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Abstract: One of the most important routes for obtaining Al-Bi-x monotectic alloys is directional so-
lidification. The control of the thermal solidification parameters under transient heat flow conditions
can provide an optimized distribution of the Bismuth (Bi) soft minority phase embedded into an
Al-rich matrix. In the present contribution, Al-Bi, Al-Bi-Zn, and Al-Bi-Cu alloys were manufactured
through this route with their microstructures characterized and dimensioned based on the solidifica-
tion cooling rates. The main purpose is to evaluate the influence of typical hardening elements in Al
alloys (zinc and copper) in the microstructure, tensile properties, and wear of the monotectic Al-Bi
alloy. These additions are welcome in the development of light and more resistant alloys due to the
growing demands in new sliding bearing designs. It is demonstrated that the addition of 3.0 wt.%
Cu promotes microstructural refining, doubles the wear resistance, and triples the tensile strength
with some minor decrease in ductility in relation to the binary Al-3.2 wt.% Bi alloy. With the addition
of 3.0 wt.% Zn, although there is some microstructural refining, little contribution can be seen in the
application properties.

Keywords: Al-Bi alloys; solidification; microstructure; wear; tensile properties

1. Introduction

Manufacture and metallurgical characteristics of immiscible Al-Bi binary alloys have
been extensively investigated over the past 20 years [1-7]. Some restrictions have been
reported. The main one is the difficulty of obtaining a uniform dispersion of the soft
phase, i.e., the Bi. Even in the face of this aspect, interest in the development of Al-Bi and
Al-Bi-X alloys is growing due to the potential of these alloys as advanced bearing materials,
thanks to their self-lubricating property [6,7]. Other application possibilities are use as
electrical contact materials, the fabrication of porous materials, and fuel cells [6-8].

Although it is difficult to achieve, a dispersive distribution of the minority phase
can be reached through some manufacturing routes. The major routes in this matter are
directional solidification [9,10], rapid cooling from the melt [11,12], and high static magnetic
field [13,14].

Specifically, in the case of directional solidification, the control of thermal solidification
parameters, such as cooling rate and growth rate, can be beneficial for the formation of
homogeneously distributed minority phases. Silva et al. [9] demonstrated, by means of
the application of directional solidification, that a very fine dispersion of Bi droplets with
a diameter around 600 nm in the Aluminum (Al) matrix is obtained for growth rates, v,
of 1 mm/s.

The directional solidification, therefore, is characterized as a promising route, includ-
ing the control of other aspects of interest in the alloys development. For example, the
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morphology of the minority phase is also a very important aspect either in the distribution
of that phase or in the variation of the resulting application properties of the alloy. Silva
etal. [15] synthesized the influence of ‘" in the Pb-rich phase morphology of the immiscible
Al-0.9 wt.% Pb alloy as follows: Pb droplets for v higher than 1.0 mm/s and Pb fibers for v
lower than 0.65 mm/s.

In addition to the distribution of the soft phase in the microstructure, which is essential
in achieving the self-lubricating effect, the achievement of suitable tensile properties is
also necessary. These two factors become predominant in the development of advanced
bearings. Sliding bearings are employed in car engines since they can provide a distribution
of the applied load over a relatively wide area. They supplant the rolling bearings, which
cannot withstand under the loading conditions of internal combustion engines [16-18].
The increase in the contact area and the high loads involved require satisfactory application
properties of the sliding bearings. Because of that, sliding bearings for car engines are
mostly based on the Cu-5n bronze. In this regard, for the application of lightweight Al-
based monotectic alloys to be viable, fine dispersion of soft particles in conjunction with a
strong Al-based matrix become necessary. Additions of Zinc (Zn) [19], Copper (Cu) [20],
and Silicon (Si) [21] can promote solid solution hardening of the Al matrix, making the
matrices stronger.

In recent years, there has been an increase in the number of investigations regarding
the addition of third elements [22-24] in monotectic alloys. Most of them emphasize the
effects of these elements in restricting or not the segregation of the minority phase during
solidification. However, there is a lack of research dedicated to surveying the impact
of third elements on application properties of Al-Bi alloys, such as wear, corrosion, and
mechanical strength.

The addition of Cerium [22], Lanthanum [23], or Neodymium [24] resulted in mi-
crostructural refinement of the Al-Bi alloys. In these three cases, particles containing the
added element are formed in contact with the Bi globules, which provide an increase in the
nucleation rate of the minority phase.

