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To achieve simple, stable and long-life sliding electrical contact pairs, a kind of fine silver coating on electrical
contact components was designed and prepared. In this article, electrodeposited fine silver (Ag), heat treated Ag
and silver-graphite (Ag/C) composite coatings based on copper (Cu) substrate were prepared. The polyaniline
(PAN) was doped as a conductive additive to afford the conductive grease. Compared with the Cu, Ag, treated Ag
and Ag/C coatings, the Ag coating lubricated by PAN grease exhibited superior conductive capacity and

excellent boundary-lubricated friction behavior. Through analysis of worn surface, the good tribological
characteristics of Ag coating are ascribed to mechanical effect of the PAN particles and the protective film

generated by PAN grease.

1. Introduction

Electrical contact components, also known as contacts, are the key
elements of high and low voltage electrical appliances, which play the
important role in connecting, breaking, diversion and isolation of the
current [1]. Electrical contact elements are mainly made of electrical
contact materials that are vital factors affecting the reliability of the
contact system. Thus, these materials have to maintain good electrical
conductivity, thermal conductivity, arc-resistance, anti-welding, anti-
wear, low and stable contact resistance, corrosion resistance and
considerable mechanical strength and easy processing characteristics
[2,3]. The sliding contact is one of the most complicated electrical
contacts, whose electric wear behavior depends on the interaction of
electricity, electromagnetism and tribological factors. Consequently,
most used pure metals that possess relatively high conductivity are
difficult to meet the requirements because of unsatisfactory
antioxidativity(Cu), high cost(Au, Ag, Pt and other precious metals)
or inferior wear resistance (Cu, Ag, Au et.al) [4—6]. For this reason,
copper-based and silver-based composites are widely used in the
production of electrical contact elements owing to well lubricity, anti-
oxidation and welding resistance [7—9]. However, compared with fine
silver, the preparation of silver-based composite materials is quite
complex or has intrinsic defects [10-12]. The performances of
electrodeposited Ag-based materials depend on the stirring speed,
temperature, current density, dispersant and what not in the plating
process [13]. Besides, the composite materials fabricated via powder
metallurgical routes usually have low density and large coarse oxides,
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and therefore they are easily corroded by arc [14]. For the spray
deposition, it can inhibit the precipitation and growth of the second
phase, but there are the main problems in the process, like "overspray
phenomenon", uniformity of the product size and complicated process
parameters [15]. Meanwhile, the second phase acting as lubricating
function will weaken mechanical strength and conductivity of compo-
sites [16,17]. Moreover, contacts cannot be repaired under dry sliding
electrical contact. Therefore the design of sliding contacts is still a
challenging work.

To solve problems above, the coating contact pairs under boundary
lubrication is promising as an alternative approach of dry friction on
electrical contact interface if the boundary lubricating film could
function as a versatile film that can increase the abilities of friction
reducing and anti-wear, arc and corrosion resistance and can perform
low and stable resistivity. It can be a desirable design of sliding
electrical contacts for the following reasons: Nobel metallic coatings
(such as Ag, Au and Pt coatings) can lower the cost and contact
resistance and have better mechanical properties than pure metals
[17]. Thus, these highly conductive coatings are commonly applied to
electronics industry and electric equipments. As is well known, the
lubricating oil or grease can significantly reduce friction and wear
under boundary friction than dry sliding, and easily renew without
needing replacement of friction pairs. Interestingly, now more and
more researches concentrate on conductive grease because it can
enhance lubrication efficiency, decrease contact resistance, and extend
service life, thereby save energy [18]. XIA et al. found that ionic liquids,
carbon nanotubes, nano-ATO, carbon fiber and Ketchen black as
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conductive additives can greatly improve the electrical conductivity and
tribological characteristics of conductive grease [19-22], but they only
investigated conductivity and tribological performances under no
friction or no current instead of electrical contacts that are more closed
to real conditional operation. That could be insufficient because the
friction behavior under electric current might be even opposite to that
under no current.

