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Abstract: High-temperature solid lubricants play a significant role in the hot metal forming process.
However, preparing high-temperature solid lubricant is formidably challenging due to the stern working
conditions. Here we successfully develop a new type of eco-friendly high-temperature graphite-based
solid lubricant by using amorphous silica dioxide, aluminum dihydrogen phosphate, and solid lubricant
graphite. The solid lubricating coating exhibits excellent tribological properties with a very low friction
coefficient and good wear protection for workpiece at high temperature under the air atmosphere. An
array of analytical techniques reveals the existence of solid lubricant graphite in the lubricating coating
after the high-temperature friction test. A synergistic effect between the protective surface film and the
solid lubricant graphite is proposed to account for such superior lubricating performance. This work
highlights the synergistic effect between the protection layer and the lubricant graphite and further
provides the insight in designing the high-temperature solid lubricant.

Keywords: graphite-based solid lubricant coating; high temperature; air atmosphere; high lubricating

performance

1 Introduction

Metal forming is vital to manufacturing metals into
various shapes for different applications. Among
factors affecting the metal forming process, the
friction between the metal and the mold plays a
critical role. Friction determines the required force
and, thereby, the energy needed to influence the
intended changes of the shape through the bulk
deformation of the workpiece. It also affects the
stress and strain distribution and, hence, the quality
of the final product. Generally, friction in metal
forming processes is complicated as it depends on
many variables. Among those variables, the lubricant
is one of the critical parameters, which have been
widely employed not only to reduce the friction
and wear of workpiece and forming tools but also
to promote the flow of metal and to aid the release
of the finished parts [1-3]. During the hot metal

forming processes, however, conventional lubricants
like oil-based lubricants do not work since they
would burn when they reach the surface of the hot
material. Therefore, solid-lubricating materials with
a low friction coefficient and high wear resistance,
as well as high efficiency and long durability over
a relatively high temperature are required [4, 5].
High-temperature solid lubrication, although known
for centuries, remains one of the formidable challenges
encountered in the tribology field due to the difficulty
in designing novel lubricating base materials [6, 7].
So far, graphite, molybdenum disulfide (MoS2), and
polytetrafluoroethylene (PTFE) are the conventional,
and predominant base lubricants with the highest
cost efficiency [8]. Among them, graphite is most
widely employed due to the relatively better lubricant
performance resulted from the easy sliding behavior
associated with weak Van der Waals bonds between
layers and from its highly stable structure due to
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the strong covalent bond within the layer, as well
as its self-lubricating and dry lubricating properties
[8-11]. Besides, its high thermal conductivity further
facilitates its widespread application in high-
temperature processing procedures [12]. In spite of
the aforementioned advantages in the lubricating
field, however, graphite is inferior in oxygen resistance
at the elevated temperature in the ambient atmosphere
[13-15]. Specifically, graphite is easily oxidized to
carbon monoxide (CO) beyond 400 C and carbon
dioxide (CO.) above 500 C. Even worse, graphite
is seriously degraded to form CO; beyond 700 C
[16-18]. Therefore, those deteriorating reactions lead
to a reduction in the shearing strength of graphite
and a corresponding increase in pore volume and
permeability. The resulting rise in the porosity would
accelerate the oxidation of graphite due to the
increased contact with oxygen. In addition, the
removal of CO and CO; from the surface could
further promote the oxidation reaction and the
burnout of graphite [19]. Given those detrimental
factors, graphite has been mainly employed as a
lubricant for medium-temperature metal forming
processes like casting [20], forging [21, 22], and
extrusion [23], etc. In contrast to the medium-
temperature application, however, the excellent
lubrication performance and economic efficiency
also enable the potential utilization of graphite at
higher temperature lubricant fields, which otherwise
requires a significant improvement of the poor
oxygen resistance. In order to ameliorate the oxygen
resistance behavior, therefore, extensive research
has been performed to establish fundamentals in
stabilizing the graphite at high temperatures [24-29].
So far, various approaches have been proposed to
realize this improvement by depositing anti-oxidation
ceramic coatings on graphite substrate via complicated
and costly methods, like pack concentration, plasma
spraying, slurry-sintering, low-pressure chemical
vapor deposition, and hydrothermal electrophoretic
deposition. Many specific examples have been reported
such as deposition of multilayer coating, the formation
of glass-type or metallic coating subjected to chemical
transformations via thermal treatment, and impre-
gnation of glass-forming compounds [30].

