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Abstract: Hydroxyl-polysiloxane prepolymers were prepared via refluxing
methyltriethoxysilane (METS) and dirthoxydimethylsilane (MSDS) at 75 C in the
presence of hydrochloric acid as the reactant. As-obtained prepolymers were used to
modify aluminum chromium phosphate binder; and the modified aluminum
chromium phosphate binder was adopted to fabricate bonded solid lubricating
coatings with MoS, and Sb,0; as the solid lubricants. The structure of the modified
aluminum chromium phosphate binder was investigated by infrared spectrometry and
X-ray  photoelectron  spectroscopy. The corrosion behavior of the
organosiloxane-modified phosphate solid lubricating coatings was examined by salt
spray test. Moreover, an MM-200 friction and wear tester and an Optimol SRV-IV
oscillating friction and wear tester were performed to evaluate the tribological

behavior of the solid lubricating coatings at room temperature and 500 °C. The worn
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surfaces of the solid lubricating coatings were observed and analyzed with a scanning
electron microscope. It was found that P-O-Si bond was formed in the
organosiloxane-modified aluminum chromium phosphate binder, which confirmed
that there occurs chemical reaction between hydroxyl-polysiloxane prepolymer and
the aluminum chromium phosphate binder. As a result, the flexible organic structure
bonded in the aluminum chromium phosphate binder favored to improve the
toughness, corrosion resistance and tribological behavior of the molybdenum disulfide

bonded solid lubricating coatings.

Key words: Hydroxyl-polysiloxane prepolymer; Aluminum chromium phosphate
binder; Molybdenum disulfide; Bonded solid lubricating coating; Tribological

behavior

1. Introduction

Bonded solid lubricating coating is one of major types of solid lubricating
materials, and it is widely used in the field of aviation, spaceflight and weaponry, due
to its advantages of simple preparation technology, controllable coating layer
thickness, excellent friction-reducing and anti-wear performance and high commercial

(151 Also known as dry lubricating film, bonded solid lubricating coating relies

value
on solid lubricants and anti-wear additives bonded by adhesives to reduce friction and
wear of mechanical parts. Epoxy resin, phenolic resin, and polyimide resin are
traditional organic resin adhesives suitable to bonded solid lubricating coating, while

phosphate and silicate are inorganic adhesives!'). Among various inorganic binders

phosphate binder is of particular significance, because it exhibits strong adhesion,
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67 In the meantime,

good impact resistance and low curing temperature
phosphate-bonded materials as ideal carriers have good strength, excellent dielectric
behavior, inoxidizability, and low coefficient of thermal expansion, which also adds to

7.8-11 . . . . .
8111 As a kind of inorganic binder, aluminum

the significance of phosphate binder!
chromium phosphate is able to resist to temperature as high as 1200°C"*! which
possesses its natural characteristics of high-temperature chemical stability, thermal

(67131 " Ag a result,

shock resistance, thermal insulation and oxidation resistance
aluminum chromium phosphate binder can satisfy lots of special and different
requirements and has been widely used in the fields of refractory materials,
wave-transmitting materials, composite materials and so on'"*'®). However, just as
other inorganic materials, phosphate binder has high brittleness, strong hygroscopicity

and fair load-bearing capacitym].

Dachuan Chen!" reported a refractory and
wear-resistant coating of SiC reinforced aluminum phosphate composites. Shifeng
Deng!'”! used methyltriethoxysilane precursor and aluminum phosphate to prepare
inorganic-organic hybrid materials and glass fiber reinforced composites,
methyltriethoxysilane improved the brittleness of aluminum phosphate binder and
enhanced the flexural strength of glass fiber reinforced composites. Daqing chen!'”!
utilized silicone resin to modify aluminum chromium phosphate wave-transmitting
material, which improved the mechanical properties of tensile strength, shear strength
and bending strength of material.

