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Abstract: Al-based alloys are often selected for use in various engineering applications as well
as in the aircraft and aerospace industry. The improvement of their performances under severe
conditions have required the use of alloying elements. In the present work, Be is added to the eutectic
Al-33 wt.%Cu alloy with a view to investigating the resulting effects on microstructural features and
hardness. A directional solidification technique is used, yielding a wide range of solidification cooling
rates. This permits microstructural features to be investigated with emphasis on the role of Be on the
eutectic morphology. The directionally solidified microstructures are formed by eutectic colonies for
the Al-33 wt.%Cu alloy, however, with additions of both 0.05 and 0.5 wt.% Be, the original cell-like
morphology is transformed into a trefoil-like morphology. This together with the x-Al dendritic
pattern characterize the microstructure of the Al-33Cu-Be alloys examined. Solidification growth laws
are experimentally derived relating dendritic and eutectic colony spacings to solidification cooling
rates and growth rates. The length scale of such spacings is shown not to affect the Vickers hardness
of the Al-33Cu-Be alloys examined; however, the additions of Be are shown to improve the brittle
behavior of the Al-33 wt.%Cu alloy.

Keywords: Al-33Cu-Be alloys; directional solidification; microstructure; hardness

1. Introduction

Aluminum alloys are often a preferred choice in the aeronautical and aerospace indus-
tries, as well as for various engineering applications due to their lightweight properties and
high strength-to-weight ratio when compared to steels [1,2]. Such outstanding mechanical
and physical characteristics have required the increased use of alloying elements in order
to improve the performance of components under extreme conditions for their use in
strategic fields [3]. On the other hand, Deschamps and collaborators [4] emphasize that
the challenges in working with multicomponent alloys concern the formation of different
phases and the identification of useful alloy compositions. Moreover, the complex composi-
tions of multiple elements offer many challenges to optimize the design of alloys. Among
the latest developments of aluminum-based alloys for aeronautic applications, the 2xxx
series—(Al-Cu) based ones, particularly those containing Mg—have attracted attention due
to the precipitation strengthening of the Al,Cu and Al,CuMg phases and good resistances
to damage and to fatigue crack growth when compared to other Al-alloys series. However,
improvements are required concerning the yield strength for applications under high load
conditions and corrosion resistance due to the anodic behavior of the Al,CuMg phase.
On the other hand, controlled addition of alloying elements such as Sn, In, Cd and Ag
is reported to be beneficial to mechanical properties, e.g., hardness, yield strength and
ultimate tensile strength [5].

In terms of castings, not only the alloying content affects the final properties but also
the cooling conditions during solidification [6]. In this regard, in recent years our research

Metals 2023, 13, 94. https:/ /doi.org/10.3390/met13010094

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met13010094
https://doi.org/10.3390/met13010094
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0003-2647-6384
https://orcid.org/0000-0002-9120-9461
https://orcid.org/0000-0003-1832-1550
https://orcid.org/0000-0001-9043-2074
https://orcid.org/0000-0003-1488-5324
https://orcid.org/0000-0001-9688-6747
https://orcid.org/0000-0002-3834-3258
https://orcid.org/0000-0003-1120-8926
https://doi.org/10.3390/met13010094
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13010094?type=check_update&version=3

Metals 2023, 13, 94

20f18

group has emphasized the study of the simultaneous effect of different cooling rates and
alloying elements during solidification of several alloys systems on the resulting properties.
For example: the addition of vanadium to the Al-Si-Fe alloy system [7], of zinc to the Al-Si
system [8], of bismuth to the Zn-Al system [9]. We believe that such an approach can
contribute to the understanding of the formation of phases and intermetallic compounds
in more complex systems, such as multicomponent and high entropy alloys, when some
common alloying elements are involved.

The present work aims to analyze the influence of additions of beryllium (0.05 and
0.5 wt.%) on the microstructure of the binary Al-Cu eutectic alloy (Al-33 wt.%Cu) during
transient solidification conditions. To the best of the present authors” knowledge, such
study has not yet been performed. As a first goal, it is intended to support the ongoing
work analyzing the solidification of Al-Cu hypoeutectic alloys with additions of beryllium,
since such binary alloy has an Al-rich primary phase immersed in a eutectic matrix. The
main goal is to generate knowledge on the Al-Cu-Be system in order to understand the
effects of the additions of Ag, Ni, Si and Sn since in previous studies the following systems
have been analyzed by our research group: Al-Ag-Cu [10], AI-Cu-Ni [11], Al-Si-Cu [12],
Al-Sn-Cu [13], which can be used for a comparative study.

Works concerning the addition of Be to Al-Cu alloys are very scarce. A potential
application in the aerospace field has been reported by Houska [14] highlighting the forma-
tion of a BeO protective surface layer when 0.1-0.3 wt.%Be is added to an Al-based alloy.
This oxide layer exhibits excellent resistance to thermal oxidation corrosion. The author
also mentions that Be accelerates the age hardening process in Al-Cu alloys, which is also
interesting for aeronautical and structural applications. The rate of precipitation of the 6
phase is significantly increased by the addition of beryllium, and a faster transformation
rate is shown to occur in the earlier 0/ ~ 0 transition [15]. On the other hand, the as-cast
microstructure influences the aging process, such as the eutectic morphology, as empha-
sized by Yuan [16]. Thus, it is necessary to conduct a detailed study on the formation of the
as-cast microstructure before exploring the alloy aging. In the present work, a comparative
analysis of the solidification of Al-33 wt.%Cu-X wt.%Be alloys (X = 0, 0.05 and 0.5—the last
one representing an increase of ten times in Be content when compared to the first addition
and such Be contents aim to cover two regions of the Al-Cu-Be phase diagram) under a
wide range of cooling rates is performed, with a view to analyzing the increasing influence
of beryllium on the experimental microstructural growth laws and on the modification of
the eutectic morphology.

