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Effect of Different Aging Times on the Microstructure
and Properties of Fe24Co29Ni38Al3Ti6 High-Entropy Alloy

Xin Li, Chenglei Wang, Haiqing Qin, Mei Huang, Yatao Zhu, Chong Liu, Hu Chen, Jingya Zhang, and Zhujiang Tan

Submitted: 21 January 2024 / Revised: 5 May 2024 / Accepted: 9 May 2024

Fe24Co29Ni38Al3Ti6 high-entropy alloy was prepared by vacuum arc melting. Its organization and prop-
erties after different aging treatments were investigated. Results show that the high-entropy alloys subjected
to different aging treatments are all composed of the FCC matrix phase and the c¢ precipitation phase of the
L12 structure with good phase stability. With prolonged aging, the size of the precipitated phase gradually
increases, but its volume fraction first increases and then decreases. The wear mechanisms of the high-
entropy alloys are abrasive wear and oxidative wear. When the aging time is more than 16 h, the high-
entropy alloys show exfoliation wear. When the aging time is 16 h, the precipitation phase of the alloy is
uniformly distributed and the volume fraction is the highest. At this time, the alloy has the most excellent
wear resistance and tensile properties. The tensile strength, yield strength, and elongation are � 1275,
1117 MPa, and � 25.2%, respectively. The fracture mechanism is ductile fracture. Aging treatment for
different times has a certain effect on the mechanical properties of the alloy and allows the alloy to
precipitate precipitated phases with different volume fractions.

Keywords hardness, high-entropy alloys, microstructure, tensile
properties, wear resistance

1. Introduction

With the rapid development of science and technology and
industry, human beings impose increasingly high requirements
for material performance. Especially in the field of mechanical
engineering, the problem of material failure due to wear and
tear has become prominent, and the wear and tear of materials
cause huge economic losses every year. Therefore, alloys with
good wear resistance must be further developed to minimize the
problem of material wear failure and to save resources.
Conventional alloys, such as titanium alloys and stainless
steel, are commonly used with one or two metal elements as the
primary element. Small amounts of other elements are added to
enhance the properties of the alloy. However, when added with
too many types of minor elements, the alloy might produce
complex brittle phases and intermetallic compounds, which
weaken its overall performance. The minor elements in
traditional alloys cannot be added at will, greatly limiting the

development of traditional alloys. Owing to the continuous
development of modern manufacturing industry, traditional
alloys are gradually failing to meet the increasing performance
requirements of metal materials. At this time, high-entropy
alloys (HEAs) came into being. HEAs are a new class of alloys
developed by Yeh et al. (Ref 1, 2) using a mixture of multiple
elements in similar atomic proportions. They consist of 5-13
elements, each with atomic percentage between 5 and 35%.
HEAs possess better properties than conventional metallic
materials, such as high strength (Ref 3), friction resistance (Ref
4), corrosion resistance (Ref 5), and resistance to high-
temperature oxidation (Ref 6). Although HEAs have multiple
components, their structure leads to great mutual solubility
between its constituent elements. As a consequence, the
generation of intermetallic compounds is avoided and the
formation of structurally simple solid solutions is preferred (Ref
7-9). Compared with conventional alloys, HEAs rely on their
multicomponent intrinsic structure, which is chemically disor-
dered and capable of inducing severe lattice distortions,
retarded element diffusion, and complex stress fields at the
atomic level (Ref 10-12). These unique advantages render
HEAs with a broad development prospect in new material
applications.

