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Abstract: In the current work, a novel medium entropy copper alloy was designed with the aim of
avoiding the use of expensive, hazardous or scarce alloying elements and instead employing widely
available and cost-effective alternatives. In order to investigate this unknown region of multicompo-
nent alloy compositions, the thermo-physical parameters were calculated and the CALPHAD method
was utilized. This led to the design of the CuspZny5Al50Sns at. % (Cuss 45Zn57 49 Alg ggSng 9g wt. %)
alloy with a relatively low density of 6.86 g/cm? compared with conventional brasses. The designed
alloy was manufactured through vacuum induction melting, producing two ingots weighing 1.2 kg
each, which were subjected to a series of heat treatments. The microstructural evolution of the
alloy in the as-cast and heat-treated conditions was assessed through optical and scanning electron
microscopy. The hardness of the as-cast and heat-treated alloy at room temperature was also studied.
The alloy was characterized by a multiphase microstructure containing a major Cu-rich (Cu-Zn-Al)
matrix reinforced with a secondary Zn-rich (Zn—Cu) phase and pure Sn. In terms of mechanical
properties, the developed alloy exhibited high hardness values of roughly 378 HV(, and 499 HV,
in the as-cast and heat-treated conditions, respectively.

Keywords: copper-based alloys; medium-entropy alloys; casting; lightweight alloys; CALPHAD;
microstructure; mechanical properties; heat treatment

1. Introduction

Copper-zinc (Cu—Zn) alloys, broadly known as brasses, are considered one of the more
important Cu-based alloys. They are used in a wide range of industries due to their good
combination of chemical, mechanical and physical properties, while maintaining a low
production and manufacturing cost, owing particularly to their impressive machinabil-
ity [1-4]. The form of chips is perhaps the most crucial factor to consider when evaluating
machinability. Discontinuous chip formation favors the efficient disposal of machined
material [3,5], contributes to an enhanced surface finish, minimizes tool wear and allows
for higher cutting speeds [6]. In brasses, the most widespread practice for the optimization
of machinability has been the incorporation of lead (Pb), which promotes fine and discon-
tinuous chip formation during machining. Insoluble in Cu, Pb forms distinct, incoherent
particles generally termed as “islands”. These act as stress concentration points during the
machining process, promoting free-flowing chips and providing lubrication to the cutting
tool as Pb is a soft, low-melting-point element, without affecting the mechanical properties
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of the brass [3,7]. Nevertheless, the negative effects of Pb on human health and the envi-
ronment have led to changes in legislation regarding the permissible Pb levels in various
applications where brass alloys are required [3,4,6,8,9]. Therefore, there is an imperative
need to design alternative Cu-based alloys without the addition of harmful elements like
Pb without compromising their properties. Various alternatives to Pb have been proposed,
such as additions of Al [10], Sn [11], Si [10,12,13], Bi [14], graphite and Ti, [15,16] with the
intention of forming either insoluble elemental phases or appropriate secondary phase par-
ticles (SPPs) emulating the effects of Pb in the microstructure. Also, many patents have been
claimed, a few recent ones being EP2761042B1 (Mn-Si—Ca additions) [17], CN113106289B
(Sn-Si-Al-Ni-Fe additions, Pb < 0.01 wt. %) [18], WO2022103363A2 (Sn-S-Mo-Al-Si addi-
tions) [19] and US2022136085A1 (Fe—-Mn—Ni-Al-Si-Sn—P additions, Pb < 0.1 wt. %) [20].
Apart from novel alloy design routes, other solutions may include novel heat treatment
pathways for conventional Pb-free brasses to enhance their machinability [21] or utilizing
alternative materials for the cutting tools [9,22]. All these options, as discussed in the above
references, exhibit certain limitations and may result in significant increases in production
costs. We believe that addressing these challenges could be achieved by applying the
high-entropy alloy (HEA) design concept to these otherwise conventional alloys, resulting
in the creation of novel high-entropy brasses (HEBs).