2. Materials and Methods

The investigated Al-based alloys, Al-33 wt.%Cu, Al-33 wt.%Cu-0.05 wt.%Be and Al-33
wt.%Cu-0.5 wt.%Be, were prepared using commercially pure Al, Cu and a Cu-Be master
alloy, for which the respective compositions are summarized in Table 1. At first, to produce
each alloy, 800 g of Al were placed in a silicon carbide crucible, previously coated with
alumina, and melted in a muffle furnace at 800 °C. Subsequently, the required amounts
of Cu and Be were incorporated into the molten Al. For the eutectic Al-Cu alloy, only
chips of commercial-purity Cu were added. For the ternary alloys, additional chips of a
Cu-10 wt.%Be master alloy were used. The molten alloy was mechanically stirred using
an alumina-coated stainless-steel bar and the resulting mixture was again placed into the
furnace for about 45 min. This mechanical homogenization procedure was repeated three
more times. In order to eliminate possible gases trapped in the liquid, ultrapure Argon
(UN1006) was injected into the molten mixture for approximately 2 min and at about latm.
The molten alloy was poured into a 60 mm diameter and 150 mm height stainless-steel
cylindrical split mold, previously arranged inside the casting chamber of the directional
solidification apparatus, as schematically represented in Figure 1. It is worth noting that
in order to minimize the radial heat losses and facilitate the removal of the casting, the
mold was previously coated internally with a highly refractory alumina-based material. It
is worth mentioning that the bottom of the mold, made of AISI 1020 carbon steel sheet, is
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directly in contact with the liquid metal, i.e., it is not covered with alumina, being the region
responsible for heat extraction. The alloy was remelted and when a temperature of about
5% above the alloy liquidus temperatures (only considering Al, Cu, Fe and Be as elements
in the alloy composition) was reached, the electric heaters were switched off and the water
flow (20 L/min—controlled by a rotameter), at the bottom of the mold started the vertical
upward directional solidification. It is worth noting that in this work, solidification occurs
under transient heat flow conditions in which both growth and cooling rates are free to
vary over time, unlike the steady-state regime, in which these parameters are set at constant
values in a Bridgman-type solidification furnace [17]. During the cooling process, 8 (eight)
K-type thermocouples continuously monitored the temperatures at different positions
along the length of the casting while the thermal profiles (temperature-time) were recorded
through a data logger system (LynxADS1000, Sao Paulo, Brazil), connected to a computer,
at a frequency of 20 Hz. Subsequently, these data were used to determine the evolution of
both the growth rates (V) and cooling rates (T) over the length of the casting.

Table 1. Chemical compositions (wt.%) of the elements and of the Cu-Be master alloy used in the
preparation of the alloys.

Element/Master Alloy Al Si Mg Cu Fe Pb Zn Ni Sn Mn Co Be
Al Bal. 0.006 0.0011 0.01 0.073 0.006  0.005 - - - - -
Cu - - - Bal. - - - 0.008 0.009 0.008 - -
Cu-Be 0.029 0.097 - Bal. 0.053 0.0028 - 0.01 - - 0.014 9.83

Computer and data
acquisition software

Temperature controller
of the directional
solidification furnace

Thermocouples
connected to a
data logger

Furnace resistances

Figure 1. Schematic representation of the water-cooled upward directional solidification apparatus.

As schematically represented in Figure 2, longitudinal and transverse samples were
extracted from the directionally solidified (DS) castings for microstructural characteriza-
tion. The samples were ground with silicon carbide papers from 100 up to 1200 mesh
and subsequently polished with diamond paste (1 and 3 pm). Microstructural spacings
measurements were performed on images acquired using an Olympus Inverted Metal-
lurgical Microscope (model 41GX, Olympus, Tokyo, Japan). The eutectic colony/primary
dendritic arm spacings (Apc /A1) were measured on transverse samples using the triangle
method, while the lamellar (A1) and secondary dendritic arm (A;) spacings were quantified
using the linear intercept method, Ar, in transverse sections and A, in longitudinal sections.
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Both methods are depicted in Figure 2 [18]. A scanning electron microscope (SEM) FEI
Inspect F5 (Thermo Fisher Scientific, Waltham, MA, USA) with an energy dispersive X-ray
spectrometer (EDS) was used to verify the Cu content along the length of the DS castings
and to quantify the distribution of the elements (Al, Cu and Fe) in the microstructure. The
analysis of Be content was performed by using the inductively coupled plasma optical
emission spectrometry technique. Samples with similar T values were extracted from
the DS alloys castings and subjected to X-ray diffraction (XRD) analysis. The analyzed
samples were extracted from different positions from the cooled surface of the DS castings
(P): P =5,15,30 and 70 mm, for Al-33 wt.%Cu and Al-33 wt.%Cu-0.05 wt.%Be alloys, and
P =5, 10, 30 and 70 mm, for the Al-33 wt.%Cu-0.5 wt.%Be alloy. A X'Pert-MDP (Philips
Analytical X Ray, Malvern Panalytical, Cambridge, UK) diffractometer, employing CuK
radiation with a wavelength of 0.15406 nm in the 26 range from 20° to 80°, was used to
determine the phases. Vickers hardness tests were performed using a Shimadzu HMV-2
model hardness tester using a load of 0.5 kgf and a dwell time of 15 s. The average of at
least 20 measurements was the hardness value adopted for each representative sample.