Yang and collaborators [25] investigated the effects of discrete additions of Tin (Sn), Cu
and Si to a hypermonotectic Al-Bi alloy on the microstructure and mechanical properties. It
has been shown that, due to the improved distribution via the ternary eutectic reaction, Sn
facilitated refinement of the Bi-rich minority phase, while Si and Cu induced the reverse,
resulting in coarsening of the Bi phase. In addition, the mechanical properties were greatly
improved by alloying with Si and Cu (1.0 wt. per cent of each).

Pereira et al. [26] recently demonstrated that the tensile properties of the Al-15 wt.%
Si-1 wt.% Bi alloy are higher than those of the non-modified Al-15 wt.% Si alloy. It is
demonstrated that the addition of Bi to hypereutectic Al-Si alloys facilitates improvement
in alloy strength. The formation of lamellar Si rather than flaky Si structure is the main
explanation for this. In addition, Bi was attributed to prevent the propagation of cracks
through the grain boundaries of the x-Al phase, minimizing the premature fracturing of
the Si particles.

There is a lack of evidence on studies of Zn or Cu being applied to the monotectic
Al-Bi alloys. For these systems, microstructural developments and their relationships to
application properties remain unknown. The reason for the use of these elements lies in
the ability to boost mechanical strength, while retaining the self-lubricating properties of
Bi. The prospect of the Al-Bi alloys acting as advanced bearing alloys could become more
feasible if these requirements are accomplished.

The experiments in the present work were conducted through upward transient
directional solidification. The same analyzes used for the ternary Al-Bi-Cu and Al-Bi-Zn
alloys were also replicated in the binary Al-Bi alloy, with the latter serving as benchmark
results. The solidification system used allows the identification of several microstructures
depending on the variation in the cooling rate. In order to determine the main evolution
of the Bi spacing, quantitative measurements along the axial length of the directionally
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solidified (DS) castings were performed. Tensile and wear tests were performed on samples
whose Bi spacing was determined in advanced.

The present study aims at understanding the impact of discrete adding of 3 wt.% Cu
and 3 wt.% Zn on the tensile properties and wear resistance of the monotectic Al-3.2 wt.%
Bi alloy. In addition, the effects of these additions on the length scale and distribution of
the soft Bi phase in the formed microstructures are evaluated. The experimental interrela-
tionships between the wear resistance, tensile properties, and Bi spacing of the three alloys
will be detailed.

2. Materials and Methods

Three monotectic alloys of interest were subjected to directional solidification experi-
ments: Al-3.2 wt.% Bi, Al-3.2 wt.% Bi-3.0 wt.% Zn, and Al-3.2 wt.% Bi-3.0 wt.% Cu alloys.
Compositions of Al, Bi and Zn used to prepare these alloys are shown in Table 1. Cu
is not listed due to its 99.999% high purity as an electrolytic product. This experimen-
tal system is constructed so that, during transient solidification, cooling curves can be
acquired. Microstructures and their Bi spacing and Bi diameter values correlated with
a variety of sections from the base towards the top of each casting could be measured
after solidification.

Table 1. Chemical compositions (wt.%) of metals used to prepare the Al-Bi(-X) alloys.

Elements (wt.%) Al Zn Bi Cu Fe Si Sn Cd Pb As Sb
Al 99.85 0.01 - - 0.09 0.05 - - - - -
Zn 0.0001  99.997 - 0.0002  0.0001 - 0.0001  0.0006 - - -
Bi - 0.0005 99.99 0.0005 0.001 - 0.001  0.0005 0.001 0.001 0.0005

The scheme in Figure 1 includes all the key elements associated with the directional
solidification technique used in the present investigation (Manufacturer: Fortelab Industria
de Fornos Elétricos Ltda-ME, Sao Carlos, Brazil). Fine type K thermocouples, made of
0.2 mm diameter wires and sheathed in stainless steel tubes of 1.6 mm diameter, are inserted
from the side into the stainless steel mold. In order to determine temperatures and their
changes over time (i.e., the thermal profiles) along with solidification, the thermocouples
were spread in strategic positions along the mold length. Due to the fineness of the
thermocouples, minor displacements which occur have been detected thanks to post-
mortem tests. As such, exact location of the tips of the thermocouples could be determined.
Each of the examined alloys was molten, poured into the mold, and reheated to 3% above
the liquidus temperature before solidification could be initiated.