Viewing the abovementioned, we pay special attention to inorganic-organic

hybrid materials as potential binders of bonded solid lubricating coatings, hoping to
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acquire lowered brittleness and increased mechanical strength by combining the
flexible organic phase with hard inorganic component. In the present research,
therefore, we prepared hydroxyl-polysiloxane prepolymers (denoted as HPPS), a
category of siloxane with a low degree of polymerization, via refluxing
methyltriethoxysilane (METS), dirthoxydimethylsilane (MSDS) and hydrochloric
acid at 75 C. As-obtained prepolymers were used to modify aluminum chromium
phosphate binder, and the modified binder was finally adopted to fabricate bonded
solid lubricating coatings consisting of MoS, and Sb;O; solid lubricants (the
incorporation of Sb,O3 into MoS, bonded solid lubricating coating helps to improve
both the endurance life and antioxidant ability of the coating). Such a fabrication
strategy, hopefully, may provide bonded solid lubricating coatings with significantly
improved tribological properties. The reason lies in that the as-synthesized siloxane
possesses good thermal and thermo-oxidative stability, excellent moisture resistance,
low surface energy, good flame retardancy and good hydrophobicity, meanwhile it
contains Si-OH bond which can chemically react with aluminum chromium phosphate
binder, which makes the free rotation of chains about Si-O-Si bonds with limited
length connect up to the rigid chains of P-O-P bonds in aluminum chromium
phosphate binder. In consequence, the new molecular structure of modified aluminum
chromium phosphate binder can bear compressive and tensile force better than
original binder, and the toughness, corrosion resistance and load-bearing capacity of
phosphate coatings can be enhanced***!. This article reports the preparation of

aluminum chromium phosphate binder modified by HPPS and the bonded solid
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lubricating coatings with MoS, and Sb,O; as the lubricant fillers, and it also deals
with the tribological properties of the as-fabricated solid lubricating coatings in
relation to the effect of additive HPPS. In this solid lubricating coating system MoS,
is the main solid lubricant filler, and Sb,0Os is an effective additive instead of a
lubricant itself whose dominating roles are acting synergistically with MoS; to
improve friction and wear properties, providing a mechanically hard surface to
increase load-carrying capacity and endurance, preventing crack growth, and serving
as an oxidation barrier®**"!,
2. Experimental details
2.1 Preparation of HPPS

The mixture of METS and MSDS was placed in a round-bottomed flask heated
to 40 ‘C with a water bath and refluxed. Then a proper amount of hydrochloric acid
was added to the solution, and the reactant mixture was heated to 75 ‘C and held
there for 4 h to allow the reaction to be completed. At end of the reaction, colorless,

transparent and viscous liquid product was obtained by extraction, washing, filtration

and evaporation. The schematic plot for synthesizing HPPS is shown in Fig. 1.

(CH3),Si(0C,Hs), (CH;),Si(OH),

} H,0+HCl } Reflux
_—— —_—

CH;Si(OC,Hs)s 40i CH,Si(OH); iz

CH, CH,
. Posttreatment | |

Polycondensation > HO Si—O0—Si OH

{ CH, OH d n

HPPS

Fig. 1. Schematic diagram of the synthesis of HPPS.
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2.2 Preparation and modification of ACP binder by HPPS

A proper amount of orthophosphoric acid (H;POs) was placed in a
three-necked-round-bottomed flask and diluted with deionized water to 65% (mass
fraction; the same hereafter). Resultant solution was heated to 80 C, and then a
proper amount of chromium oxide (CrOs) was dissolved in the solution. When the
mixed solution became clear, a proper amount of aluminum hydroxide (AI(OH);) was
added and heated to 100 C and held there for 3 h to afford ACP binder. Upon
completion of the reaction, HPPS was added to the solution at a concentration of 5%,
10% and 15% and stirred for 12 h to yield HPPS-modified ACP binders. As the
reaction progressing, the organic phase and inorganic phase merged, accompanied by
gradual variation of the solution color from rufous to viscous atrovirens.
2.3 Preparation of bonded solid lubricating coatings

