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The influence of trace amounts of scandium (Sc) and zirconium (Zr) on the tribological
behavior of aluminum (Al)-bronze has been studied under ambient conditions in various slid-
ing environments, including dry conditions, fresh water, and simulated seawater. The findings
demonstrate that trace amounts of Sc and Zr significantly influence wear properties, improv-
ing Al-bronze performance in dry sliding conditions while diminishing it in wet and corrosive
environments. The addition of Sc and Zr refines the grains, increases the thermal stability of
Al-bronze through intermetallic formation, and is simultaneously affected by oxidation and cor-
rosion. Scandium increases the intensity of these effects, as intermetallic compounds strengthen
the alloy but also accelerate the corrosion process.
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1. INTRODUCTION

In general, copper is a soft, ductile, and highly conductive material both
thermally and electrically in its pure state [1-3]. Al-bronze is one of the most
important alloys among more than four hundred distinct copper alloys because it
has excellent casting and welding properties, high strength, toughness, and wear
resistance, as well as outstanding corrosion resistance. Aluminum, which ranges
from more or less 6 to 12%, is utilized as the primary alloying element instead of
tin, which is often used in other forms of bronze [4, 5]. The base element, copper,
makes up the remaining portion; however, additional substances such as zinc,
nickel, iron, or silicon may be added to improve the metal’s qualities [6, 7].
In addition, to improve the properties, a limited number of copper (Cu)-based
alloys can be reinforced through cold working, thermal treatment, and solid-
solution alloying. The properties of Al-bronze can be improved via all the above
processes [8, 9].
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Groups of alloys are formed from aluminum bronzes, which vary based on
the proportion of aluminum and other elements in the metal [10]. Alloying el-
ements are used as major, minor, modifiers, and impurity elements. It is well
established that Zr, as a grain refiner, plays a great role in Cu-alloys, improv-
ing the overall structural as well as mechanical properties. Similarly, Sc not
only refines the grain structure but also participates in enhancing precipitation
strengthening [11, 12]. The strength and corrosion resistance of Al-bronze have
made it popular in the energy, chemical, and marine industries. This type of
Cu-alloy is used for making bushes, gear, and different moveable parts, so the
wear properties of this material are very important [13]. This is due to its supe-
rior resistance to wear and corrosion, high electrical and thermal conductivity,
and capacity for self-lubrication. Wear is the overall material loss from a sur-
face due to mechanical processes such as contact with liquid, solid, or gaseous
objects, or relative motion between objects. It occurs by the separation of wear
debris-forming particles and the plastic displacement of surface materials, where
the sizes of the particles vary from millimeters to nanometers [14, 15]. Wear can
change over time or as a result of changing operational conditions. Frictional
heating typically accelerates wear through mechanical and chemical reactions.
To describe wear mechanisms, a wide variety of terms are used, such as adhesive,
abrasive, fretting, surface fatigue, corrosion, and erosion [16].

The use of this alloy continuously increases. As a result, there is an ongoing
need to enhance the efficiency of its manufacturing processes, and significant
trends are progressively advancing a variety of research areas. As new technical
applications arise, there is an increasing demand for stronger materials with im-
proved qualities. The material is recycled and used again when a product reaches
the end of its useful life. Cu-alloys are particularly popular materials since their
quality does not significantly deteriorate when they are reused. Recycling these
materials has significant benefits in reducing environmental pollutants and en-
ergy consumption [17, 18]. Trace additions can then be made easily. Additionally,
melting parameters can be adjusted to obtain the desired properties for these
alloys.

The impact of trace levels of Sc and Zr on both the physical and mechanical
characteristics of Cu-based Al-bronze has been studied extensively. It is well-
known that even small additions cause changes to alloy properties. Obviously,
any improvements in one property can lead to changes in other alloy properties.
While Sc and Zr have a positive effect on the strength and microstructure of Al-
bronze, there are not enough reports on the wear and friction behavior of this
alloy with their additions. As it is commonly used material for gears, the primary
goal of this study is to assess how well this alloy performs in various sliding en-
vironments, including corrosive, wet, and dry environments. A pin-on-disk wear
testing method is employed, since it is a standard screening method for assess-
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ing the tribological performance of any material. Consequently, a comparison of
wear rates alongside coefficients of friction is conducted as part of this study.

