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Abstract: Precipitation strengthening of body-center cubic (A2) alloys via ordered B2 nanoprecipitates
is expected to achieve a desirable combination of strength and ductility. In this work, the A2/B2
configuration is manipulated by adjusting Fe content in medium-entropy AlCrFexNi (x = 0, 0.5, 1.0,
1.5, 2.0, 2.5 and 3.0) alloys fabricated via arc-melting for improved mechanical properties and wear
resistance. As Fe content increases, the fraction of A2 phase increases, and A2 nanoprecipitates in the
B2 matrix change to a weave-like A2/B2 structure. Continuously increasing Fe content leads to a
mixture of BMAP (B2 matrix with A2 precipitates) and AMBP (A2 matrix with B2 precipitates), and
finally to a complete AMBP structure. The yield strength decreases and fracture strain increases with
increasing Fe content except x = 0. The alloy of x = 0 displays slightly higher hardness because of
its relatively brittle B2 matrix. Cracks tend to propagate along A2/B2 interfaces. AMBP structure
exhibits greater toughness than the BMAP structure. The alloy of x = 0 displays the second-greatest
wear volume loss due to its relatively brittle B2 matrix. When Fe is added, the wear volume loss
decreases considerably but shows a trend of an upward parabola with respect to the Fe content. After
achieving the highest volume loss at x = 1.5 with a mixture of AMBP and BMAP, the volume loss
decreases again. A completely uniform AMBP structure at x = 3.0 shows the least volume loss.

Keywords: AlCrFexNi alloys; A2/B2 structure; precipitation; mechanical properties; wear resistance

1. Introduction

Precipitation strengthening is an effective approach for alloys to achieve prominent
strength, and specific precipitate morphology could lead to an outstanding strength-
ductility combination [1–3]. For instance, Ni-base face-center cubic (FCC) superalloys
with coherent ordered-L12 cuboidal nanoprecipitates possess excellent high-temperature
creep resistance [4]. Cu-base alloys with cuboidal L12 coherent precipitates exhibit a con-
siderably high softening temperature [5]. Disordered body-center cubic (A2) alloys with
coherent ordered B2 cuboidal nanoprecipitates possess excellent compressive properties at
both room and medium temperatures [6]. The morphology of precipitates can be modified,
which helps optimize the corresponding mechanical properties [7,8].

The A2/B2 structure and the morphology of precipitates in medium-entropy and
high-entropy alloys are adjustable, providing opportunities to obtain better mechanical
properties for the alloys. Studies on equiatomic AlCrFeNi and AlCoCrFeNi alloys with
representative A2/B2 structures demonstrate good strength but unsatisfactory ductility.
Based on the information on mixing enthalpy as shown in Figure 1, Al, and Ni elements tend
to stay in the B2 phase, while Fe and Cr elements tend to be concentrated in the A2 phase,
and Co shows equal tendencies to stay in both B2 and A2 phases. Many researchers have
reported to have successfully obtained a wish-for A2/B2 structure with good mechanical
properties by adjusting Al [9–12], Co [13,14], Cr [15,16], and Ni [17,18]. However, it
is unclear how the most abundant element, Fe, in the medium- or high-entropy alloys
affects their A2/B2 microstructure. Besides, from the perspective of cost-effectiveness,
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increasing Fe content in the alloys would lead to better economic efficiency. It is thus worth
investigating the effect of Fe on A2/B2 structure in order to obtain desirable properties.
Additionally, considering the high cost of Co and the fact that Co plays no role or even
a negative role in affecting the mechanical properties and corrosive wear resistance of
AlCoCrFeNi alloys, it is removed in the present study on variations in the A2/B2 structure
in equiatomic AlCrFeNi alloy caused by adjusting the Fe content in the alloy.
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A−B (kJ/mol) for atomic pairs among Al, Cr, Fe, and Ni elements [19].