ST Al-Bi based alloy

Electrical resistance
furnace

Thermocouples
(k-type)

Bottom part
Water-cooled system

Figure 1. Solidification furnace used for producing directionally solidified (DS) castings.
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The inner lateral surface of the mold was coated with alumina, having a 3 mm thick
bottom plate of SAE 1020 steel (ArcelorMittal Brasil, Belo Horizonte, Brazil) closing the
base of the mold. This plate surface has been uniformed with a 1200 grit sandpaper finish.
In the directional solidification apparatus, in which inside temperatures can be controlled
by radial electrical wiring, the cylindrical stainless-steel mold was placed so that the molten
alloy could be reheated after pouring. With the start of the cooling water activation at the
bottom and the beginning of solidification from the bottom up, the thermal profiles could
be evaluated and recorded.

Microstructures formed in several regions along the solidified casting with respect to
each tested alloy were characterized. The goal is to assess the microstructure, to measure
the Bi spacing and the Bi diameter, as well as linking these parameters with the cooling rate
according to the different positions in the casting and to a certain alloy tested. Additional
experimental details can be found in previous studies [27].

Cross-sections of the casting have been polished and etched with a solution of 0.5 per
cent hydrofluoric acid (HF) in water in order to expose the microstructure. Hence, mi-
crographs could be assessed using an optical microscope (Olympus Corporation, GX41
model, Tokyo, Japan). Bi droplets found in the Al matrix have been quantified using image
processing systems. They made it possible to count either the diameter (d) of the Bi droplets
or the interphase spacing (Ap;). At least 50 readings for d and 50 readings for Ap; were
performed for each examined position along the length of each casting. By averaging the
horizontal distances between the centers of neighboring droplets, the spacing between Bi
droplets was calculated.

X-ray diffraction (XRD) data of some samples along the length of the DS castings
were collected by using a diffractometer (Bruker Corporation, D8 Advance ECO model,
Fremont, CA, USA) with Cu K« (A = 1.54056 A). Within a general 5-90° range, 2-theta
reflections’ selection was carried out mainly to identify Bi, a-Al, and intermetallic phases.
Micro-adhesive wear tests were conducted on transverse samples from several positions
along the length of the DS Al-Bi, Al-Bi-Zn, and Al-Bi-Cu alloys castings. An AISI 52100
bearing steel (Villares Metals, Sumare, Brazil) sphere with a diameter of 25.4 mm was
rotated against the sample during the wear tests, generating a wear crater. Volume (V) of
the generated crater was determined after contact between the steel sphere and the sample,
through the application of a normal contact load of 0.9 N by the sample. The imposed
sliding speed was 0.33 ms™! (250 rpm). After wear tests, using a Field Emission Gun
(FEG)—Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy (SEM/EDS)
instrument (Field Electron and Ion Company, FEI, Hillsboro, OR, USA), the worn surface
morphologies were evaluated.

Average Bi spacing increases from bottom to top of the DS castings. As such, samples
have been extracted along the length of the casting in order to allow a representative number
of tensile specimens to be machined and tested, being associated with representative mean
Ap; values. This implies that the continuous evolution of Ap; over the length of the DS
casting is fitted with a step function in which a specific tensile specimen is associated
with each step (i.e., each Ap;). Figure 2 shows the geometry of the tensile specimens.
The specimens for the tensile tests were machined according to the requirements of the
American Society for Testing and Materials (ASTM) E 8M/04. The tensile tests were
conducted on an instrument with adequate load capacity (Instron, Norwood, MA, USA).
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Solidification cooling rate, T [°C/s]

£,

Figure 2. Tensile test specimen geometry. All dimensions are in mm.