2. EXPERIMENTAL METHODS

This study focused on a Cu-10 wt% Al alloy, known as Al-bronze, with ad-
ditions of 0.2 wt% Sc and 0.2 wt% Zr. Pure copper and commercially available
aluminum were used in the production of Al-bronze. Specifically, master alloys
Al-2 wt% Sc and Al-10 wt% Zr were used for other bronze alloys. The melting
process was conducted in a pit furnace that used natural gas as fuel and had
clay graphite crucibles. A suitable flux or degasser was used during this process.
The furnace melting temperature was maintained constant, like 1300+ 15°C.
A steel mold of size 20 x 100 x 150 mm coated with water clay was prepared
and preheated to 200°C. The melts were homogenized at 1200°C with stir-
ring and then poured into the mold. The chemical compositions of the three
categories of Al-bronzes were determined by means of spectrochemical analysis.
The main constituents were measured at five points on the sample surfaces,
and the mean values are displayed in Table 1. Furthermore, the alloys contained
trace amounts of Zn, Pb, Sn, Ni, Mn, Cr, Sb, etc.

Table 1. Chemical composition by wt% of three categories of Al-bronzes.

Alloy Al Sc Zr Fe Fe Si Cu
Cu-Al 9.601 0.000 0.000 0.078 0.078 0.004 Bal
Cu-Al-Sc 9.451 0.198 0.000 0.156 0.156 0.002 Bal
Cu-Al-Zr 9.470 0.000 0.189 0.064 0.064 0.005 Bal

The oxide layer formed on the surfaces of Cu-Al, Cu-Al-Sc, and Cu-Al-Zr
alloys during casting was removed using a shaper machine. Cast alloys were cold
rolled with 50% reduction in a rolling mill with a 10 HP capacity. The alloys were
cut into dimensions of 20 mm x 20 mm x 150 mm, and approximately 1 mm de-
formation was applied per pass. Cold rolling reduced the thickness from 20 mm
to 10 mm. Samples measuring 10 mm x 20 mm x 20 mm were made from cold-
rolled alloys, and all three alloys were isochronally aged for two hours at various
temperatures. The samples were mechanically sanded with 1500 grit emery pa-
per, both rough and fine. Microhardness of the aged samples was assessed using
a Micro Vickers Hardness Tester, applying 1 kg load with a Knoop indenter for
10 seconds. At least eleven indentations were made on each sample from different
angles, and average values were used to plot the data. A pin-type sample was
machined for the wear investigation from all three cold-rolled alloys. The sample
measured five millimeters in diameter and fourteen millimeters in length. In or-
der to achieve highest hardness, all three samples were homogenized through
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artificially ageing at a temperature of 300°C for two hours, consistent with pre-
vious studies [8]. The pin sample’s ends (5 mm in diameter) were polished with
1500-grit emery papers. Next, running water was used to clean the end surfaces.

Finally, acetone was used to dry the samples. Discs made of 309s grade
stainless steel were used as the counter body. The surfaces of the discs were
polished using a surface grinding machine and cleaned with acetone and cotton.
The discs were HRB 85 in hardness. The disc’s surface roughness (center line
average roughness, Ra) was 0.40 um. Conversely, the surface roughness of the
polished pin sample, containing Al-bronze, trace amounts of Sc and Zr, w mea-
sured to be 0.23, 0.21, and 0.23 um, respectively. The tribological behaviors of
the three alloys were studied using a pin-on-disc type wear apparatus follow-
ing the standard ASTM G99-05 [19]. During the wear tests, the end surface of
the pin samples was pressed against a stainless-steel disc that rotated horizon-
tally. Generally, Cu-based gear material does not perform so well under heavy
loads compared to ferrous metals. To maintain consistency with previous stud-
ies, a constant applied load of 20 N was used throughout the entire test, resulting
in nominal contact pressures of 1.02 MPa [20-22].