Polymer was once considered to be non-conductive as its atoms are
mainly contacted by covalent bonds. Nevertheless, conductive poly-
acetylene films were synthesized by high-concentration catalytic synth-
esis in the 1970s, which led people to pay attention to this new type of
conductive materials and successively synthesized a series of conduc-
tive polymer materials [23]. Among them, polyaniline (PAN) became
the fastest-growing conductive polymer because of its raw materials
easy to obtain and synthesize. Only when treated by chemical or
electrochemical methods, conductive PAN can exhibit conductivity, for
example the industry commonly used proton acid (such as hydrochloric
acid) is doped to produce electrical conductivity [24]. Conductive PAN
has been widely employed in metal and non-metallic surface coating to
increase the conductivity. In addition, it is possible to prevent the
oxidation of metals as the PAN reacts with the substrate metal to
produce chemically inert films [25,26].

In this paper, the conductive grease was obtained by selecting PAN
powder as conductive additive of a synthetic grease. Ag, heat treated Ag
and Ag/C composite coatings based on Cu substrate were fabricated by
electroplating. Compared with tribological characteristics and conduc-
tive capacity of Cu substrate and Ag/C coating under different
lubricating states, the Ag coating under boundary lubrication were
studied. Furthermore, this paper mainly reports the effects of load,
current intensities and temperature on tribological properties and
conductive capacity of the Ag coating under boundary lubrication.
Conductive and electrical wear mechanisms of Ag coating under
boundary lubrication were studied for the new design of sliding
electrical contacts.

2. Experimental details
2.1. Materials

2.1.1. Conductive grease

PAN powders (provided by Taizhou Yongjia Trading Co., Ltd) were
used as a conductive additive. In addition the conductive graphite
powders (grain size 1-15 pm, density 1-2.4 g/em?®, Qingdao Tianheda
Graphite Co., Ltd) were as a comparative additive. PAO, bought from
Dow Chemical, was applied for the base oil to prepare conductive
grease. The thickener was formed by saponification of Lithium hydro-
xide, sebacic acid and 12-hydroxy stearic acid, and then was used to
thicken the base oil into grease. Acetone was used as the polar
dispersant. All the chemical reagents employed are analytical grade
and used as-received. Two commercial conductive greases were used as
reference greases. In this paper they are named C1 and C2. The C1 was
provided from Beijing Guodianfutong Science and Development Co.,
Ltd., and C2 was provided from Changsha Zhongcheng Petrochemical
Co., Ltd. Table 1 lists the physicochemical characteristics of the PAN,
and Fig. 1 shows its SEM images.

Table 1
Physicochemical properties of PAN.

Sample Grain size molecular Density Conductivity — doping ratio
weight (molar ratio)

PAN 1-10 um 50000— 0.3-0.5 2S/cm >30%
60000 g/cm?®

162

Tribology International 110 (2017) 161-172

Date :31 Dec 2015
Time :14:31:03

EHT = 10.00 kV
WD = 9.0 mm

Signal A = SE1
Mag= 8.00KX

Fig. 1. SEM image of PAN powder.

2.1.2. Coatings

Oxygen-free copper (diameter:100 mx50 mmx1 mm, hardness:125
HV) obtained from Shanghai Songyoushiye Company was used as
substrate of coatings. Graphite powder(grain size: <5 um) and VP06-
122/123 dispersant (purchased from Germany Schloss company) were
introduced for coating process. Silver salt solution for silvering was
bought from China Aviation Industry Hongdu Group.

2.2. Preparation and characterization

2.2.1. Preparation and characterization of conductive greases

The lithium complex grease (as the base grease) was produced in
accordance with the literature [22]. 1wt% PAN and graphite as
additives were respectively added into the base grease by uniformly
mixing the powders into the base grease. The base grease adding PAN
(PAN grease for short) and graphite (graphite grease for short) were
obtained after fine grinding. The anticorrosion behavior, the penetra-
tion capacity, and the dropping point of all greases were examined by
Chinese National Standards GB/T 7326 (copper strip test), GB/T 269,
and GB/T 3498, respectively. A HLY-200A circuit resistance apparatus
was utilized to assess the volume resistivity of the greases.