HEAs have attracted attention from researchers since their
introduction. Numerous studies have shown that HEAs have
excellent wear resistance. Liu et al. (Ref 13) investigated the
effect of different B contents on the wear properties of
Al0.5CoCrCuFeNiBx HEA and found that the wear resistance of
the alloy increases with the B content when x ‡ 0.4. Nguyen
et al. (Ref 14) investigated the high-temperature frictional wear
properties of CrFeNiAl0.4Ti0.2 HEA and discovered that at
800 �C, the alloy has the lowest wear rate and good wear
resistance. Xiao et al. (Ref 15) studied the effect of different
sintering processes on the organization and properties of
FeAlCoCrNiTi0.5 HEA and found that the alloy exhibits dense
organization and good grain refinement when the sintering
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temperature is 1000 �C and the holding time is 3 h. In addition,
the alloy has excellent hardness and friction and wear
properties. Therefore, HEAs have a certain potential as wear-
resistant materials.

FeCoNiAlTi HEAs have been favored by researchers due to
their significant advantages in terms of high strength and high
plasticity. Vickey et al. (Ref 16) investigated the effect of aging
temperature on Al0.2Co1.5CrFeNi1.5Ti0.3 HEA and found that
when the aging temperature is 750 �C and the aging time is
200 h, the density and size of the precipitated phase are large
and the alloy shows the highest hardness. Lu et al. (Ref 17)
investigated the effect of aging temperature on the mechanical
properties of Al0.3CoCrFeNiTi0.15 HEA and discovered that the
alloy has the highest ultimate tensile strength (769 MPa) and
large elongation at break (32.5%) at 700 �C. Peng et al. (Ref
18) reported the effect of aging treatment on the mechanical
properties of Ni28Co28Fe21Cr15Al4Ti4 HEA. The tensile prop-
erties of the alloy peaks after aging treatment at 800 �C for
24 h, with the yield strength reaching 855 MPa and the
ultimate tensile strength reaching 1031 MPa. Research on
FeCoNiAlTi HEAs mainly focuses on the effect of aging
treatment on their phase structure and mechanical properties.
However, systematic investigations on the tribological behavior
of FeCoNiAlTi HEAs are lacking.

On the basis of the current research status of HEAs and the
previous exploration experience, Fe24Co29Ni38Al3Ti6 HEAwas
selected as the research object in the present study. The effects
of different aging times on the organization and structure
evolution, wear behavior, and mechanical properties of
Fe24Co29Ni38Al3Ti6 HEA were explored by subjecting the
alloy to different aging treatments. This work aimed to provide
experimental and theoretical basis for the development of
HEAs with excellent properties.

2. Experimental

Fe24Co29Ni38Al3Ti6 HEA was prepared by vacuum arc
melting under high-purity argon gas protection. The raw
materials used were Fe, Co, Ni, Al, and Ti metal monomers
with purity higher than 99.95 wt.%. All the raw materials were
ultrasonically cleaned to remove impurities before weighing
and batching. Melting was repeated more than five times to
ensure uniform alloy composition. The weight of a single ingot
of HEA obtained by melting is about 29.8 g. The alloy ingots
were homogenized at 1200 �C for 8 hours and water quenched.
The alloy was then cold rolled at 70% by volume. The cold
rolled sheets were recrystallized at 1200 �C for 2 minutes to
remove the internal stresses generated within the cold rolled
sheets and then aged at 800 �C for different times (4, 8, 16, 32,
64, and 128 h).

The hardness of the alloys was tested using a HV-1000
micro Vickers hardness tester. The load was 1 kg, and the
holding time was 15 s. Ten different positions were selected for
each alloy to ensure the accuracy of the results. The wear
resistance of the alloys was tested using an HSR-2 M high-
speed reciprocating friction and wear tester. The abrasive
material was Si3N4 ball with a diameter of 3 mm, the loading
load was 10 N, the running time was 30 min, the reciprocating
distance was 5 mm, the rotational speed was 300 rpm, and the
sampling frequency was 30 Hz. Five reciprocating friction and
abrasion tests were carried out for each alloy under the same

conditions to ensure the reproducibility of the tests. The tensile
properties of the alloys were tested using an AGX-50kNVD
electronic universal testing machine at room temperature. The
strain rate was 0.2 mm/min. The alloy specimens used for
tensile testing were all approximately 35 mm long, 10 mm
wide and 2 mm thick, with a 10-mm scale length. The physical
phase of the alloys was analyzed using a Bruker D8 Advance
type x-ray diffractometer (XRD) with a scanning range of 20-
100� and a scanning step of 7�/min. The microstructure, wear
morphology, and tensile fracture morphology of the alloys were
analyzed using a Quanta FEG 450 scanning electron micro-
scope (SEM) equipped with an x-ray spectrum analyzer (EDS).