For other tests, applied loads ranging from 5 to 50 N were used. The experi-
ments were conducted using different sliding distances, which ranged from 100 m
to 3000 m, with a sliding velocity of 0.385 m/s. All tests were carried out at an
ambient air temperature of 23°C with a relative humidity of 65% in dry condi-
tions, wet conditions, distilled water, and 3.5% NaCl solution environment. The
3.5% NaCl solution, simulating seawater, was prepared by dissolving sodium
chloride reagent powder in deionized water. Since seawater contains about 3.5%
of NaCl, this obtained solution was similar to natural seawater composition [23].
During the experiments, a single point of drip-type lubrication was maintained
at the contact interface between the sample and the stainless-steel counter plate
in both distilled water and NaCl solution environments. A discharge rate was five
drops per minute, as controlled by a regulator. Other parameters were identical
to those in the dry wear test. For each type of material, at least nine tests were
conducted. The average values of the weight-loss measurements following each
test were used to calculate wear rates. The track diameter and rotational speed
of the stainless-steel disc were 49 mm and 150 rpm, respectively, and were used
to calculate the sliding distance. After each test, caution was taken to prevent
wear debris from becoming entrapped.

Wear rates and friction coefficients were computed using the following for-
mulas [24]:

(2.1) AW = VVinitial - Wﬁnalv

AW
SD x L’

(2.2) SWR =
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F
(2.3) B= T’
where Winitial — sample weight before wear, g; Wy — sample weight after
wear, g; AW — the weight loss of the sample during wear, g; SD — sliding
distance during wear, m; L — applied load, N; SWR — specific wear rate, g/Nm,;
u — friction coefficient and; F' — frictional force, N.

The samples underwent optical metallography in the standard procedure.
When using copper etching in metallography, a commonly recommended mix-
ture of ammonium hydroxide and three percent hydrogen peroxide in a 1:1 ratio
was applied. The cleaned and dried samples were examined at various magnifica-
tions using a Unitron Versamet-2 optical microscope, and selected photomicro-
graphs were taken. A JEOL scanning electron microscope (SEM) was employed
for analysis of the worn surfaces. A Taylor Hobson Surtronic S-100 Roughness
Tester was used to measure the roughness of the worn surfaces in various sliding
environments. Figure 1 depicts the configuration of the wear testing apparatus,
wear specimen, and counter body, all comprising the experimental setup.
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FiG. 1. Depiction of the experimental setup including the wear testing machine,
wear specimen and counter body.

3. RESULTS AND DISCUSSION

3.1. Isochronal ageing

Figure 2 demonstrates the hardness variation of 50% cold-rolled Al-bronze
alloys with added trace amounts of Sc and Zr after two hours of isochronal age-
ing. All alloys exhibit similar ageing behavior, where an initial increase occurs
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F1a. 2. Microhardness of 50% cold-rolled three alloys after two hours of isochronal ageing.

to a certain point, followed by a rapid decrease at varying rates. During the ini-
tial ageing stage, two processes happen: the formation of Guinier—Preston zones
related to the early stages of precipitation in the alloy leading to increased hard-
ness, and stress relief in cold-deformed alloys resulting in a hardness decrease.
Here, the average of these two competing effects is represented in the graph;
the first effect is greater than the second, thereby improving the microhardness.
Additionally, Fig. 2 demonstrates that the hardness of three alloys reaches its
highest level at the ageing temperature of 300°C. These results indicate that
the inclusion of Al contributes significantly to the alloy’s age hardening effect.

During solidification and ageing, Al and Cu undergo reactions leading to the
formation of various intermetallic phases, such as CuAls, AlCu, CuygAls, CusAls,
or Al4Cug. Among these phases, Al;Cug and CugAls are particularly notable
for their significant effect on enhancing the alloy’s hardness [25, 26]. The drastic
decrease in hardness beyond the ageing temperature of 300°C can be attributed
to precipitation coarsening, recovery, and recrystallization, altogether known as
the over-ageing effect.

In contrast, alloys with trace additions of Sc and Zr initially display superior
hardness due to their relatively fine grain compared to Al-bronze. During solidi-
fication, Sc and Zr act as nucleation sites, influencing grain structure formation.
Moreover, these trace elements show lower ageing response rates initially and re-
duced softening at higher ageing temperatures. During solidification and ageing
treatment, Sc and Zr added to Al-bronze form dispersoid particles of Al3Sc and
AlsZr with Al respectively. In addition, Cu forms intermetallics such as CuySc,
CusSc and CuSc when combined with Sc. Likewise, doping with Zr results in the
formation of CugZry intermetallic compound [27, 28]. These precipitates prevent
the alloy’s precipitation coarsening and effectively block dislocation motion. As
a result, processes like hardness improvement and recrystallization are delayed.
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One thing that can be noticed is that the intermetallics of Sc are hard particles;
thus, they always accelerate the hardness of Al-bronze alloys.

