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Abstract: Recycled Al alloys not only offer environmental and economic benefits but also present a
valuable base for the development of innovative materials, such as Al-Ni-Fe alloys. This work partic-
ularly focuses on the microstructural changes and hardness of an Al-5Ni-1Fe alloy (wt.%) solidified
with an approximate 20-fold variation in cooling rates. For the various microstructural length scales
obtained, only the eutectic regions exhibit a uniform pattern, with the eutectic colonies comprising an
α-Al phase along with Al3Ni and Al9FeNi intermetallic compounds. It is shown that microstructural
refinement can lead to a 36% increase in hardness. To represent this mathematically, hardness values
are associated with the eutectic colony and intermetallic fiber spacings (λEC and λIF is, respectively)
using experimental equations based on the Hall–Petch relationship and multiple linear regression. In
addition, comparisons are undertaken with Al-5Ni and Al-1Fe (wt.%) alloy samples produced under
the same conditions. The Al-5Ni-1Fe alloy exhibits higher hardness values than both the Al-5Ni
and Al-1Fe binary alloys. Furthermore, the hardness of the ternary Al-Ni-Fe alloy is sensitive to
microstructural refinement, a characteristic absent in the binary alloys. For λIF

−1/2 = 1.56 µm−1/2

(coarser microstructure), the Al-5Ni-1Fe alloy exhibits a hardness of about 13% and 102% higher than
that of the Al-5Ni and Al-1Fe alloys, respectively, while for λIF

−1/2 = 1.81 µm−1/2 (finer microstruc-
ture), it demonstrates a hardness of approximately 39% and 147% higher as compared to that of the
Al-5Ni and Al-1Fe alloys, respectively. Thus, this research provides experimental correlations that
connect hardness, microstructure, and solidification thermal parameters, contributing to a better
understanding for the design of as-cast Fe-contaminated Al-Ni-based alloys.

Keywords: recycling; Al alloys; solidification; microstructure; hardness

1. Introduction

Recycling Al alloys is considerably more cost-effective and energy-efficient compared
to the production of primary alloys, while also preventing the disposal of valuable metals
as waste [1]. Owing to this, numerous technologies dedicated to optimizing the benefits of
recycling Al alloys have been documented in the scientific community [2,3]. In this context,
the incorporation of Fe during recycling is regarded as a challenge, given its potential to
restrict the utilization of the recycled alloy due to adverse effects associated with Fe-rich
phases [4]. One typical strategy to address this issue involves chemical modification with
certain elements such as Mn, Cr, Sr, and Co [5–9]. However, it should also be considered
that the incorporation of Fe into Al alloys may also unlock a broader range of possibilities
for developing new materials based on Al alloy scraps.
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Regarding Al-Ni alloys originally designed for aerospace applications, they may
experience impaired mechanical properties after recycling due to the detrimental effects
of Fe incorporation. However, these recycled alloys can serve as base materials. For
example, Al-Ni-Fe alloys have a strong potential in powder metallurgy and additive
manufacturing applications [10,11]. This implies that Fe-contaminated Al-Ni alloy scraps
can be highly useful for producing materials for innovative applications considering a
potential structural emphasis. Furthermore, Wang et al. [12] recently observed that the Al-
5wt.%Ni semi-solid melts, with a trace addition of Fe (0.3 wt%), exhibit high viscosities. This
observation indicates the potential for the future practical exploration of the studied alloy
in fabricating structural parts through semi-solid processes. Currently, there is considerable
interest in Al-Ni-Fe alloys with solute contents of approximately 1 wt.%. According to
Wintergerst et al. [13], an AlFeNi alloy (1Fe, 1Ni, 1Mg [wt%]) is expected to be utilized as
nuclear fuel cladding for reactors. Although Fe is generally considered detrimental to Al
alloys, exploring the potential of new Fe-containing alloys can offer a novel perspective
for the Al industry [14]. Therefore, a comprehensive characterization of the Al-5Ni-1Fe
alloy can provide valuable insights for the continued exploration of Al-Ni-Fe alloys, with
a particular focus on variations in Ni content. Especially recycled Al-Ni alloys, since the
presence of Ni is known to play a key role in the elasticity modulus and mechanical strength
of these alloys at high temperatures, primarily due to the formation of specific intermetallic
compounds (IMCs), such as Al3Ni particles [15–17].