MoS, and Sb,O; were homogeneously dispersed in ACP binder or
HPPS-modified ACP binder, which with a MoS,/Sb,O3 molar ratio of 8.5:1. The
mixed paint was ground and then sprayed onto 45" steel (30 mm x 7 mm x 6 mm)
block and GH4169 steel disc (24 mm in diameter and 7.8 mm in thickness) with a
spray gun operating with 1.5 MPa N, gas. Corresponding bonded solid lubricating
coatings were denoted as SI0, SIS, SI10 and SI15, where the numeral suffixes (0%,
5%, 10% and 15%; see Table 1) refer to the content of HPPS in HPPS-modified ACP
binders. Prior to coating preparation, the steel substrates were roughened by
sandblasting to a surface roughness (Ra) of 2.00+0.20 um and ultrasonically cleaned

with acetone for 15 min. The coating specimens were sequentially cured at 120 C
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for 2 h and at 310 ‘C for 1 h in a muffle furnace to affording as-fabricated bonded
solid lubricating coatings with a thickness of 25~30 pum (measured with a coating
thickness gauge).
2.4 Friction and wear tests

An MM-200 friction and wear tester was performed to evaluate the room
temperature tribological behavior of the bonded solid lubricating coatings in a
ring-on-block contact configuration. The counterpart GCrl5 bearing steel ring (outer
diameter #40 mm, inner diameter @16 mm; wall thickness 10 mm) was driven by an
electric motor to slide against the coated 45" steel blocks at a normal load of 980 N, a
rotary speed of 200 revolution/min (rev/min; linear speed 0.42 m/s) and a sliding time
of 60 min. An Optimol SRV-IV oscillating friction and wear tester was used to
evaluate the high temperature tribological behavior of the coatings in a ball-on-disc
contact configuration. A commercially available Al,O; ball (diameter 9.8 mm;
hardness 1650 HV) as the counterpart was driven to slide against the coatings on the
GH4169 steel disc at a reciprocating distance of 1 mm, an oscillatory frequency of 5
Hz, a normal load of 10 N, a sliding duration of 30 min, and an elevated temperature
of 500 °C. The friction coefficients were automatically measured and recorded by the
computer connected to the test rig. A Nano Map 500LS contact surface mapping
profiler was performed to measure the cross-section profile of the worn surface of the
tested coating specimens. The wear volume loss is determined as AV = AL (A refers to
the cross-section area (unit: mm?) of the wear track and L (unit: mm) refers to the

length of the wear track). The wear rate (unit: mmS/(N'm)) is calculated as Ws =
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AV/SF, where S refers to the total sliding distance in m and F is the applied load in N.
The friction and wear tests of each coating specimen were repeated three times under
the same condition to obtain reliable data with minimized scattering. The averages of
the repeat tests are cited in this article.

A Nicolet NEXUS FTIR spectrometer was performed to record the Fourier
transform infrared (FTIR) spectrum of HPPS in the wave number range of 4000-400
cm” (KBr pellets were used). A PHI-5702 multifunctional X-ray photoelectron
spectroscope (XPS) was employed to identify the chemical structure of
HPPS-modified ACP binder (monochromated Al Ka radiation; pass energy 29.4 eV),
and the binding energy of carbon contaminant (Cls: 284.8 eV) was adopted as the
reference. Thermogravimetric—differential scanning calorimetric (TG-DSC) analysis
of the ACP binder from room temperature to 1000 C under air environment was
performed with a Netzsch STA-409 PG/PC Jupiter Analyst (heating rate: 10 “C/min).

The morphologies of surface and worn surface of the coatings were analyzed
with a JSM-5600LV scanning electron microscope (SEM; acceleration voltage: 20
kV). The corrosion resistance of the coatings on the stainless steel substrates (50 mm
% 120 mm % 0.2 mm) was examined with an SST-9NL salt spray cabinet. The aqueous
solution of 3.5% NaCl was used as the corrosive medium. The coating specimens
were fixed on the holder at an angle of (65+5) °; and temperature and pressure of the
cabinet were fixed at (35£2) ‘C and 70-170 kPa). Prior to the corrosion tests, all the
coating specimens were cleaned with acetone and dried in air.