Figure 2 shows equilibrium phase diagrams of AlCrFexNi alloys with different Fe
contents which were calculated using Thermo-Calc software with the TCHEA6 database.
One may see that all the seven alloys have A2/B2 microstructures, and the volume fraction
of the A2 phase increases while that of the B2 phase decreases, respectively, as the Fe content
increases. The morphology of the A2/B2 microstructure should change correspondingly,
including the shapes, sizes and densities of the phases. It is feasible to modify the A2/B2
microstructure by adjusting Fe content in the AlCrFexNi alloy for improved mechanical
properties. In addition to mechanical properties, the wear resistance is also one of important
properties for practical applications of the alloys, which influences their performance and
service life [20,21].

In this work, Fe content is adjusted in AlCrFexNi (x = 0, 0.5, 1.0, 1.5, 2.0, 2.5 and
3.0) to optimize the A2/B2 microstructure for desirable mechanical properties and wear
resistance. The microstructural evolution with respect to the Fe content is analyzed. Corre-
sponding compressive mechanical properties are tested, and efforts are made to elucidate
the underlying deformation mechanisms. Sliding wear tests are performed to evaluate
the wear resistance of alloys with different A2/B2 microstructures. Correlations among
the wear behavior, microstructure, and mechanical properties are analyzed and discussed.
Since little work has been carried out to investigate the effect of Fe on Al-Cr-Fe-Ni alloys
within such a large range of Fe content (from 0 to 50 at.%), this study would help elucidate
how Fe content affects the microstructure of A2/B2 duplex-phase Al-Cr-Fe-Ni alloys, and
determine an appropriate composition to obtain desirable mechanical properties and wear
resistance for effective industrial applications.
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2. Experimental Procedures
2.1. Materials Preparation

The nominal compositions of AlCrFexNi (x = 0, 0.5, 1.0, 1.5, 1.0, 2.5, and 3.0, in molar
ratio) are listed in Table 1. The AlCrFexNi alloys were prepared using an arc-melting
furnace under the protection of argon atmosphere. High-purity raw metal powders were
mixed with nominal concentrations of the elements and then pressed into disc-like bulk
samples for the following arc melting process. Each sample was turned over and re-melted
for four times to minimize the compositional homogeneity. The as-cast samples were then
cut into samller ones with planned shape and size using an electrical wire-cutting machine,
for various tests and analyses.

Table 1. The nominal composition of AlCrFexNi alloys.

Alloys Al (at.%) Cr (at.%) Fe (at.%) Ni (at.%)

AlCrFe0Ni 33.33 33.33 0 33.34
AlCrFe0.5Ni 28.57 28.57 14.29 28.57
AlCrFe1.0Ni 25.00 25.00 25.00 25.00
AlCrFe1.5Ni 22.22 22.22 33.33 33.33
AlCrFe2.0Ni 20.00 20.00 40.00 20.00
AlCrFe2.5Ni 18.18 18.18 45.46 18.18
AlCrFe3.0Ni 16.66 16.67 50.00 16.67
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2.2. Microstructure Characterization

Crystal structure analysis and phase identification were carried out with an X-ray
diffractometer (Rigaku XRD Ultima IV, Tokyo, Japan) with Cu Kα radiation. Scanning
range of 2θ from 20◦ to 90◦ was used for the XRD analysis, which was carried out at a
scanning speed of 4◦/min. The microstructure was characterized using a scanning electron
microscope (Zeiss EVO M10 SEM, Jena, Germany) equipped with energy-dispersive X-ray
spectroscopy (EDS). For the SEM observation, the specimens were mechanically ground
using sand paper from 240-grit to 3000-grit and then polished using 1µm diamond suspen-
sion. Thin-foil TEM specimens prepared via electro-polishing after mechanical thinning
were analyzed using a transmission electron microscope (JEOL JEM-ARM 200CF S/TEM)
equipped with EDS detector operated at 200 kV; selected area electron diffraction (SAED)
was taken to determine the crystal structures of phases in the samples, while EDS was used
to determine their chemical compositions and elemental distributions.