3. Results and Discussion

By analyzing the thermal profiles of each alloy during directional solidification, it
was possible to determine the solidification thermal parameters: cooling rate and growth
velocity. The liquidus temperatures were determined experimentally by means of controlled
and slow cooling curves. From that, power functions represented the experimental plots of
thermocouple location (P) as a function of time of passage (t) of the liquidus solidification
front by each thermocouple. Thus, the following function was determined for each alloy:

P(t) =ax ()" 1)

where a and b, are constants. The time derivatives of these functions resulted in ;.
Furthermore, the method of data acquisition used provided for the precise determination
of the slope of the experimental thermal profiles immediately after the liguidus isotherm
passage, determining the cooling rate, T

Variation in the solidification-cooling rate, T}, can be considered roughly unique
when the experimental points of the three tested alloys are evaluated together according to
Figure 3a. On the other hand, the growth rates, vy, associated with the liguidus isotherm
displacement proved to be different when comparing the three alloys between them, as
showed in Figure 3b. In this sense, the addition of a third element (both Cu and Zn) caused
an increase in the growth rate.

20 T T T T T T T 1.8 —r— - - - —
4 1 \ N .
18 4 B Al-3.2 wt.% Bi i 1l Al-3.2wt.%Bi . ]
1 ® Al-3.2wt.% Bi-3.0 wt.% Zn 1 1641 v v =1.97(P)™ .
16 * A-32wt.%Bi-3.0wt.% Cul ] @ \ Al-3.2 wt.% Bi-3.0 wt.% Zn
14 4 . - E 1.4+ v - VL=2.9(P)'0'31 i
— -1.2 N
2] T=1146(P) = 1\ Al-3.2 wt.% Bi-3.0 wt.% Cul |
| > . _ -0.38
] = 12+ AN - v =4.1(P) :
10 "("—)
] kel
81 o 10
| £
6 -
] g 0.8
4 o
5] 0.6
O 'l T T T T T T T T T T T T T T T T T T T 04 T T T T T T T T T T T T T T T T
10 20 30 40 50 60 70 80 90 100 110 0 10 20 30 40 50 60 70 80 90 100 110
Position, P [mm] Position, P [mm]

Figure 3. Experimental variations of (a) solidification cooling rates and (b) growth rates along the casting length of the
evaluated Al-Bi(-Cu,-Zn) alloys.
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If the position at 10 mm from the metal-mold interface is considered in Figure 3b, the
growth velocity of the alloy containing Cu is 80% higher than that of the alloy without
addition. This means almost twice as much, which can interfere with either the Bi spacing
or its morphology. Ratke et al. [18] and Silva et al. [9] demonstrated a strong dependence
on the distribution of Bi with the growth velocity.

Plots of interest include relating a microstructural parameter (in this specific case, Ap;
and dp;) to a thermal parameter of the solidification process, that is, the cooling rate. These
process charts are important for controlling the size and distribution of Bi, in addition to
providing a comparative perspective between the three Al-Bi-X evaluated alloys, as can be
observed in Figure 4.

H = -0.39
B A3.2wt%Bi —— 1, =88.3(T)*% W Al3.2wt% Bi %70
® A32wt%BI-3.0WL%Zn — — A =54.4(T)°% ® A-32wt%Bi3.0wt%Zn — — dy=5.4(T) .
* Al-3.2Wt.%Bi-3.0 Wt.% Cu - - - A,=44.5(T)°% X Al-3.2wt.% Bi-3.0 wt.% Cu - - - d,=6.3(T)
= €
IS
ERT 3
— ] o
< ©
=) & 10+ i
£ aE)
[&]
3 8
[ ©
m m
10" B
(a)
S — L 10° —— ———r —
10" 10° 10" 102 10" 10° 10’ 10?
. . > o
Cooling rate, T [°C/s] Cooling rate, T [*C/s]

Figure 4. (a) Spacing between Bi droplets and (b) Bi diameter varying with cooling rate for the Al-3.2 wt.% Bi (squares
symbols), Al-3.2 wt.% Bi-3.0 wt.% Zn (circles symbols), and Al-3.2 wt.% Bi-3.0 wt.% Cu (stars symbols) alloys.

Due to the difference in the power-function exponents found for representing each
alloy, the evaluation can be divided into two phases. Firstly, for solidification cooling rates
greater than 6.0 K/s, it appears that the addition of a third element has little or no effect
on Bi spacing or Bi diameter. Secondly, for lower cooling rates (<6.0 K/s), both Cu and
Zn influence by reducing Ap; and dp;. Therefore, both Zn and Cu resulted in a positive
microstructural refining effect. It can be inferred that Cu and Zn affected the formation
of the Bi droplets in the sense that the contact of the added elements may increase the
nucleation rate of the minority phase, as demonstrated elsewhere [22-24]. Higher growth
rates related to the Al-3.2 wt.% Bi-3.0 wt.% Zn and Al-3.2 wt.% Bi-3.0 wt.% Cu alloys also
justify the resulting microstructures as being more refined.