3. Results and Discussion

3.1 Phase Composition and Microstructure Analysis

Figure 1 shows the XRD patterns of Fe24Co29Ni38Al3Ti6
HEAs after different aging treatments analyzed using the
physical phase search software MDI Jade 6. All the alloys
consist of a simple FCC solid solution with an L12 structural
intermetallic compound (c¢ precipitation phase) composed of
Ni3(Ti, Al). No complex intermetallic compound phases were
detected in the XRD accuracy range due to the high mixing
entropy effect of HEAs, resulting in the mixing entropy of the
system being greater than that for the formation of intermetallic
compounds. This phenomenon inhibits the formation of
complex intermetallic compounds and promotes mixing
between elements to form simple BCC or FCC structures
(Ref 19, 20). Owing to their very slow diffusion rate, the
elements in the HEA are difficult to precipitate during the aging
treatment (Ref 21, 22). As a consequence, a simple solid
solution structure is formed.

Figure 2 shows the SEM images of Fe24Co29Ni38Al3Ti6
HEAs after different aging treatments and their localized
enlargements. As illustrated in the macroscopic diagram, the
grain distribution of the HEAs is uniform, and the grain size
increases gradually with prolonged aging. As displayed in the
localized enlargement, all the HEAs precipitate bright L12
precipitated phases (c¢ precipitated phases) on the dark FCC

Fig. 1 XRD patterns of HEAs after different aging treatments
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matrix. The alloys all have a pronounced ‘‘c¢ + c’’ duplex
structure, which is consistent with the XRD analytical results
and some previous reports (Ref 23, 24). The L12 precipitated
phase has a size of 30-120 nm and is uniformly dispersed on the
FCC substrate.

The volume fraction of L12 precipitated phase in the alloy
does not increase with aging time. Rather, it shows a tendency
to first increase and then decrease with prolonged aging. When
the aging time is less than 16 h, the precipitated phase is
gradually coarsens with the extension of aging time and
precipitates out from the matrix. When the aging time is 16 h,
the precipitated phase in the HEA completely precipitates from
the matrix and reaches the maximum volume fraction. When
the aging time is more than 16 h, the precipitated phase
gradually dissolves into the matrix and its volume fraction
gradually decreases with the extension of aging time. When the
matrix is oversaturated, the alloy precipitates fine precipitated
phase again and secondary precipitation occurs. When the
aging time is 128 h, the morphology of the precipitated phase
changes from the previous ellipsoidal morphology to irregular
morphology.

3.2 Hardness and Wear Resistance Analysis

Figure 3 shows the hardness and friction and wear properties
of HEAs after different aging treatments: (a) coefficient of
friction, (b) wear cross section, (c) amount of wear, and (d)
average coefficient of friction and hardness. In Fig. 3(a), the
friction coefficients of the alloys after different aging treatments
possess the same pattern. The friction coefficient curves of the

alloys all fluctuate with a large magnitude in the initial stage
and flatten out in the later stages. At the initial stage of friction,
the surface of the alloy is relatively smooth with low roughness
and frictional resistance, resulting in a low friction coefficient.
With the increase in the friction time, the contact surface of the
alloy and Si3N4 on the grinding ball produces a violent
adhesion effect, resulting in a rapid increase in the friction
coefficient. After a short break-in phase, the wear process enters
the stabilization period. The friction coefficient tends to
stabilize, entering the stable wear phase. As shown in
Fig. 3(b), (c), the HEA after 16 h of aging has the shallowest
depth of abrasion marks and the lowest amount of wear.
Figure 3(d) shows that the average alloy friction coefficient is
negatively correlated with the alloy hardness. The friction
coefficient of a material is an important parameter used to
characterize its wear resistance. The higher the average friction
coefficient, the lower the hardness, and the poorer the wear
properties of the alloy (Ref 25, 26). The HEA after 16 h of
aging has the lowest average friction coefficient and the highest
hardness, indicating that it has the best wear resistance.