2.3. Mechanical Property Evaluation

Macro-hardness (Rockwell scale, HRC) of the alloys was measured using a ZHR Rock-
well hardness tester (ZwickRoell, Chestermere, Canada) under the load of 150 kgf. Local
microhardness of specific microstructural domains was measured using an NHT3 inden-
tation tester (Anton Paar, Montréal, Canada) with a Berkovich diamond tip. The holding
time was set as 10 s at the peak load of 50 mN. The Oliver and Pharr method [22] was used
to calculate microhardness. Compressive tests were performed at room temperature using
an electromechanical universal test machine (TestResources, Shakopee, MN, USA) at the
strain rate of 1 × 10−3·s−1 with the cylindrical sample of Φ4 × 8 mm in dimensions.

2.4. Wear Tests

Sliding wear tests were performed using a ball-on-disc tribometer (CSEM Instruments,
Needham, MA, USA) with the silicon nitride ball against rotating sample surface for 30 min
in the ambient environment. Before the test, the surfaces of all samples were mechanically
ground and polished to have the same roughness. The normal load was 10 N and rotary
speed of the sample was 191 r/min, corresponding to a sliding speed of 2 cm/s. The ball slid
on the rotating sample along a circular path of ~2 mm in diameter. Wear tracks and volume
losses of samples after wear tests were measured using a ZeGage™ Pro three-dimensional
optical profiler (Zygo, Tucson, AZ, USA). Worn surface and subsurface morphologies were
examined with SEM.

3. Results
3.1. Initial Structures

XRD patterns of AlCrFexNi alloys were obtained, which are shown in Figure 3. Char-
acteristic diffraction peaks of B2 phase were detected at ~31◦ and ~55◦ in alloys containing
low Fe content as x = 0~1.0, because of high fractions of the B2 phase in the alloys. As Fe
content increases, the fraction of the B2 phase decreases, so that the intensities of character-
istic diffraction peaks of the B2 phase, especially at ~55◦ gradually decrease. However, all
the AlCrFexNi alloys with different Fe contents display the A2/B2 duplex-phase structure
with different A2/B2 ratios, which is consistent with the Thermos-Calc calculation results
(see Figure 2). It should be mentioned that some discrepancy in the volume fraction of
phases between calculated and experimental results may exist, since the alloys made from
the real solidification process are not in their equilibrium states as those shown in the
calculated phase diagrams.
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A representative microstructure of the AlCrFe1.0Ni alloy was characterized with SEM
and TEM, and obtained results are presented in Figure 4. From the SEM image in back-
scattered (BSE) mode shown in Figure 4a, one may see that two phases, a light one and a
dark one, forming a weave-like structure, and a lamellar structure near the grain boundary.
Results of the SEM-EDS compositional analysis shown in Figure 4e demonstrate that the
light phase is rich in Fe and Cr, while the dark phase is rich in Al and Ni. The atomic
concentrations of different elements in the light and dark phases are listed in Table 2.
TEM images and corresponding SAED patterns are shown in Figure 4b–d. It should be
mentioned that the contrasts of two phases in the SEM-BSE image and TEM image are
opposite, i.e., the light phase in the SEM-BSE image is the dark phase in the TEM image
and vice versa. One may see in Figure 4b–d that the (Fe, Cr)-rich dark phase (light phase in
SEM-BSE image) has a disordered BCC crystal structure (A2), and the (Al, Ni)-rich light
phase (dark phase in SEM-BSE image) has an ordered BCC crystal structure (B2). Due to
more negative ∆Hmix

Al−Ni (see Figure 1), Al and Ni elements tend to form the B2 phase, while
the remaining Fe and Cr elements tend to form the A2 phase.
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Table 2. Chemical compositions (at.%) of A2 and B2 phases in AlCrFe1.0Ni alloy, corresponding to
domains shown in Figure 4.