2.2.2. Preparation and characterization of Ag, heat treated Ag and
Ag/C composite coatings

The Cu substrate was polished with the sandpaper to remove scale
and dirt, and then pre-plated silver aimed to promote the bond
strength of coating and substrate. After these two steps, Ag coating
and Ag/C composite coating were electroplated on pre-plated samples
in plating solution, respectively. Eventually, two coatings were obtained
by washing with distilled water and dried in ambient temperature. It is
important to investigate the influence of temperature on electrical
friction behavior of Ag coating because specific contacts need to
withstand intermittent high temperatures such as disconnectors. So
treated Ag coating was made by heated to 240 °C for 1 h and cooled to
room temperature with the furnace cooling.

The Vickers hardness of the three coatings was measured with a
HX-1000TM / LCD microhardness meter (measurement parameters
were: load 10 g, loading time 20s). The surface roughness of the
coatings was measured with JB-6C roughmeter before other tests in
case the soft surface of Ag was scratched. The bonding strength of the
samples was qualitatively tested by bending test according to the GB/T
5270-200X standard: the test piece (50 mmx100 mmx1 mm) was bent
180° on a 1 mm diameter shaft and repeatedly bent until it broke. A
DSADVANCE diffractometer equipped with a Cu Ka X-ray tube was
used to perform XRD analysis on the samples and identify the phases
formed. Surface and cross-section of coating samples were character-
ized with an EVO-18 scanning electron microscope (SEM; Zeiss,
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Table 2
Mechanical properties of as-prepared coatings.

Coatings Thickness (um) Hardness (HV) Roughness (um) Adhesion
Ag 10 99 0.332 -
Ag/C 15 36 0.571 -
Treated Ag 10 106 0.603 -

“-” states that the specimen doesn’t peel off according to GB/T 5270-200X test.

Sliding direction

IULISISIY

®

Resistance

.

\_/
DC supply

Fig. 2. Schematic diagram of ball-on-disk contact and electrical circuit.

Germany) equipped with an EDS attachment. Table 2 lists mechanical
characteristics of as-prepared coatings.

2.3. Tribological and electrical conductivity tests

A MFT-R4000 current-carrying friction and wear tester was
performed to evaluate the tribological properties and contact resistance
of samples in a ball-on-disk configuration. The upper ball (AISI52100
steel; hardness: 710 HV, gbmm) was driven to reciprocally slide
against the lower stationary coating and Cu samples
(20 mmx20 mmx1 mm) under boundary lubrication and dry state at
a stroke of 5 mm and an ambient temperature of ~25 °C for a duration
of 30 min. Before and after each sliding test, the steel ball and samples
were ultrasonically washed with petroleum ether for 10 min. For
boundary lubrication, approximately 1g of the to-be-tested grease
was introduced to the contact zone of the sliding pair before sliding.
The coefficient of friction (COF) was recorded by a computer attached
to the tester. The electrical circuit of the tests is illustrated in Fig. 2. In
this paper, the circuit resistance values (Fig. 2) calculated by Ohm's law
represented the electrical contact resistance (ECR) values of friction
pair for other ECR values were constant such as wires’ and compo-
nents’. The contact current between the friction pair was measured and
recorded automatically every 1s by the tester. The resistance wave-
forms were calculated by current waveforms which were recorded by
the computer. An optical microscope was employed to measure the
wear width. The sliding test under each preset condition was repeated

Table 3
Physicochemical properties of fabricated and commercial greases.
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three times to minimize data scattering. The average values of the COF
and wear width were reported in association with error bars in this
article. The morphology and chemical composition of the wear scars
were analyzed with an EVO-18 SEM equipped with an EDS attach-
ment.