The deposition coating could provide a protective
barrier blocking the direct contact of carbon with

environmental oxygen, especially at high temperatures.
The reported compounds used for the protective
coating include refraction metals such as W, Re,
Mo, Nb, Hf, Ti, Zr, their oxides, silicides, borides,
carbides, nitrides, and the corresponding composites
[24, 30, 31]. Among them, SiC [32] and MoSi, [33]
are the most efficient against high-temperature
oxidation due to the formation of a silicon dioxide
(5i0:)-based gas-impermeable oxide film during
high-temperature processing. Theoretically, such
coating can protect the carbon-based material against
oxidation in the air up to 1,800 C beyond which
the protective film undergoes a failure of fracture.
Despite its effective protection at such high tempe-
ratures, the performance within the temperature
range between 800 and 1,200 C is unsatisfactory
due to the defects like cracks and holes generated
during the preparation process or cooling stage.
Those formed defects could not be healed at this
temperature range because of the high viscosity of
the SiO,-based layer. The unhealed defects could
provide further channels for oxygen diffusion, leading
to the oxidation of carbon substrate and the subsequent
deterioration of the lubrication behavior [34]. It is
well known that the temperature range of 800-1,200 C
is the most common in industrial fields, which nece-
ssitates the design of solid lubricants demonstrating
better lubrication performance within this temperature
window.

In this work, we choose the unmodified graphite
as the base lubricant, amorphous SiO; as the protective
filler, and aluminum dihydrogen phosphate
(Al(H2PO,)s) as the binder and mix them homogeneously
in the water to prepare graphite-based solid lubricating
coatings at the room temperature. The prepared
coating exhibited superior lubricant behavior with
a very low coefficient of friction (COF) and high
wear resistance, as well as the absence of environ-
mentally hazardous compounds at high temperatures
even under ambient conditions. The evaluation via
various analytical techniques like micro-Raman,
X-ray diffraction (XRD), thermogravimetry-Fourier
transform infrared spectroscopy (TG-FTIR) and
scanning electron microscopy (SEM) illustrates the
protective effect of the composite coating for the
interior graphite against its oxidation, thus enabling
the superior lubricating performance.
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2 Experimental
2.1 Preparation of the solid lubricating coating

Amorphous SiO; was prepared via the precipitation
method with sodium silicate and acid as raw materials,
and surfactant dodecyltrimethylammonium bromide
(CTAB) as a template, and ethanol aqueous solution
as a solvent. The mixture underwent reactions at
about 50 C, and then the precursor was centrifuged,
washed, dried, and finally sintered in a muffle furnace
at an appropriate temperature. After cooling to room
temperature naturally, the amorphous SiO; could be
obtained. The as-synthesized SiO, then was used as a
protective filler, without further treatment, to prepare
solid lubricating coatings.

The flake graphite with an average size of 10-30 um
(Sinopharm Group) and inorganic powder alu-
minum dihydrogenphosphate (Al(H.PO4);) (Aladdin)
was employed as a base lubricant and binder,
respectively, without any further treatment from
the purchase. The composite lubricant was prepared
from the homogeneous mixture of graphite, amorphous
SiO,, binder, and water under an appropriate mass
ratio. The as-prepared slurries were then ready for
the coating preparation.

A titanium alloy (TC4) disc with a radius of 25.07 mm
and a thickness of 6.0 mm were employed as the
substrate of the lubricant coating. Before coated, the
disc was cleaned and polished and then ultra-
sonically cleaned by acetone and ethanol successively
with each for 10 min to remove the pollutants on
the substrate. Then, about 20 drops of the slurries
were brushed onto the surface of the cleaned friction
counterparts, followed by drying in the oven under
70 C for around 2 h. Then the composite coatings
bonded to the metal surface were formed with a
thickness of 80-120 um. The well-prepared coated
discs were employed in subsequent friction tests.

