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The corrosion wear behaviors of two aluminum bronzes, Cu-14Al-X and QAl9-4, in 3.5% NaCl solution
were investigated on a pin-on-block reciprocating tester. It was found that the wear loss of the bronzes in
3.5% NaCl solution was lower than that in water and in air, i.e., it exhibited “negative” synergy between
corrosion and wear. To understand the corrosion wear mechanism of the bronzes, the corrosion rate and
polarization curves of Cu-14Al-X and QAl9-4 in 3.5% NaCl solution were determined. The worn surfaces
of the specimens were examined, and the wear tracks were measured using scanning electron microscopy.
The corrosion patinas formed on the specimen surfaces were studied with x-ray photoelectron spectros-
copy and electron probe microanalysis. The corrosive solution was shown to play an important role in
cooling of the specimen surfaces during the wear, thus preventing the specimen’s surface hardness from
being reducing, induced by frictional heat during the sliding wear. On the other hand, the bronzes suffered
from dealloying corrosion; a noble copper subsurface and patina formed on the specimen surface in the
corrosive solution, which had a passive function for further corrosion. The noble copper subsurface
experienced strain hardening during the corrosion wear, resulting in an increase of the surface hardness
and thus an increase in wear resistance.
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1. Introduction

Copper (Cu)-based alloys are commonly used in saline wa-
ter systems, e.g., heat exchangers and distillation-type desali-
nation components. Among Cu-based alloys, aluminum (Al)
bronzes are used extensively because they possess superior
properties such as high strength, oxidation and corrosion resis-
tance, abrasion, wear, cavitation and erosion resistance, and
impact resistance (Ref 1-6).

Bronze alloyed with about 10% Al (in weight) exhibits the
best comprehensive properties and is the most widely used
material among the aluminum bronze family. Conventional
bronze-10% Al alloys are ZQAl10-3-1.5 and ZQAl9-4, and
their tribological behaviors have been studied extensively since
the 1970s (Ref 2-5, 7). Shi et al. (Ref 8) and Blau (Ref 9)
reported that, with increasing aluminum content up to the Cu-
Al binary alloy’s solubility limit (9.4 wt.%), the friction coef-

ficient decreased but the wear loss increased when wearing
against steel. A high-strength wear-resistant complex alumi-
num bronze, designated as Cu-14Al-X, with a 14-16 wt.%
aluminum content, was developed by adding several trace el-
ements, such as Zn, Co, RE (rare earth), and so on. This alloy
exhibited a lower wear rate and friction coefficient and better
anti-friction properties than the currently used aluminum
bronzes ZQAl10-3-1.5 and ZQAl10-4-4 (Ref 10).

The corrosion behavior of copper and bronzes with an alu-
minum content less then 9.4 wt.% in various solutions has also
been studied extensively. Ashour et al. (Ref 11, 12) reported
the corrosion resistance of �Al bronze was attributed to the
formation of a thin layer of alumina (Al2O3) in saline water,
which protected the substrate alloy from further corrosion.
They found stress-corrosion cracking (SCC) of single phase
�-aluminum bronze in 3.4% NaCl solution and explained the
result as a dealloying process occurred through a film of CuCl.
Parkins et al. (Ref 13) found that complex �/�/� nickel-
aluminum bronzes were susceptible to cracking in natural sea-
water in monotonic strain rate cracking or cyclic loading tests,
near the corrosion potential. Ateya et al. (Ref 2, 3) reported that
�-aluminum bronze suffered from a dealuminum corrosion in
saline water, and the �, �, and �2 phases exhibited different
degrees of resistance to dealuminum corrosion in sodium chlo-
ride solution. The � phase was more stable than the � and �2

phases. Li et al. (Ref 14-16) studied the corrosion wear behav-
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Table 1 Composition, strength, and hardness of the tested specimens

Alloy

Chemical composition, mass%

Tensile strength, MPa HardnessCu Al Fe Mn Ni Co Traces

Cu-14Al-X Bal 14-16 2.0-4.0 0.8-1.0 0.4-0.8 0.5-1.2 0.6-1.6 630 HRC 37
QAl9-4 Bal 8.0-10 2.0-4.0 … … … … 430 HB 192
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iors of brass in a mixed solution of 3.5% NaCl with sulfide or
ammonia and/or ammonium. The results showed that the ad-
dition of ammonia and/or ammonium or sulfide could enhance
the corrosion and corrosion wear of brass. This was attributed
to the surface embrittlement induced by ammonia and/or am-
monium or sulfide. Although research has been done on alu-
minum bronzes, no reports on their corrosion wear have been
published up to now.