3. Results and analysis
3.1. Samples characteristics

3.1.1. Physicochemical characteristics of the conductive grease
Table 3 lists basic physicochemical characteristics of the greases.
The conductive grease including fabricated PAN and graphite greases
and two commercial greases exhibits good thermostability (>270 °C),
and they also exhibit good anticorrosion behavior. PAN grease shows
lower volume resistivity and contact resistance than other greases.

3.1.2. Characterization of coating samples

Fig. 3 shows the surface and cross-section morphology of the as-
fabricated Ag, treated Ag and Ag/C coatings. The structure of Ag
coating is very dense (Fig. 3(a)), whereas the surface of Ag/C coating
with porous structure consists of bright strips (Ag grains) and dark
strips (graphite grains) (Fig. 3(e)). But the treated Ag coating has some
visible cracks and much rougher surface than that of Ag coating as a
result of oxidation of Ag grains by heat (Fig. 3(d)). The Ag coating and
Ag/C composite coating have closely bonded with the Cu substrate and
the transition region is natural, indicating that the coatings have good
adhesion (Fig. 3(b) and (f)).

Fig. 4 shows the XRD patterns of silver coating and Ag-graphite
composite coating. As is observed, the diffraction peaks of Ag and Ag/C
composite layers correspond to the Silver-3C diffraction peak [27,28].
It reveals that the crystal structure of silver prepared by electrodeposi-
tion is face-centered cubic structure, of which the lattice constant is
a=b=c=4.086. Due to the graphite content is very low, graphite
diffraction peak of Ag/C layer is very weak. The results of XRD show
that the prepared coatings have high purity and no crystalline or
heterogeneous phase.

3.2. Tribological and electrical performance

3.2.1. Friction and electrical contact resistance (ECR) results of Cu,
Ag and Ag/C samples under the dry friction and boundary lubrication

Fig. 5 shows the COF and ECR values of samples (Cu, Ag and Ag/C)
as functions of time and corresponding wear width under different
lubrications with 1 V(room temperature, load:10 N, frequency: 2 Hz
and stroke: 5 mm). It can be seen from Fig. 5(a) that the COFs of
samples under dry sliding obviously indicates running-in (increasing)
and steady state (stable and even decreasing) wear. During the stable
wear, the ECR values of Ag coating are the most stable and lowest and
its COFs are relatively low, which is due to low sliding shear force and
antioxidation of the soft Ag film [29]. Although the mean COF and wear
width of Ag/C coating under dry electrical sliding are the lowest
because self-lubricating graphite phase lowers frictional shear and
absorbs some load shortening running-in period, lubricating phase is
the major reason for the highest and fluctuant ECR as the result of

Copper corrosion (T2 copper, 100 °C, 24hrs)

Volume resistivity (Q cm) Contact resistance (uQ)

Sample Dropping point (°C) Penetration (1/4 mm)

Base grease 269 81.1 la
PAN grease 271 81.5 la
Graphite grease 273 87.7 la
C1 280 78.3 la
C2 284 82.2 la

8.2x10™ 32.1+0.1
4.9x10"? 30.1+0.1
8.8x10'2 30.5+0.1
7.5x10%3 31.6+0.1
6.2x10"? 30.3+0.1
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EHT = 1000 kV Signal A =NTS BSD Date :3 Nov 2016
WD = 9.5mm Mag= 300KX Time :18:04:59

EHT = 10.00 kv Signal A=NTS BSD Date :3 Nov 2016
WD = 80mm Mag= 300KX Time :17:45:19

3000

2500
2000

1500 c Ag

cps/eV

Ag
1000

Ag
500

EHT = 10.00 kv Signal A=NTS BSD Date :3 Nov 2016
WD =10.5mm Mag= 250KX Time :17:28:08

Fig. 3. Surface and cross-section morphology of the coatings: (a) Ag topograph, (b) Ag cross-section, (c) treated Ag topograph, (d) treated Ag cross-section, (e) Ag/C topograph, (f) Ag/C
cross-section and (g), (h) and (i) EDS elemental surface distribution corresponding to the composition of the red box in (f). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Map data 260
SE MAG: 3000x HV: 10kV_WD: 9.0mm