In HEAs, four or more alloying elements are added in percentages between 5 and
35 at. % [23-25]. This allows for greater chemical flexibility, resulting in alloys with prop-
erties tailored to specific applications. These include enhanced mechanical properties,
corrosion resistance and improved thermodynamic stability [23-25]. Sustainable HEA de-
sign has also been at the forefront of the latest developments, especially in the low-density
Al-based alloy region, producing low-cost, recyclable alloys with wide raw material avail-
ability [26,27]. Although not explicitly stated as such, there have been previous reports
of alloys in the literature that could be considered medium-entropy brasses (MEBs) or
HEBs. These may include elements such as aluminum (Al), copper (Cu), manganese
(Mn), nickel (Ni) and tin (Sn) [24]. Laws et al. [28] presented extensive research on HEBs,
where alloys based on the Cu-Mn-Ni ternary system with the addition of Al, Sn and
Zn were designed and studied. These alloys were [CuMnNi]jpo_»Aly (x =5, 10, 20, 25,
30, 40), [CuMnNi]jp9—xSny (x = 5, 10, 20, 25), [CuMnNIi ]1g9—xZny (x = 20, 25, 35, 40) and
[CuMnNi]ip0—x—y—2AlLSnyZn; (x = 5,10, y =5, 10, z = 10, 20, 35 at. %). These novel com-
positions displayed an improvement in strength, hardness and ductility compared with
other conventional brass alloys. Nagase et al. [29] designed the HEBs CuZnMnNiSny ; and
CupZnMnNiSng 4 and medium-entropy brasses (MEBs) CuyZnMnNi (x =1, 2, 3, 4 at. %),
where the Cu,ZnMnNi (x = 1, 2) MEBs showed improved ductility, while the Sn addition
increased the hardness and reduced the ductility. Nonetheless, the number of reports
to date on HEBs and MEB:s is limited. However, the rapid development in the field of
multicomponent and high-entropy alloys could provide an appealing alternative to the Pb
issue encountered in commercial brass alloys.

The main objective of this research was to combine the concept of HEAs with con-
ventional brass alloy design principles to develop a novel grade of Pb-free MEB. These
considerations led to the initial selection of the AICuZnSn system, utilizing alloying el-
ements that are commonly used as base components in brass and bronze alloys. This
system was explored using Thermocalc with the SSOL4: SGTE Alloy Solutions Database
v.4.9 database, seeking compositions that would obtain a major solid-solution (SS) phase
reinforced with SPPs or insoluble elemental particles, as this would allow additional
strengthening, and also the possibility of controlling chip formation on machining. Follow-
ing this exploration, the composition CuspZnysAlySns (at. %) was selected, manufactured
through vacuum induction melting (VIM), heat-treated using a range of cooling rates, and
characterized in both the as-cast and heat-treated conditions. The developed alloy could
offer a lightweight alternative to some other brasses and is compared against the cast
C83300-C86XXX Cu-alloys [30], since it was designed combining the elements making up
the alloys under those designations.
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2. Materials and Methods
2.1. Computational Methods

In this study, the artificial neural network (ANN) software pyMPEALab Toolkit was
utilized for the computation of the thermophysical parameters of the chosen alloy [31].
The software uses empirical parameters to predict phase formation based on the Hume-
Rothery rules and additional thermodynamic criteria [32-34]. These consist of the enthalpy
of mixing in the liquid phase (AHmix), atomic size difference (r), Pauling electronegativity
difference (Ax) and the () parameter. These standalone parameters are not sufficient
conditions to accurately predict single-phase solid-solution phase formation [35]. They
could, however, be useful as preliminary design indicators to define the likelihood of solid-
solution formation in an alloy, and to assist with screening compositions. The Thermocalc®
software (Version 2022a, Thermo-Calc Software AB, Stockholm, Sweden) with the SSOL4:
SGTE Alloy Solutions Database v.4.9 was used to perform CALPHAD predictions [36].
The chosen alloying elements were copper (Cu), aluminum (Al), zinc (Zn) and tin (Sn).
The MEB design was based on Cu-Zn alloys, while Al was selected as a cost-effective
lightweight addition, as the Cu-Zn-Al system has showed great stability [37-39]. 5n is also
a common alloying element in brass alloys [11,40], which CALPHAD indicated could act
as an insoluble elemental phase in the present system. The final composition chosen was
CuspZnys5AlySns at. %.

2.2. Experimental Methods

The Cus¢Zny5AlypSns alloy was cast in a vacuum induction melting furnace (“vacuum
induction melting—VIM”), using an Arcast-SC100 (Oxford, ME, USA) under a high purity
argon atmosphere. The purity of the raw materials used was 99.99 wt. % for Al, Cu
and Sn and 99.9 wt. % for Zn. Two 125 x 50 x 40 mm ingots were cast (designated as
C1, C2) weighing 1200 g each. The casting temperature of the ingots was 990 °C for C1
and 960 °C for ingot C2. The microstructure of the as-cast and heat-treated conditions
was studied to evaluate the suitability and behavior of the developed MEA. Ingot C1
was sectioned longitudinally, and two samples were studied (Figure 1a). Sample Al was
subjected to macroetching to study the macrostructure and solidification zones of the
cast, and sample A2 was sectioned into multiple samples to study the microstructure and
segregation phenomena (Figure 1b). In addition, a transverse section near the middle of
ingot C2 was made (Figure 1c). Two samples were studied; sample Bl was macroetched
and sample B2 was sectioned into multiple samples (Figure 1, Table 1).