As can be seen in Figure 5, columnar grains have evolved in the opposite direction to
that of heat extraction, forming the macrostructures of the Al-Bi(-X) alloys. In all castings,
there was essentially columnar grain growth, with the presence of few equiaxial grains
closest to the top of the castings. Therefore, the morphology of the grains in the examined
alloys samples is usually columnar. Furthermore, microstructures at different points are
shown in Figure 5. The regions associated with the microstructures are those indicated by
the vertical lines from the macrostructures. The chosen positions show the microstructural
differences in two regions of the casting, that is, closer to the refrigerated surface (bottom)
and therefore corresponding to higher solidification rates, and more distant, that is, grown
at lower solidification rates. It can be seen that the Bi particles are larger for regions further
away from the base of the casting (i.e., for regions with a lower cooling rate).
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50 pm
i

(b)

Figure 5. Macrostructures and respective microstructures at 2 points along the length of the di-
rectionally solidified (DS) (a) Al-3.2 wt.% Bi, (b) Al-3.2 wt.% Bi-3.0 wt.% Cu, and (c) Al-3.2 wt.%
Bi-3.0 wt.% Zn alloys castings.
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Due to the proximity of microstructural refining conditions (cooling rates higher than
10 K/s), samples from positions closest to the refrigerated surface of the DS castings were
chosen for XRD decoding. As expected, the x-Al and Bi phase’s reflections prevailed
along the indexes of the patterns in Figure 6. Zn phases could not be distinguished. Zn is
probably in solid solution due to the non-equilibrium conditions under which solidification
of the Al-3.2 wt.% Bi-3.0 wt.% Zn alloy was performed. This could preserve Zn atoms
saturated within the x-Al matrix. Besides that, the solubility of Zn in Al is quite high, as
reported by Mondolfo [28].

—— Al-3.2 wt.% Bi
— Al-3.2 wt.% Bi-3.0 wt.% Cu
[ — Al-3.2 wt.% Bi-3.0 wt.% Zn

| Bi ® o-Al

Intensity (a.u.)

4 AlFeSi A ALCu

ey
i-«J»n-.-JL ‘J\J_JLJ -

L L L L B B e e e e L
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Angle 26 (Degrees)

Figure 6. X-ray diffraction patterns performed on the Al-3.2 wt.% Bi, Al-3.2 wt.% Bi-3.0 wt.% Cu,
and Al-3.2 wt.% Bi-3.0 wt.% Zn alloys samples solidified at cooling rates higher than 10 K/s.

Phases, such as Al,Cu and AlFeSi, have also been identified. The AlFeSi phase
originates from the presence of Si and iron (Fe) impurities in the elements used in the
preparation of the alloys. Small peaks of Al,Cu arise from the nucleation of this phase in
the course of solidification of the Al-Bi-Cu alloy. The low intensity peaks suggest that the
reaction Ly; — AlpCu + (Al) + L occurred only partially in the Al-3.2 wt.% Bi-3.0 wt.%
Cu alloy during solidification, thanks to the relative high solubility of Cu in the Al-rich
phase, although this reaction could be expected due to the proximity to the Al-Bi side when
analyzing the ternary Al-Bi-Cu alloy [29,30].

Results showing representative stress-strain curves of the three Al-Bi(-X) alloys for
samples exposed to different cooling conditions are shown in Figure 7. The samples posi-
tions at 6, 48, and 90 mm represent conditions of fast, intermediate and slow solidification
inside an experimental range of cooling rates from 0.5 to 15 K/s. It is also noted that the
addition of Zn and Cu reduced the elongation at fracture, even with the resulting better
distribution of Bi. This seems to be associated with the interaction of the third elements
with the Bi droplets. On the other hand, only the addition of Cu was effective in terms
of improving tensile strength. It appears to be associated with the formation of a highly
strengthened Al-rich matrix containing Cu, in addition to the Al,Cu presence. In contrast,
hardening of the matrix enriched in Al was not effective in the case of the addition of Zn.