2.2 Friction tests

High-temperature ball-on-disc tests were carried
out by RTEC Tribolab Equipment under the air
atmosphere. The heating processes proceeded as
follows: the disc sample was automatically heated
from room temperature to various target temperatures

(700, 800, and 900 °C), and then kept at each target
temperature for 30 min. Then the friction experiment
started simultaneously with the onset of the loading.
The silicon nitride (SizN,) ball (9.525 mm in diameter)
was chosen to slide rotationally with a radius of 17
mm against the solid lubricating coating on the
TC4 disc, and a normal loading of 100 N, and three
different sliding speeds (60 mm/s (or 34 rpm), 90 mm/s
(or 51 rpm) and 120 mm/s (or 68 rpm)). For each test,
the sliding duration was 300 s. The obtained COF
of silicon nitride (SisN4) ball against coated TC4 disks
were recorded automatically. After cooling to room
temperature naturally, the samples were taken out
for the following characterization otherwise mentioned
specifically. All the tests were reproduced at least
three times for each condition to confirm the
reproducibility of the results.

2.3 Characterization

The phase evaluation was accomplished by powder
XRD (pXRD) patterns collected by scanning from
10° to 90° (20), using a step size of 0.02°, at a rate
of 2.0 (°)/min 26, in a Bruker D8 Advance diffractometer
operating at 40 kV and 40 mA with Cu Ka radiation
(A =1.5418 A). The thermal stability of the lubricating
coating and the corresponding released gas was
assessed by TG-FTIR with a joint analysis system
consisting of a Thermogravimetric Analyzer (TGA,
Netzsch STA 449F3) and a Fourier transform infrared
spectroscopy (FTIR, Bruker VERTEX70v). During
the experiment, the gases were transferred into the
FTIR-gas cell of the Bruker TGA-IR Accessory Unit
equipped with a detector via a heated stainless steel
transfer line held at 200 “C. FTIR spectra were collected
every 30 s in the wavenumber range between 4000
to 650 cm~'. The morphology of the surface and the
elemental distribution within the coating were obtained
using a Quanta200 SEM equipped with an energy
dispersive X-ray spectrometer (EDS). The local chemical
structure of the wear track after the tribological
test was studied by a Raman spectroscopy (Horiba
JobinYvon HR800) with an Ar* laser wavelength of
532 nm. The cross-section specimens used for the
SEM study were prepared by using a line cutting
machine firstly. Then the cut sample was mounted
in epoxy resin. After the curing of the resin, the
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mounted sample was ground as well as polished to
refine the surface so that it can meet the requirements
of the SEM test.

3 Results and discussion

In order to investigate the tribological behavior of
the solid lubricating coating at different sliding
speeds, the friction test was conducted with different
sliding speeds under the same temperature of 900 C
(Fig. 1(a)). The COF profile can be generally divided
into two parts: the running-in period and the steady
period. During the running-in period, the COF
fluctuated heavily due to the intensive deformation
at the contact interface, while the COF remained
relatively stable in the steady period since a dynamic
balance was reached with a stable coating formed
at the interfacial area. The COF of all different sliding
speeds diminished sharply from the high initial
value of around 0.43 to ~0.10 in a few seconds. Then,
COF remained around 0.10 during the initial run-in
period with different time span. Finally, the COF
decreased to a relatively steady and smaller value
for the rest testing process with less than 0.08 at
60/120 mm/s and 0.05 at 90 mm/s (Fig. 1(a)). The
average friction coefficients at different sliding speeds
obtained via the accessory software of the RTEC
Tribolab Equipment were tabulated in Table 1. It is
noticeable that the average friction coefficients were
small in spite of the different speeds, reflecting the
prepared lubricating coating could be used within
a wide sliding speed range. In addition, the operational
temperature is vital for the tribological properties.
Therefore, the tribological behavior at different
temperatures was also investigated (Fig. 1(b)). It is
obviously seen that the COF plots for the experiments
at 700 and 800 C displayed a similar evolutionary
trend, yet with a much smaller starting value of ~0.23.
Moreover, the COF profiles were even smoother
with values smaller than 0.05 after the initial run-in
process, reflecting a better lubricating performance
at 700 and 800°C (Fig. 1(b)), which was further
confirmed by the calculated average friction coefficients
of 0.0511 and 0.0411 at 700 and 800 °C, respectively,
under the sliding speed of 90 mm/s (Table 1). This
behavior could be related to the amount of the re-
maining graphite owing to the graphite loss derived