3.2. Wear behavior

The average weight loss variation with sliding distance in each of the nine
tests of Al-bronze and Al-bronze with trace additions of Sc and Zr are shown
in Fig. 3. Pressure and velocity were set at 1.02 MPa and 0.385 m/s, respec-
tively, under dry sliding conditions. The usual phenomenon of weight loss with
increasing sliding distance is observed for all samples, but its intensity varies.
Throughout the test, as the sliding distance increases, the contact period be-
tween the rotating disk and the sample face also increases, resulting in further
weight loss. The variation in results is associated with material properties such
as hardness, density, softening behavior, etc. [29].
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F1G. 3. Weight loss variation with sliding distance in a dry sliding environment
with a velocity of 0.385 m/s and pressure of 1.02 MPa.

Using Egs. (2.1) and (2.2), the calculated wear rates of the above-mentioned
three investigated alloys are plotted against sliding distance in Figs. 4-6, showing
the difference in wear rates under dry, wet, and corrosive (3.5% NaCl) environ-
ments, respectively. From Fig. 4, it is observed that under dry sliding conditions,
the wear rate initially increases with sliding distance, followed by a tendency
towards a constant value. This elevated wear rate can be attributed to the gener-
ation of frictional heat under high pressure, which results in extended close con-
tact between the mating surfaces and material softening [30], thereby increasing
wear. Notably, Al-bronze exhibits higher wear rate compared to the trace-added
alloys, with Zr addition improving thermal stability. The addition of Sc not only
improves thermal stability but also participates in precipitation strengthening,
demonstrating the best wear resistance. Archard’s theory on wear and its re-
lation to the hardness of materials is consistent with the observed behavior of
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F1G. 4. Wear rate variation with sliding distance in a dry sliding environment
with a velocity of 0.385 m/s and pressure of 1.02 MPa pressure.
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aluminum bronze alloys in dry sliding conditions, as the wear rate of alloys in
dry sliding conditions decreases as hardness increases [31]. In addition, one of
the likely causes of the lower wear rate is the formation of an intermediate oxide
film between mating surfaces during wear tests. The average values of these two
opposite effects are displayed in the graphs. For long-term sliding contact, the
surfaces exposed to air form thick oxide layers. These layers can control the wear
rate and help maintain a constant wear rate [24].

Under distilled water sliding condition, the wear rate significantly increases
for all alloys (Fig. 5). Throughout sliding, water promotes oxidation on the
surfaces, leading to continuous dissolution or uniform. The trace-added alloy,
with its fine grains, forms higher oxides, resulting in a slightly higher wear rate.
More specifically, the grains containing impurities and different foreign particles
are rapidly affected by oxidation [32].

A fully opposite phenomenon in alloy wear rates to that in dry sliding condi-
tions is observed for corrosive sliding in a 3.5% NaCl environment. The wear ex-
hibits an increase and stabilizes with sliding distance, where trace-added bronzes
show higher wear rates (Fig. 6). Clearly, this is due to corrosive wear, where
adding a trace amounts of Sc to Al-bronze, accelerates wear in the corrosive
environment, followed by Zr-added bronze. It is known that the higher grain
boundary are more susceptible to corrosion or oxidation [33]. During friction,
usually a higher level of corrosive products accumulates on the edges. However,
the dissolution rate of these corrosive products is higher in the case of Sc com-
pared to Zr [34]. It may be noted that corrosive products are more stable on
surfaces in the absence of water, resulting in a lower wear rate compared to
when these products form oxides in a wet environment [35].

The intensity of the average friction coefficients under dry, wet, and corro-
sive tested environments of all discussed alloys with different sliding distances is
shown in Figs. 7-9. In all cases, the friction coefficient is initially low, increases
with sliding distance, and then stabilizes at relatively constant values. The fric-
tion coeflicient values are initially low due to the contact between oxide films on
the specimen surface and the disc material. Within a short sliding distance, the
friction coefficient increases. This is due to the fact that metal-to-metal contact
causes the surface oxide layer to crack and be removed, increasing the coefficient
of friction. With increasing sliding distance, interface temperatures can develop,
which can promote surface oxidation, thereby reducing direct surface contact
and slightly reducing the friction coefficient [36].