(a) (b) ()

Figure 1. (a) Samples Al and A2 originating from ingot C1. (b) Multiple sections of sample A2.
(c) Samples B1 and B2 originating from ingot C2.
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Table 1. Designation for the studied specimens.

Samples Description
A2-S, A2-AS, A2-BB’, A2-CC’, A2-DD’, A2-B As-cast samples, sections from sample A2.
B2-BB’, B2-CC’, B2-DD’, B2-EE’ As-cast samples, sections from sample B2.
Al, Bl Samples for the study of solidification zones.
T16AC, TI6WQ, T16FC Samples for heat treatment.

Samples were extracted from the area A2-HT, as shown in Figure 1b, and were sub-
jected to heat treatment. The same area of extraction was used to ensure the comparison
of regions with similar chemical composition and avoid the effect of potential segregation
phenomena. The heat treatments were carried out at 550 °C for a duration of 16 h, followed
by furnace cooling (FC), air cooling (AC) or water quenching (WQ). Through this we aimed
at investigating the phase stability and formation process as a function of the cooling rate
from a specific temperature. To achieve this, 3 different heat treatments were performed at
550 °C utilizing different cooling rates, which are presented in Table 2.

Table 2. Scheme of homogenizations conducted at 550 °C (FC—furnace cooling, AC—air cooling,
WQ—water quench).

Sample Time (Hours) Cooling Method
T16AC 16 AC
T1I6WQ 16 WQ
T16FC 16 FC

Metallographic preparation was carried out according to standard metallographic
procedures. The samples were cold mounted in resin, ground with 80, 220, 500 and
1200 grit papers, and polished using diamond suspensions of 3 um (Struers DiaPro Mol
B3, Copenhagen, Denmark), 1 pm (Struers DiaPro Nap B1) and 0.04 um colloidal silica
(Struers OP-U NonDry) in succession. Samples Al and B1 were macroetched to reveal the
solidification zones. As such, a series of etching reagents (RI-RIV) were trialed to reveal
the macrostructure of the cast samples (Table 3). Among those, RIII was proven to be the
most effective.

Table 3. Compositions and etching duration of the macroetchants tested.

Etchant RI RII RIII RIV
cha (Tucker’s Etch)  (Diluted HNO3) (HNO3) (FeCl3)
25 mL H,O
Composition 15 mL HNO; 10 mL HNO; 50 mL HNO; i% mIl;e}élCI
P 45 mL HCI 90 mL H,O 50 mL H,O 10 8 Lo
15 mL HF ML
Ftching 300 300 30 60

Duration (s)

The study of the macrostructure and solidification zones was carried out using a Nikon
SMZ 1500 stereoscope (Nikon, Tokyo, Japan). For the evaluation of the microstructure and
chemical composition of various regions, an Epiphot 300 (Nikon, Tokyo, Japan) optical
microscope and a JEOL JSM-IT800 scanning electron microscope (SEM, Tokyo, Japan),
equipped with energy-dispersive X-ray spectrometry (EDS) for high-resolution images and
elemental analysis data acquisition, were used. Six specimens (as-cast A2-S, A2-DD’ & A2-
B, heat-treated T16AC, T1I6WQ, T16FC) were chosen for analysis through means of electron
microscopy. The three as-cast specimens were chosen in order to evaluate compositional
variations along the height of cast A, while the 16 h heat-treated are representative of all
the microstructures that can be obtained for each cooling rate.
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A Vickers hardness Duramin-40 M1 model (Struers, Copenhagen, Denmark) measurer
was employed on the polished sample surface using a 0.2 kg load, applied for 10 s. At least
10 random individual measurements were made for each test.

3. Results and Discussion
3.1. Thermo-Physical Parameters for Phase Formation in HEAs

The thermo-physical parameters concerning theoretical phase formation in the
CuspZnys5Aly0Sns alloy are presented in Table 4. These can provide an estimate of the
likelihood of solid-solution phase formation and are intended to be used as empirical
indicators, not a definitive guide. It is important to consider that it is generally very difficult
to keep the AHmix values within the limits for solid-solution (SS) phase formation [41].
The theoretical density of the alloy was calculated using the rule of mixtures.

Table 4. Thermo-physical parameters and the theoretical density for the developed alloy.