Triangle method Triangle method (A1)

Eutectic colony
spacing (Aec)

Intercept method Intercept method (A2)

Directional solidification

Lamellar spacing (A.) Metal/mold
A= L/(n=1) interface

Figure 2. Schematic representation of samples extraction and of measurement methods used to
quantify the length scale of the dendritic microstructure: A is primary dendritic arm spacing, A,
is secondary dendritic arm spacing, Agc is eutectic colony spacing, Ay is lamellar spacing, ‘L’ is the
length of the line and ‘n” is the number of intercepted phases.

3. Results and Discussion
3.1. Thermo-Calc Simulations

The partial pseudo-binary Al-33 wt.%Cu-0.2 wt.%Fe-xBe (Be up to 0.1 wt.%) phase
diagram is shown in Figure 3a, with a red dashed line indicating 0.05 wt.%Be (Al-33 wt.%Cu-
0.2 wt.%Fe-0.05 wt.%Be alloy). In Figure 3b, a blue dashed line indicates 0.5 wt.%Be (Al-
33 wt.%Cu-0.2 wt.%Fe-0.5 wt.%Be alloy). The 0.5 wt.%Be represents an increase of ten
times when compared to the first addition and also, the chosen Be contents are to involve
characteristic alloys of each region of the phase diagram: to the left and right of the 0.23 wt%
Be point. At the right zone, it was intended to obtain the «-Be phase. The 0.2 wt.% Fe
amount, shown later in this section, is a result from the alloy macrosegregation analysis,
i.e., as an impurity present in aluminum and in the Cu-Be master alloy (Table 1), as well
as from a result of diffusion from the cooled steel mold at elevated temperatures. Both
diagrams were calculated under equilibrium conditions with Thermo-Calc software version
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2021b using the TCALS database. The partial pseudo-binary Al-33 wt.%Cu-0.2 wt.%Fe
phase diagram is not shown since the difference concerns only to the absence of o-Be (pure
beryllium) when compared to the Al-33 wt.%Cu-0.2 wt.%Fe-xBe diagram. Hereafter, the
alloys are referred to as Al-33 wt.%Cu, Al-33 wt.%Cu-0.05 wt.%Be and Al-33 wt.%Cu-0.5
wt.%Be, as shortened forms. During the solidification process, it can be noted that the o-Al
and o-Be phases as well as the 6-Al,Cu and Al;Cu;,Fe intermetallic compounds (IMC) are
common to both alloys. The precipitation sequence predicted by the phase diagram, in the
case of the alloy with the lowest Be content (0.05 wt.%), is: primary phases, Al;Cu,Fe and
«-Al, binary eutectic reaction L — L + «-Al + 0-Al,Cu and ternary eutectic reaction L —
a-Be + 0-Al,Cu + «-Be. In the case of the alloy with 0.5 wt.%Be the sequence is: primary
phases, Al;CuyFe and o-Be, binary eutectic reaction L — L + a-Be + 0-Al,Cu and ternary
eutectic reaction L — «-Be + 0-Al,Cu + a-Al. The x-Al and «-Be phases are FCC and HCP
based structures respectively.

a) b)
2022.11.11.20.30.34 2022.11.11.20.28.41
TCALS : Al, Cu, Fe, Be TCALS : Al, Cu, Fe, Be
Pressure [Pa] = 10°, System size [mol] = 1.0 Pressure [Pa] = 10°, System size [mol] = 1.0
Mass percent Cu = 33.0, Mass percent Fe = 0.2 Mass percent Cu = 33.0, Mass percent Fe = 0.2
700 ; 700 ]
1 1
6754 Liquid ' 6754 Liquid .
! ' Liquid + a-Be
650+ ! 650 '
' '
! 1
625+ : 6251 1
1 - P '
6004 : Liquid + Al,Cu,Fe 6004 Liquid + Al;Cu,Fe : Liquid + Al,Cu,Fe + a-Be
U Liquid + Al,Cu,Fe + a-Al 1 U '
1 1
2. 5754 ' o 575 '
1 1
[ ' o 0.23 ,
2 550 . 2 550 fm— !
o ' © j
9 5251 : g 5251 |
£ : Liquid + Al,Cu,Fe = :
(] + (0] —
500 1 500 1 Liquid + Al,Cu,Fe
= ' a-Al + 8-Al,Cu = ' s
1 1
4754 AI7Cu2Fi+ a-Al : 4754 Al,Cu,Fe + a-Al : a-Be + 6-Al,Cu
1 + 1
6-Al,Cu + a-Be - -
450 2 : 450 6-Al,Cu + a-Be :
1 1
1 1
4254 ' 425 1
! 1
1 1
! y
1 1 T

400 . . . . . : . , 400 . . T . . . .
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 g 0.0 0.1 02 03 04 05 0.6 07 0.8 09 1.0
A Mass percent Be Mass percent Be

Figure 3. Partial pseudo-binary phase diagram Al-33 wt.%Cu-0.2 wt.%Fe—xBe with dashed lines
indicating the compositions of the analyzed alloys (a) Al-33 wt.%Cu-0.2 wt.%Fe—0.05 wt.%Be and
(b) Al-33 wt.%Cu-0.2 wt.%Fe—0.5 wt.%Be (Thermo-Calc 2021b, TCALS database).