from its vigorous oxidation under air condition at
elevated temperature. With the increase of temperature,
an accelerated loss of the graphite resulted in a
large decrease in the lubricity property of the prepared
coating and a more pronounced fluctuation of the
COF curve. Therefore, the operating temperature
has a significant effect on the lubricating behavior
relative to the sliding speed. Given all components
in the lubricating coating, this distinguished tribological
performance exhibited by the prepared solid
lubricating coating was proposed to be due to the
presence of the graphite, which would be discussed
later. Altogether, the prepared solid lubricating
coating has the potential as a lubricant for practical
application in the metal forming field.

In order to explore the adhesion of the coating
to the substrate, the images of the specimens at
different states were compared (Fig. 2). It can be
clearly observed that the coating was well bonded
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Fig. 1 COF profiles for the prepared solid lubricating coating
at (a) 900 C with different sliding speeds and (b) different

temperatures under the same sliding speed of 90 mm/s.

Table 1 Average friction coefficients under different friction

tests.
temp:l;f:::;f (C) Sllc(li;lli/s _f)eed Average COF
700 90 0.0511
800 90 0.0411
60 0.0993
900 90 0.0482
120 0.0726
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to the TC4 disc based on the integrity of the coating
on the pristine sample. After the friction test with
the sample cooling down from 900 to about 200 C,
the coating was still well bonded to the substrate
(Fig. S1(a) in the Electronic Supplementary Material
(ESM). When the sample was at room temperature,
however, part of it began to crack and finally peeled
off from the substrate (Fig. S1(b)). In contrast, the
coating remained complete except for the appearance
of the wear tracks after friction tests at 700 and 800 C
as shown in Figs. 2(b) and 2(c). In addition, the
wear tracks showed much more brightness of the
metallic luster of samples tested at 700 and 800 C,
which will be discussed in the following section.
Herein, the sample tested at 900 'C and 120 mm/s
was selected as a representative to investigate in-depth
due to good triboloical properties at such a harsh
condition in comparison with those at 700 and 800 C
temperature.

As discussed above, the low COF is possibly ascribed
to be the presence of the graphite. In order to validate
the existence of the graphite in the wear track of
the solid lubricating coating after the high-temperature
friction test, hence, the micro-Raman spectroscopy
was employed (Figs. 3 and 52). In general, the micro-
Raman spectroscopy is used as one of the most
powerful and distinguished techniques to evaluate
the structural and electronic properties of graphite
[35, 36]. The information on the typical peaks could
provide valuable hints to identify the existence of
the graphite. Herein, the Raman spectrum of the
pristine coating was first measured and then used
for comparison. The observed peaks centered at
1,355, 1,581, 1,623, and 2,710 cm™! correspond to the
disorder-induced D band, characteristic G band,
defect-related D’ band, and the second-order 2D
band of the graphite, respectively [37, 38], which is

Images of the prepared solid lubricating coating (a) at the pristine state and (b—d) cooling to the room temperature after
the friction tests at different high-temperatures.

consistent with the presence of the graphite in the
pristine coating. In comparison with the pristine
coating, the similar Raman spectra of wear tracks
after the friction test at 700/800 ‘C (Fig. S2) and
900 C (Fig. 3(b)) unambiguously demonstrated
the existence of the graphite in the wear track after
the friction test at high temperature.

In order to assess the phase compositions in the
solid lubricating coating, pXRD profiles of the well
ground powder sample partially peeled off from
the coating after the friction test at 900 C, as well
as the amorphous SiO;, the references were collected
(Fig. 4). The comparison of pXRD patterns between
the powder of the coating and SiO, precursor, the
references revealed that graphite and amorphous
SiO:2 were the dominant components of the powder

Pristine

a) G

b) ——900°C

Intensity (a.u.)

