero charge 
point of SiO2 exists at pH = 2.5, therefore, the Zeta potential of the silica 
particles is positive if the pH value of the water-based suspension is 
below 2.5, the opposite the colloidal silica is negatively charged [52]. 
The diffusion layer of the colloidal silica generated by the tribochemistry 
effect is positively charged, therefore, the colloidal silica film is adsor
bed onto the glass-ceramic surface with negative electricity, and an 
electrical double layer is formed. The glass-ceramic ball and wafer sur
face are adsorbed with colloidal silica, which leads to the same-charge 
exclusion and hydration effects. The above is the electrical double 
lubrication process. 

Eventually, no matter the hydrodynamic or electrical double lubri
cation on the friction interface can provide a rising force that counter
acts the applied load, and the real contact area between the glass- 
ceramic ball and wafer declines, resulting in the decrease of the shear 
force perpendicular to the friction interface. According to Eq. (10), it 
can be determined that the friction coefficient reduces first and then 
stabilize at about 20 min (Fig. 5). In the water, the formed water film can 
play the role of lubrication and isolation of friction pairs’ direct contact. 
The ortho-silicic acid Si(OH)4 generated in this process may improve the 
viscosity of water, further increase the carrying capacity of water film, 

and thus play a better lubrication effect than water film [53–55]. The 
interactive lubrication effects of the electrical double layer and the dy
namic fluid pressure ensure that the wet friction coefficient of the 
glass-ceramics is constant below 0.02. 

4. Conclusion 

A custom-made γ-LiAlSi2O6 glass-ceramics are prepared for a ball 
and a wafer which were used to carry out friction and wear tests in this 
paper. The water lubrication mechanisms of glass-ceramics in three 
different friction stages are summarized as follows:  

(1) In the initial stage of the wet friction process, the stress on the 
contact area between the glass-ceramic ball and wafer is 
concentrated, the rake face of the ball is rapidly worn, and the 
cutting force ratio increases, while the friction coefficient de
creases. At the same time, the friction interface forms colloidal 
silica with a lubrication function.  

(2) In the middle stage of the wet friction process, the friction area 
increases, the contact stress spreads, and mechanical wear on the 
friction interface translates to chemical wear. The worn glass- 
ceramic materials experience a synchronous process of micro- 
fracturing, oxidation and hydration, forming a colloidal silica 
film and a hydration bond network.  

(3) In the later stage of the wet friction process, the nanoscale 
colloidal silica generated by the frictional chemical reaction can 
efficiently fill the pits on the glass-ceramic surface. The hydro
dynamic film between the smooth surfaces of the ball and wafer 
plays a lubrication role. At the same time, the diffusion layers of 
the colloidal silica film adsorbed on the friction interface are 

Fig. 13. Boundary lubrication of the colloidal silica layer in the wet friction process.  

Fig. 14. SEM microphotographs of the textured surfaces after the sliding 
test [49]. 

Fig. 15. Zeta potential of wet wear debris and pH values of water-based sus
pension over time. 
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positively charged, the ball and wafer repel each other, and the 
repulsive force can set off a part of the contact load. 
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