3.2. Solidification Thermal Parameters

It is worth mentioning that some results on the Al-33 wt.%Cu eutectic alloy were
previously published by Kakitani and coauthors [19]. In order to analyze the effects of Be
addition to the Al-Cu eutectic alloy, these results, whenever necessary, will be presented
and referenced throughout the work. The cooling rate (T) and growth rate (V) profiles
are shown in Figure 4a,b, respectively. These solidification thermal parameters were
calculated from the temperature profiles obtained along the length of the DS castings
through thermocouples readings during the experiments.
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Figure 4. (a) Cooling rate and (b) growth rate as functions of position from metal/mold interface for
Al-33 wt.%Cu date from [19], Al-33 wt.%Cu-0.05 wt.%Be and Al-33 wt.%Cu-0.5 wt.%Be alloys.

The cooling rate profiles were obtained from the first time-derivative of the function
T = f(t), in which t represents the time corresponding to the isotherm of eutectic transforma-
tion passing by each thermocouple position. The growth rates were obtained from the first
time-derivative of the equation P = {(t) that represents the position (P) of each thermocouple,
from the cooled bottom of the casting, as a function of t.. As expected, higher values of
T and V are predominant at positions near to the bottom of the cooled mold. Two factors
contribute to the decrease in T and V toward the top of the casting. First, the advance
of the solidification front leads to increase in the thermal resistance between the cooled
mold and the remaining molten alloy. Second, the increase in the metal/mold interfacial
thermal resistance due to the gap evolving between the inner wall of the mold and the
casting bottom surface. When compared, Al-33 wt.%Cu and Al-33 wt.%Cu-0.05 wt.%Be
alloys present similar cooling rate profiles. In this case, the amount of 0.05 wt.%Be seems to
have little influence on this thermal parameter. However, increasing the amount of Be to
0.5%, the T values decrease specifically at positions close to metal /mold interface (up to
P ~ 20 mm). From this position, almost the same cooling rates can be observed for different
positions in the DS alloys castings studied in this work. Although the Al-33 wt.%Cu and
Al-33 wt.%Cu-0.05 wt.%Be alloys presented mostly the same (T) profiles, this trend did not
occur for the (V) profiles, because the alloys differed from each other by having distinct
thermal gradients (G). This can be explained by the definition of the cooling rate, which is
provided by the product of thermal gradient and growth rate, i.e., (T) = G.V.

3.3. Microstructural Analysis

Transverse sections images obtained through scanning electron microscopy (SEM)
are presented in Figure 5. Similar T values (3.8 °C/s and 0.6 °C/s) were adopted as
reference to establish a comparison among the microstructures of the alloys studied in
this work. First, eutectic colonies can be noted in the Al-33 wt.%Cu alloy, and dendrites
with a trefoil morphology, in the Al-33 wt.%Cu-0.05 wt.%Be and Al-33 wt.%Cu-0.5 wt.%Be
alloys. Additionally, the intermetallic compounds (IMCs) are finer for positions close to
the cooled bottom of the castings (higher cooling rates) for any alloy examined. Second,
beryllium seems to contribute not only to the microstructural coarsening, but also to the
microstructural morphology modification. Figure 6 shows longitudinal images that provide
another view of the microstructure being influenced by the increase in beryllium. It can be
noted that the increase in beryllium gradually transforms the cellular morphology of the
eutectic mixture into a dendritic one. The red line contour in Figure 6, for the alloy with
0.05 wt.%Be, indicates the secondary dendritic arms with the eutectic mixture inside, which
is very curious. It seems that a stage of the transition from a cellular structure to a dendritic
one has occurred. The alloy with 0.5 wt.%Be shows a characteristic dendritic morphology,
although with a different nature, i.e., Al2Cu instead of the eutectic mixture (Al12Cu + x-Al)—
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which will be further shown in the elemental SEM-EDS analysis. How this mechanism
leading to the Al,Cu prevalence occurs over the eutectic mixture, induced by the addition of
beryllium is a study that deserves to be carried out. Jafari and Amiryavari [20] investigated
the influence of zirconium and beryllium additions on the microstructure, mechanical
properties and corrosion behavior of an as-cast AZ63 (Mg-Zn-Al) alloy. The AZ63 alloy
containing 0.0001 and 0.001 wt.%Be exhibited microstructure coarsening effect, while a
morphological change (from sixfold symmetrical to irregular shape) was observed to occur
for the AZ63 alloy containing 0.01 and 0.1 wt.%Be. Longitudinal images, obtained by
optical microscopy, are shown in Figure 6. The secondary dendritic arms are evident in
alloys containing beryllium, but they are not observed in the binary Al-Cu eutectic alloy.

%Be 0.05%Be 0.5%Be

XS

3.8 °C/s

0.6 °C/s

&)
N

ASNE

S22 AN S

Figure 5. Transverse SEM images of Al-33 wt.%Cu, Al-33 wt.%Cu-0.05 wt.%Be and Al-33 wt.%Cu-
0.5 wt.%Be alloys under different cooling rates (3.8 °C/s and 0.6 °C/s).