Phases
(Contrast in SEM-BSE Image) Crystal Structure Al Cr Fe Ni

Light phase A2 7.45 42.42 43.38 6.75
Dark phase B2 39.36 6.11 13.04 41.49

Microstructures of all the seven AlCrFexNi alloys characterized via SEM are displayed
in Figure 5. One may see from Figure 5a1–a3 that when x = 0, the central area of grain is
composed of spherical A2 nanoparticles dispersed in the B2 matrix. From the center to the
grain boundary, A2 nanoparticles gradually change from spherical, through ellipsoidal, to
large plate-like domains. At x = 0.5, as shown in Figure 5b1–b4, the spherical and plate-like
A2 particles form within the grains, and the microstructure in the central area of grain
is composed of spherical and plate-like A2 nanoparticles distributed in the B2 matrix,
forming an irregular weave-like structure (see Figure 5b4). The A2 phase near the grain
boundary gradually grows to form a lamellar structure with the B2 phase, and very tiny
A2 nanoparticles precipitate can be seen in the large B2 lamellas (see Figure 5b3). As x
increases to 1.0, the volume fraction of weave-like A2/B2 structure becomes larger, and the
lamellar A2/B2 structure near the grain boundary becomes finer, as Figure 5c1–c3 illustrate.
At x = 1.5, the microstructure is composed of two characteristic domains, as shown in
Figure 5d1–d3, one is the B2 matrix, with different-sized A2 particles, denoted as BMAP
domain, and the other is the A2 matrix embedded with near-spherical B2 nanoparticles,
denoted as the AMBP domain. As x increases to 2.0, one may see in Figure 5e1–e4 that the
volume fraction of the AMBP domain increases, since the increase in Fe content contributes
to the formation of the A2 phase. The average size of B2 nanoparticles in AMBP domain
is about 179 nm. When Fe content increases to x = 2.5, the volume fraction of AMBP
domain continues to increase, and the BMAP domain is hardly observable, as Figure 5f1–f3
illustrates. The average size of B2 nanoparticles in AMBP domain decreases to about 142 nm.
When x = 3.0, similar to that of x = 2.5, only the AMBP domain is observed, as shown in
Figure 5g1–g3. The fraction of A2 phase continues to increase due to increased Fe content;
thus, the average size of B2 nanoparticles continues to decrease, which is about 101 nm
on average. Considering the microstructural evolution in AlCrFexNi alloys as displayed
in Figure 5, the volume fraction of the A2 phase, which is rich in Fe and Cr, gradually
increases with increasing Fe content, while the fraction of the B2 phase, which is rich in Al
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and Ni, correspondingly decreases. As a result, the morphology of A2/B2 structure varies
with the Fe content, which may significantly affect their mechanical properties.
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3.2. Mechanical Properties

In Al-Cr-Fe-Ni alloys, the Fe- and Cr-rich disordered A2 phase is softer than Al- and
Ni-rich ordered B2 phase. Thus, with increasing Fe content, the volume fraction of A2
phase increases, which would lead to a reduction of hardness and compressive strength.
However, hardness, mechanical properties, and wear resistance are also influenced by
other factors such as the phase composition, morphology, and arrangement. For exam-
ple, the morphology of the A2/B2 structure in Al-(Co)-Cr-Fe-Ni alloys is significantly
affected by the Al/Ni content ratio, leading to variable mechanical properties [23–26]. The
Al30Ni30Fe20Cr20 alloy with a higher B2/A2 ratio even exhibits a lower compressive
strength than an Al20Ni20Fe30Cr30 alloy that has a low B2/A2 ratio, due to the morpho-
logical variations in the A2/B2 structure [20]. An AlCoCrFeNiNb1.0 coating with the
greatest hardness shows the second-lowest wear resistance among five AlCoCrFeNiNbx
coatings [27] due to the interactions between constituent phases during the wear process.
The interlamellar spacing of ferrite–cementite structure strongly affects the strength and
ductility of pearlite steels via interphase boundary strengthening [28,29]. The wear resis-
tance is also affected by phase morphologies for alloys having similar overall hardness
values [30,31], some of which may achieve higher wear resistance with lower hardness [32]
due to better balanced strength and ductility. Therefore, the wear resistance is affected
by both hardness and ductility, which determine the fracture toughness of the material.
For the AlCrFexNi alloy system, adjusting Fe content to manipulate the A2/B2 structure
turns out to be effective in achieving desirable mechanical properties and wear resistance
(see Section 3.3).

