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Abstract

The addition of beryllium (Be) to Al-Cu alloys enhances their mechanical properties and
corrosion resistance. This study aims to investigate the effects of solidification cooling rates
and the addition of Be on the microstructural refinement and corrosion behavior of an Al-
5wt.%Cu-1wt.%Si-0.5wt.%Be alloy. Radial solidification under unsteady-state conditions
was performed using a stepped brass mold, producing four distinct cooling rates. An

experimental growth law, A, = 26T ', was established, confirming the influence of Be
and the cooling rate on dendritic size reduction. The final microstructure was characterized
by an «-Al dendritic matrix with eutectic compounds (x-Al + 6-Al,Cu + Si + Fe-rich
phase) confined to the interdendritic regions. No Be-containing intermetallic phases were
detected, and beryllium remained homogeneously distributed within the eutectic. Notably,
Be addition promoted a morphological transformation of the Fe-rich phases from angular
or acicular forms into a Chinese-script-like structure, which is associated with reduced local
stress concentrations. Tensile tests revealed an ultimate tensile strength of 248.8 & 11.2 MPa
and elongation of approximately 6.4 £ 0.5%, indicating a favorable balance between
strength and ductility. Corrosion resistance assessment by EIS and polarization tests in a
0.06 M NaCl solution showed a corrosion rate of 28.9 um-year ! and an Epit of —645 mV
for the Be-containing alloy, which are lower than those measured for the reference Al-Cu
and Al-Cu-5i alloys.

Keywords: Al-Cu alloys; beryllium; microstructure; corrosion behavior

1. Introduction

The addition of beryllium (Be) to aluminum alloys has attracted scientific and techno-
logical interest since the beginning of the 20th century due to Be’s unique properties, such
as low density, high hardness, corrosion resistance, thermal stability, and good electrical
conductivity [1,2]. In commercial Al-Si alloys, some studies [3,4] have shown that minor
Be additions promote microstructural refinement and significant morphological changes,
such as the transformation of harmful needle-like, iron-rich phases into less detrimental
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Chinese-script morphologies. Additionally, in Al-Mn [5] and Al-Fe-Cu [6] systems, Be
has been observed to stabilize quasicrystalline phases and alter solidification mechanisms,
favoring primary formation over incomplete peritectic reactions.

The Al-5wt.%Cu-1wt.%5i alloy (the base of UNS A02950 alloy [7]) represents a ternary
system commonly employed in aluminum casting industries, especially in applications re-
quiring good mechanical strength, weldability, and moderate corrosion resistance. Copper
(Cu) contributes to precipitation hardening through the formation of metastable phases,
while silicon (Si) improves melt fluidity and reduces solidification shrinkage [8]. However,
the simultaneous presence of Cu and Si favors the formation of complex intermetallic
phases, whose morphology, distribution, and composition strongly influence the final prop-
erties of the material. The resulting microstructure after solidification is highly dependent
on the process’s thermal parameters, particularly the cooling rate, which controls secondary
dendritic arm spacing, grain size, and the fractionation of intermetallic phases.

The relationship between microstructural parameters and the ultimate application
properties is vital for the metallurgical pre-planning of a metallic component for structural
or mechanical applications. This analysis encompasses assessing the grain size, quantifying
phase fractions, and evaluating the microstructural arrangement. Parameters such as
tensile strength and corrosion resistance have been mainly correlated with microstructural
parameters associated with solidification [9-12], such as dendritic or cellular spacing.
Applying aluminum-based lightweight alloys to manufacturing technological components
offers improvements in various areas, as their intrinsic characteristics generally result in
better fuel efficiency and superior corrosion resistance. The correlation of microstructural
parameters with the resulting corrosion behavior is essential for the initial analysis of the
alloy application properties. This is justified because each process exposes the metal to
potentially harmful environmental conditions [13,14]. It is worth noting that corrosion
resistance and mechanical strength do not always exhibit similar behavior associated with
microstructural parameters such as grain size, cellular and dendritic spacings, and phase
fraction [10]. The microstructural morphology of aluminum alloys in their as-cast state is
influenced by the dynamics of the solid/liquid interface during latent heat release. During
the alloy solidification process, a transition can occur in the growth morphology, shifting
from planar to cellular and from cellular to dendritic microstructures [10].

The addition of beryllium to aluminium alloys has garnered increasing attention due
to its capacity to refine microstructural features and improve performance in structural
and corrosive environments [15-17]. Studies have shown that even small additions of Be,
typically below 0.5 wt.%, can significantly alter the morphology of eutectic constituents
and precipitate phases, promoting a more homogeneous and refined distribution [18-20].
This refinement mechanism is particularly beneficial in reducing micro-galvanic coupling
between anodic and cathodic phases, which contributes to enhanced corrosion resistance.
Moreover, Be additions have been associated with improvements in mechanical strength,
primarily due to the suppression of coarse phase formation and the stabilization of the
solidification front [21]. Nonetheless, the application of Be in Al-based alloys requires
careful control, as excessive content may lead to the formation of brittle intermetallics [2]
or raise toxicity concerns during processing [22-24].

Azarbarmas et al. [25] conducted a study investigating the impact of Beryllium on the
microstructure and mechanical properties of the Al-15wt.%Mg,Si composite. The authors
found that increasing the Be content reduced the average size and volume fraction of
primary Mg,Si particles. Additionally, they observed that the alloy without Be exhibited
the formation of coarse primary Mg,Si crystals, which grew in hollow forms. In contrast,
the alloy containing Be demonstrated the formation of finer Mg, Si particles without this
void morphology, which was considered advantageous as the voids within particles can



Metals 2025, 15, 736

30f22

serve as potential sites for crack initiation. Furthermore, the researchers confirmed that the
addition of Be improved both the ultimate tensile strength (UTS) and elongation values.

Although advances have been made in the design of Al-Cu-Si alloys, few studies have
systematically addressed the influence of trace alloying elements such as beryllium on
solidification mechanisms and their subsequent effects on microstructure and electrochemi-
cal performance. Given the high reactivity of Be and its potential to form heterogeneous
particles that act as nucleation sites, it is reasonable to assume that its presence alters
local solidification conditions, leading to more refined and potentially more homogeneous
microstructures. Nevertheless, the literature still lacks experimental evidence correlating
Be addition with modifications in solidification thermal parameters, such as growth rate
and thermal gradient, and their consequences for corrosion resistance in aggressive envi-
ronments, which is a key factor in structural applications exposed to severe conditions. The
addition of beryllium to aluminum alloys facilitates achieving this objective [24]. Consider-
ing the meticulous metallurgical processing of Be, it is crucial to assess its impact when
added to conventional Al alloys, which hold the potential to achieve specific mechanical
strength to produce structural components.