T T T T T
1,000 1,200 1,400 1,600 1,800 2,000 2,200 2,400 2,600 2,800 3,000
Raman shift (cm™)
Fig. 3 Micro-Raman spectra of (a) the pristine coating and
(b) the wear track of the coating cooling to room temperature
after the friction test at 900 C.
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Coating powder after friction test
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Fig. 4 pXRD patterns of (a) the powder peeled off from the
coating after the friction test at 900 C, (b) pristine graphite
and (c) amorphous SiO,, and (d) the reference compound
Al(PO;); (JCPDS card #13-0430) and (e) the reference
compound SiO, (JCPDS card #18-1170).

of the coating, which had been heated and tested at
900 C for more than 35 min, indicating the reservation
of graphite after the friction test at high temperature
under the air atmosphere. The remaining of the
graphite after the friction test was consistent with
the micro-Raman spectrum of the wear track after
the 900 C friction test. In comparison with the pXRD
patterns of Al(POs);, a few identified peaks
belonging to Al(POs); in the pXRD patterns of the
coating powder were ascribed to the thermal

decomposition of Al(H.PO,); binder at high temperature.

In addition, a series of small fingerprints of crystal
Si0O, were also observed by comparing pXRD patterns
in Fig. 4(a) with those in Fig. 4(e), which may be due
to the presence of a phase transition between amor-
phous and crystal SiO, at elevated temperature in air.

Hence, it was proposed that there existed a potential
synergistic effect, which protected graphite against
oxidation and enabled the excellent tribological
performance under air at the elevated temperature
over 700 C.

To evaluate that protective effect on graphite at
high temperature, a comparative test was carried
out where a solid lubricating coating composed of
graphite and Al(H,PO,); was prepared under the
same condition as the coating comprising graphite,
amorphous SiO,, and AlI(H,PO,)s. Both as-prepared
coatings were heated to 900 C from room temperature
within 37 min in the same muffle furnace and kept
at 900 C for 30 min, and afterwards the heating
process was automatically switched off and the
samples naturally cooled to the room temperature.
Figure 5 demonstrates the images of two samples
after the heating process. It should be noted that
the color of SiO, and Al(H,PO,); reactants were
white while the graphite was black.

Obviously, the appearance of the surface of those
two comparative coating samples was a significant
difference. For sample, its color was still black same
as the pristine graphite and an array of particles with
metallic luster could be observed when the top
surface of the coating was peeled off, reflecting the
presence of graphite even after the high-temperature
treatment. With respect to the sample b, the corres-
ponding color was completely changed into white
with the appearance of a series of different humps
on the surface after the heating treatment (Fig. 5(b)),
which could be owing to the formation of the gases
derived from the graphite oxidation. The comparison
was strongly supported the speculation that the
synthesized amorphous SiO, could well protect the
solid lubricant graphite from being oxidized under

Fig. 5 Images of coating samples prepared with different components after the heating treatment. (a) The coating was
composed of graphite, amorphous SiO,, and AI(H,PO,); binder. (b) The coating comprised graphite and AI(H,PO,); binder.
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the experiment conditions, whereas the AI(H,POy);
binder and its decomposition cannot protect the
graphite.