Secondary

0%Be 0.05%Be 0.5%Be
Figure 6. Longitudinal images obtained by optical microscopy for Al-33 wt.%Cu, Al-33 wt.%Cu-

0.05 wt.%Be and Al-33 wt.%Cu-0.5 wt.%Be alloys solidified under a cooling rate of 1.6 °C/s. The red
line contour delimitates secondary arms of a dendritic morphology.
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3.4. Chemical Composition

Figure 7 shows the Cu distribution profiles and the residual Fe profiles along the length
of the DS castings. While Fe remains close to 0.2 wt.% along the length of all the alloys
castings with Be, a small inverse Cu macrosegregation can be seen at positions closer to the
water-cooled bottom of the Be-containing alloys. Considering the samples of Al-33 wt.%Cu,
the Fe content remained at about 0.15 wt.% along the casting [19]. This behavior was
observed to occur for other ternary alloys as Al-Cu-Si [12] and Al-Cu-Ni [11,21] alloys. The
inverse macrosegregation was described by Grandfield et al. [22] as a result of movement
of the interdendritic fluid in the opposite direction with respect to the advance of the
solidification front. The increase in Cu content promotes microstructural refinement [23].
This fact, in addition to the high cooling rates imposed at positions close to the cooled
bottom of the DS castings, may also have contributed to the microstructural refinement in
this region. In order to verify the amount of Be in alloys and in view of the difficulty of
detecting beryllium using EDS (the use of EDS is feasible when the phase contain a very
high Be content) [24], the plasma optical emission spectrometry method was applied, and
the results are presented in Table 2. As can be seen, the effective amount of Be is in good
agreement with the nominal composition of the ternary alloys.

% 33%
- A 0
“] 4 °® . .
33_‘ | | n | | A : A u n
| L] PY
o 32- A ° A )
LL J [ )
2 7 Al-33% Cu
"§ 30 = %Cu
S ] % Fe
O 7] Al-33% Cu-0.05% Be
X 28 e %Cu
+ ] o % Fe
27
S 27 Al-33% Cu-0.5% Be
26 - A % Cu
1o %re 0.2% j
0'5 _- A A 17 |
0.0 F=r—r——F—o—o——=% 3 —
0 10 20 30 40 50 60 70

Position, P [mm]

Figure 7. Cu and Fe (residual) distribution along the length of Al-33 wt.%Cu data from [19], Al-
33 wt.%Cu-0.05 wt.%Be and Al-33 wt.%Cu-0.5 wt.%Be DS castings.

Table 2. Beryllium content (wt.%) in Al-33 wt.%Cu-0.05 wt.%Be and Al-33 wt.%Cu-0.5 wt.%Be alloys.

Alloy %Be
Al-33wt.%Cu-0.05wt.%Be 0.055 £ 0.02
Al-33wt.%Cu-0.5wt.%Be 0.60 &= 0.01

3.5. Microstructural Growth Laws

The values of primary dendritic arm spacing (A1), eutectic colony spacing (Agc), lamel-
lar spacing (A1) and secondary dendritic arm spacing (A;) are correlated with the thermal
parameters Tand V in Figure 8. Apc and A; decrease with increasing T and V and the
following experimental growth laws can be derived: Agc = 132 T702% and Agc = 80 V030,
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for the Al-33 wt.%Cu-0.05 wt.%Be alloy, and A; = 132 T=%5% and A; = 24 V=110 for the A1-33
wt.%Cu-0.5 wt.%Be alloy. When compared with the binary DS Al-33 wt.%Cu alloy, studied
by Kakitani and coauthors [19], the analyzed alloys in this work show higher A; values. It
can be noted that, close to metal/mold interface, the amount of beryllium exerts a greater
influence on the microstructure refinement as compared to that exerted by the cooling
rates, since the alloy containing 0.5 wt.%Be has a higher degree of refinement, even being
subjected to lower cooling rates when compared to the Al-33 wt.%Cu-0.05 wt.%Be alloy, as
previously presented. However, as the distance from the cooled bottom of the DS casting
increases, where both alloys are almost under the same cooling rates, the microstructure
of the alloy with 0.5 wt.%Be becomes slightly coarser than that observed for the alloy
with 0.05 wt.%Be. The use of —0.55 and —1.1 exponents in experimental laws correlating
the primary dendritic arm spacing with cooling rate and growth rate, respectively, has
been demonstrated to be effective for several ternary Al-based alloys solidified under
unsteady-state conditions [25-27].

a)

b)
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Figure 8. Eutectic colony/primary dendritic spacing, Agc /A1, as a function of (a) T and (b) V, lamellar
spacing, A, as a function of (c) T and (d) V and secondary dendritic spacing, Ay, as a function of (e) T and
(f) V for Al-33 wt.%Cu data from [19], Al-33 wt.%Cu-0.05 wt.%Be and Al-33 wt.%Cu-0.5 wt.%Be alloys.



Metals 2023, 13, 94

10 0of 18

Despite that, in the case of the Al-33 wt.%Cu-0.05 wt.%Be alloy, the use —0.25 and
—0.50 exponents promoted better adjustments in the experimental growth laws correlating
Agc to T and V, respectively. When compared to the binary Al-33 wt.%Cu alloy, the addition
of 0.05wt.%Be provided coarsening of the lamellae of eutectic colonies and, consequently,
higher A;, values were found. The experimental growth laws for lamellar spacing are
AL=19T79% and Ap = 1.1 V"%, The exponents —0.25 and —0.5 used in experimental
laws correlating the lamellar spacing with cooling rate and growth rate, respectively, were
successfully applied for Al-Ni [28] and Al-Co [29] alloys. The exponential value of the
growth rate was found to be 0.50 using the Jackson-Hunt theory of eutectic growth [30]. The
use of the 0.50 exponent proved to also be satisfactory in studies with ternary alloys, e.g., al-
loys from the Al-Cu-Ag system [31]. Finally, the increase in Be content to 0.5wt.% promoted
the refinement of secondary dendritic arm spacings, and the following experimental growth
laws are proposed: Ay =22 T=1/3 and A, = 11 V=%/3, for the Al-33 wt.%Cu-0.05 wt.%Be
alloy, and Ay = 15 T~1/3 and A, = 5 V=2/3, for the Al-33 wt.%Cu-0.5 wt.%Be alloy. The use
of —1/3 and —2/3 exponents to correlate secondary dendritic arm spacing with cooling
rate and growth rate, respectively, was shown to be effective for several binary and ternary
alloys solidified under unsteady-state conditions [7,8,23]. These results suggest that the
addition of Be to the eutectic Al-33 wt.%Cu alloy (Figure 8a,b) promotes coarsening of the
microstructure. However, comparing both Be additions, the increase in Be content from
0.05 to 0.5 wt.%, as shown in Figure 8c,d, promotes microstructural refining.