This study aims to clarify the effects of adding beryllium on the solidification process,
microstructure development, and corrosion resistance of the Al-5wt.%Cu-1wt.%Si alloy
under transient radial solidification conditions. Despite increasing interest in using trace
alloying elements for controlling microstructure, the impact of Be on dendritic refinement,
intermetallic shape, and electrochemical properties in Al-Cu-Si alloys remains poorly
understood. A comprehensive approach, combining experimental casting in a stepped
brass mold, thermal analysis, XRD, SEM/EDS, mechanical testing, and electrochemical
analysis, was used. The aim was to find a quantitative link between cooling rate, secondary
dendritic arm spacing (A;), and corrosion rate (CRy), while also exploring how Be influences
Fe- and Si-containing phases. Unlike earlier studies that mainly focused on commercial Al-
Si alloys or high-Be-content systems, this research examined a small Be addition (0.5 wt.%)
to a ternary Al-Cu-Si alloy, offering new insights into its effects on eutectic modification,
solid solution behavior, and phase morphology. The findings help expand strategies for
designing Al-Cu-based structural alloys by exploring Be as both a microstructural modifier
and a corrosion resistance enhancer.

2. Materials and Methods

Thermodynamic equilibrium simulations were conducted using Thermo-Calc 2023b
software and the TCALS database to guide the addition of beryllium in an Al alloy, aiming
to predict the microstructural constituents and phases. This methodology facilitates an
understanding of the microstructural behavior and phase formation of the alloy itself, as
well as the definition of a composition of interest [26,27].

The Al-5wt.%Cu-1wt.%Si-0.5wt.%Be alloy was fabricated by incorporating a copper-
based alloy with a beryllium content of 10 wt.% and commercially pure silicon. The
compositions of metals used to prepare the alloy are shown in Table 1. Initially, the
aluminum was melted in a muffle furnace at a temperature of 850 °C using a silicon-carbide
crucible internally coated with a refractory mass based on alumina. Then, all solute elements
were introduced into the molten liquid and held in the furnace for 60 min at 850 °C to
facilitate solute incorporation into the alloy through diffusion. Prior to pouring the alloy,
a stainless-steel (AISI 304) rod was used for homogenization to prevent contamination.
Finally, the alloy was cast into a brass mold (ASTM C27200 alloy) at 750 °C, which had four
varying diameters: 10, 15, 25, and 40 mm, as illustrated in Figure 1.
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Table 1. Chemical composition (wt.%) of the metals used to prepare the alloy.
Alloy Mg Al Be Si Cu Ni Fe Mn
Elements
Al 0.01 Balance - 0.13 0.01 - 0.23 -
Cu - - - - Balance  0.008 - 0.08
Si - 0.11 - Balance - 0.01 0.32 -
Cu-Be - 0.029 9.83 0.0097 Balance 0.01 0.053 -
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Figure 1. (a) Design of the brass ingot mold used, (b) position of samples and sections of cuts,

(c) detail of sample to corrosion test, (d) design of the bronze mold utilized for casting the ingots to

process the tensile testing samples, and (e) dimensions of the tensile test specimen.

To measure the solidification cooling rate (T), a total of four (4) type-K thermocouples

with a wire diameter of 0.2 mm were strategically positioned at the geometrical center of

the cylindrical cavity for each section of the brass ingot mold (Figure 1b). These thermo-

couples were connected to a data logger, Fieldlogger (Novus, Canoas, Brazil), via coaxial

cables, and interfaced with a computer. The setup allowed for the automated recording

of temperature data at a frequency of 5 Hz. Time-dependent temperature profiles were

utilized to analyze the cooling rates for each cast mold diameter. This approach enabled a

comprehensive understanding of the thermal dynamics involved in the casting process.

The T was calculated using power law functions, representing the overall temperature-time

behavior in the casting process [28]. The details of the experimental casting apparatus,

melting, and solidification procedure have been described in a previous study [29]. The T

values are provided in Table 2. The ingot was sectioned to produce four samples, with the

sample positions and section shapes shown in Figure 1b.
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Table 2. Cooling rate for each sample (diameter).

Sample (Diameter [mm]) Cooling Rate (T) [K/s]
Al (10 mm) 82.2
A2 (15 mm) 45.0
A3 (25 mm) 21.4
A4 (40 mm) 19.5

The microstructural analysis was conducted on samples taken from each cross-section
related to the vertical axis of the brass ingot mold. The samples were prepared by grinding
with sandpaper and polishing with %4 um of diamond paste, eliminating the need for chem-
ical etching to reveal the microstructure. Optical microscopy was performed using a ZEISS
Axiolab 5 microscope (ZEISS, Oberkochen, Germany). Secondary dendritic arm spacings
(A2) were measured from optical images of the samples. The intercept method [30-32] was
used to measure Ay. A minimum of 50 measurements were conducted for each sample. The
intermetallic compounds (IMCs) were characterized using scanning electron microscopy
(SEM) micrographs and analyzed with an energy dispersive spectrometer (EDS), model
OXFORD X-MAX50 (Oxford Instruments, Abingdon, UK), which was incorporated into
a SEM Quanta FEG 250 (Thermo Fisher Scientific, Waltham, MA, USA). X-ray diffraction
analysis (XRD) was performed using a diffractometer model X"Pert PRO MRD XL (Malvern
Panalytical, Malvern, UK); the patterns were obtained using an XRD diffractometer with a
2-theta range from 10 to 120° (Bragg-Brentano reflection geometry with CuK« radiation;
A = 1.5418 A), by comparing the XRD patterns with crystallographic data from the Inorganic
Crystal Structure Database-ICSD.

The tensile test was performed in triplicate with test specimen (TS) solidified samples
using a cooling rate of approximately 21.4 K/s and prepared following the ASTM E8/E8M
standard [33]; a Universal Testing Machine (Biopdi, Sao Carlos, Brazil) from Biopdi was
used for the tensile test, with a test speed of 0.5 mm/min and a preload of 500 N. Tensile
samples have a cylindrical shape with a reduced section of 9.0 mm and a gauge length of
45.0 mm (Figure 1d-e).

