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Abstract Typical characteristics of the boundary layer
under powder lubrication are microscopic reflections of
lubrication states and closely related to lubrication prop-
erties. Therefore, the current investigation is focused on the
changes in typical features of boundary layer with an
annular contact, flat-on-flat sliding. A 3D laser profile
gauge, scanning electron microscopy, X-ray energy-dis-
persive spectrometer, and Raman laser confocal spec-
trometer are utilized to microscopically observe and
analyze the boundary layers formed on the brass specimens
during the process of graphite-lubricated 0.45 C steel
(HRC56) sliding upon brass alloy (H62). The evolution of
mixed powder lubrication can be divided into four typical
stages: (A) running-in, (B) stable, (C) deterioration, and
(D) damage. Accompanied by better lubrication perfor-
mance, the boundary layers are flat and the surfaces are
smooth at early stages. Meanwhile, the surface roughness
keeps low level, and the carbon content is consistent. Then,
the surface flatness worsens gradually and the surface
roughness containing boundary layer increases. Simulta-
neously, the carbon content on the surface decreases, and
the copper content becomes even more. Along with the
deterioration of the lubrication, iron is observed on the
lower brass specimen, indicating a significantly direct
contact between the upper and lower specimens. Moreover,
the graphite powder, which used to be an excellent solid
lubrication material, transforms to the disordered state in
the test. From the Raman spectrometer analysis, the
stable phase is the most feasible graphitization stage
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coupled with optimal lubricity. Friction characteristics are
closely associated with the boundary layer states in powder
lubrication, and improving the corresponding conditions
can delay the damage processes.
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1 Introduction

Some solid particles in dry friction are generally distributed
between two relative moving surfaces (i.e., coming from
surface peeling or external invasion), which are involved in
the relative motion of tribopairs and can affect their entire
friction characteristics [1-4]. In 1984, Godet [5] proposed
the third body to describe these solid particles, and the two
corresponding surfaces of tribopairs were called as the first
body. Iordanoff et al. [6] noted that the third body could
form as a result of the surface peeling or the addition of
external lubricants; the third body formed internal particle
streams which circulate around the contact area and
occasionally produce wear particles.

Further research has shown that dry powder or other
types of solid particle lubricants can be added to the
clearance of tribopairs. The use of friction, deformation,
collision, extrusion, slip rolling, and other microscopic
motions of these tiny particles can decrease the direct
contact of the asperities on the relatively moving surfaces
to reduce friction and wear, as well as protect the surface
[7-10]. A new lubrication method has been developed and
known as powder lubrication. Scholars have comprehen-
sively studied the friction and wear characteristics in
powder lubrication. Many parameters, such as material,
surface condition, load, speed, temperature, environment,
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contact area, and particle size, have been focused in various
studies [11-14].

At first, Heshmat [15] studied the powder film in the
lubrication processes by establishing a test rig and deter-
mined that a powder film was formed in a narrow tribopair,
which showed the similar characteristics as the fluid
lubricant. This feature is known as “quasi-fluid” of powder
lubrication. Heshmat and Brewe [16, 17] also used MoS,
and WS, powder to conduct a dusting lubrication experi-
ment on a three-pad radial bearing; their results showed
that the friction coefficient and friction torque remained
stable with the increasing load and speed.

Powder lubricants are also applied to wide areas
[18-23]. Descartes et al. [24, 25] used the MoS; ¢-coating
spread on the substrate surface to study the third-body
dynamic (i.e., liquidity and rheological properties). One of
the first bodies was made up of transparent materials, and
the changes in the contact surface were observed directly
by an imaging device, particularly the third-body move-
ment. Higgs and Heshmat [26] used the pressed MoS,
powder bar to test and observe the separation of powder
particles; the results showed that the MoS, particles can
form a film with friction characteristics and fluid proper-
ties. Patrick et al. [27] analyzed the sample surface care-
fully after the test by a 2D or 3D surface topography
analyzer and scanning electron microscopy (SEM); their
results showed that the main reason for the powder sepa-
ration was the abrasive wear and friction between the
substrate covered with the boundary layer and slider
accompanied by the extrusion, deformation, and com-
paction of powder. Pudjoprawoto et al. [28] established a
3D volume fraction cover model based on the above
experiments to predict the friction behavior of the self-
lubricating transfer film. The goal is to increase the fidelity
in predicting the friction coefficients at the pellet/disk and
slider/disk interfaces as functions of the fraction of lubri-
cant covering the disk asperities. Wang et al. [29] used a
friction and wear testing machine to study the powder
lubrication characteristics of an annular contact; their
results showed that powder intervention was affected by
the powder types, tribopair structures, and working
conditions.