The wear morphology of all HEAs was analyzed using SEM
and EDS to further investigate the wear behavior of the alloys.
Figure 4 and 5 show the surface morphology of all the alloys
after reciprocal friction wear and the distribution of surface
elemental content after friction wear, respectively. As displayed
in Fig. 4, the surface of the alloy wear marks after different
aging treatments are distributed with a large number of parallel
plow furrows, piled up abrasive chips, or scattered fragments.
Material spalling is observed on the wear surfaces of the HEAs
subjected to aging for 32, 64, and 128 h. Figure 5 reveals a

Fig. 2 SEM images of HEAs after different aging treatments: (a) 4 h, (c) 8 h, (e) 16 h, (g) 32 h, (i) 64 h, (k) 128 h; (b), (d), (f), (h), (j), and
(l) are the localized enlarged images of the corresponding regions, respectively
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large amount of O present on the wear surface of the alloys
after different aging treatments. During the friction process, all
alloys undergo oxidation on their wear surfaces, forming oxide
films. The oxide film generated by alloys during friction can
play a lubricating role (Ref 27, 28). It also hinders the direct
contact between the surface of the alloy and the friction vice,
effectively slowing down the wear of the material and
consequently improving the wear resistance of the alloy. The
wear surface of the HEA subjected to 16 h of aging has the
most uniform O distribution, and its oxide layer covers a large
and relatively continuous area. When aged for 16 h, the HEA
precipitates a large number of diffusely distributed L12
precipitation phase, leading to the abrasion of the uniform
force and delaying the spalling of the alloy wear surface. With
prolonged aging, the particle size of the precipitated phase
gradually increases and volume expansion possibly occurs in
the wear process. Local stress becomes concentrated, thus
producing cracks and spalling. The continuous coarsening of
the precipitated phase leads to a reduction of the phase
interface, and when the critical shear stress required for

dislocations to bypass the precipitated phase is lower than that
required to cut through the precipitated phase, the hindering
effect of the precipitated phase on the dislocations shifts from a
cut-through mechanism to an Orowan bypass mechanism,
which leads to a deterioration of the wear resistance of the alloy
(Ref 29, 30). In summary, abrasive wear and oxidative wear
occur in all the alloys, and spalling wear occurs in the HEAs
aged for 32, 64, and 128 h.

3.3 Tensile Properties Analysis

Figure 6 shows the tensile properties of HEAs at room
temperature after different aging treatments: (a) tensile curves,
(b) comparison of alloy properties, (c) tensile and yield
strengths, and (d) elongation. The HEA subjected to 16 h of
aging has the highest tensile strength, yield strength, and
elongation of � 1275 MPa, � 1117 MPa, and � 25.2%,
respectively. The tensile strength and elongation at break of
this HEA are higher than those of conventional alloys that are
widely used today. It also has excellent tensile properties and

Fig. 3 Hardness and wear resistance of HEAs after different aging treatments: (a) coefficient of friction, (b) wear cross section, (c) amount of
wear, (d) average coefficient of friction and hardness
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shows great potential in the engineering and application of
structural materials.