A three-electrode electrochemical cell setup was used to conduct electrochemical
impedance spectroscopy (EIS) and linear potentiodynamic polarization (or linear sweep
voltammetry—LSV) analyses. The cell comprised an Ag/AgCl 3 M KCl reference electrode
and a platinum plate counter electrode, and the sample A3 (T = 21.4 K/s) of the Al-
5wt.%Cu-1wt.%5i-0.5wt.%Be alloy was taken as the working electrode [10]. Specimens for
the electrochemical tests were subjected to metallographic preparation, including sanding
and polishing, like the process employed for microstructural characterization. The tests
were performed in triplicate, as recommended by the standards [9,10], to ensure the
reproducibility of the results. The data obtained were statistically analyzed, including the
calculation of standard deviation, to ensure consistency of the results. Before the beginning
of each test, the samples were washed with distilled water and dried to eliminate any dirt
on the area to be tested. Corrosion tests were conducted using an AUTOLAB PGSTAT128N
(Metrohm Autolab, Herisau, Switzerland) and Nova 1.1 software. The corrosion tests were
conducted only for sample A3 (T =21.4K/s), since no significant variation in the type or
fraction of intermetallic phases was observed among the samples, and the literature reports
indicate that minor changes in secondary dendrite arm spacing (A,) alone have limited
influence on corrosion behavior.

All electrochemical tests were conducted at room temperature (25° £ 2 °C) using
a 0.06 M NaCl solution. The choice of this diluted saline solution was motivated by the
inhibitory effect and aggressiveness often observed in electrolytes with higher concentra-
tions, such as the standard 0.5 M solution. Both the EIS and LSV analyses were performed
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under naturally aerated conditions. The working electrode was exposed to the electrolyte
solution with a circular area of 0.503 cm?, and a surface finish was achieved using 1-pm of
diamond paste. Additionally, an Autolab Faraday cage was employed to shield the EIS
measurements and LSV scans from any external sources of electromagnetic interference.
Before starting the LSV analysis, the sample was measured at open-circuit potential (OCP)
for 2400 s. Linear polarization assays were then performed at a sweep rate of 0.167 mV/s
from —0.200 mV to +0.250 mV versus OCP. Corrosion current density (icorr) values were
calculated for all samples exposed to the electrolyte employing Tafel extrapolation [34,35].
EIS analysis was conducted with an amplitude adjusted to 10 mV, corresponding to the
peak-to-peak open-circuit potential, using six points per decade in a frequency range from
100 mHz to 100 kHz with an AC signal. The impedance spectroscopy assays resulted in
Bode, Bode phase, and Nyquist curves. Simulations were performed using the AUTOLAB
NOVA 1.11 software. All electrochemical measurements were conducted in triplicate.

3. Results and Discussion
3.1. Microstructural Characterization

Thermodynamic simulations, depicted in Figure 2, show that for an Al alloy, the
addition of even small amounts of Be above a certain threshold leads to a significant shift
in equilibrium in the pseudo-binary phase equilibrium diagram. Specifically, Figure 2a
indicates that the solidification path decomposes the primary phase (likely x-Al) into a
multiphase microstructure. Figure 2b illustrates the evolution of phase fractions during
solidification and cooling down to 25 °C. By combining both diagrams, the solidification
path can be described along the dashed line. At point *1, only the liquid phase is present.
Upon cooling and reaching the liquidus temperature at point *2, T = 610 °C, primary
formation of the x-Al phase (FCC_A1) occurs. At point *3, T = 606 °C, the primary
formation of the Be-rich phase (HCP_A3) also takes place. As cooling continues, at point
*4, T = 624 °C, the eutectic reaction occurs, and all the remaining liquid transforms into a
eutectic mixture (x-Al + Si + 8-Al,Cu). Finally, at point *5, T = 150 °C, the microstructure
consists of x-Al + x-Be + eutectic, which remains stable down to room temperature. This is
attributed to the strong tendency of Be to segregate in a hexagonal compact structure, also
causing the segregation of Si into a diamond cubic structure (DSC) with a matrix of Al
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Figure 2. (a) Pseudo-binary phase diagram of Al-5wt.%Cu-1wt.%Si-Xwt.%Be and (b) volume fraction
of all phases in the simulation.

Figure 2 presents the predicted phase formation for a system under thermodynamic
equilibrium, corresponding to cooling rates lower than 10> K/s [36]. Under such con-
ditions, the solidification kinetics combined with a low thermal gradient ahead of the
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solid/liquid interface allow sufficient time for the formation of primary phases with low
volume fractions. As shown in Figure 2b, the volume fraction of the Be-rich phase remains
below 1%. However, under unsteady-state conditions during transient solidification, cool-
ing rates exceeding 10 K/s are sufficient to suppress the formation of Be-rich phases. In this
regime, beryllium was separated and remained confined in the eutectic region, forming
a metastable solid solution instead of precipitating into a distinct Be-rich intermetallic
phase. As observed by Silva et al. (2019) for Al-Si-Mg alloys [31], the primary formation of
the Mg,Si phase was suppressed, and higher amounts of Mg and Si were retained in the
solid solution.

The XRD pattern in Figure 3 confirms the presence of four distinct phases: x-Al,
8-Al,Cu, Si, and Fe-rich intermetallic compounds, including 3-AlFeSi and a complex qua-
ternary phase identified as i-Al555i7Cups 5Feqn 5 [37]. The a-Al phase forms the primary
dendritic matrix, while a heterogeneous eutectic mixture characterizes the interdendritic
regions. Notably, no Be-containing intermetallic phases were detected by XRD, and the
EDS mapping corroborates that beryllium is uniformly distributed within the matrix and
eutectic areas, creating a metastable solid solution rather than separate Be-rich intermetallic
phases. Localized Cu enrichment within the eutectic areas is evident, consistent with
the formation of the 6-Al,Cu phase, which exhibits a predominantly acicular morphol-
ogy. This observation aligns with previously reported results in Al-Cu-based alloys and
highlights the complex phase interactions promoted by the simultaneous presence of Cu,
Si, Fe, and trace Be [20]. Studies investigating minor additions of Be (<0.5 wt.%) in Al-
33wt.%Cu [12] and A356 [18] alloys also reported no detection of Be-containing phases by
XRD analysis, indicating its incorporation likely occurs in solid solution or as undetectable
metastable phases.

oAl
l o si
A 0-AlCu
n *  Fe-rich phases
>
3 | |
I3 °
£ W *
a |
| M
w RIS
I ’
ijwmw b ot g
10 20 30 40 50 60 70 8 90 100 110 120

26 (%)

Figure 3. XRD patterns for the Al-5wt.%Cu-1wt.%Si-0.5wt.%Be alloy, in a solidified sample at a
cooling rate of 21.4 K/s (sample A3).