The objective of this research was to investigate and under-
stand the corrosive wear of the newly developed Cu-14Al-X
alloy, which has an higher aluminum content over the Cu-Al
binary alloy’s eutectoid limit (11.8 wt.%), and the commercial
bronze QAl9-4 alloy in 3.5% sodium chloride solution. The
corrosion rate and polarization curves of Cu-14Al-X and
QAl9-4 in 3.5% NaCl solution were determined. The worn
surfaces of the specimens were studied with scanning electron
microscope (SEM). The corrosion patinas formed on the speci-
men surfaces were analyzed with x-ray photoelectron spectros-
copy (XPS) and electron probe microanalyzer (EPMA).

2. Experimental Details

2.1 Material Fabrication

The experimental materials are the newly developed Cu-
14Al-X and the commercial QAl9-4 bronzes, the chemical
composition of the experimented materials are given in Table
1. The QAl9-4 bronze was used for comparison.

The Cu-14Al-X specimens were prepared by a single charg-
ing melting technique due to the high aluminum and complex
content. The raw materials were pure copper (purity � 99.95
wt.%), aluminum (purity � 99.9 wt.%), electrolytic nickel (pu-
rity � 99.95 wt.%), manganese (purity � 99.95 wt.%), zinc
(purity � 99.95 wt.%), cobalt (purity � 99.95 wt.%), and
cerium (purity � 99.95 wt.%). In addition, deoiled iron scraps
with polished surfaces and trace element limits, C wt.% < 0.04,
Si wt.% < 0.03, P wt.% < 0.05, and S wt.% < 0.03, were used
to provide ferrous ingredients for the alloy.

In the preparation process, raw materials, Cu and Al, which
have low and high melting points, respectively, were charged
into the furnace successively. Trace additives such as Co, Ni,
Fe, and Mn fragments were then inserted uniformly into the
gaps between copper and aluminum pieces. Furthermore, ∼5
wt.% Al of the entire aluminum content in the alloy’s compo-
sition (listed in Table 1) acted as pre-deoxygenating and tem-
perature-tuning reagents. After all of the raw materials were
charged into the furnace, the furnace was preheated for 5-8 min
using a low heating rate to exclude the oil and gas on/in the rare
materials surface, and then a high heating rate was used to melt
all materials as quickly as possible. After all of the raw mate-
rials were completely melted, a layer of charcoal 20-30 mm
thick was used to cover the molten surface. During the pro-
cessing, a blowing device was used to perform dynamical de-
gassing; the inert gas used for dynamical degassing was nitro-
gen or argon. After dynamical degassing, a process of pre-
deoxygenation was carried out using the residual ∼5 wt.% Al.
In the mean time, the melting temperature was adjusted to
1200-1260 °C. A chemical refining degas procedure was then
performed using the C2Cl6 and/or C2Cl4 refining reagents with
an amount of 0.1-0.15% of all the molten materials (by
weight). Afterward, an eventual deoxygenation process was
taken using rare earth (RE). Before the pouring process, the gas
was checked to ensure that it met the required criteria (Chinese

standard GB/T 1176-1987). Finally, the previously melted ma-
terials were poured into sand moulds at 1180-1240 °C.

The developed alloy in its as-cast state (CA) was also heat
treated. The heat-treated specimens (HT) were solution treated
at 920 °C for 3 h and then aged at 580 °C for 5 h. The HT/
Cu-14Al-X (heat-treated) bronze has a hardness of 39-41 HRC
and a tensile strength of about 657 MPa.

2.2 Hardness, Corrosion, and Corrosion Wear Tests

Rockwell and Vicker hardnesses of Cu-14Al-X and QAl9-4
specimens were tested on the HD1-187.5 sclerometer and
HVS-100 digital microhardness tester, respectively. The high-
temperature hardness of the specimens was also measured with
a thermoelectric couple heated by radiant energy.