Macrohardness (Rockwell Scale) was measured to evaluate the overall hardness of the
AlCrFexNi alloys with respect to the Fe content. Results of the measurement are shown
in Figure 6, and the corresponding values are given in Table 3. One may see that the alloy
with x = 0 exhibits the greatest hardness due to its largest fraction of the hard B2 phase.
The hardness gradually decreases as x increases from 0 to x = 1.0, which may be ascribed
to the increase in the fraction of the relatively softer A2 phase as Fe content increases.
However, as x continuously increases, the precipitation strengthening of the A2 matrix
by B2 nanoparticles is enhanced as B2 nanoparticles become finer, thus leading to a slight
increase in hardness even the volume fraction of the A2 phase/domain increases and
eventually becomes the dominant phase. This may explain the observations that from
x = 1.0 to x = 2.0, the hardness remains nearly unchanged. After x = 2.0, the hardness
somewhat increases mainly due to the further refinement of high-density B2 nanoparticles.
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Table 3. Compressive properties of AlCrFexNi alloys at room temperature.

Alloys Yield Strength
(MPa)

Peak Strength
(MPa)

Fracture Strain
(%) Hardness/HRC Strain Hardening

Rate (MPa/%)

AlCrFe0Ni 1182.1 2384.5 23.31 61.4 ± 0.6 54.6
AlCrFe0.5Ni 1396.1 2583.7 30.83 60.1 ± 0.2 38.5
AlCrFe1.0Ni 1309.8 2832.7 40.51 58.6 ± 0.2 37.6
AlCrFe1.5Ni 1301.2 2802.2 43.46 58.6 ± 0.4 34.5
AlCrFe2.0Ni 1253.4 2405.6 44.16 58.3 ± 0.4 26.1
AlCrFe2.5Ni 1210.6 2250.7 45.79 58.7 ± 0.6 22.7
AlCrFe3.0Ni 1201.3 2585.1 48.71 59.1 ± 0.4 24.2

Compressive stress–strain curves of AlCrFexNi alloys are shown in Figure 7a, and
corresponding values of 0.2% compressive yield strength and fracture strain are shown in
Figure 7b as a function of x, i.e., the Fe content. The yield strength is the lowest point at
x = 0, where the alloy has a simple microstructure of A2 nanoparticles distributed in the B2
matrix. When Fe is added, the yield strength increases to the highest point at x = 0.5, and
subsequently decreases monotonously till x = 3.0 as the Fe content increases. In contrast,
fracture strain keeps increasing monotonously with the increase in the Fe content, and
reaches the highest point at x = 3.0. Values of the mechanical properties of the AlCrFexNi
alloys are listed in Table 3.
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It should be pointed out that the Fe-free alloy has both lower yield and peak strengths
than Fe-containing alloys. However, the former shows a slightly higher hardness (Figure 6).
This inconsistency could be related to plasticity and strain hardening rate. As shown
in Table 3, the Fe-containing alloys are more ductile than the Fe-free one. For Fe0 alloy
with lower ductility, it has a higher strain hardening rate, which is estimated by the (peak
strength-yield strength)/fracture strain. Thus, for Fe0 alloy, the plastic deformation induced
by indentation could be more concentrated in the vicinity of the indenter and its highest
strain-hardening rate could lead to the largest limit to dislocation movement and thus the
resistance to local plastic deformation. This could be a possible reason for its slightly higher
hardness than those of Fe-containing alloys, as shown in Figure 6.