AHmix o ASmix
(kJ/mol) 8% (j/K/mol) 0 Ax VEC Tm (K)
0.1 6.62 9.68 105.93 0.14 93 1063.89

The AHmix of this system lies within the range of —1 to 5 k] /mole that is required
for the formation of SS [41]. Complementary criteria concerning the formation of SS in
alloys containing low-density elements are 6 values below 4.5%, Ax equal or below 0.175
and ) higher than 1.1 [41]. In this case, only the 6 criterion is not satisfied. Therefore, a
microstructure predominantly characterized by a face-centered cubic (FCC) phase would
be expected to be stabilized at room temperature under equilibrium conditions.

3.2. CALPHAD Methodology and Equilibrium Phase Diagram

The calculated pseudo binary phase diagram of the AICuZnSn system as a function of
the Sn addition using ThermoCalc with the SSOL4: SGTE Alloy Solutions Database v.4.9
is depicted in Figure 2. It provides information for possible phases that can be formed
in the alloy and is a useful tool for screening out chemical compositions and aids in the
alloy development process. After an extensive investigation, the phase diagram was
calculated for the composition CuspZnysAly0Sns at. %. According to the calculations, the
alloy should be characterized by a single high-temperature BCC phase between 460 and
810 °C, thus deeming it heat treatable. The formation of secondary phase particles (SPPs)
at lower temperatures could have a positive effect on the alloy’s strength and machinability,
respectively, based on the literature concerned [6]. Furthermore, the formation of insoluble
elemental Sn particles was observed. These could behave similarly to Pb, acting as crack-
concentration points and providing tool lubrication, thus having a positive effect on the
machinability of the alloy [3,42].

The liquidus was predicted at 910 °C, while the solidus at 810 °C pointed at a solid-
ification range of roughly 100 °C. The first solvus line is encountered at 460 °C, where
5-AlCu is formed, thus progressively depleting the BCC solid solution of Cu and Al. A
second solvus line is encountered at 250 °C, where the formation of y-CuZn takes place
through the further decomposition of the BCC solid solution. However, it is unclear which
temperature variant corresponds to the y-phase, that being y or y’. A third solvus line is
encountered at 147 °C, where the partial transformation of 6-AlCu to y-AlCu occurs. At
room temperature, the BCC matrix phase has fully decomposed, resulting in the formation
of insoluble Sn, while the 6 — y-AlCu phase transformation is completed. The designed
alloy should thus be composed from a mixture of four different phases at the equilibrium
state: a BCC solid solution, the y-AlCu and y-CuZn intermetallic phases (IM), and pure Sn.
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Figure 2. Calculated phase diagram of the CuspZny5AlygSns at. % system with Thermo-Calc Software
using the SSOL4: SGTE Alloy Solutions database.

According to the calculated mole fraction diagram depicted in Figure 3, the mole
fraction of the BCC phase is progressively reduced in favor of the formation of the IMs
and eventually Sn. The rate of decomposition is accelerated near the initial stages of IM
formation at 460 °C and 250 °C but seems unaffected by the formation of the y-AlCu phase
at 147 °C. Instead, the 6 — y-AlCu phase transformation results in the complete absence
of 5-AlCu at 35 °C. A summary of the phases present in regions of interest concerning the
investigated composition is presented in Table 5. The CALPHAD calculations seem to con-
tradict the predictions originally made in Section 3.1, where the expected phase structure
was considered to comprise predominantly an FCC solid solution. Both predictions could
make sense from a literature standpoint. A 2:1 ratio of Cu:Zn is known to produce a-brass
(FCC), while the progressive depletion of the matrix phase towards the formation of IMs
could lead to that ratio shifting in favor of the formation of 3-brass (BCC) [6,12,43]. It is
also known that alloying elements such as Si or in this case Al operate as {3 stabilizers,
while larger amounts of Al have led to the formation of dual-phase 3+y-brass microstruc-
tures. The latter case is further supported by the CALPHAD calculations. Nevertheless,
our calculations also indicated that the BCC matrix phase is nearly entirely depleted at
room temperature (RT), while the microstructure is instead intermetallic (IM) dominated.
However, it is not certain that all phase transformations present in the CALPHAD approach
will take place, as ThermoCalc calculations are known to overestimate the tendency of Al
to form IMs in multicomponent systems [44]. Regardless, both tools were used to provide
an insight in aiding the computational design of the alloy, likely leading to the formation of
a BCC matrix phase, alongside IMs and potentially elemental Sn.

Table 5. Crystallographic properties and compositions of phases evident in the Cu50Zn25A120Sn5
alloy at equilibrium and paraequilibrium states according to CALPHAD.