The steady-state corrosion rate was measured by an immer-
sion test. Specimens were machined and polished with emery
papers up to 1200 grit. All tests were carried out at room
temperature (∼18 °C). Corrosion loss was calculated by mea-
suring the weight loss of the specimen using a balance with a
resolution within 0.1 mg in terms of standard criteria (Chinese
standard GB 10124-88).

Electrochemical investigations were performed on an M263
apparatus. The electrode was a bronze specimen, and it was
isolated by a polytetrafluoroethylene (PTFE) band from an
aggressive environment, leaving a working area of 10 mm2.
The potential of the working bronze electrodes was measured
with respect to a saturated calomel electrode (SCE) and a Lug-
gin capillary. The counter electrode was a platinum electrode.
Polarization curves were obtained by a potentiodynamic
method with a scanning rate of 5 mV/min from free potential
to −300 mV at the cathode. They were converted to 300 mV in
anodic polarization relative to Ecorr.

Table 2 Corrosive rate of bronzes in 3.5% NaCl
solution at 18 °C

Bronzes CA/Cu-14Al-X HT/Cu-14Al-X QAl9-4

Corrosive rate, gm−2h−1 0.0264 0.0258 0.026

Fig. 1 Polarization curves of bronzes in 3.5% NaCl solution
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A pin-on-block reciprocating tester was used to measure the
corrosion wear rate and friction coefficient of the specimens in
3.5% sodium chloride (NaCl) solution. The pin was a ceramic
silicon nitride (Si3N4) ball with 6 mm in diameter. The corro-
sion wear loss was obtained by calculating the volume of the
wear track after the specimen surface was worn for 120 min,
which corresponded to a sliding distance of about 480 m. The
wear load varied from 15 to 29 N. The volume of the wear track
was the product of the sliding distance and the cross-sectional
area, which was an average of six equidistant positions.

2.3 Worn Surface Examination

The topographical features and microconstituents of the
worn surfaces and debris of the specimens were analyzed using
the SEM, EDS, and EPMA. The surface-sensitive techniques,
such as x-ray photoelectron spectroscopy (XPS), were used to
investigate the composition of these ultra-thin layers that
formed during the corrosion wear process.

Fig. 2 Curves of wear losses with load: (a) dry; (b) pure water; (c)
3.5% NaCl solution

Fig. 3 Worn surface of as-cast Cu-14Al-X alloy (24 N): (a) dry; (b)
pure water; (c) 3.5% NaCl solution
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3. Experimental Results

3.1 Static Corrosion

Figure 1 shows the potentiodynamic polarization curves of
the tested specimens in 3.5% sodium chloride solution at room
temperature. One may see that the CA/Cu-14Al-X (as-cast)
specimen has the highest corrosion rate, followed by the
QAl9-4 specimen. The HT/Cu-14Al-X (heat-treated) specimen
has the lowest corrosion rate. To further study the corrosion
behavior of the alloys, the corrosion weight loss of the speci-
mens was also measured, and the results are presented in Table
2. The HT/Cu-14Al-X specimen has the lowest weight loss,
that is, the highest corrosion resistance, followed by the
QAl9-4 specimen; the CA/Cu-14Al-X specimen has the high-
est weight loss. Therefore, HT/Cu-14Al-X is most noble and
has the lowest anodic current density among the three alloys,
i.e., HT/Cu-14Al-X is most resistant to static corrosion.

3.2 Corrosion Wear Resistance

Figure 2 shows the relationships between corrosion wear
loss and load in air, pure water, and 3.5% sodium chloride
solution, respectively. The corrosion wear loss in all media
increases with the load and exhibits linear relationships.

The worn surfaces of the CA/Cu-14Al-X specimen under
the load of 24 N in air, pure water, and 3.5% sodium chloride
solution, respectively, are shown in Fig. 3. The cross-section
profiles of the wear tracks are shown in Fig. 4. It can be seen
that the worn surfaces in Fig. 3(a) and (b) are characterized by
obvious plastic flows; in Fig. 4(a) and (b), the depths of the
wear tracks are much deeper than that of the worn surface in
3.5% sodium chloride solution (Fig. 4c).