Previous studies suggested that grain growth-resistant and thermally stable IMCs can
be found in Al-Ni-Fe alloys. For instance, Engin et al. [18] characterized the microstructure
of an Al-6.5Ni-1.5Fe alloy (wt.%), representative of the eutectic composition, which was
manufactured using a Bridgman-type apparatus. They observed the coexistence of an Al-
rich matrix, irregular intermetallic colonies with the presence of Al3Ni rods, and needle-like
Al9FeNi plate phases. Furthermore, Koutsoukis and Makhlouf [19] reported the occurrence
of an Al matrix with long Al9FeNi fibers in an Al-1.75Fe-1.25Ni (wt.%) cast eutectic alloy.
Loginova et al. [10] investigated as-cast and laser-melted samples of distinct Al-Ni-Fe
alloys. The microstructural pattern in the as-cast samples, named dendritic cells, consisted
of dendrites of the Al-based solid solution and primary crystals of the Al9FeNi phase.
Additionally, a eutectic constituent was formed comprising Al3(Ni, Fe) and Al9FeNi phases.
The microstructure of the laser-melted single tracks primarily consisted of the Al-based
solid solution and fine eutectic-origin particles.

It is important to consider that the morphology of microstructural phases in Al-Ni-Fe
alloys can be highly sensitive to the cooling conditions during their processing [20,21].
Boettinger et al. [22] analyzed Al-3.7Ni-1.5Fe (wt.%) alloy samples produced through
different methods and observed significant variations in their microstructure. Samples in
the as-cast state were composed of an α-Al matrix with a coarse cellular morphology along
with large and small blades of Al9(Fe, Ni)2 and a fine eutectic mixture consisting of Al3Ni
mixed with α-Al. Samples produced using melt-spinning in a Cu wheel exhibited varying
morphologies depending on the distance from the wheel surface: Al9(Fe, Ni)2 particles
were found within the interior of α-Al grains near the wheel, while a microstructure more
similar to the as-cast one was observed further from the surface. In the case of electron
beam surface melting and resolidification, the morphology of α-Al and Al9(Fe, Ni)2 ranged
from a eutectic colony to a cellular structure with an increase in the electron beam velocity.

Given the promising potential applications of Al-Ni-Fe alloys produced from recycled
materials, this work aims to contribute to a better understanding of the microstructural
evolution and hardness of an Al-5Ni-1Fe alloy (wt.%) solidified under an unsteady-state
heat flow regime. It is worth noting that Bouchard and Kirkaldy [23] categorized directional
solidification investigations into two types: one involving solidification in a steady-state
heat flow, where the temperature gradient (GL) and growth rate (GR) are independently
controlled and maintained constant over time; and the other in an unsteady-state heat flow,
where GL and GR are interdependent and can vary freely over time. The unsteady-state
heat regime represents the class of heat flow of most industrial solidification processes.
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Al-5Ni and Al-1Fe alloys (wt.%) samples, prepared under similar conditions, are also
characterized as references for comparison purposes. It is worth noting that 1 wt.% Fe is a
common Fe content found in recycled Al alloys, and that the Al-5wt.%Ni alloy is among
the high-interest hypoeutectic compositions of the Al-Ni alloys system [12,24].

2. Materials and Methods
2.1. Solidification Experiments

All alloys referenced in this study will be presented in terms of weight percentage
(wt.%). The Al-5Ni-1Fe alloy under investigation was produced using commercially pure
metals. Initially, Al was melted in an alumina-coated SiC crucible positioned within a
muffle furnace (Brasimet, Jundiaí, Brazil), maintained at a temperature of 900 ◦C. Sub-
sequently, small chips of Ni and Fe were introduced into the molten Al. The resulting
alloy was mechanically homogenized using an alumina-coated stainless-steel rod before
being returned to the furnace for approximately one hour. This homogenization procedure
was repeated once more, followed by the introduction of Ar gas into the molten alloy to
eliminate any potential gas inclusions. The molten alloy was then poured into a preheated,
stainless-steel, alumina-coated mold heated to 750 ◦C using surrounding electrical resis-
tances, as depicted in Figure 1. The application of this directional solidification equipment
allowed for the fabrication of an Al-5Ni-1Fe alloy casting that experienced various cooling
conditions along its length. Through the implementation of a proper cut procedure on
the casting, samples with varying microstructural length scales were obtained. It must
be stressed that, rather than introducing a novel fabrication approach for the Al-5Ni-1Fe
alloy, the directional solidification technique was utilized to produce samples with various
microstructural length scales corresponding to different cooling conditions.
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Figure 1. Schematic representation of a water-cooled upward directional solidification apparatus.