Powder lubrication is gradually applied in the actual
project to solve some lubrication problems under extreme
conditions which is insurmountable via traditional lubri-
cation. Reddy and Rao [30] and Gopal and Rao [31] con-
tinued to import graphite particles with sizes of 2 and 1 pm
into the grinding surface, respectively, to solve the pollu-
tion problem caused by traditional cutting fluids. Powder
lubrication showed enhanced process ability in grinding
AISI1045 steel and SiC ceramics and evidently reduced the
friction and pollution. Kimura et al. [32] developed a
closed cavity die-casting system by using powder
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lubrication instead of water-based and oil-based lubrica-
tion; its practical application showed that the powder
material demonstrated suitable lubricity, and the non-
volatile and heat insulation of solid powder improved the
working environment and decreased the local solidification
in the casting. Pinheiro et al. [33] also studied the influence
of powder lubrication on the thermal effects and surface
quality of minted billets and determined that powder
lubrication decreased the thermal conductivity of mold by
50 % compared with oil lubrication.

Particulate lubrication has elicited attention from many
scholars. Recent experiments have further studied the
macroscopic features while the behavior of particles in
microscale is relatively lacking. While many small and
confined particles are existed in the lubrication interface,
the reunion, shear, bearing, and migration behavior of these
particles, as well as the coupling effect of asperities and
particles, influence the velocity accommodation mecha-
nism and contact mechanics, which inevitably affected
tribological behavior and boundary layer behaviors. Typi-
cal micro-characteristics of the boundary layer evolution in
mixed powder lubrication are closely related to lubrication
properties and microscopic reflections of lubrication con-
ditions. So the current study is focused on the changes in
typical features of the boundary layer formed on the brass
specimens under powder particle lubrication from the
aspect of lubrication interface evolution and keenly ana-
lyzes the changes of the roughness, element content, and
carbon structure of the boundary layer. This study also
reveals the boundary layer evolution, which provides a
basis for applications of powder lubrication.

2 Test Conditions

This experiment uses a plane contact tribotester (HDM-20)
developed by the Institute of Tribology of Hefei University
of Technology (Fig. 1). The right part of Fig. 1 shows a
physical photo of the tester; the middle part is a schematic
of the clamped specimen, and the left part is a physical
photo of the upper and lower specimens. During the
experiments, the upper sample keeps rotated, whereas the
lower sample is fixed in the fixture. The fixture of the lower
specimen is placed on the joint bearings, which plays a role
in adjustment to ensure the plane contact. To maintain the
same surface roughness, the upper specimen is polished by
the same sandpaper before each test, and the upper and
lower specimens are washed with acetone. The normal load
is applied along the vertical axis of the upper sample. The
parameters, such as friction torque (0-10 N m), load
(020,000 N), and temperature (—30 to 250 °C), could be
measured in this test rig. The friction torque and normal
load are obtained using two force sensors, and the friction
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Fig. 1 Schematic of the tester
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coefficient is calculated via conversion based on the
structural relationship. The temperature could be measured
in real time by a thermocouple which is placed at the center
of the lower sample. The precision of the friction torque,
load, and temperature is = 0.5 % F.S,+1.0% F.S
and = 0.5 % F.S, respectively. The digital camera, 3D
laser profile gauge, SEM, EDS, and Raman laser confocal
spectrometer are used to observe and analyze the boundary
layers formed on the lower (brass) specimens at different
stages.

The outer diameter of the upper specimen is 30 mm, and
the inner diameter is 22 mm. The end face is annular with
six notches arranged circumferentially, whose width is
4 mm and depth is 3 mm. The structure design reduces the
line speed difference on the surface and improves experi-
mental consistency. Besides, the notch structure facilitates
the continuous introduction of powder into the lubrication
interface. The material is 0.45 C steel with HRC56 hard-
ness after the quenching process. The 3D topography and
parameters of the upper specimen surface are presented in
Fig. 2a and Table 1. The lower specimen is made of brass
alloy (H62) with a size of 40 mm x 40 mm x 1 mm. The
3D topography and parameters of the lower specimen
surface are compared in Fig. 2b and Table 1. This exper-
iment uses graphite powder as the lubricant and its lamellar
structure to obtain excellent anti-friction and wear resis-
tance. The average size of graphite powder used in the
experiments is about 29.17 um. The experimental condi-
tions are described as follows: The load is 4 MPa; the
temperature is 25 °C; the velocity is 0.4 m/s; the amount of
graphite powder is 0.8 g; and the relative humidity is about
75 %. Generally, the effects of experimental conditions on
the lubrication characteristics and powder layer formation
are complicated. The selection of above parameters is
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based on fore studies [8, 29]. The number of tests repeated
is about six to ensure this experiment reliable. All results
presented in paper are typical or averaged data from
repeated experiments. The amount of graphite powder
needed is spread on the lower specimen before every test.
Then, the powder could dynamically enter the frictional
clearance without any special treatments during the tests.