Figure 5 shows the debris collected from the worn surface
of the HT/Cu-14Al-X specimen under a load of 24 N in air,
pure water, and 3.5% sodium chloride solution medium. The
debris from the worn surface in air is larger than those in pure
water and 3.5% sodium chloride solution. The pieces of debris
are nub-shaped, and cracks are found in them. However, the
debris from the worn surface in pure water and 3.5% sodium
chloride solution is small and granule-shaped, and its amount is
also less, compared with that in dry sliding.

3.3 Friction Coefficient

The friction coefficients of the specimens in the corrosion
wear were also measured, and the results are presented in Fig.

6. The friction coefficients in all media are shown to decrease
with the load and exhibit a linear relationship; except for the
CA/Cu-14Al-X specimen in 3.5% sodium chloride solution
(Fig. 6c), the friction coefficient is nearly constant. This is in
good agreement that CA/Cu-14Al-X has low corrosion resis-
tance and low deformation resistance due to the non-
homogeneous microstructure in cast state (Ref 10).

Figure 7 shows the friction coefficients of the QAl9-4 and
HT/Cu-14Al-X specimens in air, under cooling, and in a water
pool, respectively. Cooling here means that the block specimen
is placed in water with the specimen’s surface in air, and water
pool means that the whole specimen is immersed into water in
a pool during sliding wear. For QAl9-4, the friction coefficient
in dry sliding is the lowest, while it is the highest when the
specimen is immersed in water with a wet surface (Fig. 7a).
The same trend is observed with Cu-14Al-X (Fig. 7b).

3.4 Macro- and Microhardness

Variations in specimen hardness with temperature are pre-
sented in Fig. 8. The hardness of all specimens is shown to
decrease with temperature.

The surface hardness of the region around the wear track
was also measured. Figure 9 presents the microhardness of the
areas inside and outside of the wear track on the HT/Cu-
14Al-X specimen surface. It is shown that the hardness inside
the wear track is higher than that outside the wear track, which
indicates that strain hardening of the material occurred during
the corrosion wear test.

3.5 Compositions of the Worn Surface Layers

The survey XPS spectra measured for HT/Cu-14Al-X in
3.5% NaCl solution are shown in Fig. 10. The copper and
chlorine peaks are apparent, but aluminum and iron peaks are
hardly visible. It is evident that the main element in the surface
layer is copper.

The region of the Cu 2p peaks is shown in Fig. 11(a); the Cu
2p BE (932.5 eV) and BE (952.3 eV) demonstrate that Cu and
Cu2+ compounds are the major constituents in the worn surface
layer. Moreover, two shoulders are visible on the BEs (944.1
and 964 eV) of the Cu 2p peak, which indicates that the Cu+

component exists in the layer (Ref 17, 18). Therefore, compo-
nents corresponding to different chemical states of copper exist
in the worn surface layer. The Cl 2p peak is located at (198.6
and 200.4 eV) (Fig. 11b) and shows the presence of Cl−, which
is attributed to copper chloride (Ref 17, 18).

Fig. 4 Cross-sectional traces of the scratch grooves for as-cast Cu-14Al-X alloy (24 N): (a) dry; (b) pure water; (c) 3.5% NaCl solution
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4. Discussion

4.1 Wear Mechanisms

Sliding wear of a material in noncorrosive conditions de-
pends on properties of the material, the applied load, and the
contact geometry. Because the normal engineering-finished
surfaces consist of asperities, when two surfaces come into

contact, normal and tangential loads are transmitted through
the contact points (Ref 4, 5, 7, 8). A series of experimental
studies and the delamination theory of wear (Ref 19) have
demonstrated that, as the asperities are gradually deformed and
removed, the subsurface undergoes plastic deformation and the
maximum plastic strain occurs right beneath the contact region.

Fig. 5 Morphologies of wear debris of HT/Cu-14Al-X alloy (24 N):
(a) dry; (b) pure water; (c) 3.5% NaCl solution Fig. 6 Friction coefficient with load of the studied bronzes under no

lubrication: (a) dry; (b) pure water; (c) 3.5% NaCl solution
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As the plastic strain accumulates and reaches the fracture strain
of the material, cracks are nucleated below the surface and then
propagate, leading to the material delamination at the surface.
As shown in Fig. 5(a), the debris from the worn surface in dry
sliding are large, nearly platelike particles and contain cracks.
The wear characteristics of a material in dry sliding state are
plow, delamination, and oxidation. Oxide scales can be seen in
the surface by the naked eye. Generally, wear loss increases
linearly with wear load.