The cylindrical split mold possessed the internal dimensions of 60 mm in diameter
and 150 mm in height and featured passing holes for the placement of thermocouples at
nine designated positions (P = 3.5, 7.5, 9, 14, 20, 35, 50, 62, and 85 mm), with the casting
base serving as the reference location. Temperature monitoring was conducted at a 5 Hz
frequency throughout the cooling process using K-type thermocouples inserted into the
molten alloy. These thermocouples were connected to a data logger system (Lynx, São
Paulo, Brazil) which, in turn, was linked to a computer for the treatment and recording
of thermal data. When the temperature had sufficiently decreased, surpassing the alloy’s
liquidus temperature (TL) by 5%, the electric heaters were deactivated, and water flow was
initiated, marking the initiation of upward directional solidification (DS). It is noteworthy
that the mold’s base, made of AISI 1020 steel, was not coated with alumina, allowing direct
contact with the liquid metal.

2.2. Calculation of Solidification Thermal Parameters

Temperature profiles dependent on time (t) were utilized to assess the evolution of
eutectic growth (Veut) and cooling rates (Ṫeut) along the casting length. Veut was determined
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by calculating the time derivative of a power function Peut = f(teut), where Peut represents
the position, and teut denotes the time when the eutectic isotherm passed from bottom to
the top of the directionally solidified (DS) casting. The calculation of Ṫeut involved the
utilization of power law functions, which were employed to depict the overall behavior of
temperature-time data within a comprehensive range surrounding TL. A regression line
was employed as long as its coefficient of determination (R2) exceeded 0.9.

2.3. Sample Extraction and Metallographic Preparation

After solidification, the cylindrical DS casting underwent longitudinal sectioning. One
of the half-cylindrical halves was subjected to sanding using SiC papers with a range from
100 to 600 mesh, followed by etching with Poulton’s solution to reveal the macrostructure.
For microstructural examination, samples were extracted from the other cylindrical half
of the DS casting. These samples were collected at positions P: 5, 10, 15, 20, 25, 30, 40, 50,
60, 70, and 80 mm from the metal/mold interface, both longitudinally and transversely,
corresponding to directions parallel and perpendicular to the vertical growth, respectively.
Subsequently, these samples underwent sanding using SiC papers ranging from 100 to
1200 mesh, followed by polishing with diamond paste ranging from 6 to 1 µm. It is worth
noting that chemical etching was not necessary to reveal the microstructure. Finally, to
assess macrosegregation profiles related to Ni and Fe, X-ray fluorescence (XRF) analyses
(model Rigaku RIX, 3100, Tokyo, Japan) were performed on transverse samples.

2.4. Microstructural Characterization

The collection of optical images of the transverse and longitudinal samples was per-
formed using an Olympus GX41 compact inverted metallurgical microscope (Olympus,
Tokyo, Japan). In addition, scanning electron microscope (SEM) images were acquired using
a Thermo Fisher Scientific Inspect F50 microscope (FEI, Thermo Fisher Scientific, Hillsboro,
OR, USA) a ZEISS EVO MA15 SEM (ZEISS-EVO-MA15, Zeiss Microscopy, Oberkochen,
Germany), supplemented with an Oxford X-Max model energy-dispersive X-ray spectrom-
eter (EDS) (Zeiss Microscopy, Oberkochen, Germany) for additional characterization.

Despite expecting various microstructural features in the analyzed Al-Ni-Fe alloy, only
the eutectic microstructure displayed a consistent pattern that enabled spacing measurements.
The intercept method, as described by Gündüz et al. [25], was employed to measure the
eutectic colony spacing (λEC) and the intermetallic fiber spacing (λIF), as shown in Figure 2.
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X-ray diffraction (XRD) spectra were obtained from the transverse samples using
a PANalytical X’Pert PRO MRD XL diffractometer (X’Pert Pro MRD XL, Malvern Pana-
lytical, Cambridge, UK). This instrument utilized Cu-Kα radiation with a wavelength of
0.15406 nm, covering the 2θ range from 15◦ to 90◦.
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2.5. Hardness Testing

The hardness profile of the Al-5Ni-1Fe alloy was assessed following the specifica-
tions outlined in ASTM E384-17 standard [26]. For each transverse sample, a minimum
of 20 hardness measurements were conducted. These measurements were carried out
employing a Future-Tech FV-800 (FV-800, Future-Tech, Kawasaki, Japan) Vickers hardness
tester, applying a test load of 1 kgf, and maintaining a dwell time of 15 s.