Figure 4 provides a comprehensive microstructural and compositional analysis of the
Al-5wt.%Cu-1wt.%S5i-0.5wt.%Be alloy solidified at a cooling rate of 21.4 K/s (sample A3).
In Figure 4a, a backscattered electron (BSE) SEM image highlights the typical dendritic
structure with a continuous x-Al matrix and the presence of eutectic Si and intermetallic
compounds [38]. Notably, 0-Al,Cu phases are identified with a bright contrast and acic-
ular morphology, while Fe-rich intermetallics appear as elongated, branched structures.
Figure 4b presents localized SEM/EDS point analyses at selected sites, confirming the
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chemical composition of the distinct phases. Spectrum 1, located in the matrix, is domi-
nated by aluminum (>98%), whereas spectra 2 to 4 reveal increasing Cu and Si contents,
with detectable amounts of Be in spectra 2—4 (up to 0.73 wt.%), indicating Be distribution
among intermetallic phases of the eutectic [17]. Figure 4c shows EDS elemental mapping,
further clarifying the spatial distribution of Al, Cu, Si, and Be.

mag B det HFW — 50 ym
a | 1000x | 10.4 mm | CBS | 207 pm

SPE:;::m Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4
Al 98.50 88.74 84.12 67.42
Cu 0.80 7.10 2.52 31.03
Si 0.70 3.70 12.63 0.88
Be 0.00 0.46 0.73 0.67
Total 100.00 100.00 100.00 100.00

c)

Figure 4. (a) SEM image showing the morphology arrangement of the Al-5wt.%Cu-1wt.%Si-
0.5wt.%Be alloy solidified sample at a cooling rate of 21.4 K/s (sample A3), (b) punctual SEM/EDS
analysis, and (c) mapping element (EDS).

Cu-rich phases are concentrated in the 0-Al,Cu particles, Si maps highlight the eutectic
Si network, and Be appears uniformly distributed in the interdendritic regions, suggesting
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Be segregation and potential participation in intermetallic phase formation [12,17,18,20].
This multi-technique approach provides insight into the role of Be in modifying phase
morphology and distribution.

Based on its partial refinement effect on eutectic Si and its interaction with Fe-rich
intermetallics, it is hypothesized that beryllium may exhibit a similar modifying role to
that of strontium (Sr) [19,39—-41], promoting the morphological transformation of eutectic
silicon from a coarse plate-like structure to the more refined, rounded, or fibrous structure
seen in Figure 4a. Camargo et al. [18] demonstrated that the addition of trace amounts of
beryllium (~0.07 wt.%) to the A356 alloy promoted significant microstructural refinement,
reducing both secondary dendrite arm spacing and Fe-rich intermetallic size.

As detailed in the Materials and Methods section, in this research study with an
Al-5wt.%Cu-1wt.%S5i-0.5wt.%Be alloy, brass cylindrical molds of varying diameters (10,
15, 25, and 40 mm) were used to induce different solidification cooling rates (T). The
smallest diameter facilitated cooling rates of over 80 K/s. Microstructural analysis revealed
the presence of an «-Al matrix with a predominantly dendritic morphology, as shown
in Figure 5. To comprehensively characterize the solidification process, the secondary
dendritic arm spacing (A;) was carefully measured and subjected to parametric analysis. A
strong correlation was established between A, and T values. By applying linear regression
to the experimental data, a discernible growth law was derived, indicating a more refined
growth pattern than that of other alloys in the Al-Cu system [9,11,42]. These empirical
insights contribute to a deeper understanding of the influence of cooling rates on the
microstructure of brass ingots and provide valuable insights into the growth behavior of
the specific Al-Cu alloy system under investigation.

Figure 5. Micrographs obtained by optical microscopy for (a) sample A1 (T = 82.2 K/s), (b) sample
A2 (T =45.0K/s), (c) sample A3 (T=21.4K/s), and (d) sample A4 (T=195K/s). Magnification 500x.
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The final morphology of the microstructure indicated some solidification character-
istics, such as secondary dendritic arm spacing (A;). An experimental growth law of the

type Ay = 26 T71 is proposed to describe the A, evolution as a function of the cooling
rate, as shown in Figure 6. The quality regression was standardized by a coefficient of de-
termination, R? = 0.83. The high R? value shown in Figure 6 reinforces the reliability of the
proposed experimental growth law, demonstrating that the model effectively represents the
relationship between dendritic spacing and cooling rate under the solidification conditions
evaluated. Solidification in a cylindrical mold promotes two-dimensional heat extraction.
However, it can be assumed that unidirectional heat flow conditions are established in
regions close to the mold wall. This hypothesis can be supported by the established growth
law, since the use of the exponent —1/3 in this equation suggests that the growth pattern is
that of a system with unidirectional solidification [11,31,43]. This same exponent has been
used to correlate Ay with T in binary and ternary Al-Cu alloys [9,11,42]. The curves that
represent the secondary dendritic growth for Al-5wt.%Cu [11], Al-5wt.%Cu-1wt.%Ni [9],
and Al-6wt.%Cu-1wt.%Si [42] alloys are shown in Figure 6 for comparison purposes.

®  Experimental —
——2,=26T"3-R2=0.83] }

Secondary Dendritic Arm Spacing (um)

4 = Al-5wt.% Cu [Osodrio et al., 2011]
- Al-6wt.% Cu-1wt.% Si [Osorio et al., 2011]
------ Al-5wt.% Cu-1wt.% Ni [Rodrigues et al., 2018]
] T T T ]
10 100
Cooling Rate (K/s)

Figure 6. Evolution of the secondary dendritic arm spacing (ium) with the solidification cooling rate
(K/s) for the Al-5wt.%Cu-1wt.%Si-0.5wt.%Be alloy, compared with results of other Al-Cu-based
alloys from the literature. Adapted from Refs. [9,11,42].

As shown in Figure 5, adding Be resulted in a refinement of the secondary den-
dritic arm spacing. Due to solute segregation, this refinement may be attributed to the
increased solute accumulation at the solid/liquid (S/L) interface. During solidification
under unsteady-state conditions, the cooling rate influences solute diffusion, affecting
solute redistribution ahead of the S/L interface and causing varying degrees of solute
segregation. In the analyzed alloy, the amount of Cu in the solid solution was lower than
that observed in other ternary alloys of the Al-Cu system [9,42]. This difference seems to
have allowed for greater segregation of Cu into the liquid, which, combined with the Si
and Be (having no solubility in «-Al), contributed to the refinement of the microstructure.