Map data 260
SE MAG: 3000x HV: 10kV WD: 9.0mm

Fig. 3. (continued)

much lower conductivity of graphite [30]. The COFs of Cu substrate are

much higher (mean COF of Cu is 0.619, about 2.2 times that of Ag and 3000 — Ag
about 3.0 times that of Ag/C). And its ECR values are much fluctuant am Ag/C
and high. 2001 cAz

The COFs of samples lubricated by PAN grease are much lower than 2000 ¢ Graphite
that under dry sliding, which is observed in Fig. 5(a) and (b). As é‘ 200 (220) (31 .1)
revealed in Fig. 5(b), average COF and ECR value are ranked in the g 1500 M Ag i ;|
order of Ag < Cu < Ag/C. The lowest mean COF (0.056) is reached by Q
Ag coating under boundary lubrication, which is about 50% that of Ag/ E ool (12 (11
C and 75.0% that of Cu, and the wear width of Ag significantly reduces oo3)) 2
(wear width: 0.34 mm, about 61% that of Cu and Ag/C). The average 500 f e (220)
ECR value of Ag under boundary lubrication (44.6mQ) is slightly o L (200) AG/C . @11
higher than that under dry friction (just rising by 4.5%), but its mean ob—L1° » A 9 L A
COF gljeatly falls by 79.9%. The COF of Cu is quite low, but its I.ECR is 20 3'0 4'0 5'0 6.0 7'0 30
very high (61.1mQ). The ECR values of Ag/C are also the highest, 20 |

whose fluctuation is between 50mQ and 70 mQQ, but its stable
resistance value is a little lower than that in dry sliding.

Fig. 4. XRD patterns of silver coating and Ag-graphite composite coating.
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Fig. 5. COFs, ECR values of samples Cu, Ag, Ag/C under (a) dry friction and lubricated by (b) PAN grease; (c) COFs, ECR values of Ag lubricated by three comparative conductive
greases; the corresponding wear widths of (a) and (b). (voltage:1 V, room temperature:23—25 °C, load:10N, frequency: 2 Hz and stroke: 5 mm).
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Fig. 6. Effects of load on (a)COF, ECR values and (b)wear width under PAN grease (voltage:1 V, load:10 N, frequency: 2 Hz and stroke: 5 mm).

In order to investigate the unique properties of the PAN grease, the
comparative greases, two commercial greases C1 and C2 as well as the
prepared Graphite grease, have been tested on Ag-steel tribo-pairs with
1 V (room temperature, load:10 N, frequency: 2 Hz and stroke: 5 mm).
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As shown in Fig. 5(c), it is clearly that the commercial grease C1 can’t
function at that state because the COF rises dramatically with loud
noise. The test just runs five minutes with increasing COF and noise,
which is enough to prove its worst tribological performance. However,
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Fig. 7. Effects of current on (a) COF, ECR values and (b) wear width under PAN grease (voltage:1 V, load:10 N, frequency: 2 Hz and stroke: 5 mm).
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Fig. 8. Effects of heat treatment on (a) COF, ECR values and (b) wear width under PAN grease (voltage:1 V, load:10 N, frequency: 2 Hz and stroke: 5 mm).

the C2 and graphite grease perform well and similarly. Compared with
PAN grease (Fig. 5(b)), COF values of the two greases are about 1.43
times bigger than PAN grease. Besides the ECR values of the two
greases (about 50 mQ) are higher than that of PAN grease. As shown in
Fig. 5(c), the wear width of C2 grease is 1.5 times wider than that of
PAN grease, and the wear width of graphite grease (0.37 mm) is
slightly bigger than that of PAN grease.