The addition of Cu has shown to be efficient in promoting hardening by solid solution
as demonstrated by Maki et al. [20]. Another effective hardening mechanism in the case
of Cu addition in Al is the presence of a fraction of Al,Cu constituting the microstructure,
also recognized as a reinforcement phase [31].
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200

] —— 6 mm
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Figure 7. Stress-strain curves of tensile testing for the Al-3.2 wt.% Bi, Al-3.2 wt.% Bi-3.0 wt.% Zn, and
Al-3.2 wt.% Bi-3.0 wt.% Cu alloys.

Figure 8 depict wear resistances (WR = 1/V) related to sliding distances of 798 m and
1197 m, respectively, as a function of Ap; for the Al-3.2 wt.% Bi, Al-3.2 wt.% Bi-3.0 wt.% Zn,
and Al-3.2 wt.% Bi-3.0 wt.% Cu alloys. It is quite clear noting that the wear resistance of
the alloy containing Cu is nearly double that of the other two alloys. Furthermore, wear
resistance is improved in the case of samples having more refined microstructures, that is,
lower Ap;. A finer distribution of the Bi minority phase promotes a better self-lubricating
effect, reducing wear damage. For the alloys without addition and containing Zn, the wear
behavior is quite similar, with some superiority for the Al-3.2 wt.% Bi-3.0 wt.% Zn alloy.

10 T T T T T

- |sliding distance = 798 m

| Al-3.2wt.% Bi

9+ *  Al-3.2 wt.% Bi-3.0 wt.% Cu
® Al-3.2wt.% Bi-3.0 wt.% Zn

Wear resistance (mm™)
[}
|

7| |sliding distance = 1197 m

14| 0 A-32wt.%Bi

% Al-3.2 wt.% Bi-3.0 wt.% Cu
O  Al-3.2 wt.% Bi-3.0 wt.% Zn
0 T T T T T T T T T T T
10 20 30 40 50 60

Bi spacing, A, [um]

Figure 8. Wear resistance translated by the inverse of the worn out volume (V) as a function of the Bi
spacing for either 798 or 1197 m of sliding distance related to the Al-Bi(-Cu,-Zn) alloys.

An interesting way to compare the tensile results and to investigate the influence of
the microstructure is to plot graphs of the tensile properties as a function of of Ag;~1/2, as
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those shown in Figure 9. Through these experimental trends, it is clear that not only the
superior mechanical resistance (tensile strength) of the Al-Bi-Cu alloy in comparison with
the others (see Figure 9a,b) but also the inefficiency of Zn added to the Al-3.2 wt.% Bi alloy,
resulting in no changes in all the properties if considered the examined range of Ag;.

180 % B Al32wt% Bi
_ i -3.2 wt.% Bi
| G965 HATO () | ® A-3.2 wt.% Bi-3.0 wt.% Zn
170 0=213+3456 ("% |_%_A-3.2 Wt.% Bi-3.0 wt.% Cu
80 +
160 L % -
g ! < x
©
= 150 B (O R NS S I
5 = 1 * 1
(S ~ I
< 140 B A-32wt% Bi © *
= ® Al-3.2wt.% Bi-3.0 wt.% Zn < 604
S *  Al-3.2 wt.% Bi-3.0 wt.% Cu 5
«3 130 = g
o) _ " ®
- f 6,=38.7+ 141 (3, ") o
@ i =
g 80 2
o 1 o
® i o
£ 70 s T
s . s
60 —
1 304 0,=31.7+61 (A,
[ ]
50 L
(a) (b)
V77 T T 0+—F——7F——FT T T 1 17—
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B Al32wt% Bi B Al32wt% Bi
% ® A-3.2wt% Bi-3.0 wt.% Zn ® A-3.2wt% Bi-3.0wt.% Zn
7 * Al-3.2 wt.% Bi-3.0 wt.% Cu 6o % Al-3.2 wt.% Bi-3.0 wt.% Cu
80
& 70 € 50
© E
. pd
[0] =
S 60| S
= 40
A @
£ 50 5=502-87.3 (4, 3 .
2 % *x
C 30,
2 g
© Y
g 8 o ° u u
o 3 50l @@ [}
| =2 P ol
o [ J
o]
=
1 10
10
1 (c) (d)
O—F——T—T T T T 71— oO—F—T——F—7 T 1 71—
0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24
=112 -1/2 -1/2 -1/2
Aoy " (™) A ™ (um™?)