3.6. Microstructural Phases

The XRD patterns of the samples extracted along the length of the DS Al-33 wt.%Cu,
Al-33 wt.%Cu-0.05 wt.%Be and Al-33 wt.%Cu-0.5 wt.%Be alloys castings are shown in
Figure 9a—c, respectively. Generally, the studied alloys had three phases in common: x-Al,
Al,Cu and Al;CujyFe. Additionally, alloys containing Be present characteristic peaks of
the Al4Cug phase, which are not predicted by the Al-Cu-Be pseudo-binary phase diagram
(Figure 3). All phases were identified by comparison based on the diffraction patterns
available in the Inorganic Crystal Structure Database (ICSD). The x-Al peaks are related
not only to the alloy matrix, but also to the x-Al + Al,Cu eutectic mixture. Fe is the most
common impurity found in Al-Cu alloys [32] and plate-like Al;CuyFe (referred to as f3-
CuFe) is one of the possible IMCs formed. Al;CuyFe is considered a deleterious constituent,
since it may be the starting point of fatigue crack and localized corrosion of high-strength
aluminum alloys [33,34]. When formed in large volume, Al;CuyFe will consume atoms
from the «-Al matrix, thus decreasing the strengthening effect of Cu-related precipitates
such as Al,Cu [35]. As previously presented (Figure 7), all the alloys investigated in this
work show an average iron contamination of about 0.2 wt.%, which, associated with the
peaks found by XRD analyses, suggests the formation of Al;Cu,Fe, which is in agreement
with the prediction of the phase diagrams in Figure 3. Xu and coauthors [36] studied the
evolution of Fe-rich IMCs and their effects on the mechanical properties of a 2219 Al-Cu
alloy under different processing approaches. Alloys containing 0.03, 0.10, 0.15 and 0.20
wt.%Fe were analyzed. For Fe content less than 0.03 wt.%, Al,Cu was the main IMC
observed. When the Fe amount increased to 0.10 wt.%, a new needle-like IMC appeared,
either Al;CuyFe or Al;Cuy(Fe, Mn). The authors emphasized that the increase in Fe content
did not change the morphology of IMCs, but they became longer and wider.

The peaks that suggest the formation of the Al;Cug IMC occurred at 48.17°, in the Al-33
wt.%Cu-0.05 wt.%Be alloy, and at 38.73° and 66.82°, in the Al-33 wt.%Cu-0.5 wt.%Be alloy.
It is worth noting that the peak that occurred at 48.17° in the Al-33 wt.%Cu-0.05 wt.%Be
alloy is more intense than that observed for the x-Al matrix, which can be related to a
possible texturing of the sample. Karov and Youdelis [37] determined that the degree of
solubility of beryllium in Al,Cu is in the range of 0.8-2.07 wt.%. These authors examined Al-
Cu alloys with eutectic composition containing 0, 0.14, 0.3 and 0.5 wt.%Be. For alloys with
0.14 and 0.3 wt.%Be, only x-Al and Al,Cu phases were found, indicating that all the Be was
absorbed by the Al,Cu IMC. The authors reported that the aluminum atoms were replaced



Metals 2023, 13, 94 110f18

with beryllium ones. However, the authors pointed out that the common fine lamellar
microstructure of the eutectic became irregular and coarse with increasing beryllium content
and a new phase within the Al,Cu regions was observed to occur, specifically in the alloy
containing 0.5 wt.%Be. Moreover, in this work, the authors observed diffusion diffraction
lines of the Al4Cug phase, identified as the Cu-rich phase in the Al-3Cu-0.1Be alloy. These
results showed that, in these alloys, Be is concentrated in the precipitated phases. In this
work, the observed peaks, associated with the high solubility of Be in Cu-rich phases,
suggest the formation of the Al;Cugy phase.
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Figure 9. XRD patterns at four different positions (P), chosen by similarity of T values, in the (a) Al-33
wt.%Cu, (b) Al-33 wt.%Cu-0.05 wt.%Be and (c) Al-33 wt.%Cu-0.5 wt.%Be alloys.
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It is worth noting that no peaks of IMC phases containing Be were observed, although
expected in the pseudo-binary phase diagrams (Figure 3) and in the solidification paths
based on the Scheil-Gulliver (S-G) model (Figure 10), which assumes nonequilibrium
conditions that are complete diffusion in the liquid and no diffusion in the solidified phases.
Amirkhanlou [38] reported that the distribution of a Be-rich phase in the Al matrix depends
on the relative amounts of Be and on the processing method. Bodwen [39] found fine
dispersions of Be phase in the Al matrix of samples processed by powder metallurgy, due
to the high amount of Be in the Al-63%Be eutectic alloy. In this work, the x-Be phase
is expected to occur in the alloy with 0.05%Be only at the end of solidification (~544 °C,
Figure 10a), probably with the remaining liquid achieving eutectic transformation with
a tiny amount of «-Be being part of the eutectic mixture. On the other hand, in the alloy
with 0.5%Be, x-Be arises as the primary phase, i.e., at the beginning of solidification. In the
alloy with 0.5% Be, the practically vertical green line of Figure 10b indicates a low amount
of «-Be, similarly as Al;Cu,Fe, when compared to the other phases. It worth noting that
increasing the beryllium content the solidification interval associated with the formation of
Al;CuyFe decreases, as shown comparatively by the red line lengths in Figure 10a,b. This
decrease in the solidification range can also be realized in Figure 3b, due to the existence
of the two-phases zone (L+a-Be) in L+ Al;CujFe that was absent in Figure 3a. Thus, in
both alloys, «-Be appears in small amount, which may make its detection through XRD
unfeasible. Although the S-G model considers nonequilibrium solidification, it is worth
bearing in mind that the water-cooled mold can shift solidification to a condition much
further than that considered by the S-G model, undermining or suppressing the «-Be
phase. Next, a complementary discussion involving SEM-EDS analysis on the x-Be phase
is conducted.
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Figure 10. Solidification paths of (a) Al-33 wt.%Cu-0.05 wt.%Be and (b) Al-33 wt.%Cu-0.5 wt.%Be
alloys simulated by the Thermo-Calc software based on the Scheil-Gulliver model.