3. Results and discussion
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3.1 Effect of HPPS on the chemical structure of ACP binder

Fig. 2 displays the FTIR spectra of HPPS. The absorption band at 2975 em” is
assigned to C-H stretching vibration, the sharp peak at 1268 ¢cm™ is due to CHj
bending vibration of Si-CHj group, and the band at 799 cm™ is attributed to Si-CHj
rocking vibration®™. The broad band at 1000-1130 cm™ corresponds to Si-O-Si
stretching vibration, and the peak at 961 cm™ belongs to Si-OH bending vibration'*”!.

These FTIR data suggest that polycondensation reaction takes place between METS

and MSDS to afford HPPS during the refluxing process.

) N

961
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<
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Fig. 2. FTIR spectrum of HPPS.
Fig. 3 presents the FTIR spectra of unmodified ACP binder and HPPS-modified
ACP binder. Unmodified ACP binder shows a strong band of P=O asymmetric

stretching at 1243 cm™ and a weak band of P=O symmetric stretching at 1170 cm’
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(Fig. 3a), which could be related to the phase transition from Al(H,PO4); to
AIH;,P30¢-2.5H,0 during curing process. In the meantime, the asymmetric stretching
band of linear P-O-P chain at 950 cm™ shifts to 980 cm™ in association with the
decrease of the content of hydroxyl, also due to the effect of curing **\. The board and
overlapped band at 1000-1250 cm™ in Fig. 3b is assigned to Si-O-Si, P-O-P, P-O-Si
and P=0 B Besides, the bands at 1268 cm™ and 961 c¢cm™, corresponding to CHj
bending vibration in Si-CHj; and Si-OH bending vibration, remain unchanged after the

ACP binder is modified by HPPS. The absorption band at 778 cm™ becomes boarder,

due to overlapping of cyclic P-O-P symmetric stretching and Si-CHj rocking vibration.

The peak nears 1070 cm™ is assigned to P-O stretching vibration in P-O-P and P-O-Si
linkages, whereas the band near 1020 cm™ arises from Si-O stretching vibration in
Si-O-Si and P-O-Si linkages[3 %1 These consequences demonstrate that ACP binder and
HPPS react chemically, thereby forming P-O-Si bond during modification of ACP

binder by HPPS.
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Fig. 3. FTIR spectra of ACP binder (a) and HPPS-modified ACP binder (b).

In order to further approve the presence of P-O-Si bond in HPPS-modified ACP
binder, we conducted relevant XPS analysis. Fig. 4 shows the XPS Si2p spectrum of
the modified ACP binder. The XPS Si2p spectrum can be decomposed into three
portions. Namely, the Si2p peak at 101.2 eV belongs to Si-OH, the peak at 101.9 eV
corresponds to P-O-Si, and the one at 102.5 eV refers to Si-O-Si®*. The binding
energy of Si2p in P-O-Si is higher than it in Si-OH, possibly because P exhibits a
higher electronegativity than H, the bonding of P-O-Si results in that the superficial
electron cloud of Si atom occurs excursion to one end of P atom, the electron density
around Si atom decreases and the shielding effect between electrons of Si reduces,
thereby leading to increased binding energy of P-O-Si bond, which is higher than the

binding energy of Si-OH (34351 These XPS data further confirm that there is P-O-Si
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bond in HPPS-modified ACP binder.

— orignal data
e curve fit

P-O-Si )
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Fig. 4. Si2p XPS spectra of HPPS-modified ACP binder.

