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Abstract

A high strength and wear-resistance nickel-aluminum bronze alloy was
successfully prepared by hot-pressing sintering. The tribological performances of it
sliding against AISI 52100 steel were studied in distilled water, seawater, divalent
salts solution and monovalent salts solution. The effects of main components of
seawater on the tribological properties were firstly investigated. The results show that
Cu-9Al-5Ni-4Fe-Mn alloy has lower friction coefficient and wear rate in seawater and
divalent salts solution. The Cl and SO427 adsorbed by surface can accelerate
corrosion and promote the formation of Cu,O, Al,O3;, FEOOH and Fe,Os, which has
an influence on the tribological performances. The distribution of CaCOs; and
Mg(OH), on the surface also plays an important role in the reduction of the friction

coefficient and wear rate. In addition, many substances transfer from the alloy to steel
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surface and form a transfer layer during the friction process.
Keywords: Copper alloy; Seawater; Friction; Salts
1. Introduction

Cu-9Al-5Ni-4Fe-Mn alloy (henceforth referred to as CANFM alloy) is a kind of
important engineering material.'> It has been widely employed in marine
applications,®® because of the combination of superior corrosion resistance and
reliability.g'13 Recently, many works focused on the tribological characteristic of
bronzes.'*!” However, the tribological properties of CANFM alloy are relatively
unknown.

Meanwhile, it has been reported that Cu-6Sn-6Zn-3Pb bronze has different
tribological properties under seawater and distilled water.'® '’ The varying content of
salts in seawater has obvious influences on the tribological properties of PEEK.*
Chen et al. also reported that polymers exhibit better lubricating property under
seawater than pure water, because of the deposition of CaCO3; and Mg(OH), on the
surface.”’ Additionally, seawater corrosion could change chemical composition and
morphology of surfaces thereby influencing friction coefficient and wear rate of
materials.” > # It is known that seawater is mainly composed of sodium salt (NaCl,
Na,SOy), divalent metal salts (CaCl,, MgCl,) and monovalent metal salts. Therefore,
it is necessary to study the effects of sodium salt, divalent metal salts and monovalent
metal salts on the tribological properties of CANFM alloy in seawater environment.

Here, the tribological performances of CANFM alloy were investigated in

distilled water, seawater and other salts solutions. The effects of divalent metal salts,
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NacCl, Na,SO,, oxides and corrosion products on tribological properties were studied,
as well as the tribocorrosion mechanisms of CANFM alloy and steel in seawater.

2. Experimental procedures

2.1. Sample preparation

The CANFM alloy consists of 9 wt.% Al, 5 wt.% Ni, 4 wt.% Fe and 1 wt.% Mn
with the balance of Cu. All metal powders were mixed by Fritsch Pulverisettes 5
planetary ball-milling machine for 10 hours at a rotational speed of 170 rpm. The
grinding media were WC/Co balls, and the ratio of the ball to powder was 2:1. The
mixed powders were then placed in a BN-coated graphite mold, and were sintered at
860 °C with an axial pressure of 38 MPa for 15 min at a vacuum of 10 Pa. Finally,
the specimens were naturally cooled to room temperature. The Vickers hardness of
CANFM alloy was measured with MH-5 Vickers hardness instrument with a load of 2
N and a dwell time 10 s. The bending and compressive strengths were measured with
DY-35 mechanical testing machine at ambient.

2.2. Friction and wear tests

The seawater used here was prepared according to the standard ASTM D1141-98
(2008) as listed in Table 1. The chemical components of seawater can be divided into
four parts:

I. Divalent metal salts: MgCl, + CaCl, + SrCl,

II. Monovalent metal salts: KC1 + KBr + NaF

III. Main sodium salts: NaCl + Na;SOj4

IV. Other components: H3BO3; + NaHCOs3
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Table 1 Chemical compositions of seawater, solution D and solution M (g/L)

Part Compound Seawater  SolutionD  Solution M

I MgCl, 5.200 5.200 /
CaCl, 1.160 1.160 /
SrCl, 0.025 0.025 /
II KC1 0.695 / 0.695
KBr 0.101 / 0.101
NaF 0.003 / 0.003
I NaCl 24.530 / /
Na,SO4 4.090 / /
IV NaHCO; 0.201 0.201 0.201
H;BO; 0.027 0.027 0.027

In order to study the effects of sodium salt, divalent metal salts and monovalent
metal salts, solution D and solution M were prepared as listed in Table 1. Here,
solution D contained divalent metal salts, and solution M contained monovalent metal
salts. The contents of salts were the same as those in seawater. Meanwhile, the PH
values of prepared seawater and solutions were adjusted to 8.2 by HCI solution
(0.1mol/L) and NaOH solution (0.1mol/L).