3. Results and Analysis
3.1. Solidification Cooling Curves

Figure 3a shows that the DS Al-5Ni-1Fe alloy casting experienced various cooling
conditions along its length. It is noteworthy that the temperature drops rapidly near the
bottom of the casting but progressively lessens as the distance from the chill increases.
Consequently, cooling conditions become less intense toward the top of the casting. Trans-
formation temperatures were verified in the partial pseudo-binary phase diagram of Al-
1Fe-Ni alloys, given in Figure 3b, which was calculated by the Thermo-Calc software
(TTAL5 database) (Thermo-Calc 2018, Thermo-Calc software, Stockholm, Sweden). At the
liquidus temperature, TL, of the studied alloy (673 ◦C) the formation of the intermetallic
compound Al9FeNi as the primary phase occurs, followed by α-Al at 646 ◦C. Subsequently,
it is expected that the remaining liquid will undergo eutectic transformation at the eutectic
temperature (Teut) of 640 ◦C, resulting in the coexistence of the Al9FeNi, α-Al, and Al3Ni
phases. This sequence of transformations aligns with the Scheil–Gulliver (SG) perspective in
the solidification path simulated using the Thermo-Calc software with the TTAL5 database,
which is shown in Figure 3c. However, it is worth mentioning that the temperatures may
exhibit variations due to the non-equilibrium conditions considered in the SG approach.Metals 2023, 13, x FOR PEER REVIEW  6  of  15 
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3.2. Macrostructure and Macrosegregation

The solidification macrostructure of the DS Al-5Ni-1Fe alloy casting is depicted in
Figure 4a. As can be seen, it is primarily characterized by columnar grains extending from
the bottom to the top of the casting, with no evidence of equiaxed grains. This macrostruc-
ture has the typical morphology of directionality castings, i.e., of castings solidified with
only one primary heat extraction direction. The macrosegregation profiles for Fe and Ni
along the length of the DS Al-5Ni-1Fe alloy casting are presented in Figure 4b. These
profiles reveal a brief inverse macrosegregation of Fe and Ni in the region immediately
ahead of the cooled bottom surface of the casting. Solute concentrations ranged from
approximately ~2.8 wt.%Fe and ~5.6 wt.%Ni at the metal/mold interface to ~1.1 wt.%Fe
and ~4.8 wt.%Ni at the top of the DS casting. A similar occurrence of slightly higher Ni
concentrations at the base of the DS casting was also observed by Carrara et al. [27] in an
Al-8Ni alloy. This phenomenon can be attributed to the elevated cooling rates (30–50 K/s)
experienced at the casting’s base, along with the limited solubility of Ni in aluminum.
Likewise, Fe exhibits low solid solubility in aluminum, of about 10 ppm [28], which may
contribute to a comparable segregation behavior as observed for Ni.
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3.3. Solidification Thermal Parameters

Profiles of Veut and Ṫeut, represented as functions of the position from the metal/mold
interface (P), are depicted in Figure 5a. A gradual decline in both Veut and Ṫeut from
the metal/mold interface to the top of the DS alloy casting can be identified, which is
to be expected. There are two primary contributing factors to this phenomenon: firstly,
the rise in thermal resistance with the growth of the solidified shell, and secondly, the
formation of voids at the interface between the metal and the mold. Since samples were
extracted from the interval between 5 and 70 mm from the metal-mold interface, the ranges
of Veut and Ṫeut considered for the analysis of the Al-5Ni-1Fe alloy casting span from 0.49
to 1.93 mm/s (approximately a 4-fold change) and 1.16 to 25.06 ◦C/s (approximately a
20-fold change), respectively. It is worth mentioning that the Veut curve comes from a
derivative of the curve that describes the displacement of the eutectic isotherm throughout
the experiment. For that reason, there is no coefficient of determination (R2) for the Veut
curve. The R2 value shown in Figure 5a is exclusively associated with the Ṫeut equation.
Figure 5b shows XRD patterns from two samples extracted along the length of the DS
casting that represent a faster (P = 10 mm) and a slower (P = 40 mm) cooling regime.
The identified phases include α-Al, Al3Ni, and Al9FeNi. Essentially, the unsteady-state
solidification conditions promoted by the water-cooled upward directional solidification
apparatus are responsible for the formation of the Al3Ni phase, which is not expected in
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the partial pseudo-binary phase diagram (Figure 3b) for the Al-5Ni-1Fe alloy. Conversely,
in Figure 3c, Al3Ni is expected to occur, as the determination of the alloy’s solidification
path takes non-equilibrium conditions into account using the Scheil–Gulliver approach. A
possible reason for that is an excess of Ni in the last solid formed, which was sufficient to
result in the formation of a non-equilibrium Al3Ni phase.
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patterns obtained from four samples extracted along the length of the DS Al-5Ni-1Fe alloy casting.