Combining the abovementioned FTIR data with XPS data, we can conclude that
HPPS is chemically bonded with the ACP binder to generate HPPS-bonded ACP
binder. Namely, the modification of ACP binder by HPPS is a kind of chemical
modification, and it is based on the embedding of the flexible organic group

(Si(CH3),08SiCH;30), of HPPS in the ACP binder as follows:

A PoLd
H o— sli —0— Ti OH+ mAIH,| O— }|>—o— 1|>—0— I|>—0‘ —_—
CH; OH |n o o o)

|| | |
mAIH,| O— I|>—o 1— o— SI%O— 1|>—o 1— o— 51 o— 1|>—0'
o OH/n, O OH n, O
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3.2 Mechanical properties and surface morphology of bonded solid lubricating
coatings

The mechanical properties of the as-fabricated bonded solid lubricating coatings
are listed in Table 1, where the adhesion between the coating and substrate were tested
according to “paints and varnishes-cross cut test for films (Chinese National Standard
GB/T 9286)”, the flexibility of the coating was measured according to “determination
of flexibility of films (Chinese National Standard GB/T 1731)”, and the
impact-resistance ability of the coating was evaluated according to “determination of
impact resistance of films (Chinese National Standard GB/T 1732)”.

From Table 1, it can be found that the series of coatings are kept consistence in
thickness and roughness, which is for the sake of the comparability of experimental
results. According to the inspection standards of films, all of the as-fabricated bonded
solid lubricating coatings reach the highest standards, as a result the as-fabricated
coatings can be used as solid lubricating coatings.

Table 1 Main mechanical properties of the bonded solid lubricating coatings.

Coating Thickness Ra (um) Adhesion strength Flexibility Impact
(um) (grade) (mm) resistance (cm)
S10 25-30 2.00+0.20 0 1 50
SIS 25-30 2.00+0.20 0 1 50
SI10 25-30 2.00+0.20 0 1 50
SI15 25-30 2.00+0.20 0 1 50

The SEM images of various as-fabricated bonded solid lubricating coatings after
curing are displayed in Fig. 5. It is seen that the coatings are mainly composed of gray

and deep gray lumps (Fig. 5a and Fig. 5b). The gray lump refers to Sb,Os, since Sb
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element has a high atomic number and looks bright in the back electron image (BEI).
The deep gray lump refers to lamellar MoS,, and it seems that Sb,O; and MoS, are

uniformly dispersed in both unmodified ACP binder and HPPS-modified ACP binder.

Fig. 5. SEM micrographs of as-fabricated bonded solid lubricating coatings: (a) back

electron image of SI0 coating and (b) back electron image of SI5 coating as well as
(c-f) SEM micrographs of coatings SI0, SI5, ST10 and SI15.

A close observation of Fig. S5c-f indicates that there are many pores on the
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surface of SIO coating, and this coating has a loose microstructure (Fig. 5c). Besides,
fewer pores are present on the surface of SIS coating, and the compactness of this
coating is better than that of SI0 coating (Fig. 5d). As the content of HPPS in the
HPPS-modified ACP binders rises, the SI10 and SI15 coatings tend to be nearly free
of pores on the surfaces, and their compactness rise therewith (Fig. 5e and Fig. 5f).
Thus it can be inferred that the chemical reaction between ACP binder and HPPS
facilitates the formation of a three-dimensional network structure, thereby resulting in
better dispersion of the lubricant fillers in the binder as well as increased compactness
of the bonded solid lubricating coatings.

Fig. 6 shows the photographs of the bonded solid lubricating coatings after salt
spray test for different duration. It can be seen that, along with the increase of the
content of HPPS in HPPS-modified ACP binder, the corroded area of the coatings
reduces gradually, which indicates that modifying ACP binders with HPPS helps to
improve the corrosion resistance of the bonded solid lubricating coatings to some
extent. This is because, on the one hand, increasing content of HPPS in the modified
ACP binder helps to increase the compactness of the bonded solid lubricating coatings
thereby affording improved corrosion resistance. On the other hand, HPPS is
hydrophobic®® and can promote the hydrophobicity of the coatings, which also favors

to improve the corrosion resistance of the coatings.
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original coatings 24h 72h

Fig. 6. The photographs of bonded solid lubricating coatings after salt spray test for
different duration (a, e and i refer to SIO; b, f and j refer to SI5; ¢, g and k refer to
SI10; and d, h and 1 refer to SI15).