The final microstructure consisted primarily of «-Al dendrites and a eutectic mixture
containing 6-Al,Cu and Si. Morphological analysis showed that Fe-rich phases exhibit
a rounded Chinese script-like structure [3,4,44], in contrast to the acicular morphologies
typically associated with crack initiation and reduced ductility. This refinement is attributed
to Be-induced modifications in the nucleation and growth dynamics of the eutectic phases.
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Additionally, the reduction in secondary dendritic arm spacing (A, = 10.0 pm) reflects
the influence of Be on the thermal gradient and solute accumulation at the solid/liquid
interface, consistent with a directional solidification growth law (A o T-1/3 ). This refined
microstructure is a key factor contributing to the improved mechanical properties of
the alloy.

3.2. Tensile Test and Mechanical Behavior

The tensile tests were performed on samples solidified under conditions equivalent
to those of sample A3, corresponding to a cooling rate of 21.4 K/s. The test results pre-
sented in Figure 7 for the Al-5wt.%Cu-1wt.%Si-0.5wt.%Be alloy show a yield strength
(oy) of approximately 84.8 &= 14.3 MPa, ultimate tensile strengths (oy) of approximately
248.8 £ 11.2 MPa, and total elongations to break (5) of approximately 6.4 & 0.5%. These
values indicate a well-balanced mechanical performance, combining strength and ductility.
The consistent behavior among samples highlights the reproducibility of the processing
conditions and suggests a homogeneous microstructure, likely promoted by the influence
of beryllium during solidification.

300 1 1 1 1 1 1 1

250 -

200 + F

150 -

Stress (MPa)

100 F

501 —— Test 1, oy = 67.4 MPa; 6, = 265.6 MPa; 5= 7.15% ||

Test 2, o, = 106.2 MPa; o, = 232.2 MPa; 5 = 6.10 %| |
Test 3, oy = 80.7 MPa; o, = 248.7 MPa; 5 = 6.08 %
0 T T T T T T T

0 1 2 3 4 5 6 7 8

Strain, € (%)

Figure 7. Engineering stress—strain curves obtained from uniaxial tensile tests of the Al-5wt.%Cu-
1wt.%Si-0.5wt.%Be alloy, solidified at a cooling rate of 21.4 K/s.

The enhanced strength can be attributed to the combined action of two mechanisms:
solid solution strengthening due to the Be incorporation into the o-Al matrix under high
cooling rates, and the morphological modification of eutectic phases. As shown in Figure 3,
the Fe-rich phases exhibit a Chinese script-like morphology instead of the sharp or acicular
forms typically observed in conventional Al-Cu-Si alloys. These angular morphologies
are well known for acting as stress concentrators, promoting crack initiation and reducing
ductility. The more rounded and interconnected morphology reduces local stress concen-
trations, thus enhancing mechanical integrity. Although this effect is well documented
for Fe-rich phases in Al-Si alloys [3,4], the present results suggest that Be may induce a
similar transformation in Si-rich eutectic phases, potentially by altering nucleation and
growth dynamics during solidification. These microstructural effects consistently explain
the superior mechanical performance of the Be-modified alloy.

The comparison with the Al-5wt.%Cu-1wt.%Ni alloy reported by Rodrigues et al.
(2018) [9] highlights the superior mechanical performance of the Al-5wt.%Cu-1wt.%Si-
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0.5wt.%Be alloy, particularly in terms of oyy. As noticed, the Al-5wt.%Cu-1wt.%Ni alloy [9]
exhibited oy values ranging from 100 MPa to 200 MPa, even under directional solidification
conditions with primary dendritic spacings (A;) between 8 pm and 45 pm. In contrast, the
Be-containing alloy, solidified at a cooling rate of 21.4 K/s, achieved a median oy value
of approximately 248.8 £ 11.2 MPa, with measured A, values between 7.5 pm and 14 um,
reflecting a significantly more refined microstructure [25].

Although the Al-Cu-Ni alloy exhibited markedly higher elongation, ranging from
2.5% to 25% [9] depending on the microstructural refinement, this gain in ductility came
at the expense of tensile strength, which remained lower than that of the Be-containing
alloy. The addition of beryllium simultaneously promoted microstructural refinement and
modification of the eutectic phase morphology, notably transforming Fe-rich phases from
angular shapes into Chinese script-like structures. This morphology reduces local stress
concentrations and enhances the structural integrity of the material.

Table 3 presents a comparative analysis of the mechanical behavior and solidification
parameters of various Al-Cu-based alloys. The Al-5Cu-15i-0.5Be alloy developed in this
study exhibited the highest cooling rate (21.4 K/s), resulting in a refined dendritic structure
(A> =10.0 £ 2.8 um). This microstructural refinement contributed to an ultimate tensile
strength (oy = 248.8 = 11.2 MPa) higher than the binary Al-5Cu alloy (225 MPa) [11]
and Al-5Cu-1Ni (190 MPa) [9]. Although its yield strength (oy = 84.8 £ 14.3 MPa) is
lower than that of Mg- and Li-containing alloys [45], it remains adequate considering the
alloy’s composition and solidification conditions. The elongation to failure (5 = 6.4 £ 0.5%)
confirms a favorable ductility level comparable to Al-5Cu-2.55i-1.1Mg (7.72%) [46] and
superior to that of the unmodified binary alloy. These results demonstrate that the combined
addition of Si and Be under high cooling rates effectively enhances the tensile performance
of Al-Cu alloys without compromising ductility. The alloy’s competitive strength—-ductility
balance supports the hypothesis that Be acts as a synergistic modifier in Al-Cu-Si systems,
contributing to both microstructural refinement and mechanical property optimization.

Table 3. Comparative table of cooling rate, average dendritic spacing, yield strength, ultimate tensile
strengths, and elongations to break of different Al-Cu alloys. The concentrations of the alloys are in
weight percent.