Friction and wear tests were carried out using a CFT-1 reciprocating friction
tester at 25 °C in distilled water, seawater, solution D and solution M. AISI 52100
bearing steel ball with the diameter of 4 mm was chosen as counterface. The hardness
of AISI 52100 steel was 60 HRC, and the surface roughness (Ra) was 0.02 mm. All
tests were conducted under different loads (10, 15, 20, 25 and 30 N) with 0.05 m/s
sliding speed and different sliding speeds (0.017, 0.033, 0.050, 0.067 and 0.083 m/s)
under 15 N load for 30 min. The wear rate (W) was calculated by the equation
W=V/SP in which V is wear volume, S is sliding distance (m) and P is applied load
(N). The wear volume (V) was measured with Micro Xam-3D surface profiler. Each

friction coefficient and wear rate in this paper represents the average value of four
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tests under the same testing parameters.

2.3. Sample characterization

The X-ray diffractometer (XRD, D/max-2400, Japan) was used to identify the
phase constituents of the alloy. Microstructural characterization was performed with
scanning electron microscopy (SEM, JSM-5600LV). The energy dispersive
spectroscopy (EDS, Kevex) was used to detect the chemical composition of the worn
surfaces. The chemical states of the elements on the worn surfaces were examined by
a PHI-5702 multifunctional X-ray photoelectron spectroscope (XPS). Moreover, a
laser Raman spectrometer (Renishaw inVia) was used to analyze the worn surfaces.

3. Results and discussion

3.1. Material characterization
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Fig. 1 XRD pattern of the hot-pressed sintering CANFM alloy.

The X-ray diffraction (XRD) pattern of the sintered CANFM alloy is given in Fig.
1. The main phases consist of o phase (Cu-rich, fcc crystal structure) and k-phase
precipitates (Ni-Fe-Al complex).** Meanwhile, the density and mechanical properties

of prepared alloy are listed in Table 2.

Table 2 Density and mechanical properties of the CANFM alloy
Compressive Bending
strength (MPa)  strength (MPa)

Material Density (g/cm3) Hardness (HV)
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Fig. 2 Friction coefficient of CANFM alloy at different loads (a) and different sliding speeds (b)

m/s and various sliding speeds under 15 N in the four liquids. The results are as
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in distilled water, seawater, solution D and solution M.

Fig. 2 shows the friction coefficients of CANFM alloy with various loads at 0.05

follows:

(A) In distilled water and solution M, friction coefficients are the highest;

(B) Under the same testing parameters,

lower than those in solution M;

Wear rate (10°mm?/N-m)

Fig. 3 Wear rate of CANFM alloy at different loads (a) and different sliding speeds (b) in distilled

sliding speed at 15 N in the four liquids are given in Fig. 3. The results can be

friction coefficients in solution D are

(C) Friction coefficients of CANFM alloy are the lowest in seawater.
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The wear rates of CANFM alloy under various loads at 0.05m/s and various

6
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concluded as follows:

(a) In distilled water and solution M, wear rates are the highest;

(b) Wear rates of CANFM alloy in solution D are lower than those in solution M;

(c) The wear rates are the lowest in seawater.

The above results reveal that CANFM alloy has different tribological
performances in distilled water, seawater, solution D and solution M. Divalent metal
salts (part I in Table 1), NaCl and Na,SOy (part III in Table 1) are the key factors for

the decrease of friction coefficients and wear rates.

3.3. Characterization of the worn surface of CANFM alloy

Mass
Element
v s Percent
8.58
8.11
8.47
0.82

X588 SBum
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Fig. 4 SEM images of the worn surfaces on CANFM alloy after sliding in distilled water (al, a2),
seawater (b1, b2), solution D (c1, ¢2) and solution M (d1, d2) at 15 N and 0.05 m/s.