Figure 9. Tensile properties of the DS Al-Bi(-Cu,-Zn) alloys: (a) oy, vs. Ap; ~1/2 (b) oy Vvs. Ap; 12 (¢) 8 vs. Ag V2,

and (d) U vs. Ag; ~1/2.

Variations in the tensile properties as a function of Ag;~1/? were mostly characterized

by Hall-Petch-type relationships. The exception remained in elongation of the Al-Bi-Cu
alloy and toughness of the Al-Bi and Al-Bi-Zn alloys. In these cases, due to little variability,
horizontal constants representative of these behaviors were adopted.

In the analysis of Al-Sn alloys, also developed for sliding bearings and self-lubricating,
Bertelli et al. [32] demonstrated that the addition of 10 wt.% Cu to the Al-20 wt.% Sn alloy



Metals 2021, 11, 153

11 of 16

Ultimate tensile strength (MPa

provided an increase of up to 3 times in ;. Quite similarly, an increase in ¢, of the same order
can be noticed by comparing the results of the Al-3.2 wt.% Bi and Al-3.2 wt.% Bi-3.0 wt.%
Cu alloys.

By measuring the area under the stress-strain curve to the point of fracture, it was
possible to determine the toughness, U. Figure 10 shows a joint plot of the application
properties investigated so far for the Al-3.2 wt.% Bi-3.0 wt.% Cu alloy. While tensile
strength and wear resistance show paired behavior in the trends in Figure 10, toughness
and wear resistance evolve in the opposite way as a function of Ap;. It can be inferred
that the reduction in toughness in the range in which it occurs for this alloy samples does
not decisively affect the improvement of wear resistance, which depends largely on the
tensile strength.

190 5.0 40 5.0
Al-3.2 wt.% Bi-3.0 wt.% Cu Al-3.2 wt.% Bi-3.0 wt.% Cu
180 -|
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Figure 10. Mapping of the application properties obtained for wear analysis of the DS Al-Bi-Cu alloy.

Examples of wear surfaces of craters formed during the wear tests with the Al-Bi(-X)
alloys are shown in Figure 11. Results related to two microstructural conditions, refined
and coarse, were chosen for each alloy for comparative purposes. It should be noted that,
for the Al-3.2 wt.% Bi and Al-3.2 wt.% Bi-3.0 wt.% Zn alloys, there was a predominance of
adhesive wear mechanisms, resulting in expressive surface delamination due to the high
levels of plastic deformation, as can be observed in Figure 11a,b. Lower toughness of these
alloys’ samples in the order of 20 N.m.m~? facilitated the occurrence of material pullout
failure. Because of the extreme plastic deformations, the higher toughness of the Al-Bi-Cu
alloy samples tends to be able to minimize the detachment processes. As such, higher wear
resistance is achieved. On the other side, a more scratched surface concurring with the
sliding path was shown by fine and shallow grooves in the Al-3.2 wt.% Bi-3.0 wt.% Cu
alloy (see Figure 11c).
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Figure 11. Typical SEM images of worn regions in the (a) Al-3.2 wt.% Bi, (b) Al-3.2 wt.% Bi-3.0 wt.% Zn, and (c) Al-3.2 wt.%
Bi-3.0 wt.% Cu alloys (all images obtained after 60 min of wear test and values inside represent Ag; in um).

Figure 12 shows SEM images of the fracture surfaces of some of the Al-Bi(-x) samples
tested. Dimples triggered and formed around the soft Bi-rich particles characterized the
fracture surfaces of the three alloys, suggesting a ductile fracture mode. Elevated elongation,
similarly, leads to deep dimples. While the dimples are deeper for the Al-3.2 wt.% Bi and
Al-3.2 wt.% Bi-3.0 wt.% Zn alloys, which means that these alloys are more ductile, shallower
dimples have been formed for the Al-3.2 wt.% Bi-3.0 wt.% Cu alloy sample.

While the Al-3.2 wt.% Bi-3.0 wt.% Cu alloy samples were characterized by smaller
Agi, which can favor start of cracks and growth into large fracture dimples, their tensile
strengths were higher than those of the other alloys. This is mainly because of the Al-rich
matrix, which has its strength improved due to the Cu addition.