3.3 Effect of HPPS on the tribological properties of the bonded solid lubricating

coatings at room temperature

Fig. 7 presents the friction coefficients and wear rates of a series of as-fabricated
bonded solid lubricating coatings at room temperature. It can be seen that the friction
coefficients reduce firstly and then increase with the increase of HPPS content of
HPPS-modified ACP binder, and the largest value of 0.049 is observed for SI15

coating. As to those coatings cured with the modified binders containing more than
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5% HPPS, the friction coefficient is higher than that of the coating cured with
unmodified ACP, and SIS coating exhibits the lowest friction coefficient value of
0.043. Moreover, the wear rate of the coatings varies with varying HPPS content in
similar manner, but the wear rate of the coatings cured with HPPS-modified ACP
binder is lower than that of the coating cured with unmodified ACP binder. Similarly,
as shown in Fig. 8, 2D wear track of SI5 coating is smoother than that of other three
coatings. The profile of worn surfaces become rugged with the HPPS content
increasing. The reason may lie in that the modified ACP binder possesses flexible
inorganic-organic structure and good load-bearing capacity, thereby providing better
wear resistance of the coatings. Particularly, SIS coating exhibits the lowest wear rate
among various tested coatings, which means that the optimum volume fraction of

HPPS in the HPPS-modified ACP binder should be 5%.
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Fig. 7. Friction coefficients and wear rates of various bonded solid Iubricating

coatings which were tested on the MM-200 friction and wear tester at room

temperature.

Fig.8. 2D contact profile of worn surfaces of (a) SIO, (b) SIS, (c) SI10 and (d) SI15
solid lubricating coatings tested on the MM-200 friction and wear tester at room
temperature.

Fig. 9 shows SEM micrographs of the worn surfaces of various bonded solid
lubricating coatings after friction tests at room temperature. It can be seen that
lubricating film is formed on the worn surface of SI0 coating due to grind of the soft
MoS, solid lubricant (Fig. 9a), but the lubricating film in this case shows sings of
brittle fracture and delamination as well as slight plastic deformation, which suggests
that the main wear mechanism of SI0 coating is dominated by adhesive wear and
plastic deformation. As a consequence the wear rate of SI0 coating is the highest.
Similarly, lubricating films are observed on the worn surfaces of various coatings
cured with HPPS-modified ACP binders (Fig. 9b-d), but few signs of brittle fracture,
delamination or plastic deformation are detected for these coatings. It indicates that
appropriate additive amount of HPPS promotes a better capacity of HPPS-modified

ACP binders to disperse fillers than pure ACP binder, which makes MoS; form
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lubricating film more easily as shown in Fig. 9b. Whereas, due to the additive amount
of HPPS increasing, the capacity of lubricating film formation is impeded and
lubricating films decrease in the wear tracks of SI10 and SI15 which are displayed in
Fig. 9c and d. Therefore, SIS coating has the lowest friction coefficient and friction
coefficients of SI10 and SI15 coatings are higher, evenly exceed SI0 coating. More
importantly, reduction of brittle fracture, delamination and plastic deformation of the
HPPS-modified coatings owes to the structure and mechanical properties of
HPPS-modified ACP binders which improve compactness, toughness and
load-bearing capacity of the solid lubricating coatings. Therefore, HPPS-modified
ACP binders are favorable for inhibiting the brittle exfoliation and delamination of the
bonded solid lubricating coatings. The bonded solid lubricating coatings cured with
HPPS-modified ACP binder are dominated by adhesion wear, and their degree of
damage caused by adhesion wear seems to rise with increasing content of HPPS in the
modified ACP binder, which explains that the wear rates of HPPS-modified coatings

are lower than SI0 and with the HPPS amount increasing the wear rate rises.
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£

Fig. 9. SEM micrographs of the worn surfaces of various bonded solid lubricating
coatings cured with HPPS-modified ACP binders containing different content of
HPPS at room temperature (a: SI0, b: SI5, c: SI10, and d: SI15).

