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ABSTRACT

Frictional components in the marine environment always face a synergistic effect of wear and
corrosion. Diamond-based composite coatings are known for their excellent wear
performances, but few studies were conducted relating to their marine applications. Herein,
diamond-copper composite coatings were successfully deposited on stainless steel 316L
plates by the cold spraying, employing diamond powder coated with thin copper (Cu) layer.
The diamond-Cu composite coatings with a diamond content of 31.79% were successfully
fabricated. The coatings showed significantly enhanced wear resistance tested in artificial sea
water with the reduced friction coefficient from 0.32 for the Cu coating to 0.10 for the
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diamond-Cu coating. Further electrochemical testing showed promoted anti-corrosion
performances of the diamond-containing coatings. The newly constructed diamond-Cu
coatings show encouraging promises as anti-tribocorrosion layers for marine structures.

Introduction

The exploration of marine resources calls for a great
need for marine equipment, while marine frictional
components, such as sea water pumps, open hydraulic
drive system, and propeller, usually encounter the pro-
blems caused by corrosion, wear, biofouling, and even
their synergistic impact [1]. To address these problems,
one of the most effective approaches is to employ
advanced coatings to meet all the requirements [2].
Diamond and diamond-like carbon films have been
widely used to improve the wear resistance of engineer-
ing materials due to their favourable properties, such as
high hardness, chemical inertness, and low friction
coefficient [3,4]. However, most of the above coatings
were deposited using physical or chemical vapour
deposition techniques which call for a high vacuum
environment. In addition, large-scale fabrication of
diamond-based coatings yet keeps challenging. There-
fore, searching appropriate construction techniques is
one of the current research goals for the fabrication
of diamond-based coatings.

Thermal spray techniques offer advantages such as
user-friendliness and cost-efficiency in mass pro-
duction of coatings for various applications. To date,
research progresses have been made in thermal spray
fabrication of diamond-based composite coatings [5-
7]. However, traditional thermal spray techniques
usually fail to achieve high density and high fraction

of diamond particles in the coatings, and the proces-
sing usually causes oxidation and graphitisation of dia-
mond, leading to poor cohesion between diamond and
matrix [5]. Cold spraying (CS) is a relatively new
approach and has unique advantages in fabricating
thermal sensitive materials coatings for a variety of
applications [8-10]. To deposit diamond coatings, a
soft phase is always needed to facilitate the deposition
process. For example, a dense diamond/NiCrAl com-
posite coating was developed by the CS diamond-
NiCrAl composite powder as prepared by mechanical
alloying processing [11]. Attempts were also made
recently in fabricating diamond-based composite coat-
ings using Ni-coated diamond powder blended with
bronze as the starting feedstock [12]. The protective
Ni layer is believed to prevent fracture and to ensure
similar flight behaviour between diamond and bronze,
in turn, giving rise to high deposition efficiency of the
diamond particles. Yet, there are, so far, few reports
available, elucidating the tribocorrosion behaviours of
cold-sprayed diamond-based coatings for marine
applications.

This study aims to investigate fabrication by the
cold spray of diamond-based composite coatings and
their tribocorrosion behaviours in the marine environ-
ment. The results shed light on coating fabrication
and marine applications of the diamond-containing
composites.
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Experimental procedures

Commercially available diamond powder (Sino-Crystal
Micro-diamond Co. Ltd., China) was used as the start-
ing feedstock. Diamond-Cu composite powder was
prepared by an electroless copper plating method. To
comparatively investigate the performances of the coat-
ings, both diamond-Cu composite coatings and pure
Cu coatings were fabricated. Spherical Cu powder of
~30-50 um (Tianjiu Changsha Co. Ltd., China) was
used to prepare the Cu coatings. A home-installed
cold spray system was employed to deposit the coat-
ings. Stainless steel 316L plates (316L, 20 x 30 x
2 mm) were used as substrates. Nitrogen was used as
the driving gas with a pressure of 3 MPa and a temp-
erature of 400°C in the prechamber. Nitrogen was
also used as the powder carrier gas and the spray dis-
tance was 20 mm.

Microstructure of the powder and the coatings was
characterised by a field emission scanning electron
microscope (FESEM, Quanta FEG 250, U.S.A)).
Element analyses were carried out by energy-dispersive
X-ray spectra (EDS) equipped with the FESEM. Phases
of the powder and the coatings were detected by X-ray
diffraction (XRD, D8 Advance, Bruker AXS, Germany)
at a scan rate of 0.02°s™" using Cu Ka radiation oper-
ated at 35 mA and 40 kV.