T Ay Oy oy )
Alloy [K/s] [um] [MPa] [MPa] [%]
Al-5Cu [11] 9.8 243 +23 112 +13.0 225 +21.0 -
Al-5Cu-1Ni [9] 12.6 10.54+22 - 190 + 8.0 25+24
Al-5Cu-2.55i-1.1Mg [46] - - 219 £3.1 3447 £ 6.5 772+ 14
2060-T6 Al-Cu-Li [45] - - ~348 —378 10.2
A356—T6 [18] 1.5 35+6.0 - 243 +£17 11.0£14
Al-5Cu-1Si-0.5Be [this work] 21.4 10.0 £2.8 84.8 +14.3 248.8 +11.2 6.4+05

3.3. EIS and Equivalent Circuit Measurements

The EIS and LSV tests performed on the analyzed samples utilized a milder chloride
solution. This approach was adopted to enhance our understanding of the initial stages
of the corrosive process. The experimental EIS plots for the as-cast ternary Al-5wt.%Cu-
1wt.%Si-0.5wt.%Be alloy are shown in Figure 8. The Nyquist plots, Figure 8a, confirmed the
presence of two depressed capacitive loops, as also previously reported for other aluminum
multicomponent alloys [47]. Two peaks occurred in the phase angle plots, i.e., (1) 6 = 70°
and 28 Hz, and (2) 8 = 35° and 0.2 Hz, as can be seen in Figure 8b. Two distinct regions are
suggested in the Bode plots (1Z | vs. frequency): (1) In the high-frequency region (between
103 and 10° Hz), 1Z| is constant (of approximately 85 2) and associated with a phase
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angle (0) close to 0°. This indicates that the electrolyte resistance dominates the impedance.
(2) For low and intermediate frequencies, the Bode magnitude displayed a linear slope of
approximately —1, which indicates a capacitive behavior [47].
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Figure 8. (a) Nyquist curve and (b) Bode and Bode phase curves for the Al-5wt.%Cu-1wt.%Si-
0.5wt.%Be alloy in a 0.06M sodium-chloride solution, in a solidified sample at a cooling rate of
21.4 K/s (sample A3).

The fitted equivalent circuit (EC) adopted here is illustrated in Figure 9 [47-49], while
the fitted parameters are provided in Table 4. EC curve fitting analyses were performed for
all alloy EIS data. The experimental findings correspond well with the estimated values,
and the error chi-square (x?) values are within an acceptable order of 10~2. The quality of
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the experimental /simulated fit has been characterized by the X2 value. The sums of squares
(provided by the NOVA software) for each sample examined are also shown in Table 4.
The small values of the chi-square statistic and fitting errors indicate the correctness and
suitability of the EC model [48-50]. The EC was composed of R (solution resistance), Ry
(surface layer resistance), and R; (charge transfer resistance), as well as constant phase
elements (CPE) of the surface layer (CPE;) and double layer (CPE;), with CPE being
characterized by its Q and n parameters.

CPE,
(Q4,n4)

Figure 9. The equivalent electrical circuit used to model the experimental EIS data of the Al-5wt.%Cu-
1wt.%Si-0.5wt.%Be alloy: [Re;(CPE1[R1(CPE2R2)])].

Table 4. Results of the simulated impedance parameters for the Al-5.0wt.%Cu-1.0wt.%Si-0.5wt.%Be
alloy casting.

Parameter Value Estimated Error (%)
R (Q-cm?) 85.48 0.42

Q (S:s"/cm?) 12.20 1.90

R; (kQ-cm?) 5.94 0.73

nm 0.92 -

Q; (S:s"/cm?) 167.52 1.57

R, (kQ-cm?) 12.65 1.59

1y 0.99 -

x> 0.9 x 1073

The equivalent circuit model employed in this work, composed of two constant phase
elements (CPE; and CPE,) in parallel with resistive elements (R; and R;) in series with the
solution resistance (Rel), was selected to accurately capture the complex electrochemical
behavior observed in the EIS spectra of the Al-5wt.%Cu-1wt.%Si-0.5wt.%Be alloy. The
presence of two distinct depressed semicircles in the Nyquist plot, along with two separated
phase angle peaks in the Bode phase diagram, indicates the existence of at least two time
constants associated with different interfacial processes. In this context, CPE; || R; represents
the response of the surface film, while CPE; ||R; accounts for the charge transfer process
at the alloy/electrolyte interface. The use of CPEs instead of ideal capacitors is justified
by the observed non-ideal capacitive behavior, which is commonly attributed to surface
heterogeneities, distributed reactivity, and roughness inherent to as-cast multicomponent
aluminum alloys. The excellent agreement between the experimental data and the fitted
model, reflected in the low chi-square values, confirms the suitability of the proposed
circuit to describe the electrochemical impedance response of the alloy in the studied
NaCl solution.

As shown in Table 4, the R; value was approximately 5.94 kQ-cm? for the as-cast
sample. This value is close to that observed for the Al-6wt.%Cu-1wt.%Si [42] alloy and
lower than that of the Al-5wt.%Cu [11] alloy (R; equals 5.65 kQ-cm? and 6.62 kQ-cm?,
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respectively). This indicates that adding Be did not deleteriously change the corrosion
resistance and instead promoted a slight improvement compared to the binary alloy.

During dendritic growth in steady-state conditions, solute elements such as Cu, Si,
and Be may segregate preferentially along the dendrite arms or in the interdendritic regions.
This segregation can affect the overall corrosion resistance of the alloy, as the composition
of the corroding regions differs from the bulk alloy composition. The levels of cooling rates
obtained during the solidification of the Al-5wt.%Cu-1wt.%5i-0.5wt.%Be alloy contributed
to the formation of a Cu supersaturated solid solution (SS) in the dendritic matrix of «x-Al [8]
with approximately 1.35wt.% Cu, as seen in Figure 4. Through the application of energy
dispersive spectroscopy (EDS), we were able to identify the presence of secondary phases
characterized by silicon and Cu-rich compositions. Figure 4b shows the details of the
distribution of solute elements in each phase and presents the composition values obtained
by EDS. The presence of dendrites introduces heterogeneities in the alloy microstructure.
Regions with different compositions and crystal structures can exhibit varying susceptibility
to corrosion. Some areas might be more susceptible to corrosion attack than others, leading
to non-uniform corrosion patterns.