Fig. 4 shows SEM images of the worn surfaces of CANFM alloy in the four
liquids. The wear scar and enlarged view are given simultaneously. In distilled water
(Figs. 4al and a2), the worn surface suffers more severe worn compared with other
solutions. There are a lot of grooves paralleling to sliding direction on the worn
surface. In seawater (Figs. 4bl and b2) and solution D (Figs. 4cl and c2), fewer
grooves form on the worn surfaces. Many wear debris and mixtures deposit on the
surface in seawater. In solution M (Figs. 4d1 and d2), as in distilled water, many
shallow grooves can be observed. The above analyses indicate that the wear of
CANFM alloy in seawater and solution D is milder than it in distilled water and
solution M. It corresponds to the experimental results that CANFM alloy has lower

friction coefficient and wear rate in seawater and solution D (Figs. 2 and 3).
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Fig. 5 Elemental mapping of Ca, Mg and CI on the worn surfaces of CANFM alloy in seawater
(al-a4) and solution D (b1-b4).

Meanwhile, the EDS analysis (Fig. 4) shows that some amounts of Ca, Mg and C1
are detected on the worn surfaces in seawater and solution D. As shown in elemental
mapping (Fig. 5), Ca, Mg and Cl distribute uniformly on the worn surfaces. It is
known that most metal surfaces contain oxides that strongly adsorb various ions. Thus,
large amounts of Ca*", Mg”" and CI™ are adsorbed on the alloy surfaces during the

friction testing.
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Fig. 6 XPS spectrums of Ca (a) and Mg (b) elements on the worn surfaces of CANFM alloy after

sliding in seawater and solution D.

Fig. 6 gives the XPS spectrums of Ca and Mg on the worn surfaces after sliding
in seawater and solution D. As shown in Fig. 6a, the peaks at 351.10 eV (Ca 2p 1/2)

and 346.60 eV (Ca 2p 3/2) are assigned to CaCOs.”*° In Fig. 6b, the peak of Mg 1s



RSC Advances

at 1302.70 eV is assigned to Mg(OH),.>” During the friction process in seawater,
various ions including Ca*", Mg2+, OH ", HCO; and CO;*>  are adsorbed on the steel
surface. Some of them react with each other and produce CaCO; and Mg(OH),. > >+ **
Then, CaCO; and Mg(OH), are adsorbed on the surface and form the weakly-bound
surface layer. It has been investigated that the distribution of CaCO; and Mg(OH),
can prevent the wear surfaces from direct contact, leading to a decrease of the
plowing effect. Besides, CaCO; and Mg(OH), form the mixed film with some

lubricating effect together with wear debris.””*"*

Seawater (b) Al 2p

Solution M

Seawater (C) Cu 2p
Solution M CuO 2p 32 Cu,0 2p3/2
935.25 932.00

A

Cu,0 2p 172

952.50

g/('u 2p1/2 Cu 2p32
A 95256 933.00

Relative intensity
Relative intensity

: : : : : : . .
T T T
965 960 955 950 945 940 935 930 8 84 82 80 78 76 74 712 70 68 66
Binding Energy (eV) Binding Energy (eV)

Fig. 7 XPS spectrums of Cu (a) and Al (b) on the worn surfaces of CANFM alloy after sliding in
seawater and solution M.

In addition, the XPS spectrums of Cu on the worn surfaces in seawater and
solution M are given in Fig. 7a. In seawater, the peak at 935.25 eV (Cu 2p 3/2) is
associated with CuO.*° The peaks at 952.50 eV (Cu 2p 1/2) and 932.00 eV (Cu 2p 3/2)
are assigned to Cu,0.’'> In aerated chloride media, the main corrosion process of
bronze is the dissolution of copper to form the dichlorocuprous anion complex
(CuCl,") and oxide (Cuy0).** ** The reaction process is generally simplified as
follows:* %

Cu+2Cl —CuCl, +e

10
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O’ +2H,0 +4e” — 40H"

2CuCl, +20H™ — Cu0 + H,0 +4Cl

Meanwhile, it has been reported that the cupric complexes in MCI solution (M:
Na', K", Ca*, Mg") may form a series of hydrate clusters [CuCl,(H,O)m]*™ (n=1-4).
The various concentrations of cupric complexes can change the coordination number
of hydrate clusters thereby affecting the chemical and physical properties of the
solution.**?® Nevertheless, it is not clear whether this process has an influence on the
tribological performance of CANFM alloy. Further work is required to verify this
assumption, which will be done in our next stage.