The presence of a wet and corrosive environment can significantly reduce the
coefficient of friction compared to a dry environment, primarily due to the seal-
ing effect lessening the roughness of the surfaces in contact [37]. It can be noted
that the behavior of alloys with added traces is somewhat different with respect
to the coeflicient of friction in wet environments. The thermal stability of these
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alloys is compromised under wet sliding conditions due to the resistance to dissi-
pate heat generated between the contact surfaces Additionally, soft and quickly
removed oxide layers form on the surface, contributing to the high wear rates in
trace-added alloys under wet sliding conditions. Aluminum bronze has the high-
est coefficient of friction in a dry sliding environment because the results are
in good agreement with the alloys’ measured microhardness values. Deficits in
the friction coefficient may be caused by variations in the degree of localized
plastic deformation at actual contact areas. The trace Zr-added bronze exhibits
a lower friction coefficient, while Sc-added bronze has the lowest friction as it
is the hardest one and undergoes the lowest plastic deformation [38]. The coef-
ficient of friction in wet and corrosive environments depends on the formation
of the oxide layer as well as the corrosive product, and the resulting hardness
is not the controlling factor for friction. The minimal variations in the friction
coefficients amongst the alloys prove this.

For all three alloys, the average friction coefficient under different contact
pressures and environments at a constant speed of 0.385 m/s is presented in
Figs. 10, 11, and 12. In dry sliding conditions, the friction coefficient typically
exhibits a decreasing trend, due to the formation of oxide layers (Fig. 10). Al-
though there may be some deflection with increasing pressure, stress, and tem-
perature, these factors also increase and soften the materials. As the materials
soften and undergo greater plastic deformation beyond a certain pressure, the
coeflicient increases. This trend is less pronounced for trace-added alloys due to
their thermal stability. However, under wet sliding condition, all samples show
decreasing trends in the coefficient of friction with increasing applied pressures
(Fig. 11). In this case, higher pressures produce some oxide layer due to the
presence of water, which inhibits heat generation as a result of lower friction.
The oxide layer formation of the individual alloys, along with sealing effects,
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F1a. 10. Characteristics of the coefficient of friction in a dry sliding environment
under contact pressure.
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reduces these coefficients. Additionally, under corrosive condition, the friction
coefficient is fully controlled by saline water (Fig. 12). Most alloys exhibit sim-
ilar friction coefficient levels. A higher oxide layer is formed in the trace-added
bronzes due to their fine grain, and as a result, the removal of the continuous
oxide layer is higher. As a result, some deviation is observed [39, 40].

3.3. Optical micrographs

The worn surfaces of three Al-bronzes under different experimental condi-
tions, including wear before and after dry, wet, and the NaCl corrosive sliding en-
vironment, are presented in Fig. 13. The experiments were conducted at a pres-
sure of 1.02 MPa, with a 0.385 m/s sliding velocity and a 3000 m sliding distance.
Before wear testing, the polished surfaces exhibited a moderately smooth surface
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Fic. 13. Optical micrographs of experimental alloy surfaces before wear and after wear
under dry, wet and corrosive sliding conditions, with a distance of 3000 m and pressure
of and 1.02 MPa.

texture without any signs of plastic deformation or scratches. During polishing,
metallographic emery paper created some scatter marks throughout in one di-
rection. However, this type of smooth polished surface without etching did not
reveal information about the microstructure. Only different shades indicated
different levels of alloying elements in the alloys. Al-bronze exhibited different
white elongated shade areas, indicating the presence of Al phase in the Cu
matrix. In contrast, Sc and Zr-added bronzes, exhibited finely and uniformly
distributed, reflecting their refined grains [12, 32].
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Furthermore, plastic deformation and numerous prominent cracks are ob-
served on the worn surfaces under dry sliding conditions. A significant amount
of material is observed to be delaminated. It can also be observed from the fig-
ure that polished marks on the worn surfaces are fully absent, indicating that
delamination occurred by removing particles. In comparison to Al-bronze, the
worn surface of the Sc and Zr trace-added alloy exhibits a surface morphology
with fewer cracks and shallow grooves. The trace added alloys consist of a fine
grain structure with better strength. The signs of wear and fragments illustrate
the mechanisms of wear by oxidation, delamination, and abrasive wear [32].