SEM-EDS analyses on transverse sections of Al-33 wt.%Cu-0.05 wt.%Be and Al-33
wt.%Cu-0.5 wt.%Be alloys (P = 70 mm) are presented in Figure 11a,b, respectively. It can
be seen that Be is not detected in any analyzed region. Some well-known characteristics
of Be are its low atomic number (Z = 4), low relative atomic mass (A = 9.012) and low
density (p = 1.85 g/cm?). Beryllium presents a very low fluorescence yield, which makes
the emission of Auger electrons more likely than the emission of characteristic X-rays,
which can easily be absorbed by the surface layers and the contaminations on the surface.



Metals 2023, 13, 94

13 0f 18

Such attributes make the detection of Be, using the EDS technique, very difficult [40].
Characterizing Be-containing phases is reported as challenging in the literature [40], mainly
for Be-diluted alloys and to the best of the present authors” knowledge, this task has
not been successfully accomplished in related works. The EDS analysis for the alloy
with 0.05wt.%Be shows in point #1, that the amount of Cu in solid solution is about the
expected value for the Al-Cu binary system [41]. The same can be observed for point #2
(Al,Cu) and point #3 (eutectic mixture). Considering the EDS analysis for the alloy with
0.5%wt.%Be, the composition of the -Al matrix (point #4) remained mostly the same as
that of point#1, as well as for the Al,Cu phase (point #5). Point #6 represents the Al;Cug
phase with a faceted morphology curiously located inside the Al,Cu phase. The ratio
between at.% Cu and Al at point#6 may not follow 9:4, probably due to interference from
what is beneath the analyzed area, which is a common issue in the Energy Dispersive
X-ray spectroscopy technique. Figure 12 shows the same SEM image of the Al-33 wt.%Cu-
0.05 wt.%Be alloy (Figure 12a), but with its respective EDS elemental maps. The maps
present the elemental distribution of Cu, Al, Fe and Be elements in the x-Al, eutectic
and the Al;CuyFe phases. Beryllium seems homogeneously distributed throughout the
sample and the iron distribution demonstrates that the Al;Cu,Fe phase has needle-like
and non-elongated morphologies, although reported as plate-like by Zhao [32], which
may cause deleterious effects on the mechanical properties, similarly as the 3-AlFeSi in Fe
contaminated Al-5i alloys [42,43].

#1: a-Al matrix| wt.% at.%

Al 95.71 98.13

Cu 4.29 1.87
#2: AL,Cu wt. % at.%
Al 50.05 70.23

Cu 49.85 29.7

Fe 0.10 0.07

#3: Eutectic wt. % at.%
Al 68.36 83.57
Cu 31.56 16.38

Fe 0.08 0.05

#4: a-Al matrix| wt.% at.%
Al 95.00 97.81

Cu 5.00 2.19

#5: Al,Cu wt. % at.%
Al 52.48 72.23
Cu 47 .51 27.73

Fe 0.01 0.01

#6: Al,Cug wt.% at.%
A 26.44 45.81
Cu 72.78 53.54

Fe 0.78 0.65

Figure 11. Elemental SEM-EDS analyses in transverse sections of the (a) Al-33 wt.%Cu-0.05 wt.%Be
and (b) Al-33 wt.%Cu-0.5 wt.%Be alloys (P = 70 mm).
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Figure 12. SEM image with EDS mapping detailing the phases present in the Al-33 wt.%Cu-0.05
wt.%Be alloy.