3.4. Potentiodynamic Polarization Measurements

Figure 10 shows the experimental linear polarization profile of Al-5wt.%Cu-1wt.%5i-
0.5wt.%Be alloy sample A3 solidified at a cooling rate of approximately 21.4 K/s. The
polarization profiles allowed the values of corrosion current densities (icorr) and corrosion
potentials (Ecorr) in a solution of 0.06 mol/L NaCl at room temperature, 25 °C, to be
determined by extrapolation from Tafel’s plots, considering both the anodic and cathodic
branches of the polarization curves. The Ecorr was approximately —0.537 V (vs. Ag/AgCl),
and icorr Was approximately 2.4 x 10~ A/cm?. The polarization profiles were obtained by
applying a small potential perturbation to the sample and measuring the current change.
The values of Ecorr and icorr can be used to assess the corrosion resistance of an alloy. A
comparison of this value can be made with previous studies from the literature [9,11], in
which electrochemical tests and analyses of microstructural parameters of Al-Cu alloys were
also conducted. The Ecor value of the Al-5wt.%Cu-1wt.%Si-0.5wt.%Be alloy is relatively
low, indicating it is a relatively corrosion-resistant alloy. The icorr value is also relatively
low, indicating that the corrosion rate is also relatively low.

The pitting potential (Ep;t) corresponds to the critical anodic potential at which the
passive film that protects the alloy surface breaks down, initiating localized corrosion by
pitting. In aluminium-based alloys, this value marks the transition between the passive
region and the onset of rapid anodic dissolution. For the Al-5wt.%Cu-1wt.%S5i-0.5wt.%Be
alloy, the polarization curve presented reveals an Ep;; of —0.522V vs. Ag/AgCl. Although a
brief plateau in the anodic branch is visible, indicating an incipient passivation, the absence
of a well-defined passive region suggests that no stable protective film was formed under
the tested conditions. The sharp increase in current density shortly after Epy; confirms
that the passive layer, if formed, was not sustained, resulting in a behavior typical of
alloys with poor passivation capability. This electrochemical response indicates that, in a
0.06 mol/L NaCl solution, the addition of Be to the Al-Cu-Si base alloy did not promote
stable passivation. Consequently, the material becomes highly susceptible to pitting,
especially in chloride-containing environments. Despite the measured Ep;; being similar
to values observed in other Al-Cu systems [9], the lack of a passive plateau highlights the
influence of microstructural features and intermetallic distribution on the electrochemical
stability of the alloy. These findings are relevant for assessing the applicability of this
alloy in service conditions that demand enhanced corrosion resistance. The EIS results (see
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Figure 8) agree with those from potentiodynamic polarization (see Figure 10), where the
corrosion rate demonstrates that adding Be minimizes corrosion in a 0.06 M NaCl solution.
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Figure 10. Potentiodynamic polarization curve of the Al-5wt%Cu-1wt.%Si-0.5wt.%Be alloy in a 0.06M
sodium-chloride solution, of a sample solidified at a cooling rate of 21.4 K/s (sample A3).

The corrosion rate (CRy) [51] is a significant parameter employed to assess the cor-
rosion behavior of metallic alloys. This metric facilitates the transformation of corrosion
rates obtained through electrochemical techniques into current density units (1A /cm?)
corresponding to penetration depth per unit time (um/year). The CRy values can be
determined following the guidelines outlined in the ASTM G102—89 Standard [51]. The
calculation process involves the utilization of specific equations, enabling researchers to
effectively quantify the rate of corrosion for the given metallic alloy under investigation

as follows: )
CRy —K Leorr W (1)
0
1
WE = nif; (2)
Y

where CRy is the corrosion rate (um/year), Ky = 3.27 x 103 mm-g/(HA-cm-year), icorr iS
the corrosion current density (A /cm?), and p is the density of the alloy (g/cm3); Wg is the
alloy equivalent mass, n; is the valence of the ith element of the alloy, f; is the mass fraction
of the ith component of the alloy, and Wj is the atomic mass of the ith element of the alloy.
Based on data extracted from the www.matweb.com database, an average density value of
2.7 g/cm? was considered for all alloy compositions.

Table 5 summarizes the cooling rate, dendritic spacing, and electrochemical corrosion
parameters of different Al-Cu-based alloys, highlighting the influence of alloying elements
on corrosion resistance. The Al-5wt.%Cu-1wt.%Ni alloy [9] exhibited the best corrosion re-
sistance among the evaluated systems, with the lowest corrosion rate (CRy = 1.7 um-year~!)
and the most noble corrosion potential (Ecorr = —0.525 V). This behavior is likely associ-
ated with the absence of silicon in its composition, which tends to exacerbate galvanic
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effects when present in the eutectic phase. In comparison, the Al-5wt.%Cu-1wt.%Si—
0.5wt.%Be alloy demonstrated a CRy of 28.9 pm-year—!, which, although higher than
that of the Ni-containing alloy, is significantly lower than the values observed for the
Al-5wt.%Cu binary alloy [11] (CRy = 46.9 um-yearfl) and the Al-6wt.%Cu—1wt.%Si al-
loy [42] (CRy =47.2 p.m-year‘l). Li et al. [52] investigated the effect of the Cu/Li ratio on
the corrosion behavior of Al-Cu-Li alloys. They reported that a decreasing Cu/Li ratio
significantly worsens intergranular corrosion (IGC) resistance. The IGC depth increased
from 41.8 um to 89.3 um, while the E . shifted from —0.609 V to —0.662 V and the icorr rose
from 2.52 x 107> A/cm? to 4.03 x 105 A/cm?, indicating that alloys with lower Cu/Li
ratios are more prone to corrosion due to increased intergranular attack.

Table 5. Comparative table of cooling rate, average dendritic spacing, corrosion current density, and
corrosion potential for different Al-Cu alloys. The concentrations of the alloys are in weight percent.

T /\2 icorr Ecorr CRy
Alloy [K/s] [um] [MA-cm 2] [V] [um-year1]
Al-5Cu [11] 9.8 243 +23 4.15 —0.678 469 *
Al-5Cu-1Ni [9] 12.6 105+22 0.15 —0.525 1.7*
Al-6Cu-1Si [42] 135 102+1.2 4.36 —0.620 47.2*
Al-Cu-Li [52] - - 0.31 —0.642 -
Al-5Cu-1Si-0.5Be [this work] 214 10.0 £2.8 2.40 —0.537 28.9

* CRy values were determined based on Equation (1) and data that are available in the literature.

These results indicate that the addition of beryllium improves the corrosion resistance
of Al-Cu-Si alloys, likely by refining the microstructure and modifying the morphology
of Si-containing intermetallics, which can reduce micro-galvanic coupling. While the
Be-containing alloy does not surpass the corrosion resistance of the Ni-modified alloy, it
provides a more favorable combination of properties, offering both superior mechanical
strength and refined microstructure, with a corrosion rate markedly lower than that of
the binary and Si-containing reference alloys. Thus, the Al-5wt.%Cu-1wt.%Si-0.5wt.%Be
alloy represents a balanced and promising alternative for applications where moderate
corrosion resistance must be paired with enhanced mechanical performance. Similar trends
have been reported for Al-Mg-Li alloys, where low Be additions (~0.1 wt.%) improved
intergranular corrosion resistance, while higher contents (>0.25 wt.%) led to deterioration
due to deeper corrosion paths and microstructural instability [17].