Moreover, Fig. 7b gives the XPS spectrums of Al on the worn surfaces in
seawater and solution M. Two curves have the same peaks at 75.00 eV (Al 2p) which
is assigned to Al,Os. It indicates that Al,Os; form on the surface in seawater and
solution M. It has been reported that the Al,O; film on the surface can protect alloy

against the corrosion effect of solutions.'**

(a) Solution M (b) Solution D

Divalent salts

11
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(c) Seawater

Divalent salts

Fig. 8 Schematic diagrams of worn surfaces of CANFM alloy in solution M (a), solution D (b)
and seawater (c).

In conclusion, the worn surfaces of CANFM alloy in the different solutions can
be described schematically in Fig. 8. In solution M, the compound on the worn
surface is mainly Al,Os. In solution D, CaCO; and Mg(OH), form on the surface
together with Al,Os;. In seawater, high concentration of Cl can accelerate the
corrosion and promote the formation of Cu,O on the surface.**#! Thus, in seawater
environment, Al,O3;, CaCOs, Mg(OH), and Cu,O adsorb on the surface and form the
4244

weakly-bound surface layers.

3.4. Characterization of the worn surface of steel counterface
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Fig. 9 SEM images of wear scars on steel ball after sliding in distilled water (a), seawater (b),
solution D (¢) and solution M (d) at 15 N and 0.05 m/s.

Fig. 9 shows SEM images of the worn surfaces of steel after sliding in the four

liquids (15 N, 0.05 m/s). In distilled water (Fig. 9a) and solution M (Fig. 9d), the worn

surfaces are similar that many parallel grooves are observed. In seawater (Fig. 9b),

pitting corrosion occurs on the worn surface, because of the high concentration of Cl

in seawater corrosion. Cl ions are known to adsorb strongly and to modify iron,

aluminum and other oxide layers, with a strong effect on metal corrosion. In solution

D (Fig. 9c), pitting corrosion does not occur, and minor amount of Ca and Mg

elements are detected as the surface in seawater.
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Fig. 10 XPS survey spectrums of steel surface (prior to use) (a) and worn surface after sliding in
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Fig. 11 XPS spectrums of Ca (a) and Mg (b) on the worn surfaces generated in seawater and
solution D, as well as the steel surface (prior to use). XPS spectrums of C on the steel surface
(prior to use) (c) and worn surfaces generated in seawater and solution D (d).

Figs. 10a and b give the XPS survey spectrums of steel (prior to use) and worn
surface generated in seawater. It can be seen that Mg, Na, Ca, Cl and Cu are detected
on the worn surface. It is well known that, during the friction process in seawater,
most metal surfaces contain oxides that strongly adsorb various ions. In this process,
the Ca2+, Mg2+, OH , HCO; and C0327 react with each other and produce CaCO;
and Mg(OH), on the surface.”” *"* The reaction process is generally simplified as
follows:

Mg*" +20H" — Mg(OH),

HCO; +OH — CO;* +H,0

Ca’' +COs* — CaCO;s

As shown in Figs. 11a, the peaks at 351.10 eV (Ca 2p 1/2) and 346.60 eV (Ca 2p
3/2) are assigned to CaCOs.*™* In Fig. 11b, the peak at 1302.70 ev (Mg ls) is
associated with Mg(OH),.*® Furthermore, Figs. 11c and d give the XPS spectrums of
C on the steel surface (prior to use) and worn surface generated in seawater and
solution D. In Fig. 1lc, the peaks are mainly assigned to adventitious carbon

contamination (C—C, C—0—C, O—C=0). In Fig. 11d, the peak at 290.00 eV (C 1s)
14
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Fig. 12 Raman spectrums of steel surface (prior to use) and worn surfaces of steel generated in
seawater and solution M.