3.4. Microstructural Analysis

Figure 6a shows a SEM image with punctual EDS analysis on a longitudinal section
of an Al-5Ni-1Fe alloy, cooled at a rate of 1.2 ◦C/s. The local mass percent concentrations
of Al, Fe, and Ni are displayed within the table integrated into this figure. The analysis
identified three phases: an α-Al matrix (Spectrum 2), Al3Ni (Spectrum 4), and Al9FeNi
(Spectrums 1 and 3). Elemental SEM/EDS mapping for an Al-5Ni-1Fe alloy, cooled at a rate
of 1.2 ◦C/s, is depicted in Figure 6b. This mapping illustrates the distribution of elements.
The matrix is predominantly composed of Al (red), which is also present in the eutectic
colony. The eutectic colony exhibits a significant concentration of Ni (magenta) and trace
amounts of Fe (green) as well.

Metals 2023, 13, x FOR PEER REVIEW  8  of  15 
 

 

 

Figure 5.  (a) Profiles of Veut and Tǚ eut as  functions of P  for Al-5Ni-1Fe alloy casting, and  (b) XRD 

patterns obtained from four samples extracted along the length of the DS Al-5Ni-1Fe alloy casting. 

3.4. Microstructural Analysis 

Figure 6a shows a SEM image with punctual EDS analysis on a longitudinal section 

of an Al-5Ni-1Fe alloy, cooled at a rate of 1.2 °C/s. The local mass percent concentrations 

of Al, Fe, and Ni are displayed within the table integrated into this figure. The analysis 

identified  three phases: an α-Al matrix  (Spectrum 2), Al3Ni  (Spectrum 4), and Al9FeNi 

(Spectrums 1 and 3). Elemental SEM/EDS mapping for an Al-5Ni-1Fe alloy, cooled at a 

rate  of  1.2  °C/s,  is depicted  in  Figure  6b. This mapping  illustrates  the distribution  of 

elements. The matrix is predominantly composed of Al (red), which is also present in the 

eutectic colony. The eutectic colony exhibits a significant concentration of Ni (magenta) 

and trace amounts of Fe (green) as well. 

 

Figure 6. (a) Solidification macrostructure, and (b) profiles of macrosegregation for Fe and Ni along 

the length of the DS Al-5Ni-1Fe alloy casting. 
Figure 6. (a) Solidification macrostructure, and (b) profiles of macrosegregation for Fe and Ni along
the length of the DS Al-5Ni-1Fe alloy casting.
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Figure 7 illustrates the morphology of the intermetallic phases in the Al-5Ni-1Fe, Al-
5Ni, and Al-1Fe alloys with greater clarity via SEM images. Each alloy sample underwent
an extended chemical etching (aggressive etching) process to enhance the visibility of
microstructural features for morphological examination and the analysis of Al9FeNi, Al3Ni,
and Al6Fe intermetallic compounds (IMCs). This step entailed the application of an aqua
regia reagent for 3 min for samples of the Al-5Ni-1Fe alloy, selectively removing the Al-rich
matrix while preserving other phases in the surrounding areas. For both binary alloys,
Al-5Ni and Al-1Fe alloys, the reagent used was a 1 M NaOH solution, and the immersion
time was approximately 1 h.
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process (aggressive etching), highlighting the morphology of the intermetallic phases.