3.4 Effect of HPPS on the thermal stability and tribological properties of the

bonded solid lubricating coatings at 500 C

The thermogravimetric—differential scanning calorimetric (TG—DSC) curves of
unmodified ACP binder and the ACP binder modified with 5% HPPS are shown in
Fig. 10. It can be seen that unmodified ACP binder and the modified ACP binder
exhibit similar TG and DSC curves. Namely, they both show an endothermic peak
near 200 ‘C, due to the dehydrolytic condensation of monoaluminum phosphate
(Al(H,PO4)3) generating aluminum hydrogen phosphate (AIH3(POy),). Besides, they

undergo a transition to type B aluminum metaphosphate (Al(PO;);) near 250 C,
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which corresponds to an endothermic peak thereat. The transition to type A aluminum
metaphosphate (Al(POs);) begins at 700 C and completes at 900 °C, which is in
accordance with that reported elsewhere®®”!. Differing from neat ACP binder, the
modified ACP binder shows a small exothermic peak near 300 ‘C, and this
exothermic peak corresponds to the oxygenolysis of CH; in HPPS. Moreover, the
modified ACP binder provides slightly fewer residue than the neat ACP binder, which

38,39 .
I Therefore, it can

is possibly also attributed to the oxygenolysis of CHj in HPPS!
be concluded that the HPPS modifier almost has no influence on the thermal stability

of ACP binder.
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Fig. 10. TG-DSC curves of unmodified ACP binder and ACP binder modified
with 5% HPPS.

Fig. 11 shows the typical friction coefficient curves of a series of solid
lubricating coatings at 500 °C . The lifetime of the coatings cured with
HPPS-modified ACP binder is longer than that of the coating cured with neat ACP
binder by about 50%, which demonstrates that the HPPS modifier is favorable for
improving the wear resistance of the bonded solid lubricating coatings at 500 ‘C. The

average friction coefficients and wear rates are determined for three repeated
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measurements of 20min duration at the same test condition at room temperature and
500 ‘C, as shown respectively in Fig.12. Similar to that shown in Fig. 12a, SI5
coating exhibits the lowest friction coefficient of 0.326 at 500 ‘C, and the friction
coefficient rises with increasing content of HPPS and even exceeds the value of SIO
coating. Moreover, SIO coating has the largest wear rate at 500 ‘C, and SI5 coating
has the lowest wear rate (5.04 x 107 mm3/(N-m)) thereat. From Fig. 13, it can be seen
that the 2D profile of wear track of SIS coating is the glossiest and the cross-sectional
area of it is the smallest, which demonstrates SI5 coating has the lowest wear rate
form another side. These friction and wear test data prove that the bonded solid
lubricating coating cured with ACP binder modified by 5% HPPS exhibits the best

wear resistance at room temperature and elevated temperature of 500 C as well.
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Fig. 11. Friction coefficient-sliding time curves of a series of SI coatings which were
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tested on the Optimol SRV-IV oscillating friction and wear tester at 500 C.
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Fig. 12. Friction coefficients and wear rates of various bonded solid lubricating

coatings which were tested on the Optimol SRV-IV oscillating friction and wear

tester at (a) room temperature and (b) 500 C.
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Fig.13. 2D contact profile of worn surfaces of (a) SI0, (b) SIS, (¢) SI10 and (d) SI15

solid lubricating coatings tested on the Optimol SRV-IV oscillating friction and wear
tester at 500 C.