In pure water, all of the specimens exhibit slightly lower
weight losses, compared with experiments carried out in air,
but higher friction coefficients (Fig. 2 and 6). This occurs be-
cause pure water has no lubrication effect on the contact sur-
faces. Thus plow and delamination are still observed in the
worn surface, except that surface oxidation is reduced.

In sodium chloride solution, the wear tracks on the worn
surface are shallower than in dry or water sliding wear, and the
wear debris are smaller. There is no transverse microfracture in
the corrosive wear surfaces (Fig. 3 and 4), which implies that
no embrittlement was caused by the corrosive solutions and the
bronzes only suffered from the mechanical attack of wear (Ref
14-16).

4.2 Friction Coefficients

Figure 6 shows that the friction coefficients in all media
decrease with the wear load in the range 5-29 N and exhibit a
nearly linear relationship. In pure water, the specimens have
the highest friction coefficient under the same load. This
may be due to the fact that pure water has no lubrication effect
on the bronze/ceramic (Si3N4) counterparts. In dry sliding,
oxide scale, e.g., CuO or Al2O3, may be formed on the speci-
men surface, which results in a low friction coefficient (Ref 7,
8, 20, 21). In sodium chloride solution, the corrosion prod-
ucts (CuCl, [CuCl2·3Cu(OH)3], Al[OH]3, etc.) may also have
a lubrication effect on the bronze/ceramic (Si3N4) counter-
parts, because the corrosion products have lower shear strength
and are easy to remove from the contact surface (Ref 2, 3, 20,
21).

As presented in Fig. 7, for QAl9-4, the friction coefficients
are stable within 2 min; the friction coefficient in dry sliding is
the lowest, while that in water with a wet surface is the highest.
The rubbing surfaces in dry sliding have a higher temperature
than those immersed in water, and this promotes the formation

Fig. 7 Friction coefficient of bronzes in various mediums: (a) QAl9-
4; (b) HT/Cu-14Al-X

Fig. 8 Hardness with temperature of studied bronzes

Fig. 9 Microhardness of HT/Cu-14Al-X bronze outside and inside
grooves of corrosion wear
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of oxide scales on the dry-sliding worn surfaces. The brittle and
fragile oxide scales lead to a lower friction coefficient (Ref
20-23). With Cu-14Al-X, the friction coefficients become
stable within 2 min, but in the water pool wear condition, the
friction coefficients become stable after the surface is worn for
12 min. Due to the high aluminum content in Cu-14Al-X,
which is active in forming alumina and CuO films, the alloy
has a low friction coefficient in air, but oxide films are not easy
to form in the water pool cooling condition.

4.3 Negative Synergy between Corrosion and Wear

The synergism of wear and corrosion has become an im-
portant research area and has attracted increasing interest (Ref
14-16). The synergistic attack of wear and corrosion to metals
is not well understood because it involves several simultaneous
processes, such as formation and failure of passive films or
adsorption layers, stress-accelerated corrosion, and corrosion-
accelerated wear. However, a negative synergy between cor-
rosion and wear may occur in the situation where the corrosive
medium is very weak. In this case, material loss is caused
mainly by wear and corrosive loss would be ignored. On the
other hand, the corrosion products may change the surface
contact state; for example, they may play a role as lubricant and
the corrosive medium cools the specimens being worn. These
may all contribute to reduction of material loss.

As illustrated in Fig. 2, the wear losses of the specimens in
pure water are slightly lower than those in air, but they are
much higher than those in 3.5% sodium chloride solution. This
may be caused by a negative synergy effect between corrosion
and wear.

As seen in Fig. 3 and 4 as well as in Table 3, the corrosive
wear rate Ew is much higher than the corrosion rate Ec, there-
fore, wear dominates the corrosive wear process of the speci-
mens in wet water or sodium chloride solution. The wear loss
was predominant in the corrosive wear of the ZQAl10-3-1.5
and ZQAl9-4 alloys. In other words, corrosion wear is mainly
a mechanical attack process.