In contrast, wear tracks visible on the worn surface exposed to a wet envi-
ronment appear relatively smooth. Hardly any cracks are visible. In addition,
hardly any cracks are visible, and debris and grooves are sparse. Additionally,
because of liquid environment’s cooling and lubricating properties, some dark
areas can be seen. The liquid environment prevents the formation of cracks and
debris by lowering local stress, heat concentration, and shear friction. Addition-
ally, most particles and debris are washed away by water during the sliding
process, reducing abrasive wear. As a result, the liquid environment’s frictional
characteristics are much better than those of the surrounding air. However, in
the 3.5% NaCl saline environment, the wear mechanism is altered. The oxide
film is actually created by corrosion wear that occurs in the corrosive solution.
During the wear testing, oxides are subsequently broken down, producing wear
debris. Additionally, heat from the friction produced at the interface prompts
the growth of more oxides, as confirmed by changes in surface color. The debris
and particle sizes are smaller than those created through dry sliding conditions,
and there are no signs of cracks or plastic deformation [41].

The dust particles produced during the wear test of all three Al-bronzes
in a dry sliding environment are displayed in Fig. 14. The same pressure of
1.02 MPa and sliding velocity of 0.385 m/s were applied during this proce-
dure. There is granular alloy dust and stainless-steel discs in some of the chips.
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F1a. 14. Snapshots of dust generated from wear under dry sliding conditions:
a) Al-bronze, b) trace Sc-added Al-bronze, c) trace Zr-added Al-bronze.



IMPACT OF TRACE AMOUNTS OF Sc AND Zr ON THE TRIBOLOGICAL... 277

The amount of steel chips in the dust varies depending on the alloys. Due to
its lower hardness, aluminum bronze dust contains comparatively few stain-
less-steel chips. Sc-containing alloy dust consists of the highest amount of
stainless-steel chips, followed by Zr-containing alloy dust, due to their maxi-
mum and highest hardness respectively. Additionally, the size of chips made by
Al-bronze is the largest, while those made by bronze with Zr is the smallest, fol-
lowed by bronze with Sc. This can be explained by the grain size of Al-bronzes.
Zirconium introduces fine precipitates compared to Sc and refined grain struc-
tures in the alloy. An example is fine grinding wheels that produce fine particles
during grinding, which affect the size of the counter body particles [42].

Figure 15 depicts the optical microstructures of 50% cold-rolled Al-bronzes
without and with trace Sc and Zr additions. Those alloys were aged at 300°C
for two hours. Usually aging at this temperature does not change the grain
orientation of such alloys. Some stress relief can occur and form various precip-
itates within the alloys. The distorted grains caused by cold rolling are clearly
visible in all microstructures, along with the elongated grains in the rolling
direction. It is well known that the microstructure of Al-bronze is composed
of numerous intermetallic K-phases, including a-phase, S-phase, or retained
martensitic #-phase (Fig. 15a). The four main categories of K-phases are kI,
k11, kIIT and <IV. In the alloy microstructure, K-phases with the chemical com-
positions of Cu, Al, Fe, and Ni can appear in various arrangements. With the
addition of trace elements, it is apparent that the alloy’s dendrite arm spacing
is reduced, leading to dendrite refinement (Figs. 15b and 15¢). As the dendrite
structure of the alloy grows, Sc and Zr modify the solidification speed during
casting [43, 44]. Trace-added alloy microstructures demonstrate that the grain
refining effect of Zr alone is superior to that of Sc. A similar observation was
previously made that the atomic size and diffusion coefficient of Zr are lower
than those of Sc [45].

a-phase, B-phase

Fic. 15. Optical micrograph of Al-bronzes subjected to 50% deformation and aged at 300°C
for two hours: a) Al-bronze, b) trace Sc-added Al-bronze, c¢) trace Zr-added Al-bronze.
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8.4. Scanning electron microscopy