The corrosive wear behaviours of the coatings
were evaluated by sliding wear testing and in situ
electrochemical measurements in artificial sea water
(ASW) prepared according to ASTM D1141-98.
Sliding wear testing was performed on a tribometer
(Rtec, MFT-3000, U.S.A.) with the ball-on-disc reci-
procating mode using the Si;N, balls of 6 mm in
diameter as the counterpart. A constant load of
10N, oscillating stroke of 5mm, sliding speed of
0.02m s}, and sliding distance of 72 m were chosen
for the testing. The friction coefficient-time plots
were recorded automatically and each measurement
was performed three times. Based on the wear
track depth profiles detected by a surface profiler
(Alpha-Step 1Q, KLA Tencor, U.S.A.), wear losses
of the coatings can be obtained after the sliding test-
ing. Electrochemical characterisation was done with
an external potentiostat (Modulab 2100A, Solartron
Analytical UXK.) in ASW. A standard saturated calo-
mel electrode was used as the reference electrode and
platinum was used as the counter electrode. To
examine the tribocorrosion behaviours of the
samples, a series of experiments were conducted:
(1) corrosive wear testing was carried out in open
circuit potential (OCP) condition and the evolution
of OCP was recorded; (2) potentiodynamic testing
involved measurement of polarisation curves during
sliding and corrosion only, and it was initiated
after a stable OCP. The electrode potential was raised
from —0.5 to 0.5V at a scanning rate of 0.5 mV s~

Results and discussion

Morphologies of the diamond powder and the Cu-
coated diamond powder are shown in Figure 1(a,b),
respectively. The Cu-coated diamond particles have
the size of ~21-58 um which is suitable for CS. Com-
pared with the starting diamond powder, it is clear
that diamond particles are coated with a thin Cu
layer (Figure 1(b)). The Cu layer with the thickness
of ~1-2 um can be clearly seen (Figure 1(c)). Further
EDS characterisation confirms the existence of the
Cu layer (Figure 1(d)). To examine the weight per
cent of diamond in the coated particles, the coated par-
ticles were etched by ammonium persulfate solution to
remove the Cu clad completely. By weighing the pow-
der before and after etching, a diamond fraction of
~43% was revealed.

The topographical and cross-sectional mor-
phologies of the composite coatings were characterised
by the SEM (Figure 2) and a schematic illustration of
the coating formation mechanism is also proposed
(Figure 3). The as-sprayed composite coatings with
the thickness of ~70 pm were successfully fabricated.
The dark regions in the coating are assigned to dia-
mond particles. It can be observed that the copper
part is pretty dense, which is distinct in the cold-
sprayed pure copper coating [13]. Diamond particles
are strongly embedded in the copper matrix, and the
contours of diamond particles are well maintained.
However, it is noted that large quantities of small-
sized diamond particles circled by the black lines are
also present in the coatings (Figure 2(b)). It indicates
that large diamond particles might have fractured
into small pieces during the deposition process. This
phenomenon could be explained by unbearable impact
stresses encountered by the diamond particles upon
their impingement. These pieces still have strong
enough kinetic energy to penetrate into the soft
phase. Diamond particles would fortunately have
chance to embed into the coating in an intact form at
the places where the percentage of soft materials is rela-
tively high. It is noteworthy that some of the diamond
particles got bounced away from the substrate or pre-
coating when they failed to adhere, leaving traces on
the top of the coating (Figure 2(c)). The black lines,
shown in Figure 2(c), highlight the areas for the
bounced diamond particles. To estimate the diamond
content in the composite coating, the EDS analysis
was performed. The element content histogram,
shown in Figure 2(d), suggests a carbon content of
31.79%. This is a pretty high content of diamond com-
pared with those of diamond-containing composite
coatings fabricated using mechanically mixed feedstock
[5-7,12,14]. The relatively high content of oxygen
suggests that the oxidation of copper took place during
the CS. But, the oxidation is very limited, since no cop-
per oxides are detected from the XRD analyses of the
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Figure 1. SEM images of the starting diamond powder (a), the Cu-coated diamond powder (-2 is enlarged view of selected area in
-1) (b), and the single particle image after polishing (c), (d) EDS result of the image (c) showing complete enwrapping of Cu on

diamond particle.

as-sprayed coatings (Figure 4). It is also clear that gra-
phitisation of diamond did not happen during the
deposition processing. The results are consistent with
a previous report that claimed the cold spray technique
to be a potential approach for relieving graphitisation
and oxidation of diamond particles [14]. In this case,
compared with the XRD peaks for the starting feed-
stock, the weakened peaks referring to the diamond
in the coatings are likely due to the loss of diamond
during the coating deposition.