The lubrication and cooling effects of the media can be
another contribution to the low wear loss. In general, pure
water has no or negligible corrosion to bronzes so that it is
reasonable that the corrosive wear loss in 3.5% sodium chlo-
ride solution is higher than that in pure water. However, the
experimental results obtained from this study are in contradic-
tion with the convention. It is presumed that this is because
frictional heat and corrosion patinas played an important role in
corrosion wear of bronzes in 3.5% sodium chloride solution.

4.4 Effects of Frictional Heat on Corrosion Wear

In general, wear resistance of a material is proportional to its
hardness (Ref 5, 22, 23), As presented in Fig. 8, the hardness
of the specimens decreases with the temperature. In consistent
with the wear results (Fig. 2), the wear resistance of the speci-
mens is higher in water and in the solution than in air, because
more frictional heat is generated in dry sliding and the fric-
tional heat can be dissipated in water and in the solution. This
agrees with the tribology theory of Rabinowicz and Archard
(Ref 5, 22, 23): the lower the frictional heat, the higher the
hardness is, leading to lower wear loss. It is also reported that
the corrosion wear resistance of a material is related to passive
film formed on its surface; a lower temperature may contribute
to formation of a compact film in corrosive conditions (Ref 24,
25).

4.5 Effects of Film on Corrosion Wear

From the XPS spectra in Fig. 10 and 11, there are no Al or
Fe peaks, which implies that dealuminum and deiron corrosion
has been taken place on the Cu-14Al-X alloy surface and an
ultrathin copper chloride [CuCl2·3Cu(OH)3] and CuCl film has
been formed on the corrosive surface (Ref 2, 18, 26).

Although bronzes are corrosion-resistant materials due to

Fig. 10 Survey XPS spectra for HT/Cu-14Al-X in NaCl solution

Fig. 11 XPS spectra for HT/Cu-14Al-X surface film in NaCl solu-
tion: (a) Cu 2p; (b) Cl 2p
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the formation of compact passive films, mechanical attack in
the wear process breaks the protective films, thus the fresh
surface is continuously exposed to a corrosive environment,
resulting in an even worse situation than with normal passive
surfaces. For Al bronzes, dealloying corrosion results in a
noble copper subsurface, which has a passive function for fur-
ther corrosion.

In addition, it was found that the hardness of the wear track
surface was higher than that of the unworn surface (Fig. 9).
This may be attributed to the strain hardening of the material.
Strain hardening of the worn surface may improve the wear
resistance of the material, in terms of the adhesive theory given
by Archard (Ref 5, 22, 23). It is generally accepted that the
wear loss is approximately inversely proportional to the hard-
ness of the target material.

During the corrosive wear of the specimens in 3.5% NaCl
solution, dealloying corrosion occurred and resulted in a pas-
sive patina or film on the specimen surface that prevented the
surface from further corrosion. However, the patinas formed by
corrosion would be broken down by the mechanical attack
during the wear. As a result, a fresh surface was generated
continuously in the wear process. The subsurface experienced
plastic deformation during wear and exhibited strain hardening,
which enhanced the surface hardness and thus increased the
wear resistance.

5. Conclusions

Corrosion plays a trivial effect on the corrosion wear of
aluminum bronzes in 3.5% sodium chloride solution. There is
a “negative” synergy between corrosion and wear on the alloys.

The friction coefficient between bronzes and silicon nitride
(Si3N4) ceramic in pure water is higher than that in dry sliding,
but the wear loss is the opposite. Wear in air is a combined
mode of plowing, delamination, and oxidation, while in water
each of the behaviors becomes less severe.

Thermal conduction effects play an important role in the
corrosion wear of the bronzes, as low temperature prevents the
hardness of the surface from reducing, thus enhancing the wear
resistance of the surface.

The bronzes suffered from dealloying corrosion, and a noble
copper subsurface and patina that had a passive function for
further corrosion had formed on the specimen surface. The
subsurface experienced strain hardening during the sliding
wear, which enhanced the surface hardness and thus increase
the wear resistance.
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