The thermal stability plays a vital role in the
lubricant application. Hence, the thermal property
of the as-prepared coating and pristine graphite was
evaluated under the air atmosphere by a cumulative
TG-FTIR probe (Fig. 6). It was obviously seen that
the TGA results exhibited two completely different
curves, reflecting a distinct variation in the mass loss
of those two samples with the temperature increase.
For the raw graphite (the black line in Fig. 6(a)), it
experienced two stages during the entire process.
During the first stage, the TGA curve was relatively
smooth with a minor mass loss of around 1% before
600 ‘C. When it comes to the second stage between
600 and 900 C, however, the weight loss became
pronounced, and even steeper beyond 700 C.
Numerically, the total loss of mass was about 36%
in the second stage. In contrast, the TGA curve of the
as-prepared coating was distinctive from the graphite
one. Similarly, the curve could also be divided into
two parts (the purple line in Fig. 6(a)). The curve
showed a sharp mass reduction below 300 C with a
mass loss of approximately 15%. Whereas the curve
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became smoother, relative to the first stage, with a
mass loss of less than 6% within the second step of
300-900 C. Generally, the thermal behavior within
a high-temperature range, such as 600-900 C in
this study, is of our primary interest. Compared
with the dramatic mass loss of the pure graphite
within 600-900 C, the as-prepared coating only
underwent a mass loss of less than 2%, which is 18
times less than that of the pristine graphite. Based
on the aforementioned results, therefore, it highlights
that the coating prepared in this work could provide
an effective avenue in ameliorating the high-
temperature lubricating performance of graphite.
In order to qualitatively assess the lost materials
with the increasing temperature, in situ FTIR
spectra were collected simultaneously with the
TGA experiment. The representative data were
plotted in Figs. 6(b)-6(d) and S2-S4. The evolved
gases at different temperatures were identified by
their characteristic absorbance fingerprints, as
exhibited in Table 2 where the gas species and
their corresponding functional groups were listed.
The peaks within 4,000-3,500 cm™ and 2,000-1,300 cm™
(Figs. 6(b) and 6(c)) were represented the stretching
and bending vibration absorption of O-H, respectively,
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Fig. 6 TG-FTIR analysis. (a) Thermogravimetric curves of the pure pristine and as-prepared composite coating. TFIR spectra
of the evolved gases collected in situ from (b) the pristine graphite and (c) the prepared coating at different temperatures. (d)

The enlarged one of the spectrum (b) for more clarity.
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Table 2 Evolved gas species and the corresponding functional groups identified using FTIR spectra.

Wavenumber (cm™) Functional group Vibration Species
4,000-3,500, 2,000-1,300 O-H Stretch, bending H,O
2,400-2,220, 680-650, 3,760-3,500 C=0 Stretch, bending combination bands CO,
2,220-2,030 Cc-0 Stretch CoO

indicating the existence of water (H,O) [39-41].
The peaks in the range of 2,400-2,220 cm and
680-650 cm™ (Figs. 6(b) and 6(c)) stood for the
respective stretching and bending vibration of C=0O,
implying the presence of carbon dioxide (COy) [39,
42]. In comparison with the CO2-related features,
especially the peak shapes, in the range of 3,760-3,500
cm™ in Fig. 6(b) and the enlarged Fig. 6(d), the
indistinguishable CO,-related peaks within this
range in Fig. 6(c) could be buried by the intensive
H,O-associated features [43]. The zoom-in part of
Fig. 6(b) displayed small peaks between 2,220 and
2,030 cm™! (Fig. 6(d)), which stood for the stretching
vibration of C=0O, reflecting the formation of carbon
monoxide (CO) during the heating treatment [44].
For the pure graphite, the intensity of both H,O-
and CO,-based peaks within the range of 100-500 C
was relatively small (Fig. S3(a)). The appearance of
CO-related peaks suggests increased oxidation of
graphite. When the temperature rose to 600 C,
the intensity of COs-related peaks increased but
was still very low (Fig. S3(b)), implying enhanced
oxidation of the graphite with temperature, while
the H,O-related peak intensity remained. In addition,
the intensity of CO-related peaks also increased,
further reflecting the increased oxidation of graphite.
The variation of the peak intensity below 600 ‘C
indicates a small mass loss, consistent with the
observed TGA result. However, the intensity of
CO,-related peaks, especially the ones in the range
of 2,400-2,220 cm™!, augmented dramatically with
the temperature increase (Fig. 6(b)) while the H,O-
related peak intensity remained almost constant,
suggesting a large increase of the graphite oxidation,
consistent with the sharp mass loss demonstrated
by the TGA curve. Therefore, the minor mass loss
of the pure graphite at the first stage below 600 C
was due to the volatilization of surface water and
bound water and CO, release, while the large mass
loss of the pure graphite was largely related to the

release of gas species with the dominant components
of CO; and CO derived from the oxidation of graphite
under the air at a high temperature beyond 600 C.