To examine the tribocorrosion behaviours of coat-
ings, OCP measurements are usually performed [15].
It is shown that the OCP drops sharply down to
more negative value due to the friction effect at an
early stage of the sliding (Figure 5(a)), which is consist-
ent with previous studies [16-18]. The drop in OCP
value is believed to be a result of the destruction of pas-
sive film formed on the original surface [19]. The con-
tact area is increased by increasing normal load, which

gives rise to enlarged wear track area. As a conse-
quence, an amplified area of active zone would be
exposed, in turn, causing drop in OCP. It can be seen
that OCP values rise gradually after the sharp dropping
at the beginning of the sliding testing. This phenom-
enon is a little different from those occurred for stain-
less steel [19], copper-base alloy [1], and other alloys
[20,21]. It might be attributed to the remarkably differ-
ent wear regimes of the diamond-Cu composite coat-
ing. Upon initiation of the sliding, the coating surface
shows abundant copper which covers diamond par-
ticles. As sliding continues, many diamond particles
are exposed and cannot be worn out. Consequently,
the contact area between copper and SizN, ball
decreases gradually, giving rise to less exposed active
zone and less drop of OCP. When the friction is
over, the OCP value rises abruptly in a quite short
time and then gradually reaches the initial OCP of
about -0.23 V, indicating recovery of the passive film.
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Figure 2. (a,b) SEM backscatter images showing cross-sectional morphology of the diamond-Cu composite coating ((b) is enlarged
view of selected area in (a)), (c) SEM image showing surface morphology of the diamond-Cu composite coating, and (d) histogram

of element contents of the diamond-Cu composite coating.

To further investigate the corrosion kinetics of the
coatings during sliding, potentiodynamic polarisation
spectrum is usually acquired [20]. For comparison pur-
poses, the polarisation curves under corrosion-only
and tribocorrosion conditions are shown in Figure 5
(b), and the values of the corrosion potential (E.,.)
and the corrosion current density (I.or,) are provided
in Table 1. The corrosion behaviour under corrosion-
only condition could provide electrochemical infor-
mation of materials without mechanical damage. It is
clear that the passive region above 0 V of corrosion
potential disappears for both the Cu coatings and the

Cu la}$r<§,>)iamond

® @

i oio ii] I’o:i.o ‘I ‘|’ioi

Starting

traces left

‘mm

Coating formation

diamond-Cu composite coatings under the sliding
conditions, indicating destruction of the passive film.
Interestingly, under the sliding conditions, the dia-
mond-Cu composite coating shows a smaller drop in
E.orr drop and less increase in I, than those of the
pure Cu coating. The measured corrosion current (I)
can be considered as the sum of two partial current
I, and I, where I, is the current acquired from the
wear track area in which material is active, and I, is
the current acquired from the intact area in which
material is passive. On the surface in passive state, I,
cannot exceed the current value measured at the
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Figure 3. Schematic illustration showing the formation mechanisms of the diamond-Cu composite coating.
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Figure 4. XRD curves of the diamond—-Cu powder and the dia-
mond-Cu coating.

same potential on the intact surface. By comparing the
corrosion current values acquired under the corrosion-
only and the tribocorrosion conditions, it can be found
that the corrosion current is almost equal to I, under
the sliding condition. The result suggests that fric-
tion-induced dissolution plays a major role in regulat-
ing the tribocorrosion behaviours. Therefore,
enhancing wear resistance should be one of the first
considerations to improve the anti-tribocorrosion
performances of the coatings in the marine
environment.