3.2.2. Effects of load on friction and ECR of Ag under boundary
lubrication

Fig. 6 shows the influence of load on tribological behavior and
conductivity of Ag coating lubricated by PAN grease. It is seen that
COFs of Ag basically increase with increasing load while the ECR values
are relatively high except that at 10 N. In the meantime, the wear
widths of Ag tend to increase as load increases. When the load is high
(15 N), the COF and wear width soar while ECR value rises. However,
while the load added to 20 N the COF reduces with wear width still
increasing. When the load is lower (5 N), the ECR value becomes
higher due to less real contact area [31], and the COF and wear width
are almost as the same as 10 N.

3.2.3. Effects of current on friction and ECR of Ag under boundary
lubrication

Fig. 7 shows the influence of current on tribological behavior and
conductivity of Ag coating lubricated by PAN grease. When the current
values are below 30 A, comparing the two cases, without and with
current, there is no much difference of the COFs varying with time.
Nonetheless when the current value is up to 30 A, compared to that
without current, the COFs with current rises sharply and the wear
under current is much severer (mean wear width is 1.7 times that
without current).
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3.2.4. Effects of heat treatment on friction and ECR of Ag under
boundary lubrication

Fig. 8 shows the influence of heat treatment on tribological
behavior and conductivity of Ag coating lubricated by PAN grease.
The COF of heat treated Ag is higher than that of Ag as well as ERC.
Nevertheless the wear width of treated Ag is slightly wider than that of
Ag.

3.3. Analysis of worn surface

Fig. 9 shows the SEM images of typical coated discs and Cu
substrate within dry sliding and PAN grease. As shown in Fig. 9(a),
the worn surface of Ag has plenty of transferred metal and furrows in
sliding direction, and the edge of worn section in the insert picture is
very sharp. These features prove Ag under dry friction has undergone
severe adhesion and plastic deformation. It can be seen that some
adhesive blocks and holes, micro-grooves and black spots on the worn
surface of Ag/C under dry friction in Fig. 9(b). The black spots
distributed along the furrows should be graphite grains extruded from
Ag/C composite, to some extent which can prevent from direct contact
of frictional pairs to reduce friction and wear (Fig. 5(a) and (c)).
However, when the conductive grease has been applied, the all worn
scars tested have become much smooth and small (Fig. 9(c), (d), (e)
and (f)). The worn track of Cu lubricated by PAN grease has some
visible furrows and many microholes, which are characters of abrasive
and fatigue wear. The worn track of Ag/C indicates shear lips
vulnerable to removal, exfoliation of flakes and furrows along with
sliding direction (Fig. 9(d)). The exfoliation of surface (as depicted in
Fig. 11(a)) results in the discontinuous lubricating film with micro-
ploughing and high and fluctuant COFs and ECR values. These are
characteristics of fatigue wear and plastic deformation. The worn
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surface of treated Ag just contains some shallow furrows (Fig. 9(e)),
which contributes to mild abrasive wear. However, the worn scar of Ag
lubricated by PAN grease is the smoothest and smallest in these scars,
even smoother than the original coating surface, which just contains
some slight scratches originated from the rough surface (Fig. 9(e)).
This result is the feature of plastic deformation.

Fig. 10 shows the corresponding EDS spectrums of worn tracks in
Fig. 9. Besides, Table 4 shows the corresponding contents of elements.
As revealed in Table 4, the worn tracks of Ag and Ag/C contain Cu
element when the friction pairs are under dry sliding. Therefore it can
be inferred that the both coatings are worn out, which is exactly
consistent with the adhesive wear (Fig. 9(a) and (b)). In addition, the

100 pm” EHT =10.00 kV
WD =10.0 mm

Signal A= SE1
Mag= 400X

10 ym* EHT =10.00 kV

Date :28 Oct 2016
Time :15:05:15
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content of O element on wear track of Ag/C is much lower than that of
Ag under dry friction and the distribution of C element on Ag/C worn
area covers the wear region tested by EDS (Fig. 11). It indicates that
during the friction process, because of the covering of graphite on the
worn surface, the self-lubricating film of the graphite lowers the friction
force and prevents the oxidation of the Ag/C coating but raises the ECR
values [32,33], which is proved in Fig. 5(c). However, when PAN grease
is applied in the friction process, the content of Cu element on all worn
tracks of coatings is not tested and the content of O element reduces
greatly. Thus it can be referred that the tribofilms formed by PAN
grease can protect friction pairs from direct contact resulting in good
tribological properties and antioxidation.