In terms of the as-prepared coating, H,O-based peak
intensity increased more pronounced, relative to
that of CO,-relative peak, with temperature increasing
from 100 to 300 ‘C (Fig. S4), reflecting an increased
mass loss due to the predominant H,O loss, in good
agreement with sharp sloping TGA curve. Whereas
the intensity of peaks associated with CO, increased
but with a relatively slower rate and the peak
intensity pertaining to H,O varied little in the
temperature range of 400-900 C (Figs. S5 and 6(c)),
indicating a smaller mass loss rate. In addition, the
peak intensity of the coating was much lower than
that of the pure graphite, reflecting a much smaller
mass loss for the coating at high temperature, consistent
with the variation in TGA curves. Moreover, the
absence of CO-related peaks further implied a less
severe oxidation of graphite than the pure graphite.
Hence, the sharp weight loss up to 300 ‘C could
be unambiguously attributed to the solvent water
vaporization and the desorbed CO,, while the slow
mass loss in the temperature scope of 300-900 C
was attributed to the same released gas species as
those in the first step except a little bit increase of
CO; because of the enhanced graphite oxidation
driven by the elevated temperature.

Altogether, the above analysis in the mass loss
demonstrated better thermal stability of the coating,
which was ascribed to the inhibited oxidation of
graphite at high temperatures. This is also in accordance
with the excellent tribological behavior of the as-
prepared coating at high temperatures.

In order to explore the morphology of the surface,
SEM images of the wear track at different lubricating
coating regions on the disc after the friction test were
collected (Fig. 7). Although the disc was continuously
covered by the prepared coating throughout the
whole experiment, part of the top surface would
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crumble off when the temperature was below 200 C

after the cooling process, as described above (Fig. S1).

In order to clarify those two parts, the images of
the disc with complete and partial coating were labeled
as a and 3, respectively (Fig. 7(a)). It should be
noted that both a and 3 zones were representative
regions in the wear track (Fig. S6). The color of the
a region was a little bit darker than that of the
zone and a clear boundary can be observed between
these two areas. Besides, the topography of the a
zone was relatively smooth in comparison with that
of the 3 zone (Fig. 7(b)), indicating the formation
of the solid lubricating layer. In addition, Fig. 7(c)
displayed a random distribution of pores at the a
zone, which could be generated by the released gas.
This phenomenon implied that the gas release occurred
at elevated temperature due to the graphite oxidation,
consistent with the observed mass loss of the prepared
coating. More importantly, graphite was not noticeably
detected in the a0 zone, while it was clear to observe
sheet-like graphite in the  zone where the top surface
of the coating was partially peeled off as signified
by the yellow arrows under a higher magnification
mode (Fig. 7(d)), suggesting the protective effect
of the coating on the graphite. Besides the marked
sheet-like graphite, the fusion of the reactants at
high temperature occurred at both a and 3 zones
as denoted by the yellow frames (Fig. 7(d)), which
made the amorphous SiO2 and Al(H2PO.)s binder
indistinguishable from each other and could lead
to a formation of tight layers as indicated by the
smooth surface of a zone. The SEM images clearly
illustrate the formed solid lubricating coating could
inhibit the disc surface from being exposed throughout
the test, congruous with the observed excellent
lubricating and anti-wear properties of the solid
lubricating coating under the harsh experiment.

Thus, it is speculated that the layers formed by
the fused S5iO, and Al(H,PO,); binder at high
temperature would cover the solid lubricant graphite
so that the graphite would be isolated and protected
from being oxidized, which led to the excellent
high-temperature lubricating performance via the
aforementioned synergistic effect.

Moreover, the EDS mapping probe was employed
to evaluate the distribution of the elements in the
tribofilm surface after the friction tests at different

Fig. 7
different lubricating regions after the friction test. (a) SEM

SEM images of the wear track obtained from

image of regions with complete and partial coating labelled
by a and B, respectively. (b) High magnified SEM image of a
and P zones. (c) SEM image showing the surface topography
of the o zone. (d) SEM image demonstrating details of the 8
zone in the lubricating coating after the friction test.