Chemical Composition Pearson Symmetry/Space
Phases (Mole Percent) Notation Temp. Range Group
BCC Varied cl2 RT-910 °C Im3m
v-AlCu Alg37Cug 63 cI52/cP52 RT-147 °C 143 m/P43 m
5-AlCu Aly4Cupg hR52 35-460 °C R3m
v-CuZn Cug 357210 65 cl52 RT-250 °C 143 m

Sn Pure Sn tl4/cF8 RT-35 °C 4 mm/Fd3 m
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Figure 3. Calculated mole fraction diagram of the Cu50Zn25A1205n5 at. % system with Thermo-Calc
Software using the SSOL4: SGTE Alloy Solutions database.

3.3. Solidification Zones

For the macroetching process, the concentrated HNO3 etchant RIII (50 mL HNOs,
50 mL H,0O) showed optimal etching results compared with the other reagents. Etchants
RI (Tucker’s etch), RII (diluted HNOj3) and RIV (FeClj), which are used for aluminum
and its alloys, did not have an even effect along the various surface regions of sample
Al. RI and RIV managed to unveil the macrostructure exclusively in the upper central
region of the ingot, which was closer to the surface. RII instead, mainly used in Cu alloys,
showed superior etching results towards the lower part of the ingot. Sample Bl was etched
uniformly by all four etchants mentioned above. After successful macroetching (sample
Al-Figure 4), it became obvious that the columnar zone was completely absent from the
cast, which could be attributed to the high solidification rate. Instead, the cast consisted
entirely of equiaxed grains, while in some regions at the mold-cast interface the existence
of the freezing zone was observed. This occurred mainly in the upper part of the cast where
the grains were coarser. Regarding the equiaxed zone, it was expected that the grain size
would vary depending on the distance between the area of interest and the casting mold.
Near the bottom of the cast, where the melt first met the mold, the solidification rate was
the highest and the grain size the smallest compared with the center and surface regions.
Therefore, the further away an area of the cast would be from the cast-mold interface,
the larger the grain size would be. The presence of porosity in the upper central part of
the cast was also notable and expected predominantly due to shrinkage occurring during
the solidification process; this feature does not otherwise influence the outcome of the
present study and is easily addressed on an industrial scale. From the perspective of the
macrostructure, no significant macrosegregation phenomena were observed.
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Figure 4. Surface of sample Al after macroetching with RIII etchant (concentrated HNO3).

3.4. Microstructural Characterization
3.4.1. Optical Microscopy

As shown in Figure 5, the as-cast samples were characterized by the existence of
predominantly three phases. The darker grey phase occupied the largest volume and was
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designated as the primary phase, . In addition, a light-colored phase, (3, was located at the
grain boundaries of phase « and occupied a smaller volume fraction. The third phase, v,
was also observed around the grains of phase . Furthermore, another phase in the form of
dark particles was observed along the interphase boundaries of phases « and 'y and were
evenly distributed in all as-cast samples. In addition, the samples extracted from the upper
part of the ingot showed a greater degree of porosity and coarser grain size, compared with
samples from the lower sections. As mentioned before, this was due to the rapid cooling
rate near the contact of the material with the mold, resulting in reduced grain size at the
lower part of the cast. Furthermore, the presence of porosity near the surface was more
pronounced due to gravity forcing trapped air to migrate towards the surface in the melt
state through interphase and grain boundaries, and due to shrinkage.

a \ LY
e 5@
3
»
X P
" »
. IS
% ] E y
R b | ’
i v '
; 3 /
= of o P s ]
25 um
I

Figure 5. Observed phases in sample A2-CC’ from the center of the ingot.

Figure 6 shows the microstructure of samples TI6WQ, T16AC and T16FC, which were
heat treated for 16 h at 550 °C and subsequently water quenched, air cooled and furnace
cooled, respectively. In all three samples, two primary phases, &’ (grey colored) and {3’
(white colored), were evenly distributed, where o’ occupied the larger volume fraction. In
the WQ sample T16WQ (Figure 6a,b), the presence of dark particles of small size uniformly
distributed in phase B’ was observed. In the AC sample T16AC (Figure 6c¢,d), the presence
of scattered particles of two types was noted. These dark-colored particles formed a
needle-like or a coarser shape within the volume of phase 3’. In addition, the formation of
relatively fine v’ (light-grey-colored phase) at the phase «’ grain boundaries was observed.
It must be underlined that there was a complete lack of y” in the WQ condition. In the
FC sample T16FC (Figure 6e,f), phases o’ and 3’ were distributed uniformly, while y’
(light-grey-colored phase) was present with a larger volume fraction compared with the
air-cooled sample. This indicates that phase vy’ is likely to form at lower temperatures. No
particles were observed within phase 3’. Instead, small spherical particles had formed at
the grain boundaries of phase &’. As such, the cooling rate seemed to be the definitive
factor regarding the microstructural features of the alloy.
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Figure 6. Optical microscope images of homogenized samples for 16 h: ((a,b) water-quenched

samples, (c,d) air-cooled samples, (e,f) furnace-cooled samples).