~

Date :28 Oct 2016
Time :15:03:51

Signal A = SE1

WD = 10.0 mm Mag= 1.00KX

Signal A= SE1
Mag= 400X

Date ;28 Oct 2016
Time :14:40:08

10 ym* EHT = 10.00 kV

Signal A = SE1
Mag= 1.00KX

Date :28 Oct 2016
Time :14:4125

WD = 10.0 mm

100 pm* EHT = 10.00 kv
WD =10.0 mm

Signal A= SE1
Mag= 400X

Date ;28 Oct 2016
Time :15:27:29

10 pm* EHT = 10.00 kv

Signal A = SE1

WD =10.0mm Mag= 1.00KX

Date :28 Oct 2016
Time :16:29:00

Fig. 9. SEM morphologies of worn surfaces of (a) Ag and (b) Ag/C under dry sliding, and (c) Cu, (d) Ag/C, (e) treated Ag and (f) Ag under boundary or mixed lubrication (voltage:1V,

room temperature:23—-25 °C, load:10 N, frequency: 2 Hz and stroke: 5 mm).
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Fig. 9.
4. Discussion
4.1. Tribological behaviors and conductive performances

As described above, it is different for the tribological behavior under
different electrical sliding states lubricated by the conductive PAN
grease. As reported, pure copper is easily oxidized to generate a
protective film by oxygen atoms of polar molecules from lubricants,
thereby which can reduce friction [34]. But influenced by the alter-
native shear force, the hard oxide debris peeled off from friction
progress as the third body can cause abrasive damage (which can be
seen in Fig. 9(c)). As depicted in Fig. 5(b), the tendency of COFs is
against the variation of ECR values under Ag and Ag/C coatings. It is
reasonable to assume this tribofilm is non-conductive [18,19]. As
reported, the carbon from Ag/C can react with O to form gases under

(continued)
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current [32,33]. Given the nonconductive tribofilm and relatively low
conductivity of graphite phase, joule heat accumulated quickly, and
then it accelerate the reaction of C. The escaped gases destroy the
tribofilm, and this causes poor lubrication, even exfoliation of surface,
which results in high COFs and ECR values. However, the lubricating
film is relatively solid on Ag surface. As reported, soft Ag film can
reduce friction well [35] and nanoparticles can induce micro-bearing
effect [36]. In addition, combined with conductivity of PAN grease, Ag
coating exhibits friction and wear reducing and low ECR.

4.2. Conductive and electrical wear mechanisms
Based on the previous description and analysis about the friction

behavior and conductivity, the conductive and electrical wear mechan-
isms can be proposed. Fig. 12 shows the conductive mechanism of Ag
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Fig. 10. EDS spectrums of the worn surfaces.

coating with conductive addictives under boundary regime. In the run-
in period, the boundary-lubricated film is very thin and cannot totally
cover the asperities between Ag coating and upper ball, so the
asperities with direct contact play a key role in direct movement of
electron (Fig. 12a), which corresponds to the low ECR values and high
COFs of Ag in run-in period (Fig. 5(b)). With the time passing, surface
asperities have been ground and the tribofilm has become thick enough
to cover the wear area. Besides, the PAN micro-particles tend to
aggregate and deposit on the wear surface. In such situation, the grease
layer and tribofilm can act as barriers for conductivity. The conductive

170

mechanism under boundary lubrication with PAN powder (Fig. 12b)
can be attributed to "tunnel effect" (as shown in Fig. 12¢) and
"percolation theory" [37—-41]. As descript in Fig. 12(b), the electrons
activated by the thermal vibration or strong internal electric field can
easily cross the barrier and jump to the adjacent grains to generate
tunnel current, thereby significantly lower and stabilize the ECR values,
which accords with steady wear period of Ag in Fig. 5(b). With heat
accumulation by joule and friction heat, the tribofilm has grown thicker
and thicker, and thereby the nonconductive tribofilm lead to larger
ECR values and smaller COFs (corresponding to that in Fig. 5(b)). The
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Fig. 11. (a) Worn surface and (b) EDS surface distribution of C element with Ag/C under dry sliding.