3 Results and Discussion
3.1 Partition to Lubrication Interface Evolution

After a series of experiments under the same conditions,
wear track of the lower specimens after test are observed,
analyzed and summarized in detail. Figure 3 shows the
curve of friction coefficient changing with time and surface
states at a typical moment in the entire test. This fig-
ure shows that the friction coefficient initially increases and
then decreases to a certain stable value, which is main-
tained for a long time. And finally, the friction coefficient
increases rapidly while damage occurred. According to the
repeated tendency of friction coefficient, the entire process
can be divided into four typical stages: running-in (A),
stable (B), deterioration (C), and damage (D).

Four photos of the surface features at the typical
moments acquired are shown in Fig. 3. The friction coef-
ficient at the initial stage, which is the adaptation stage for
tribopairs and powder, changes dramatically (from O to
0.25). From the surface state of the lower specimen
observed at 120 s, there is no complete boundary layer
formed on the surface at this stage. While the friction
interface and powder lubricant adapt to each other, the
frictional interface reaches a steady state, and the friction
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Fig. 2 Surface 3D topography
of the upper and lower
specimens. a Surface 3D
topography of upper specimen,
b Surface 3D topography of
lower specimen
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Table 1 Original surface

topography parameters of the Original surface of specimen  Sa (um)  Sq (um) Sz (um)  Length (X) (mm)  Length (¥) (mm)
upper and lower specimens Upper 0032 0042 0460 055 0.55
Lower 0.723 0.931 8.872 0.80 0.80

coefficient changes slightly (between 0.15 and 0.2). Its
running time is more than 70 % of the entire time. From
the state photo taken at 600 s, a complete boundary layer
has formed on the surface at this stage. Due to the deteri-
oration of working conditions, the friction coefficient at the
next stage, which is approximately 10 % of the entire time,
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increases sharply after 1400 s. The state photo of tribopairs
is selected at 1620 s when the boundary layer becomes thin
and exhibits local loss. The substrate surface comes into
contact directly at the final stage, which also aggravates the
boundary layer damage till the fully destruction as shown
in the state photo at 1722 s. The deterioration of operating
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Fig. 3 Curve of the friction
coefficient changing with time
and surface state under a typical
moment
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conditions is primarily manifested in particle aggregation
and producing an unbalanced friction force.

3.2 Analysis of 3D Surface Topography
of Boundary Layer

Surface topography analysis is an important means for the
friction and wear test, especially when applied to analyze
the boundary layer of the powder lubrication interface. This
method plays an important role in the qualitative and
quantitative description of the powder state on the surface
and can reflect results caused by the movement of particles
between the tribopairs, such as extrusion, agglomeration,
and dissipation. The relationship between the powder and
tribopairs represents the three-body interaction. The
boundary layer composed of graphite is relatively soft.
Thus, the flatness of the boundary layer can show states of
the friction interface and provide more information
regarding the powder spreadability and effects of the
scratch and plow of asperities.

The 3D laser profile gauge is used to analyze the 3D
surface topography of the boundary layer of lower speci-
men surfaces shown in Fig. 3. The results obtained from
four typical stages are shown in Fig. 4 and Table 2. Fig-
ure 4a shows the 3D surface topography of the running-in
stage. The entire surface is smooth because the powder
begins to fill the valley between asperities on the surface.
However, some asperities covered by the compacted
powder are observed at this stage, which are prominent and
higher compared to the flat areas around. Figure 4b—d
shows the 3D surface topography of the stable, deteriora-
tion, and damage stages, respectively. The surface flatness
worsens as operating time increases and finally forms many
deep ravines. Some 3D surface parameters of the above

y T v
0 200 400

T y T L) 1 : T L 1 ) 1 N 1
600 800 1000 1200 1400 1600 1800
Time/s

stages and original surface are listed in Table 2, showing
that the Sa of the original surface is 0.723 pm (which is
larger than the Sa of the running-in, stability, and deteri-
oration stages), and the original Sz is 8.872 pm. When the
tribopairs run to the damage stage, the Sa and Sz increase to
2.453 and 21.455 pum, respectively. The boundary layer on
surface has become markedly uneven. These results reveal
that the surface topography evolution of the boundary layer
occurs over time. The lubrication performance is better,
when the surface is relatively smoother, namely both the
surface roughness and the height difference between the
peak and valley of the boundary layer are smaller.