3.4.2. SEM and EDS Analysis

The overall composition of the alloy estimated using EDS over large areas is presented
in Table 6. We note that, even applied over large areas, this technique still provides a
relatively localized measure of the composition, rather than taking the ingot as a whole
into account. For this analysis, samples from the surface (A2-S), center (A2-DD’) and
bottom (A2-B) of sample A were studied. It became evident that the deviation from the
nominal composition was significant, and therefore the cast suffers from macrosegregation
phenomena that could be attributed to the large difference in density between the alloying
elements. This issue could be addressed by inducing intensive stirring in the melt or
through subsequent thermomechanical processing.

Table 6. Elemental composition of the manufactured alloy in as-cast samples A2-S (surface of the
cast), A2-DD’ (center) and A2-B (bottom) obtained by EDS.

Alloying Elements (at. %) Cu Al Zn Sn
Nominal 50 20 25 5

Surface 51.97 18.64 27.66 1.73

Center 48.43 20.13 26.35 5.08

Bottom 54.67 9.16 30.85 5.32
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Since the microstructure is similar across all of ingot A’s geometry, an indicative
SEM micrograph of the as-cast state extracted from sample A2-DD’ is shown in Figure 7.
Analysis at Area 1 revealed that « is a Cu-Zn-Al SS primary phase, Spot 2 indicated that 3
is a Sn phase and Spot 1 showed that vy is a Zn-rich Zn—Cu—Al phase (Figure 7). The dark
spherical particles that form around the grains of phase « (Spot 3) exhibited a low amount
of O (Table 7). Figure 8 shows the element quant maps for the sample.

Figure 7. FESEM backscatter electron microstructure with EDS on selected phases for sample A2-DD’.

Table 7. Elemental composition of the manufactured alloy in sample A2-DD’ obtained by EDS.

Analysis/ Spot 1 Spot 2 Spot 3 Areal

Elements (at. %) (at. %) (at. %) (at. %)
(@) 0.27 1.15 0.57 0.79
Cu 24.63 9.17 49.80 53.97
Al 2.52 1.34 29.85 20.84
Zn 72.24 7.17 17.39 2417
Sn 0.33 81.17 2.38 0.24

Figure 8. EDS quant maps of as-cast sample A-DD".
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For the heat-treated samples, analysis was conducted for the three samples TI6WQ,
T16AC and T16FC. FESEM analysis for TI6WQ took place, as shown in Figure 9. Results of
Area 1 showed that o is a Cu-Zn—Al phase and (3’ is a Sn phase (Table 8 and Figure 10).
Analysis of samples T1I6AC (Figures 11 and 12) and T16FC (Figures 13 and 14) showed
that phases o’ and 3" exhibit the same composition in all heat-treated samples studied
(Tables 9 and 10). Phase y’, which does not form in water-quenched samples, is a Zn-rich
Zn—-Cu-Al phase. The particles that appeared in water-quenched and air-cooled samples in
the volume of phase 3 showed a significant oxygen content (Spots 1, 3, 4, 5, 6 in Figure 9
& Spots 2, 4, 6, in Figure 11). Quant maps show the distribution of alloying elements
(Figures 10, 12 and 14). Note that the dark feature in Figure 12 is indicated by the EDS
map to be a relatively large oxide. As casting was performed by VIM, these oxides likely
result from the heat treatments in air, which was carried out to replicate typical industrial
processes. Such oxides may have an impact on properties, affecting the hardness and
brittleness for example. As the oxides form within the Sn phase, reduction of the amount
of Sn in the alloy in further compositional refinement may help to reduce or remove any
negative effect they have on these properties.

Figure 9. FESEM backscatter electron microstructure with EDS on selected phases for sample TL6WQ.

Table 8. Elemental composition of the manufactured alloy in sample TI6WQ obtained by EDS.