AccV  SpotMagn Det WD ———————— 10 um
5 00kv 30 2500x SE 115 UFSCar-DEMa-LCE - FEG
LA AL - -

\ Vsl | *

(a) (b)

Figure 12. Cont.
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Figure 12. Fracture surfaces of the tensile-tested samples in two different magnifications: (a,b) Al-3.2 wt.% Bi, (c,d) Al-3.2 wt.%
Bi-3.0 wt.% Zn, and (e f) Al-3.2 wt.% Bi-3.0 wt.% Cu alloys.

4. Conclusions

Transient directional solidification processing has been successful in controlling the
microstructure of an alternative Al-Bi-Cu alloy for sliding bearings. This was possible due
to the control of the cooling rate achieving high tensile properties (ultimate tensile strength
of 165 MPa and elongation of 27%), as well improved wear resistance. The results of the
Al-3.2 wt.% Bi-3.0 wt.% Cu alloy are compatible with values of tensile strength obtained
for bearing Al-Sn-Cu alloys, with ductility being higher compared to these alloys. These
findings are important when considering increasing demands in new designs of sliding
bearings. The following specific conclusions can be drawn:

e  The solidification microstructures of the DS Al-3.2wt.% Bi- (3.0 wt.%Zn /3.0 wt.% Cu)
alloys castings were shown to be formed essentially by a «-Al-rich matrix and Bi
particles. For the Zn containing alloy, Zn phases could not be distinguished, since Zn is
possibly in solid solution in Al due to the experimental non-equilibrium solidification
conditions. For the Cu containing alloy, Cu is both in solid solution in Al and as in
Aly,Cu. The spacing between Bi particles (Ap;) and Bi diameter (dp;), representing the
length scale of the microstructure, have been correlated with the solidification cooling
rate (T) for any examined alloy. For lower cooling rates (<6.0 K/s), the additions
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of both Cu and Zn were shown to result in a positive microstructural refining effect,
reducing Ag; and dp;.

The tensile properties, i.e., ultimate (¢;,) and yield (0y) strengths and elongation at
fracture (6), were experimentally examined with respect to Ap; by analyzing samples of
each alloy casting representing conditions of fast, intermediate, and slow solidification
inside an experimental range of cooling rates from 0.5 to 15 K/s. Hall-Petch-type
relationships relating 0, 0y, and 4 to /\Bi_l/ 2 have been derived. Only the addition of
Cu was shown to be effective in terms of improving the tensile strength, whereas the
additions of Zn and Cu reduced the elongation, even for the highest cooling rates that
resulted in better distribution of Bi.

The wear resistance (WR) of the studied alloys has been experimentally examined as a
function of Ap;. It was shown that WR of the alloy containing Cu is nearly double that
of the other two alloys, since a finer distribution of the Bi minority phase promotes a
better self-lubricating effect, thus reducing wear damage.

The area under the tensile stress-strain curve to the point of fracture, was also mea-
sured for the Al-3.2 wt.% Bi-3.0 wt.% Cu alloy, with a view to permitting the toughness,
U, to be determined. A joint plot of the application properties, i.e., (¢, and WR) vs.
Ag; /2 and (U and WR) vs. Ag;~1/2 demonstrated that the reduction in U in the range
in which it occurred for this alloy samples, does not decisively affect the improvement
of wear resistance, which depends largely on the tensile strength.
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Abbreviations

Bi Bismuth

Zn Zinc

Cu Copper

Al Aluminum

wt.%  Weight %

%3 Growth rate or growth velocity
Si Silicon

Ds Directionally Solidified

SAE  Society of Automotive Engineering
ABi Bi spacing

dp; Bi diameter

HF Hydrofluoric acid

AISI  American Iron and Steel Institute
|4 Volume

N Newton

rpm  Rotation per minute

FEG  Field Emission Gun

SEM  Scanning Electron Microscopy
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EDS Energy Dispersive X-Ray Spectroscopy
ASTM  American Society for Testing and Materials

P Position from the metal-mold interface
t time of passage of the liquidus solidification front
Tr Solidification cooling rate

XRD X-ray diffraction

Fe Iron

L Liquid

a.u. Arbitrary unit

o Tensile stress

€ Strain

WR Wear resistance

oy Ultimate tensile strength

oy Yield tensile strength

6 Elongation-to-fracture

u Toughness
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