high temperatures (Figs. 8, 57, and S8). It was
obviously seen that Si, Al, P, and O were uniformly
distributed in both a and 3 zones after all friction
tests, as denoted by the uniform colors across the
regions. However, the situation was different for the
C element even for the same tribofilm surface. A
large amount of C could be observed in the {3 zone,
whereas C was only observed in the a area with cracks.
Therefore, it was proposed that the disappearance
of the graphite on the coating surface was due to
the graphite oxidation during the high-temperature
friction process, while the interior graphite was
preserved due to the protection from the formed
solid lubricating coating during the friction test, well
agreeing on the above discussion. In comparison
with the C distribution after different tests, it is clear
that more C remained after 700/800 C tests, which
was congruous with the observed phenomenon that
the wear tracks of samples after 700/800 C tests
displayed more bight metallic luster.
Complementary to the surface information about
the elemental distribution, the cross-section part of
the coating with the wear track after the high-
temperature friction test was probed by SEM/EDS
to evaluate the interior part of the lubricating coating.
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Bearing in mind that the top surface of the coating
fell off during this SEM sample preparation process,
the area used for preparing the cross-section sample
was actually the 3 zone. The microtopography of
the cross-section and the corresponding elemental
distribution were shown in Fig. 9. It is observed
that the lubricating coating was well bonded to the
substrate, consistent with the above description, and
had a thickness of around 10 um. In addition, the
element C could be well observed inside the coating
layer with almost homogeneous distribution, consistent
with the above analysis, and Si, Al, P, and O all
distributed uniformly inside the coating. Given the
falling off of the coating surface, it was impossible
to observe the separation of the C distribution
between the top surface and the interior. Based on
the elemental information at the surface and interior
of the coating, hence, C predominantly existed inside
the coating, while Si, Al, P, and O were distributed

uniformly across the coating surface and interior.
In terms of the excellent lubricant behavior displayed
by the solid lubricating coating at high temperature,
the proposed mechanism is as follows: SiO, and
Al(H,PO4); would fuse to form a layer at the surface
of the solid lubricating coating at high temperature
during the friction test and the graphite at the surface
would be oxidized and lost in the form of gases. Then
the formed layer would protect the interior graphite
from being oxidized again, which leads to the prese-
rvation of the graphite and subsequently the superior
lubricating performance at high temperature even
under the air atmosphere. With that, the tribological
performance of the prepared coating is much better
relative to the similar type of coatings such as graphene-
modified WC-12Co [45] and carbon fiber reinforced
Li,O-ALOs—4S5i0, composites [46], and better than or
at least comparable with many other high-temperature
lubricating coatings that have been summarized in [7].

waac: se0x_ . 1 - S

Fig. 8 EDS mapping showing the surface elemental distribution of o and B zones in the lubricating coating after the friction

test at 900 C.

R e
Coating

Substrate TC4

Fig. 9 SEM images and elemental distribution of the cross-section of the coating in the wear track.

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction



1670

Friction 9(6): 1660—1672 (2021)

4 Conclusions

In summary, the present work demonstrates an
eco-friendly graphite-based solid lubricating coating
which was successfully prepared using a readily
achievable method by an appropriate mixture of
the amorphous SiO,, solid lubricant graphite, and
AI(H>POs); binder. This solid lubricating coating
displayed a stable adhesion to the substrate and a
superior lubricant performance with ultralow COF
of about 0.05 at high temperature under the air
atmosphere regardless of the operational sliding
speed. In addition, there was no observed wear scar
in the metal substrate due to the uniform coverage
of the coating on the disc surface during the friction
test process. The existence of the graphite in the sample
after the friction test based on the XRD and Raman
data was responsible for the excellent tribological perfor-
mance. The comparative experiment demonstrated
a critical role of SiO, in protecting graphite from
being oxidized and lost in the form of CO, gas.
This protective effect was further supported by the
small mass loss of the coating during the thermo-
gravimetric process. The morphology and elemental
distribution of the wear track illustrated that the
carbon almost uniformly existed inside the lubricating
coating and Si, Al, P, and O homogeneously resided
across the surface and the bulk of the lubricating
coating, moreover supporting the protective effect
of the surface layer formed by the fused SiO, and
Al(H,PO,); at high temperature for the graphite.
Overall, the synergistic effect of the protective layer
and the lubricant graphite enables the superior
lubricating performance exhibited by the solid
lubricating coating at high temperature. This work
broadens the applications of graphite-based coating
at the elevated temperature under the air atmosphere
and further offers an insight into designing the
high-temperature solid lubricant.
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