Analysis/ Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 Areal

Elements (at. %) (at. %) (at. %) (at. %) (at. %) (at. %) (at. %)
(@) 15.13 0.00 14.71 19.35 11.40 7.76 2.31
Cu 14.18 4.20 5.99 5.59 3.49 24.32 54.66
Al 9.75 1.80 5.46 3.94 10.11 20.56 20.08
Zn 39.62 10.69 25.58 9.33 11.69 13.80 22.79
Sn 21.32 83.32 48.27 61.79 63.30 33.55 0.16
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Figure 10. EDS quant maps of sample TI6WQ.

Figure 12. EDS quant maps of sample T16AC.
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Figure 13. FESEM backscatter electron microstructure with EDS on selected phases for sample T16FC.

Figure 14. EDS quant maps of sample T16FC.

Table 9. Elemental composition of the manufactured alloy in sample T16AC obtained by EDS.

Analysis/ Spot1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 Areal

Elements (at. %) (at. %) (at. %) (at. %) (at. %) (at. %) (at. %)
(@) 3.40 7.22 3.29 11.70 1.08 3.54 1.59
Cu 10.71 10.27 3.08 10.88 23.24 1.88 53.75
Al 10.65 1.39 0.31 4.96 3.49 0.56 19.54
Zn 8.95 53.20 5.02 52.97 71.78 4.85 24.75
Sn 66.29 27.92 88.31 19.49 0.40 89.16 0.36

Table 10. Elemental composition of the manufactured alloy in sample T16FC obtained by EDS.

Analysis/ Spot1 Spot 2 Spot 3 Spot 4 Areal

Elements (at. %) (at. %) (at. %) (at. %) (at. %)
o 0.00 0.00 0.00 2.64 0.24
Cu 5.98 35.76 61.28 26.46 54.92
Al 0.22 0.90 11.75 0.76 21.59
Zn 4.94 63.17 26.46 69.42 22.98
Sn 88.85 0.17 0.52 0.73 0.26
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From the analysis above, it is concluded that the phases formed in the as-cast state, «,
and v, are the same phases as «’, 3’ and y” in the heat-treated samples. Table 11 summarizes
the three phases and their chemical composition as measured by EDS analysis in the four
studied samples. The mean values of phases 3 and y exhibit important deviations due to
the interference of phase a. Nevertheless, the absence of y in the WQ condition indicates
that adequate control of the Sn content could lead to the development of a dual-phase
microstructure consisting of a Cu—Zn—Al matrix phase alongside finder Sn islands. This is
therefore a microstructure directly comparable to that typically encountered in conventional
brasses. Furthermore, the chemical composition of the o phase potentially corresponds to a
beta-brass (BCC), which aligns with the CALPHAD predictions but contradicts pyMPEA.

Table 11. Phases composition of the manufactured alloy in samples A2-DD’, T1I6WQ, T16AC and
T16FC obtained by EDS.

Elements/ o o o
Phases « (at. %) B (at. %) v (at. %)
Cu 543+ 0.6 56+27 279+ 6.9
Al 20.5+0.9 09+0.8 23+13
Zn 23.7+£0.9 70+27 69.1+5.1
Sn 03+0.1 85.4 + 3.8 03+0.1

Summarizing, in Figure 15, the effect of the heat-treatment scheme on the phase
transformation is depicted in a schematic diagram, where the typical microstructure of the
alloy at each condition is presented.

As-Cast

Moderate Cooling Slow Cooling

(AC) (FO)

Cooling Rate |— Volume Fraction of y 1
Figure 15. Phase transformation according to heat treatments.

3.5. Mechanical and Physical Properties

In order to investigate and evaluate the mechanical properties of the as-cast and
heat-treated alloys, hardness tests were conducted at room temperature, as shown in
Figures 16 and 17. The microhardness tests performed on the as-cast samples showed that
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the average hardness of the cast alloys A and B was approximately 377 and 378 HV»,
respectively. The values of the hardness measurements in each sample showed signif-
icant deviation, as is seen from observations during the hardness test conduction and
the elevated values of the standard deviation in the dataset. This, and the difference of
the hardnesses of the alloys in general, is due to the different properties of the phases,
and the microstructures in which they are arranged (with variation in how the indent
interacts with these microstructures). The parent phase CuZnAl is a quite hard phase, with
a measured hardness around 450 HV . The other two phases are the Sn-rich phase, which
is a very soft phase with a hardness approximating around 25-30 HV, and the Zn,Cu,
(x = 65-70 at. %, y = 30-35 at. %) phase, which is the hardest phase, with a hardness around
600 HV( 2. The response of the Zn,Cuy phase to indentation is similar to the hard y-phase
of conventional brasses.