As shown Fig. 12, the Raman spectrum of worn surface generated in seawater
displays three peaks at 145, 216 and 622 cm™. The peak at 145 cm’ is associated with
Cu,0.°%%! The peak at 216 cm’! is attributed to Cu,O %! or Cu,C1-2H,0.> The peak
at 622 cm’” might be related to the presence of Cu,0.”" Thus, it is very likely that
Cu,0 form on the steel surface.

Meanwhile, the Raman spectrum of worn surface generated in seawater displays
the other five peaks. The peak at 250 cm™ is assigned to a-FeOOH ** or y-FeOOH.**
> The peak at 392 cm™ is associated with a-FeOOH ***° or y-FeOOH.> ** The peak
at 554 cm™ could be related to the presence of a-FeOOH * or Fe3O4.56’ 37 Meanwhile,
the peak at 222 cm™ is assigned to a-Fe,03.7***® The peak at 298 cm™ is related
with (x-F6203.59 Thus, it can be inferred that FeEOOH and Fe,O; form on the steel

surface in seawater environment.

15
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Fig. 13 Schematic diagram of the chemical state of steel surface in seawater.

The chemical state of the steel surface in seawater can be described schematically
in Fig. 13. It is well known that there are lots of oxides on the surface of bearing steel.
Some of them are produced by the autoxidation of original surface in air. The other
oxides are produced by the electrochemical reaction of steel surface in seawater. As
various elements (Fe, C, Mn, Si etc.) in bearing steel have different electrode potential,
countless minute corrosive cells form on the steel surface in seawater environment.
The cathodic and anodic reactions take place as follows:>*

O*+2H,0 +4¢e” — 40H  (cathodic reaction)

Fe — Fe*" +2¢~ (anodic reaction)

Cl” and SO4*" adsorbed by surface can accelerate corrosion by promoting Fe
easily dissolve as Fe**. Then, Fe*' reacts with OH™ and O, subsequently:

Fe*" +20H  — Fe(OH),

2Fe(OH), + O? + H,O — 2Fe(OH);

Fe(OH); — FeOOH + H,O

2FeOOH — F6203 + H20
16
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Eventually, a lot of oxides (Fe,O3) form on the surface of bearing steel (Fig. 13).
Furthermore, FeOOH and Fe,O; are easily adsorbed on the surface and form the
weakly-bound surface layer, which contributes to the adhesion of various ions and
inorganic compounds on the surface. Then, the weakly-bound surface layer somewhat
avoids the contact between the CANFM alloy and steel, and decreases the friction and
wear.”" ® However, the weakly-bound surface layer is unstable and is easily damaged
during the friction process. O, and Cl readily penetrate the layer and dissociate on

4244

the steel surface. Thus, the weakly-bound surface layer cannot prevent the

seawater corrosion.

Fe Kal Cu Kal Al Kal

250pm 250pm

(b2)

250pm

3
»

250pm

250pm 250pm 250pm

Fig. 14 Elemental mapping of Fe, Cu and Al on the worn surfaces of CANFM alloy in distilled
water (al-a4), seawater (b1-b4), solution D (c1-c4) and solution M (d1-d4).

In addition, as shown in Fig. 14, high levels of Cu and Al transfer from CANFM
17
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alloy to the steel surface during the friction process. These transferred substances
form a transfer layer which can partly separate the surface of steel from seawater.”>*
Meanwhile, Due to the good corrosion resistance of CANFM alloy, the corrosion

effect of seawater on steel can be weakened by the transfer layer.

3.5. Characterization of the surfaces immersed in the three solutions

(a3) Seawater (b3) Solution D (¢3) Solution M

Fig. 15 SEM images of sample surfaces (al-cl) and corroded surfaces (a2-c2) of CANFM alloy
after immersed in seawater, solution D and solution M, and elemental mapping of Cl on the
corroded surface (a3-c3).