To investigate the tribological behaviour of the dia-
mond-Cu coatings in the marine environment, the
worn surfaces of the tested coatings and Si;N, balls
were characterised by the SEM (Figure 6). No deep
scars are seen from the surface of the diamond-Cu
composite coating, while the spherical surface of the
SizN, balls has been abraded to flat shape (Figure 6(a,
c)). The retention of diamond particles after the
abrasion indicates good interfacial bonding between
diamond and copper matrix (Figure 6(a-2)). In con-
trast, however, the pure Cu coating suffers severe

SURFACE ENGINEERING (&) 5

Table 1. Corrosion potential (E.,;) and current density (/cor)
vlaues

Corrosion-only Tribocorrision

Materials

Ecor V) o WA M) Eeon (V) Lo (WA cm™)
316L ~03181 0.1098 -0.4323 0.4775
Cu -0.2665 04337 -03334 5.869
Diamond-Cu  —0.295 0.4752 -0.2858 2.095

deformation (Figure 6(b)) and no obvious change in
the surface morphology of the SisN, ball is seen
(Figure 6(d)).

Figure 7 shows the evolution of friction coefficient
(COF) for the 316L (~0.49), the Cu coating (~0.32),
and the diamond-Cu coating (~0.10). The COF dis-
plays similar features: after reaching the highest
value, the COF begins to decrease until the wear
reaches a relatively stable stage. However, the COF
of the diamond-Cu coating goes abruptly to a
value of around 0.45 at the beginning of the friction,
which is very different from those of the 316L and
the Cu coating. Generally, the rising stage of COF
represents a run-in period and the decreasing stage
arises from a rapid increase of the wear between
ball and coating [22]. Although a strong wear dose
exists between the diamond particles and the SizN,
ball, it would not lead to such a boom in the COF.
As it is well known that diamond has very low coef-
ficient of friction [22], when hard diamond surface is
sliding against a comparatively soft material, the soft
material would wear out and fill the asperities of
rough diamond surface and reduce its COF [23].
Thus, in this case, the fact that Siz;N, ball initially
contacts with the coarse soft copper on the coating
surface is presumably responsible for the slightly
higher COF of the diamond-Cu coating during
early stage sliding. As sliding continues, diamond
particles get exposed and their intimate contact
with the sliding ball is expected, which triggers the
sharply dropped COF (Figure 7(a)). Moreover, the
existence of diamond particles at the top surface of
the coatings would protect the copper matrix against

a
-0.10 b
0.6{—=— diamond-Cu -corrosion only
—e— diamod-Cu -tribocorrosion
D184 0.4{—— 316L -corrosion only
b Start of sliding End of sliding o —v— 316L -tribocorrosion
Z -0.20- Z 0.24—— Cu -corrosion only
g a —<— Cu -tribocorrosion
O 0.0+
‘g -0.25- ot
5 5021
-0.30+
-0.4
'0-35 T T T T '0-6 T L T L) L) L) T
0 1000 2000 3000 4000 -9 -8 -7 -6 -5 -4 -3 -2
Time /S

log i/ (A/em?)

Figure 5. (a) Evolution of the OCP as a function of time and (b) polarisation curves measured under the corrosion-only and the

tribocorrosion conditions.



Downloaded by [Ningbo Institute of Materials Technology and Engineering] at 17:12 25 September 2017

6 (&) Z.WANGETAL

k . 1 mm 1 mm

Figure 6. SEM images of worn surfaces of the diamond—Cu coatings (a) and the pure Cu coatings (b) (-2 is enlarged view of selected
area in -1), and topographical SEM images of the worn SisN, ball after being abraded by the diamond-Cu coating (c) and the pure
Cu coating (d).

further wearing out greatly (Figure 7(b)). There is a  enhanced wear/corrosion resistance of the diamond-
giant disparity of wear volume between the dia-  containing coating indicates great potential of their
mond-Cu coating and the pure Cu coating. The  applications in the marine environment.

a0.7 l:)0.10
0.6+
., 0.084
£ 0.54 £
2 £
£ 04 3 0061
e £
C 0.3 3
E 2 0.04+
-2 0.24 S
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0 500 1000 1500 2000 2500 3000 3500 316L Cu diamond-Cu
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Figure 7. (a) Variations in friction coefficient with changes in sliding time and (b) wear volume loss of the samples after 60 min
sliding testing in ASW.
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Conclusions

Diamond-Cu composite coatings were successfully
fabricated by CS the Cu-enwrapped diamond particles
and the particles were prepared by the electroless plat-
ing. Diamond particles are well retained in the coatings
and the diamond-Cu coatings show significantly
enhanced anti-wear and anti-corrosion resistance as
compared to the pure Cu coatings and 316L substrates.
The electroless plating approach for diamond-Cu pow-
der preparation and the cold spray route would open a
new window for designing and constructing hard anti-
corrosion coatings for marine applications in the areas
involving high wear and tribocorrosion.
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