Representative longitudinal and transverse images, acquired through optical mi-
croscopy, depict the Al-5Ni-1Fe alloy solidified at three distinct cooling rates across the
DS casting in Figure 8. The eutectic colony, resembling dendrites, encompasses an α-Al
matrix along with the intermetallic compounds (IMCs) Al3Ni and Al9FeNi. Analyzing
these micrographs, it becomes evident that there were no significant morphological changes
observed along the length of the casting. On the other hand, a more refined microstructural
morphology is notably present near the bottom of the DS casting, which can be attributed
to the high values of Veut and Ṫeut in this specific region. As one moves further away
from the metal/mold interface, there is a discernible coarsening of the microstructural
morphology. This phenomenon of the growth of larger structures occurs because of the
gradual reduction in Veut and Ṫeut towards the top of the DS casting.
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Figure 8. Longitudinal and transverse images obtained through optical microscopy of the Al-5Ni-1Fe
alloy solidified at 15.9 ◦C, 6.3 ◦C/s and 1.2 ◦C/s cooling rates.

3.5. Experimental Correlations among Solidification Thermal Parameters, Microstructural
Features, and Hardness

While various microstructural length scales were recognized along the length of the
analyzed Al-Ni-Fe alloy casting, only the eutectic microstructure exhibited a uniform
pattern that allowed for the measurement of spacings. Profiles illustrating the variations
in eutectic colony and intermetallic fiber spacings with respect to Veut and Ṫeut for the
Al-5Ni-1Fe alloy casting are shown in Figure 9. The exponents of the experimental power
functions for λEC as functions of Veut and Ṫeut are −1.1 and −0.55, respectively. These
values are consistent with those reported in the literature [29]. Similarly, the exponents
of the experimental correlations for λIF in terms of Veut and Ṫeut are −0.50 and −0.25,
respectively, which align with values reported in the literature [29,30].
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Figure 9. Profiles of eutectic colonies spacings as functions of (a) growth rate and (b) cooling rate for
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Figure 10 illustrates the correlation of hardness in the Al-5Ni-1Fe alloy with the
inverse of the square root of λEC and λIF (in a Hall–Petch type format), employing a
multiple linear regression (MLR) function. A constant value of 48 HV for the Al-5Ni
was reported in reference [24] while the Al-1Fe alloy exhibited 27 HV across the entire
microstructural range, based on measurements taken from the produced samples. In Table 1,
it is noteworthy that the p-value is below 5%, describing the significant contribution of the
two microstructural parameters (λEC and λIF) obtained in the MLR fit. In contrast to the
ternary alloy studied here, the other two binary alloys exhibit microstructural phases with
more defined morphologies. Hypoeutectic Al-Fe and Al-Ni alloys are known to present
cellular [31] and dendritic morphologies [24], respectively. However, the present work does
not provide data on cell and dendrite arm spacings, as the only shared microstructural
parameter among the three alloys examined is λIF. In other words, λIF is measured within
the eutectic mixture situated between the cellular and dendritic structures, as well as within
the eutectic colonies. It is worth mentioning that measurements of λEC were not available
for the mentioned binary hypoeutectic alloys.
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Table 1. Results of the MLR analysis for the studied Al-5Ni-1Fe alloy.

Alloy Statistical Variable Statistical Values

Al-5Ni-1Fe

R2 0.98

Intercept (λEC)−1/2 (λIF)−1/2

Coefficient 122.84 515.66 −109.02

p-value 0.00035 0.00058 0.0022

In the case of the ternary alloy, a clear increase in hardness is observed as λEC and
λIF decrease. In fact, microstructural refinement can result in a remarkable 36% increase
in hardness of the Al-5Ni-1Fe alloy, considering the extreme points. Furthermore, the
hardness of the Al-5Ni-1Fe alloy exhibits significantly superior values as compared to those
of the Al-Fe and Al-Ni binary alloys. The ternary Al-Ni-Fe alloy presents an increase in
hardness attributed to its sensitivity to the microstructure refinement, a characteristic not
observed in either of the examined binary alloys. Proper comparisons of hardness can be
conducted considering common values of λIF

−1/2. For λIF
−1/2 = 1.56 µm−1/2 (indicative of

a coarser microstructure) the Al-5Ni-1Fe alloy can surpass the hardness of both the Al-5Ni
and Al-1Fe alloys by approximately 13% and 102%, respectively. For λIF

−1/2 = 1.81 µm−1/2

(representing a finer microstructure), the Al-5Ni-1Fe alloy can exceed the hardness of the
Al-5Ni and Al-1Fe alloys by approximately 39% and 147%, respectively.