The immersion corrosion tests of the CANFM alloy and bearing steel were
performed in seawater, solution D and solution M. The samples were immersed into
the solutions for 10 hours. Figs. 15al-cl show SEM images of the CANFM alloy
surfaces after immersed in three solutions. As shown in Fig. 15al, large amounts of

salts mainly consisting of Na, Cl, Ca and Mg deposit on the surface generated in

18
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seawater. These salts are produced by the evaporation of the seawater adsorbing on
the surface. In Figs. 15b1 and cl1, the salts depositing on the surfaces are fewer than
those in seawater, because of the lower contents of salts in solution D and solution M.

In order to observe the corroded surfaces, the salts were wiped by cotton gently.
As shown in Fig. 15a2, severe pitting corrosion occurs at some areas of the steel
surface immersed in seawater. Meanwhile, a high level of Cl is detected on the
corroded surface (Fig. 15a3). The Cl ions adsorbing on the surface strongly modify

the alloy surface, with a strong effect on metal corrosion.

Seawater (a) Cu2p A (b) Al 2p
= Cu,0 2p 12 =
2 2 ALO, 2p "
3 3 — N
E E 74.10
2 2
E E “
Q [3) u
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932.00
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Binding Energy (eV) Binding Energy (eV)

Fig. 16 XPS spectrums of Cu (a) and Al (b) on the corroded surface after immersed in seawater.

Fig. 16 gives the XPS spectrums of Cu and Al on the corroded surface after
immersed in seawater. The peaks at 952.50 eV (Cu 2p 1/2) and 932.00 eV (Cu 2p 3/2)
are assigned to Cu,O (Fig. 16a).>'* The peak of Al 2p at 74.10 eV is associated with
ALO; (Fig. 16b).66 The existence of Cu,O and Al,Os, main corrosion produces of
CANFM alloy in seawater, indicates that the alloy surface is severely corroded by

seawater.
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Fig. 17 SEM images of sample surfaces (al-cl) and corroded surfaces (a2-c2) of bearing steel
after immersed in seawater, solution D and solution M, and elemental mapping of Cl on the
corroded surface generated in the three solutions (a3-c3).

Meanwhile, Fig. 17 shows SEM images of the steel surfaces after immersed in
the three solutions. In Fig. 17a, large amounts of salts containing Na, Cl, Ca and Mg
deposit on the steel surface immersed in seawater. In Figs. 17b1 and c1, the salts on
the surface immersed in solutions D and M are obviously fewer. Then, the salts were
wiped by cotton gently. Figs. 17a2-c2 gives SEM images of the corroded surfaces. In
Fig. 17a2, many corrosion pits and microgrooves form on the corroded surface, due to
severe seawater corrosion. Furthermore, the elemental mapping shows that the content
of ClI on the corroded surface in seawater is much higher than that in the other two
solutions (Figs. 17a3-c3). The high concentration of Cl in seawater is responsible
for the severely corroded surface of steel.
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Fig. 18 XPS spectrum of Fe on the corroded surface after immersed in seawater.

Fig. 18 gives XPS spectrum of Fe on the corroded surface immersed in seawater.
The peaks at 724.30 eV (Fe 2p 1/2) and 711.50 eV (Fe 2p 3/2) are assigned to
FeOOH.®” The peaks at 724.00 (Fe 2p 1/2) and 709.90 eV (Fe 2p 3/2) are associated
with Fe,03.%® It indicates that the corrosion products on the immersed surface are the
same as that on the worn surface.

4. Conclusions

(1) In the four liquids, CANFM alloy exhibits different friction coefficients and
wear rates which follow the sequence: seawater < divalent salts solution < monovalent
salts solution < distilled water. The friction and wear of CANFM alloy in seawater
and divalent salts solution are milder than that in distilled water and monovalent salts
solution;

(2) The distribution of CaCO3; and Mg(OH), on the surfaces of CANFM alloy and
steel can reduce the friction coefficient and wear rate;

(3) In seawater, the CI” and SO4*~ adsorbed by surface can accelerate corrosion
and promote the formation of Cu,O, Al,O3;, FeEOOH and Fe,0s, which can affect the
tribological performances;

(4) Many substances transfer from CANFM alloy to the steel surface, and form
21
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the transfer layer.
(5) During the immersion corrosion tests, the surfaces of CANFM alloy and steel
strongly adsorb various ions. In seawater, the high concentration of CI  adsorbed on

the surface is responsible for the severely corroded surface.
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