Contents of the typical elements on the worn surfaces.

Worn surface Element (wt%)
Ag (0] Cu C N Si
Ag-dry sliding 87.58 2.45 9.07 0.69 - 0.21
Ag/C-dry sliding 62.89 1.16 34.29 1.66 - -
Cu-PAN - 291 92.81 4.28 - -
Ag/C-PAN 97.33 0.41 - 1.67 0.59 -
Treated Ag-PAN 98.67 1.33 - - - -
Ag-PAN 96.15 0.92 - 1.36 0.62 0.95
electron
» current
o PAN particle
¢ ygrease
» »
- L
> .
> -
> “d >
» — O 6

Fig. 12. Conductive sketch of Ag coating under boundary lubrication regime.

Current
N\

I'ribo 1'1(1/11
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Fig. 13. Schematic diagram of electrical wear mechanism.
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larger ECR, in turn, generates much more heat (proved by ‘melting
edges’ in Fig. 9(f)) to damage somewhat the tribofilm not break it down
totally (proved by the smooth wear track), thereby which lowers ECR
values and raises COFs. Conversely, the lowered ECR can lead to the
tribofilm thickening again with appropriate heat, which results in
larger ECR values and smaller COFs again. This process occurs again
and again, resulting in the fluctuant COFs and ECR values of Ag which
can be seen in Fig. 5(b).

Fig. 13 shows electrical wear mechanism of Ag coating with
conductive addictives under boundary regime. The balance and satu-
rated tribofilm has been formed and prevented the direct contact of
rubbing surface, which can be deduced from the smoothest wear track
of Ag (Fig. 9(f)). As explained above, regardless of fluctuation of the
ECR values, they tend to rise with time. Therefore the joule heat rises
and accumulates, eventually resulting in local softening of Ag coating
and the thin adsorption film. However, as shown in Fig. 13, the thin
tribofilm is capable of isolating the rubbing surfaces. Besides, the PAN
grains can turn sliding friction into rolling friction. All these factors
reduce friction and prevent direct contact between hard steel ball and
heat-softened surface of Ag. The heat-softened surface is prone to
plastic deformation. Meanwhile the heat-softened area is squeezed out
by hard ball pressed into soft area though the thin film. As the ball
reciprocates along the wear track, the extruded material is deposited
along the wear edges and heated up further by friction and extrusion
force. Consequently, it shows melting features, which can be proved by
the ‘hill’ areas after squeezed soft materials have cooled. Meanwhile,
the alternating stress acts on the heat-softened wear tracks through the
tribofilm, and the softened worn surface is repeatedly rolled and
ground, which contributes to polishing effect of the worn surface

(Fig. 9().
5. Conclusion

Coatings fine Ag, heat treated Ag and Ag/C were prepared by
electrodeposition. Compared with Ag/C composite coating under
boundary lubrication and dry sliding, the Ag coating with PAN grease
exhibits excellent boundary-lubricated tribological characteristics and
conductive capacity. Compared with the Ag coating under dry friction,
the boundary tribofilm protects the worn surface from severely
adhesive wear and oxidation, even induces the worn surface polished
and stabilizes ECR values in run-in period except a slight high mean
ECR value. Compared with under no current, the Ag coating under
boundary lubrication can function under a current rage, 0-20 A. All in
all, combined with PAN grease, Ag coating under boundary lubrication
can hold huge promise for the sliding electrical application with simple
design, excellent tribological performance and relatively low ECR.
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