The incorporation of Fe in aluminum-based alloys is frequently viewed as undesir-
able, especially in Al-Si-based alloys, where it results in the formation of the β-AlFeSi
phase [4,32], and Al-Cu alloys, where it leads to the formation of the β-Al7Cu2Fe phase [33].
This presence of iron has a detrimental impact on mechanical properties due to the de-
velopment of these embrittling intermetallic compounds (IMCs) in plate-like structures.
Essentially, the Al-5Ni-1Fe alloy can be regarded as an Al-5Ni alloy contaminated with
1Fe. Notably, the hardness profiles of these alloys closely align (Figure 8), suggesting that
the IMCs containing both Ni and Fe exhibit a synergistic effect in enhancing mechanical
reinforcement. Moreover, the occurrence of the Al9FeNi IMC in Al-5Cu-0.6Mn-1Fe-(0.5, 1,
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1.5)Ni alloys [34], may have played a significant role in improving the mechanical properties
of the Fe-contaminated alloys.

4. Conclusions

In this study, directionally solidified samples of an Al-5Ni-1Fe alloy underwent com-
prehensive experimental characterization. The investigation focused on their microstruc-
tural evolution and hardness analysis, considering various cooling conditions during the
solidification process. Based on the findings, the following conclusions can be drawn:

• Various microstructural length scales revealed a remarkable uniformity in the mi-
crostructural pattern where the coexistence of the α-Al, Al3Ni, and Al9FeNi phases
was observed to occur.

• The microstructural refinement achieved in this alloy through variations in the cooling
regime during solidification induced a substantial 36% increase in hardness.

• The relationship between hardness (HV) values and the eutectic colony and
intermetallic fiber spacings (λEC and λIF, respectively) can be represented by a
multiple linear regression equation based on a Hall–Petch relationship, as follows
HV = 123 + 516(λEC

−1/2) − 109 (λIF
−1/2), which can be useful for designing as-cast

Fe-contaminated Al-Ni-based alloys.
• The hardness of the Al-5Ni-1Fe alloy is approximately 13% and 102% higher than that

of the Al-5Ni and Al-1Fe alloys, respectively, for a coarser microstructure. For a finer
microstructure, it is about 39% and 147% higher than those of the Al-5Ni and Al-1Fe
alloys, respectively.
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11. Průša, F.; Vojtěch, D.; Michalcová, A.; Marek, I. Mechanical Properties and Thermal Stability of Al–Fe–Ni Alloys Prepared by
Centrifugal Atomisation and Hot Extrusion. Mater. Sci. Eng. A 2014, 603, 141–149. [CrossRef]

12. Wang, K.; Wei, M.; Liao, Z.; Jin, S.; Wan, B.; Lei, Z.; Tang, P.; Tian, J.; Zhang, L.; Li, W. A comparative Study of Iron, Cobalt or
Cerium Micro-Alloying on Microstructure and Apparent Viscosity of Al-5Ni alloy. J. Alloys Compd. 2023, 952, 170052. [CrossRef]

13. Wintergerst, M.; Dacheux, N.; Datcharry, F.; Herms, E.; Kapusta, B. Corrosion of the AlFeNi Alloy Used for the Fuel Cladding in
the Jules Horowitz Research Reactor. J. Nucl. Mater. 2009, 393, 369–380. [CrossRef]

14. Bian, Z.; Dai, S.; Wu, L.; Chen, Z.; Wang, M.; Chen, D.; Wang, H. Thermal Stability of Al–Fe–Ni Alloy at High Temperatures.
J. Mater. Res. Technol. 2019, 8, 2538–2548. [CrossRef]

15. Czerwinski, F.; Aniolek, M.; Li, J. Strengthening Retention and Structural Stability of the Al-Al3Ni Eutectic at High Temperatures.
Scr. Mater. 2022, 214, 114679. [CrossRef]

16. Kim, T.-S.; Suryanarayana, C.; Chun, B.-S. Effect of Alloying Elements and Degassing Pressure on the Structure and Mechanical
Properties of Rapidly Solidified Al–20Si–5Fe–2X (X = Cr, Zr, or Ni) Alloys. Mater. Sci. Eng. A 2000, 278, 113–120. [CrossRef]

17. Premkumar, M.K.; Lawley, A.; Koczak, M.J. Processing and Microstructure of Powder Metallurgy Al-Fe-Ni Alloys. Metall. Trans.
A 1992, 23, 3219–3230. [CrossRef]
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