3.3 Analysis of Element Composition of Boundary
Layer Surface

Figure 5 presents the SEM microscopic observation results
of the same boundary layer surfaces shown in Fig. 3. As
shown in Fig. 5a, the carbon layer on the lower surface
exhibits an uneven cover, accompanied the phenomenon of
graphite agglomeration. The dark area contains more gra-
phite, whereas the gray area has less. As presented in
Fig. 5b, c, the surface becomes smoother, and the carbon
content is almost consistent. Figure 5d shows the SEM
image of the damage stage, whose middle part is the gully
region. However, the two sides are planarized regions
because of the micro-plastic deformation.

Simultaneously, EDS is used to analyze the element
content of the corresponding surfaces in Fig. 5. Table 3
lists the atomic content and mass fractions of five elements
(C, O, Cu, Zn, and Fe) in these areas. Figure 5a shows that
graphite powder begins to enter the clearance of asperities
on the lower specimen surface at the running-in stage, and
the powder significantly aggregates. The mass fraction of
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(@)
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Fig. 4 Surface 3D topography of the boundary layer under a typical moment. a 120 s, b 600 s, ¢ 1620 s, d 1722 s

Table 2 Height parameters of the boundary layer surface before and
after the test

Surface Sa (pm) Sg (um) Sz (um)
Pre-test 0.723 0.931 8.872
120 s 0.106 0.141 7.034
600 s 0.319 0.588 10.176
1620 s 0.601 1.023 14.564
1722 s 2.453 3214 21.455

carbon is 26.85 %, whereas that of copper is 44.28 %. The
entire process enters the stable stage when the boundary
layer forms on the lower specimen, as shown in Fig. 5b.
The coverage area of the boundary layer increases but
becomes thin, whereas that of the copper substrate
decreases. Alternatively, the carbon mass fraction decrea-
ses to 12.25 %, but the copper mass fraction increases to
48.71 %. When it enters the deteriorating stage as shown in
Fig. 5c, the boundary layer becomes thinner and worse
because of dissipation. The mass fraction of carbon is
13.37 %, whereas that of copper decreases to 46.49 %. The
increasing amount of carbon is attributed to the special
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structure of the upper specimen, making the graphite
powder supplemented. When it enters the damage stage as
shown in Fig. 5d, the exposed copper substrate formed by
wear and tear covers the whole lower friction surface. The
mass fraction of carbon decreases to 1.04 %, whereas that
of copper increases to 59.67 %. At this point, iron is
detected on the lower brass specimen, and the mass frac-
tion is 0.53 %, showing a significant direct contact between
the upper and lower specimens. Thus, the above analysis
illustrates that the carbon mass fraction on the lower
specimen surface is approximately 12.70 % in normal
operation. The friction characteristic is closely associated
with the states of the boundary layer in powder lubrication,
and the lubrication deterioration and increasing of the wear
are closely related to the lack of powder in boundary layers
formed in the tribopairs.

3.4 Raman Spectral Analysis of Boundary Layer

Laser Raman spectroscopy, one of the characterization
methods to show the change of the carbon material struc-
ture, is an important approach to reveal the lubrication
properties of graphite lubricant in the evolution process.
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Fig. 5 SEM of the boundary layer surface at a typical moment. a 120 s, b 600 s, ¢ 1620 s, d 1722 s

Table 3 Main element content

of the boundary layer surface at Element Running-in stage Steady stage Aggravation stage Failure stage

different stages wt% at.% wt% at.% Wt% at.% wt% at.%
C 26.85 63.37 12.25 37.19 13.37 37.38 1.04 4.37
Cu 44.28 19.75 48.71 27.96 46.49 22.98 59.67 47.45
(¢} 3.26 5.78 7.29 16.62 10.62 22.30 7.44 23.49
Zn 25.61 11.10 31.09 17.34 28.64 16.25 31.32 24.21
Fe 0 0 0 0 0 0 0.53 0.48

This section analyzes the Raman spectra of graphite pow-
der in the four phases showed in Fig. 3, and compared with
the original Raman spectra of graphite powder before the
test. Then, the effect of the carbon structure on the lubri-
cation properties is studied.