As-cast Hardness of Sample A - Longitudinal Section

430

420 7

410

1 400

390

380

370

360

Vicker's Hardness (HV, ,)

350

340

330

320

A-S A-AS  A-BB' A-CC'  A-DD A-B
Sample Designation

Figure 16. Comparison of hardness values in as-cast specimens sectioned from sample A.

It is evident from Figure 18 that the designed alloy’s ratio of hardness to density is
highly enhanced compared with five commonly used brasses and Cu-based alloys. While
good mechanical performance encompasses a much wider range of characteristics than
can be assessed by indentation alone, hardness is a particularly suitable measure for some
properties, such as abrasion and wear resistance. This novel material combines reduced
density and increased hardness and could offer an alternative for applications where
conventional Cu-alloys and brass or bronze alloys have limitations.
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As-cast Hardness of Sample B - Transverse Section
440 T T T T

420

)

o400

380

360

340

Vicker's Hardness (H"-.r'n

320

300

B-BB' B-CcC B-DD B-EF
Sample Designation

Figure 17. Comparison of hardness values in as-cast specimens sectioned from sample B.

Ratio (Density/Hardness)

70
60
50
40
30
20
-annn il l
0

UNS C85700 UNS €91000, Tin Bronze, UNS  UNS C83470 (Cu-Sn- Manganese Bronze, UNS C86200 UNS C82100, UNS €81700, Current study (as- Current study Current study Current study
(Leaded Yellow ~ Copper Casting 91100, Copper Zn Alloy) UNS €86100, (Manganese Copper Casting  Copper Casting cast) (T16AC) (T16WQ) (T16FC)
Brass) Alloy Casting Alloy Copper Casting Bronze) Alloy Alloy
Alloy

Vickers Hardness - Density Ratio

Figure 18. Comparative diagram of strength (as gauged by the hardness) and density ratio for current
study and various Cu-based alloys in literature.

The mean hardness of the heat-treated samples was estimated at 499 HV ,, regardless
of the cooling path followed. As shown in Figure 19, the hardness values between samples
subjected to different cooling rates showed significant deviations. Specifically, the furnace-
cooled samples seem to show a slightly higher hardness value compared with the other
heat-treated samples, which is possibly attributed to the formation of phase y or the increase
in the volume fraction of phase «.
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Hardness of Heat-treated Samples
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Figure 19. Comparison of hardness values for heat-treated samples.

4. Conclusions

In this work, a novel lead-free MEB (CusgAlyZnysSns at. %) was successfully devel-
oped, with a density of 6.86 gr/cm?® and manufactured via VIM, aided by pyMPEA and
CALPHAD predictions. It should be underlined that this is a larger scale cast, allowing
for the observation of macrosegregation phenomena in multicomponent alloys. The alloy
was then subjected to various heat treatments at 550 °C of different durations and cooling
rates and was evaluated in terms of its microstructural constituents and hardness. Both
pyMPEA and CALPHAD indicated an increased likelihood of formation of a stable matrix
phase accompanied by a range of IMs and insoluble elemental Sn particles, which was
verified experimentally. It was also discovered that in the heat-treated condition post water
quenching the alloy would only consist of a matrix phase accompanied by coarse Sn islands.
Additionally, the alloy possessed significantly greater hardness compared with conven-
tional brasses. Therefore, it would be possible to attain a microstructure reminiscent of
that encountered in conventional brasses by reducing the amount of Sn, thus forming finer
islands. As such, the MEB developed within this work presents a potential candidate for
further development and utilization within novel Pb-free brass grades. The main findings
are summarized below:

e  The high cooling rate of the casting process led to the absence of a columnar solidifica-
tion zone in the cast material.

e  Theingot was characterized by notable macrosegregation phenomena, with the Al and
Sn content complementing each other, moving from the top to the bottom of the ingot.

e  Three phases were observed in the as-cast and heat-treated samples: the primary
phase CussZnjs5Alp, pure Sn particles and the IM phase Zn,Cuy, (x = 65-70 at. %,
y = 30-35 at. %). Phase v is likely to form during exposure at lower temperatures as it
was not observed after rapid cooling, while its volume fraction was reduced in the
air-cooled sample compared with the furnace-cooled one.

e  The primary phase showed notable thermodynamic stability, remaining unaffected
throughout all heat-treatment schemes and can be used as a basis for future alloy design.
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o The IM phase and Sn particles were significantly affected by the cooling rate, where,
in water-quenched and air-cooled samples, dark small-size particles appeared within
the volume of the elemental Sn islands. The shape of these particles was also affected
by the cooling rate. The average specific hardness of the material was higher than that
of most conventional brass and bronze alloys. The hardness was strongly dependent
on the heat treatments, attaining its maximum value in the FC condition.
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