It should also be pointed out that overall, the higher peak or fracture strengths and
fracture strains of Fe-containing alloys make them tougher, which certainly benefits their
resistance to fracture and wear.

Figure 8 illustrates representative structural features of AlCrFe0.5Ni alloy before and
after the compressive test. The initial microstructure before the compressive test is shown
in Figure 8a. During the compressive test, cracks are generated. Figure 8b illustrates a
crack passing through alternating A2 and B2 phases, as pointed out by a green arrow. The
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interface between phases with lattice misfit may hinder the dislocation movement, which
may harden the material but deteriorates its ductility [33,34]. The A2/B2 interface itself
might favor crack propagation [35] along the interface due to the misfit strain, as pointed
out by the yellow arrows in Figure 8b. Thus, the structure with larger A2/B2 interfacial
areas near grain boundaries may promote crack propagation and thus the fracture of the
alloy, corresponding to a low fracture strain of the AlCrFe0.5Ni alloy. The grain boundaries
are another preferential path for crack propagation [26], as shown in Figure 8c, because of
their higher strain energy that makes the boundaries less mechanically stable. As depicted
in Figure 8d, there are many A2 nanoprecipitates embedded in the B2 phase domains near
grain boundaries. The microcracks bypass the A2 nanoparticles along A2/B2 interfaces, as
marked by yellow arrows. These A2 nanoparticles may impede the cracks propagation by
blocking, splitting, and zigzagging the cracks, thus increasing total crack propagation path,
which more or less toughens the B2 phase.
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Representative microstructural features of AlCrFe1.5Ni alloy before and after the com-
pressive test are comparably illustrated in Figure 9. The initial structure (Figure 9a) of
AlCrFe1.5Ni alloy is composed of two domains, AMBP and BMAP, with different matrixes
and precipitate morphologies, which strongly affect their mechanical behaviors. The equi-
librium morphology of precipitates is determined by both elastic energy and interfacial
energy of the precipitate/matrix interface [36,37]. The interfacial energy generally influ-
ences the shape of small-sized particles. The elastic energy due to the lattice misfit at the
coherent precipitate/matrix interface may play a more predominant role in affecting the
particle’s shape [36,38]. Smaller and moderate lattice misfits lead to a spherical shape and
a cuboidal shape, respectively, which would exhibit a good strength-ductility combina-
tion [2]. While a moderate and larger lattice misfit leads to a weave-like shape and coarser
second particles, which would show high strength at the expense of ductility [33]. Thus, the
AlCrFe0.5Ni alloy with near weave-like structure and the AlCrFe1.0Ni alloy with weave-like
structure show higher strength but reduced ductility. In contrast, the AlCrFe3.0Ni alloy with
uniform spherical precipitates possesses better a strength–ductility combination. Figure 7b
displays a crack propagating along the boundary of AMBP and BMAP domains. Due to
lower toughness of the harder B2 phase, compared to that of A2 phase, BMAP domain