The fracture morphology of an alloy after tensile fracture
can also reflect its tensile properties (Ref 31). Therefore, the
fracture mechanism of the alloys was further explored by
analyzing its tensile fracture morphology. Its localized map is

shown in Fig. 7. Many tough nests are distributed on the
fracture surface of HEAs after different aging treatments, which
is a typical characteristic of toughness fracture. When the aging
time is 128 h, many cracks distributed along the grain
boundaries have appeared on the fracture surface of the HEA.
Crystal fracture also occurs. Toughness fracture occurs in

Fig. 4 Surface morphology of HEAs after reciprocating frictional wear: (a) 4 h, (b) 8 h, (c) 16 h, (d) 32 h, (e) 64 h, (f) 128 h.
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metals through the growth and aggregation of micropores.
Tough nests are an essential feature of fracture by micropore
aggregation. The size of the ligamentous fossa at the fracture of
the alloy shows a tendency to increase and then decrease with
the extension of the aging time. The larger the size of the
ligamentous fossa, the higher the plasticity of the alloy (Ref 32,
33). The HEA with aging time of 16 h has the largest tough
nests and highest elongation, which are in agreement with the
results of the tensile experiments. The HEA with aging time of
16 h exhibits good tensile and yield strengths while maintaining
its own good plasticity because the second phase strengthening
plays a dominant role when the L12 phase is present in the
alloy. In addition, the HEA with aging time of 16 h has the
highest average volume fraction of precipitated phases, result-
ing in a high strength. The L12 precipitated phase in HEAs can
maintain a high degree of co-lattice relationship with the FCC

matrix phase, which can improve the strength of HEAs while
still maintaining good plasticity. When the precipitated phase is
small or the volume fraction is high, it will lead to the increase
in dislocation resistance, which will greatly improve the
properties of the alloy. When the size of the precipitated phase
in the alloy is large, the mechanism of dislocation crossing the
precipitated phase changes from a cut-through mechanism to an
Orowan bypass mechanism, which leads to the deterioration of
the alloy�s properties (Ref 34, 35). The strength of this alloy has
a good positive correlation with its hardness. Hardness is a key
indicator of the wear resistance of an alloy; the higher the
hardness of the alloy, the better its wear resistance (Ref 36).
Hence, the HEA with aging time of 16 h has excellent wear
resistance, high plasticity, high strength, and high hardness,
which are consistent with the results of the previous exper-
iments.

Fig. 5 EDS surface scan of the wear morphology of the alloy surface
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4. Summary and Conclusions

Fe24Co29Ni38Al3Ti6 HEAs were prepared by vacuum arc
melting and subjected to different aging heat treatments. The
microstructure, microstructure organization, hardness, wear
resistance, and tensile properties of the HEAs were also
analyzed using XRD, SEM/EDS, microhardness tester, friction
and wear tester, and tensile tester. The following results were
obtained:

(1) After treatment with different aging times at 800 �C, the
Fe24Co29Ni38Al3Ti6 HEAs are able to maintain their
‘‘c¢ + c’’ dual-phase structure without forming complex
intermetallic compounds.

(2) With prolonged aging, the precipitated phase of L12
gradually coarsens, and its average volume fraction in-
creases and then decreases. When the aging time is
16 h, the precipitated phase of the alloy has the highest

average volume fraction. When the aging time exceeds
16 h, the alloy gradually precipitates the second phase
particles again.

(3) When the aging time is 16 h, the alloy has the shallow-
est wear marks, lowest wear amount, lowest average
friction coefficient, and highest hardness. Its wear resis-
tance is relatively good. The wear mechanisms of the al-
loys after different aging treatments include abrasive
wear and oxidative wear. When the aging time exceeds
16 h, the wear mechanism of the alloys also includes
spalling wear.

(4) The alloy with aging time of 16 h has the highest tensile
strength, yield strength, and elongation of � 1275 MPa,
1117 MPa, and � 25.2 %, respectively. Its tensile prop-
erties are generally higher than those of conventional al-
loys. All the alloys exhibit ductile fracture as the
fracture mechanism, except for the HEA with aging time
of 128 h that also shows crystal fracture.

Fig. 6 The tensile properties of HEAs at room temperature after different aging treatments: (a) tensile curves, (b) comparison of alloy
properties, (c) tensile and yield strengths, and (d) elongation
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