The potentiodynamic polarization results (Figure 10) agree with those from the EIS
(Figure 8), where the corrosion rate demonstrates that adding Be minimizes corrosion in a
0.06 M NaCl solution. When assessing the corrosion characteristics of as-cast hypoeutectic
alloys, a comprehensive understanding of the electrochemical properties of the constituent
phases forming the matrix and eutectic is paramount in determining the cathodic-to-anodic
area (AC/AA) ratio. The Ac/ A ratio plays a critical role in influencing the CRy, wherein
an increase in the Ac/Ap ratio leads to a corresponding rise in the icorr, resulting in
reduced corrosion resistance of the material [14]. Based on the nobility and corrosion
rate of the alloying elements involved, the dendritic matrix should be less noble than the
eutectic region. However, due to the supersaturated Cu content in the solid solution in
the matrix, the o-Al matrix is also nobler. The presence of Cu in the x-Al matrix caused
a modification in the Ac/ A, configuration within the microstructure of the Al-5wt.%Cu-
1wt.%Si-0.5wt.%Be alloy.

Figure 11 reveals that pitting corrosion in the Al-5wt.%Cu-2wt.%Si-0.5wt.%Be alloy
initiates preferentially in the eutectic Al-Si-rich regions, particularly in areas with high
Si and low Cu content (Spectra 2 and 3). These zones exhibit significant compositional
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inhomogeneity, as evidenced by EDS data indicating an up to 67 wt.% Si and reduced levels
of Cu, which suggests that these regions act as anodic sites relative to the surrounding Al
matrix. The corrosion morphology, especially the cellular dissolution patterns magnified
on the right, is consistent with localized galvanic coupling between the eutectic Si and the
adjacent Al-rich phase.

Spectrum Label
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Figure 11. Typical SEM images illustrating the pitting corrosion behavior after the linear polarization
test in a 0.06M NaCl solution.

The corrosion attack appears to propagate into areas depleted of Cu (as in Spectrum 1),
indicating that the degradation is not random but follows microstructural features where
electrochemical potential gradients are present. This mechanism closely resembles inter-
granular corrosion, wherein corrosion progresses along phase boundaries due to differences
in electrochemical activity between the grain matrix and intermetallic-rich zones. The ob-
servation of localized dissolution aligned with eutectic features and secondary phases
supports this interpretation. Moreover, the presence of traces of Be does not appear to
contribute to corrosion initiation directly, reinforcing the role of microstructural and com-
positional segregation as the dominant factor driving pit nucleation and growth in this
alloy [53].

Post-corrosion SEM and EDS analyses revealed that pitting initiated in eutectic regions
rich in Si and depleted in Cu, as observed in the Al-6wt.%Cu-5wt.%Ni alloy [43]. These
regions act as local anodes due to electrochemical potential differences relative to the x-Al
matrix. The localized dissolution patterns observed are consistent with intergranular corro-
sion mechanisms driven by phase boundary segregation. Be was not detected in corroded
regions as an active phase, confirming that its influence is microstructural rather than
electrochemical. Overall, the Al-5wt.%Cu-1wt.%Si-0.5wt.%Be alloy demonstrates refined
microstructure, competitive corrosion resistance, and enhanced mechanical strength, vali-
dating the effectiveness of Be as a microstructure-modifying element in Al-Cu-Si systems.
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4. Conclusions

The radial solidification of the Al-5wt.%Cu—-1wt.%Si—0.5wt.%Be alloy in a stepped
brass ingot mold under unsteady-state thermal conditions revealed a clear inverse corre-
lation between secondary dendritic arm spacing and the cooling rate, described by the
empirical growth law A, = 26T1/3. This exponent confirms a dendritic growth regime
governed by solute diffusion and interface kinetics under near-unidirectional heat flow.
The addition of beryllium, combined with elevated cooling rates (up to 21.4 K/s), promoted
significant microstructural refinement, with A, values ranging from 7.5 to 14 um. Beyond
reducing the dendritic scale, Be addition also altered the morphology of eutectic silicon
from coarse, plate-like to more refined, fibrous structures and transformed Fe-rich inter-
metallics into shorter and more compact morphologies. These modifications are consistent
with Be’s role as a microstructure-modifying element, influencing solute redistribution and
promoting a more homogeneous solidification front.

Mechanical testing demonstrated that the refined microstructure led to improved
tensile performance, showing a yield strength (oy) of approximately 84.8 + 14.3 MPa,
ultimate tensile strength (oy) of approximately 248.8 &= 11.2 MPa, and total elongations to
break (6) of approximately 6.4 £ 0.5%. These values exceed those reported for other Al-Cu-
based alloys under similar conditions, highlighting the effectiveness of Be in enhancing
mechanical behavior through solid solution strengthening and morphological modification
of eutectic constituents.

Electrochemical evaluation, supported by EIS and potentiodynamic polarization
measurements, indicated that the Be-containing alloy exhibited a corrosion rate of
28.9 um-year~!, significantly lower than those of the binary Al-5wt.%Cu and ternary
Al-6wt.%Cu—-1wt.%Si alloys. The corrosion potential (Ecorr = —0.537 V), current density
(icorr = 2.4 X 107® A/cm?), and pitting potential (E,;; = —0.522 V) showed a corrosion rate
of 28.9 um-year~!, suggesting that no stable passive film was formed under the testing
conditions (0.06 M NaCl). Instead, the enhanced corrosion behavior is attributed to mi-
crostructural refinement, particularly the modification of the Si-rich eutectic and a more
uniform distribution of the intermetallics, which mitigates localized galvanic coupling.
Although the corrosion resistance did not surpass that of the Ni-containing alloy, the Be-
modified alloy offered a more favorable trade-off between corrosion performance and
mechanical strength.

The incorporation of 0.5 wt.% Be into the Al-5wt.%Cu-1wt.%Si system promotes a
finer and more uniform microstructure, enhances tensile properties, and improves corrosion
resistance relative to conventional Al-Cu and Al-Cu-Si alloys. These results confirm the
viability of Be as a strategic alloying element in the development of Al-Cu-based alloys
for structural applications that demand an optimized combination of mechanical and
electrochemical performance.
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