Lubricants 2023, 11, 392 11 of 17

is expected to have high strength but lower ductility [23,39]. While the AMBP domain
is expected to have not only better toughness but also high strength, since the tough A2
matrix is strengthened by harder B2 nanoprecipitates [2,40,41]. As shown in Figure 9c, the
crack coming from the BMAP domain blunts in AMBP domain. Figure 9d shows the repre-
sentative crack propagation inside the BMAP domain. As indicated by the yellow arrows,
cracks split and propagate along the larger interface of the plate-like A2/B2 structure [35],
some of which are blunt in the AMBP domain. Figure 10 displays representative inden-
tation marks, typical load–penetration depth curves, and corresponding micro-hardness
of the AMBP and BMAP domains in the AlCrFe2.0Ni alloy. For further information and
comparison, two alloys, respectively having an FeCr single-A2 phase and an AlNi single-B2
phase, were also prepared and their hardness was measured. Micro-hardness values of
the A2 and B2 phases under a load of 50 mN were determined to be 4.987 ± 0.202 GPa
and 6.734 ± 0.237 GPa, respectively. In this work, the hardness values of the duplex-phase
AMBP domain and the BMAP domain were determined to be 6.761 ± 0.299 GPa and
7.132 ± 0.284 GPa, respectively. Based on the measured microhardness values of A2, B2,
the AMBP and BMAP, AMBP domains are strengthened via the strengthening of the A2
matrix by high-density nanoscale B2 particles, while the BMAP domain is strengthened
via the strengthening of its B2 matrix by irregular-shape A2 nanoparticles [2,40]. The A2
particles also toughen the B2 matrix in the BMAP domain by blocking crack growth and
affecting the crack propagation in the A2+B2 structure [35]. Thus, although the increase
in the volume fraction of BMAP domain reduces the ductility when compared with the
AlCrFe2.5Ni and AlCrFe3.0Ni alloys, the AlCrFe1.5Ni and AlCrFe2.0Ni alloys still show a
relatively good fracture strain around 44%. Although the precipitation of A2 nanoparticles
would toughen the BMAP domain by increasing the total crack propagation path due to
crack bypassing the A2 nanoparticles along A2/B2 interfaces (see Figure 8d), large and flat
plate-like A2/B2 interfaces provide a level road for crack propagation (Figure 9d). There-
fore, one may infer that decreasing the BMAP domain and increasing the AMBP domain
will lead to higher resistance to crack propagation and thus better mechanical performance.
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3.3. Wear Behavior

Volume losses of AlCrFexNi alloys after sliding wear tests were measured and are
presented in Figure 11. One may see that except the alloy at x = 0, the wear volume loss
of AlCrFexNi exhibits an ‘arched trend’, i.e., increasing first and then decreasing. The
alloy of x = 0 exhibits a relatively large wear loss, while at x = 0.5, the wear loss sharply
decreases. As x continuously increases, the wear volume loss reaches the highest value
at x = 1.5, and then decreases to the lowest one at x = 3.0. Correspondingly, the wear
track depth and width are the largest for the alloy at x = 1.5, and they reach the lowest at
x = 3.0, as illustrated by the cross-sectional wear track profiles shown in Figure 12a and the
three-dimensional track profiles in Figure 12b, respectively.

Figure 13 shows worn surface morphologies of representative alloys characterized
with SEM and EDS. One may see that all the alloys were subjected to abrasive wear
under the present testing conditions, as demonstrated by grooves and scratches, although
oxidation or oxidative wear is also involved.
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It should be indicated that macro-hardness is of great importance to the wear resistance
as the Archard equation expresses. However, other factors, e.g., phase constituents and
morphologies as well as the wearing condition, also affect the wear resistance, since the
microstructure may change the strength–ductility combination and hardening mechanism.
The AlCrFe0Ni alloy shows the greatest hardness due to its highest fraction of the B2 phase
among all seven AlCrFexNi alloys. However, since the relatively brittle B2 matrix promotes
the crack formation and propagation under applied force during wear, severe abrasive wear
features were observed in Figure 13a1. Less oxide scales are retained on the worn surface,
as shown in Figure 13a2 and a3. In the AlCrFe0.5Ni alloy, inside grains, the weave-like
A2/B2 structure (see Figure 5b2,b4) strengthened and toughened the alloy, compared with
the situation of the AlCrFe0Ni alloy (see the compressive stress–strain curves shown in
Figure 7 and values in Table 3), which explain why the wear resistance increases as Fe is
added. As more Fe is added, the alloy becomes more ductile with a decrease in hardness,
leading to more wear, as shown in Figure 11. However, when further increasing the Fe
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content, the wear deceases again, showing an ‘arched trend’ as Figure 11 illustrates. This
may be explained by the measured mechanical properties (Figures 6 and 7 and Table 3).
The B2 nanoprecipitates strongly strengthen the alloys with further B2 refinement because
of increased barriers to dislocation movement and crack propagation as well, i.e., the finer
the precipitates, the greater their benefits, leading to a gradual turn towards increases in
hardness and toughness.
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It should be noted that the involved oxidation caused by frictional heating may also
play a role. Oxidation occurred during the wear tests because of the friction heating, as
shown by oxide scales in Figure 13. From the EDS results, the oxygen distribution of
representative alloys is displayed in the middle column (Figure 13), and corresponding
atomic percentages of oxygen are measured as 6.8%, 15.8%, 15.7%, and 21.5%, respectively.
The oxide scales involving the formation, damage, and peel/spall off during wear test-
ing, are influenced by the mismatches in thermal expansion strain and mechanical strain
between the oxide scale and the substrate [42,43]. For harder but less ductile alloys such
as the AlCrFe0Ni alloy, the oxide scale formed on this alloy substrate may have a larger
interfacial mismatch strain, making the oxide less adherent to the substrate. With added
Fe, the alloy substrate becomes more flexible (corresponding to a larger fracture strain)
while its hardness does not change much (see Table 3). The increased flexibility may help
reduce the interfacial stress and retain the oxide scale, thus helping increase the resistance
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to wear. However, the alloy substrate with lesser hardness may provide insufficient sup-
port to the oxide scale, which is more or less harmful to retain the oxide scale. Thus, the
tougher AlCrFe1.5Ni alloy does not show more oxide scales due to its reduced hardness in
comparison to the AlCrFe0.5Ni alloy. In contrast, the AlCrFe3.0Ni alloy with good hardness
and toughness and with finer B2 precipitation, strengthening the A2 matrix, shows the
most retained oxide scales as well as the greatest apparent wear resistance.