Fig. 14 shows the SEM images of the worn surfaces of various bonded solid
lubricating coatings after sliding for 20 min at 500 C. It can be observed that
discontinuous lubricating film is formed on the worn surface of SI0 coating, and this
coating is dominated by delamination in association with the generation of a large
amount of wear debris (Fig. 14a), which is related to the damage of the lubricating

[11,40]

film and the oxidation of MoS, forms hard oxide particles generating wear debris,
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causing delamination of brittle oxides and three-body abrasion wear of the coating. As
to the bonded solid lubricating coating cured with 5% HPPS-modified ACP binder, a
continuous lubricating film is formed on the greatly smoothened worn surface, and
the coating is dominated by slight abrasive wear and micro-ploughing (Fig. 14b),
which well corresponds to its lowest friction coefficient and wear rate. When the
HPPS content of the modified ACP binder increases to 10% and 15%, corresponding
bonded solid lubricating coatings show deep grooves and pits on worn surfaces (Fig.
14c and Fig. 14d), which corresponds to the decrease of the continuity of the
lubricating films as well as the slight increase of the friction coefficient and wear rate
as compared with SI5 coating. Obviously, brittle fracture and delamination of
HPPS-modified coatings decrease heavily as same as the situation at room
temperature. It can be concluded that at 500 ‘C HPPS-modified binders play roles of
enhancing the toughness, compactness and load-bearing capacity similarly, which
improves the wear resistance of the coatings. Moreover, it seems that the damage of
the bonded solid lubricating coatings caused by abrasive wear at elevated temperature
of 500 C becomes more severe as the HPPS content of the modified ACP binder
rises from 10% to 15%. Thus it can be concluded that, adding HPPS to ACP binder
helps to enhance the friction-reducing and anti-wear properties of the bonded solid
lubricating coatings at 500 ‘C. The optimal HPPS content of the modified ACP
binder is suggested as 5%, and increasing HPPS content above this level worsens the
tribological properties of the bonded solid lubricating coatings to some extent owing

to the decrease of the continuity of the lubricating film on worn coating surface as
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well as the enhancement of the abrasive wear damage.
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Fig. 14. SEM micrographs of the worn surfaces of bonded solid lubricating coatings
cured with HPPS-modified ACP binders with different content of HPPS at 500 C (a:
SIO, b: SIS, c: SI10 and d: SI15).

4. Conclusions

Hydroxyl-polysiloxane prepolymers were synthesized and used to modify
aluminum chromium phosphate binder. Resultant HPPS-modified ACP binders were
adopted to fabricate bonded solid lubricating coatings on mild steel substrate and
high-temperature steel with MoS, and Sb,0; as the solid lubricants. The tribological
properties of the bonded solid lubricating coatings sliding against GCr15 steel ring
and ALO; ball at room temperature and 500 ‘C were evaluated. The main

conclusions are drawn as follows:
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(1) HPPS and ACP binder react chemically to generate flexible organic specie
(Si(CH3),08SiCH30),, thereby forming network-like structure of HPPS-modified ACP
binder through P-O-Si linkage.
(2) The bonded solid lubricating coatings cured with HPPS-modified ACP binder are
more compact than the one cured with neat ACP binder, because the HPPS-modified
ACP binder is capable of forming three-dimensional inorganic-organic network
structure and allows enhanced dispersion of the lubricant fillers.
(3) Because of the increased coating compactness and the hydrophobicity of HPPS
itself, the bonded solid lubricating coatings cured with HPPS-modified ACP binder
exhibit enhanced corrosion resistance than the coating cured with neat ACP binder.
(4) The bonded solid Iubricating coating cured with 5%HPPS-modified ACP binder
exhibits the best friction-reducing and anti-wear properties at room temperature and
500 C, which means that the optimal HPPS content of the modified ACP binder
should be 5%. When the HPPS content increases to 10% and 15%, the tribological
properties of the bonded solid lubricating are worsened to some extent as compared
with SIS coating, due to enhanced abrasive wear damage therewith..
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