Table 4 lists the Raman analysis results of the corre-
sponding structure parameters of the graphite carbon.
Figure 6 shows two peaks (D and G) in the Raman spectra
located at approximately 1360 and 1580 cm™', respec-
tively. Peak D located at 1360 cm™' corresponds to the
disordered graphite structure, whereas peak G located at
1580 cm ™" corresponds to the ordered graphite structure.
The ratio of the two peak intensities (/p/I;) can reflect the
ordering degree of the carbon material. A smaller ratio
indicates a smaller size of the microcrystals, and the

crystals are more complete. This condition means that the
graphitization degree of the carbon material is higher and
the lubrication performance is better. As summarized in
Table 4, the original ordering degree of the graphite
powder (Ip/Ig = 0.101) is smaller than those of phase A
Up/lg = 1.699), phase B (Ip/Ig = 1.019), phase C (Ip/
I = 1.878), and phase D (Ip/Ig = 1.776). This finding
illustrates that the graphitization degree of the graphite
powder worsens after the test. The reason for this is that its
complete lamellar structure and microcrystal structure are
destroyed during the experiment by the motions, such as
the extrusion, inner shearing, grinding and collision et al.
Therefore, the graphite powder with significant lubrication
performances transforms to the disordered state in the test.
Simultaneously, the ordering degree of phase B (Ip/
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Table 4 Structural parameters

- —1 —1
of the Raman spectra of graphite Sample Raman shift FWHM/D (cm~ ') FWHM/G (cm™ ") [Ip/ig
particles D band (cm™") G band (cm™")
Original graphite 1355 1584 36 19 0.101
A 1347 1578 93 77 1.699
B 1349 1581 191 55 1.019
C 1344 1587 106 87 1.878
D 1345 1586 120 85 1.776
Fig. 6 Raman spectra of — )
graphite particles before and - Qriginal Graph |‘te
after the test A Stage G raph!te
- B Stage Graphite
- C Stage Graphite
- D Stage Graphite
3
©
=
2
‘?
[
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T T
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I = 1.019) is the smallest among all the phases, indicating
that the graphitization degree of phase B is the relatively
best. However, a larger graphitization degree generally
indicates a better lubrication performance. So the
stable phase is the most feasible graphitization stage in the
tribopair operation, and lubrication effect is the optimal.

4 Conclusions

This study conducts a series of experiments on the mixed
powder lubrication under optimized conditions based on
previous studies using a face-to-face contact tribometer.
The changes in surface roughness, element content, and
carbon structure of the boundary layers formed on lower
specimens have been observed and analyzed to explore the
boundary layer evolution of the mixed lubrication inter-
face. Meanwhile, some typical microforms are obtained.
The following conclusions are drawn:

1. On the basis of the experimental curves of dynamic
friction coefficients over time throughout the entire
process, as well as the observation and analysis on the
boundary layers formed on lower specimens. The
evolution process of the mixed powder lubrication can
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be divided into four typical stages: (A) running-in,
(B) stable, (C) deterioration, and (D) damage.

2. The surface roughness of the running-in, stable, and
deterioration stages is less than the surface roughness
at start moment and damage stage, which indicates that
the lubrication performance is better, when the surface
is smoother. At the same time, the height difference
between the peak and valley of the boundary layers is
relatively smaller, which gives more details about the
boundary layer.

3. Analysis of the element composition of the boundary
layers indicates the lubrication performance and boundary
layers states. The carbon content of the surface decreases
with the friction process, but the copper content increases.
Iron could be detected on the lower specimen surface at
the damage stage, showing that two friction surfaces come
directly in contact and lubrication conditions deteriorate.
The lack of graphite powder in the tribopairs, which could
be found by carbon content, is an important reason for the
lubrication deterioration and increasing of the wear.

4. Raman spectral analysis of the boundary layers shows
the original ordering degree of the graphite powder is
smaller than those after the test. This finding illustrates
that the graphitization degree of the graphite powder
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worsens after the friction and wear test. The reason for
this is that its complete lamellar structure and micro-
crystal structure are destroyed during the experiment
by the motions, such as the extrusion, inner shearing,
grinding and collision et al. Therefore, a degradation of
the graphite carbon structure is another significant
reason for lubrication deterioration. Simultaneously,
the ordering degree of stable phase is the smallest
among all the phases, indicating that the graphitization
degree of this phase is the best relatively and
lubrication effect is the optimal.
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