Figure 13 schematically suggests the nucleation and growth of the observed phases for
the three analyzed alloys. Considering the eutectic binary alloy without Be addition, the
transient solidification conditions favored the nucleation and growth of eutectic colonies
surrounded by the same eutectic mixture rather coarser. The tiny addition of 0.05 wt.%
Be seems to be responsible for modifying the anisotropic interface of the eutectic colonies,
transforming the original cell-like morphology into a trefoil-like one. Observing the phase
diagram (Figure 3a), the expected a-Al primary phase, as previously discussed, is not
favored in the microstructure (Figures 5 and 6) instead of the eutectic phase, which may
nucleate and grow preferentially. Thus, in the eutectic mixture, atoms of Al may have
been replaced by Be, as previously mentioned by Karov and Youdelis [37]. In addition,
considering that Be has a different crystal structure as compared to Al and Cu, i.e., HCP
instead of FCC [44]. The gradual replacement of Al atoms by Be may have induced the
growth of a trefoil morphology. In addition, considering the interfacial energy anisotropy
on the phase morphology could be performed as an attempt to respond the influence of Be,
as shown in the literature concerning the influence of Zn on the dendrite morphology of
Al-Zn alloys [45]. With the increase in the addition of Be to 0.5 wt.%, the phase diagram
(Figure 3b) predicts a primary x-Be phase, which was not found. Instead, the formation
of primary phases of 0-Al,Cu and AlyCug occurred. It seems that the higher Be content,
associated with nonequilibrium conditions, induced the formation of AlxCuy type primary
phases. The trefoil-like morphology observed in both alloys, with 0.05 and 0.5 wt%. Be,
seems to indicate that Be has been incorporated into the phases. Be constituting other IMCs
is favored as compared to the formation of the x-Be phase, as reported in the literature,
such as: AlgFe;SiBe [46], AlgyMnyBe,Cu;, [40] and BegAl(Mn,Cu) [24]. An exception is the
formation of a fine eutectic, i.e., without a trefoil morphology around the primary phases
that may have served as a nucleating agent, as can be seen in Figure 5 for the alloy with
0.5%Be. It was curious to observe that in some regions, as shown in Figure 10b, the Al;Cugy
IMC played the role of a nucleating agent for the Al,Cu IMC. Additionally, the Al;Cu,Fe
IMC was shown to have two morphologies (needle-like and non-elongated) in the alloys
with additions of Be although it was reported in in a previous study [19] that the Al;Cu,Fe
IMC has only the non-elongated morphology.
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Figure 13. Schematic representation of the mechanism proposed to explain the microstructural
changes promoted by beryllium in the Al-33 wt.%Cu alloy.

3.7. Hardness

Figure 14 presents the Vickers hardness (HV) of Al-33 wt.%Cu, Al-33 wt.%Cu-0.05 wt.%Be
and Al-33 wt.%Cu-0.5 wt.%Be alloys as a function of Agc/ A;. A Hall-Petch-type equation
has been fitted to most of the experimental scatter only for the alloy without Be, in which HV
increases along the lower range of cellular spacings due to the more homogeneous distribution
of the eutectic mixture throughout the alloy microstructure. For the range of Agc~1/2/ A; ~1/2
values below 0.15 um~—2/2, Agc and \; are shown not to affect HV for any alloy examined. On
the other hand, the decrease in HV indicates that the addition of Be has the beneficial effect of
improving the brittle behavior of the Al-33%Cu alloy, even with the formation of the Al;Cugy
IMC, which has HV of about two times higher than that of the Al,Cu IMC (Table 3). Both
tensile strength and hardness are indicators of the mechanical strength of the metal to plastic
deformation. When the strength (and hardness) increases, normally the ductility, which is
a measure of the degree of plastic deformation developed by the material until fracture, is
sacrificed resulting in brittle behavior, which involves very little or no plastic deformation.
Thus, hardness is inversely related to ductility [44]. Hence, the decrease in HV provided by
the addition of Be improves the brittle behavior of the Al-33%Cu alloy.

Table 3. Vickers hardness of 0-Al,Cu and Al;Cug IMCs.

Phase HV0.05 (HV)
0-Al,Cu 397 £ 61
Al,Cug 824 + 46
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Figure 14. Vickers hardness of Al-33 wt.%Cu data from [19], Al-33 wt.%Cu-0.05 wt.%Be and Al-33

wt.%Cu-0.5 wt.%Be alloys as a function of Apc V2 /A2,

4. Conclusions

The directionally solidified microstructures were shown to be formed by eutectic
colonies for the Al-33 wt.%Cu alloy, and dendrites with a trefoil morphology, in Al-33
wt.%Cu-0.05 wt.%Be and Al-33 wt.%Cu-0.5 wt.%Be alloys. The secondary dendritic arms
are evident in alloys containing beryllium, but they are not observed in the Al-Cu eutectic
binary alloy.

The primary dendritic arm spacing (A1), the eutectic colony spacing (Agc), the lamellar
spacing (A1) and the secondary dendritic arm spacing (A;) were correlated with the solidi-
fication cooling rate (T), and the growth rate (V) and the following experimental growth
laws were derived:

Aec = 132 T792% and Agc = 80 V7220 for the Al-33 wt.%Cu-0.05 wt.%Be alloy

N =22T""3and A, =11 V23
A =132 T7%% and A; = 24 V7110, for the Al-33 wt.%Cu-0.5 wt.%Be alloy
A =15T" 3 and A, =5V ~2/3

where Agc/ A1/ Ay (um); T (K/s) and V (mm/s).

For the Al-33 wt.%Cu alloy, the transient solidification conditions favored the nu-
cleation and growth of eutectic colonies surrounded by a coarser eutectic mixture. The
tiny addition of 0.05 wt.%Be was shown to be responsible for modifying the anisotropic
interface of the eutectic colonies, transforming the original cell-like morphology into a
trefoil-like one. Such trefoil-like morphology was shown to occur for both alloys, with
0.05 and 0.5 wt% Be, seeming to indicate that Be has been incorporated into the phases.

A Hall-Petch-type equation has been fitted to most of the experimental hardness
scatter only for the alloy without Be, in which HV was shown to increase in the lower
range of Agc. For the range of Aec Y2/ A~ V2 values below 0.15 pm~1/2, Agc and A; were
shown not to affect HV for any alloy examined. In contrast, the addition of Be was shown
to have the beneficial effect of improving the brittle behavior of the Al-33%Cu alloy.
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