4. Conclusions

In this study, we demonstrate that the A2/B2 duplex-phase structure can be feasibly
modified by changing the Fe content in the AlCrFexNi alloy. Due to more negative mixing
enthalpy of the Al-Ni elemental pair, Al and Ni elements form an (Al,Ni)-rich B2 phase,
while Cr and Fe elements tend to form an A2 phase. The fractions, shapes, and sizes of the
A2 and B2 phase domains vary with respect to the Fe content. The underlying mechanisms
of the microstructure evolution, corresponding mechanical properties, and wear behaviors
were analyzed. The main conclusions are as follows:

(a) The fraction of the A2 phase increases with increasing Fe content. The AlCrFexNi
alloy changes its microstructure containing the B2 matrix embedded with A2 nanoprecipi-
tates to one with a weave-like A2/B2 structure. As the Fe content continuously increases,
the microstructure changes to a mixture of BMAP (B2 matrix with A2 precipitates) and
AMBP (A2 matrix with B2 precipitates) domains and finally, to a complete AMBP structure.

(b) The addition of Fe slightly decreases the hardness. The compressive yield strength
decreases and fracture strain increases with increasing Fe content. The Fe-free alloy (x = 0)
exhibits somewhat greater hardness but shows the lowest yield strength and fracture strain
due to an intrinsically brittle or less tough B2 matrix.

(c) Cracks tend to propagate along the A2/B2 interfaces, especially along the interfaces
in the larger, plate-like A2/B2 structure. The AMBP structure exhibits greater resistance to
crack propagation, corresponding to greater toughness, compared to the BMAP structure.
Both the AMBP and BMAP structures are strengthened by precipitation strengthening,
compared to single A2 and B2 phases without precipitates.

(d) The alloy of x = 0 displays the second-largest wear volume loss, due to the intrinsic
brittleness of the B2 matrix. When Fe is added, the wear volume loss decreases considerably
but shows a trend of an upward parabola with respect to the Fe content (x = 0.5~3.0). After
achieving the highest volume loss at x = 1.5, with a mixture of AMBP and BMAP, the
volume loss decreases again. In addition to hardness, the oxide scale, whose adherence to
the substrate is affected by the mechanical properties of the substrate, may also play a role
in affecting the wear resistance of the alloy.
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