Through SEM, worn surfaces of the discussed three types of Al-bronzes are
shown following the wear test in dry sliding conditions over a distance of 3000 m.
The same pressure of 1.02 MPa and sliding velocity of 0.385 m/s were used dur-
ing the wear study. In Fig. 16, images at higher magnifications are also displayed
accordingly for better understanding. The images distinctly indicate grooves and
material dislodging, evidently demonstrating both abrasive and delaminated
wear. Al-bronze shows groves caused by hard particles that were enhanced in
the abrading action (Fig. 16a). In the same wear environment, the micropho-
tographs of trace Sc and Zr-added Al-bronze show small groves and plastic
deformation, along with adhesion wear, as these elements’ additions retained
their strength at higher temperatures (Figs. 16b and 16¢) [30, 46]. Additionally,
high-magnification SEM microphotographs of the Al-bronze confirm that this
type has coarse grains compared to finer grains of the bronze refined with trace
amounts of Sc and Zr [5, 12]. Moreover, the high magnification micrographs
reveal that the plastic deformation in the case of the Sc-added alloy is relatively

a) b) ¢)
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Fic. 16. SEM micrograph of worn surfaces after 3000 m of dry sliding at an applied pressure of
1.02 MPa: (a, d) Al-bronze, (b, e) trace Sc-added Al-bronze and (c, ) trace Zr-added Al-bronze.
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low, indicating better strength compared to the Zr-added alloy. Furthermore,
the highest distortion is observed on the surface of Al-bronze.

3.5. Surface roughness

A comparison is made based on the center line average surface roughness R,
of three types of Al-bronzes in different environments, including dry, fresh, and
simulated seawater. Figure 17 includes these roughness results. At the initial
stage, the surface roughness in terms of center line average of the polished pin
sample of all three Al-bronzes was very similar, close to 0.22 wum. Since alu-
minum bronze is a relatively soft material, more wear marks are created on its
surface than with the added-Zr alloy when sliding in a dry environment. Addi-
tionally, the Sc-added alloy produces the fewest wear marks, indicating optimum
strength. The opposite phenomenon, however, is observed in wet sliding envi-
ronments where Zr-added alloy’s surface refinement causes greater damage than
that of Sc-added alloy. Refined grains mean a comparatively higher number of
grains as well as a higher grain boundary density assigned to them [47]. On
the other hand, corrosion products, involving NaCl, are found on surfaces. So,
under pressure and temperature, the surface becomes smoother. Therefore, the
surface roughness in this corrosive environment is lower and depends entirely on
the corrosive substances. More specifically, it displays the roughness of the cor-
rosive product on the surface. The differences in surface roughness are created
only due to corrosive attacks on the alloy surface. As a result, the differences of
center line average surface roughness between alloys are minimal.
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F1G. 17. Surface roughness of the worn surfaces under different sliding conditions.

4. SUMMARY AND CONCLUSIONS

This study looked into the friction as well as other properties of Al-bronze
doped with trace amounts of Sc and Zr. The results lead to the following con-
clusions:
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The addition of Zr improves tribological characteristics such as low specific
wear rate and friction coefficient in the case of dry sliding, due to higher strength
through grain refining and improved thermal stability. The addition of Sc fur-
ther improves these properties through additional precipitation strengthening.
However, in wet sliding environment and particularly in corrosive conditions,
wear rates increase significantly compared to Al-bronze due to corrosion attack
on the surface. The amount of dissolution of the corroded oxide film affects the
rate of material wear. Scandium increases the intensity of the results since it
accelerates the corrosion process.

Due to its superior strength, the friction coefficient of Sc-added alloy is lower
than that of the Zr-added alloy followed by Al-bronze. This lack of friction co-
efficient may result from the material’s low plastic deformation at the contact
areas. However, in wet and corrosive environments, all friction coefficients de-
crease due to sealing effects in addition to the oxide layer being controlled.
Optical microstructures also demonstrates that additions of Sc and Zr clearly
refine the grains, strengthening the alloy.

In contrast to dry sliding conditions, visible wear tracks on worn surfaces are
smoother in both wet and corrosive environments than in dry sliding conditions.
This smoothness is attributed to the prevention of direct surface interactions and
avoiding softening effect.

Because of thermal softening, Al-bronze has more abrasive wear on worn
surfaces in dry sliding conditions. However, Sc and Zr additions clearly demon-
strate the presence of fine particles on the worn surfaces, which improve the
wear behavior.

The developed chips from the stainless-steel counter body show that the
Sc-containing alloy produces the highest amount of chips, followed by the Zr-
containing alloy, and then Al-bronze, in accordance with their respective degrees
of hardness. The size of the chips produced by Al-bronze is largest followed by
those produced by the bronze with Sc, and then the bronze with Zr, correspond-
ing to their different degrees of grain refinement.
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