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Abstract: Different proportions of commercial 2024 aluminum alloy powder and FeNiCrCoAl; high entropy alloy (HEA) powder
were ball-milled (BM) for different time. The powder was consolidated by hot extrusion method. The microstructures of the milled
powder and bulk alloy were examined by X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). Mechanical properties of the extruded alloy were examined by mechanical testing machine. The results show
that after BM, the particle size and microstructures of the mixed alloy powder change obviously. After 48 h BM, the average size of
mixed powder is about 30 nm, and then after hot extrusion, the average size of grains reaches about 70 nm. The compressive strength
of the extruded alloy reaches 710 MPa under certain conditions of milling time and composition. As a result of the identification of
the nano-/micro-structure—property relationship of the samples, such high strength is attributed mainly to the nanocrystalline grains
of a(Al) and nanoscaled FeNiCrCoAl; particles, and the fine secondary phase of Al,Cu and Fe-rich phases.
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1 Introduction

There is increasing interest in the development of
highstrength light alloys because of the recent strong
demands for mass reduction in transportation vehicles.
Aluminum alloys are the most widely used light alloys
for mass reduction in structural components.

Most of wrought aluminum alloys are strengthened
by precipitation hardening, and the highest strength is
~600 MPa, reported for Al—Cu—Li based alloys [1].
However, further strengthening may be possible by grain
attainable in wrought products. One way to achieve the
nanocrystalline microstructure from aluminum-based
alloy is the rapid solidification process. For example,
Al-TM-RE  amorphous-based alloys and their
composites with nanocrystals were reported to have
strengths more than 1 GPa [2—8]. The strength is really
remarkable compared with conventional wrought alloys
in the compression mode. For structural applications, it is

essential to achieve such a high strength in bulk materials.
Many attempts have been made to consolidate rapidly
solidified powders or mechanically alloyed powders
using hot extrusion [9—14]. And now, reinforced particles
in Al matrix composites were almost used with hard
metal powders, and inorganic non-metallic materials
more. For examples, SASAKI et al [15] consolidated
nanocrystalline Al-5%Fe (mole fraction) produced by
mechanical alloying by spark plasma sintering. LI et al
[16] researched the boundaries and interfaces in
5083Al1/B4C alloys. High entropy alloy (HEA) has been
studied extensively in recent years, and has more
excellent properties than conventional alloys: high ability
of forming nano-scale precipitates, good thermal stability,
superior extensive or compressive properties, extremely
high hardness, excellent anticorrosive properties, special
electrical and magnetic properties, and simple
microstructures with solid solution of multiple elements.
Great applications, such as molds and structural
materials at high temperature, wearing and abrasion-
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resistant coating, and even military weapons, have
generally been expected in terms of the above unique
characteristics. Consequently, not only large applied
advantages but also great investigation potential indeed
exist in HEAs. However, researches in HEAs as
strengthening particles were rarely less. In this work,
FeNiCrCoAl; high entropy alloy was used as
strengthening particles in Al matrix composites. As the
microstructure and property evolution were largely
dependent on the mechanical alloying (MA) conditions
such as MA time, process control agents ( PCA ) [17,18]
and the amount of strengthening particles, these process
parameters were varied to optimize the microstructure. In
the case of 2024 aluminum alloy, hot extrusion breaks
the typical oxide layer that coats the powder, providing
better bonding of the particles.

The purposes of this work are to report the detailed
processing conditions, mechanical properties and
microstructure—property relationships of high- strength
nanocrystalline Al  alloys  strengthened using
FeNiCrCoAl; particles processed by a combination of
MA and hot extrusion.

In this work, the application of innovative
high-entropy alloy as aluminum reinforcing particles
broadens the ranges of the particle reinforced aluminum
composite. For future aluminum powder
metallurgy research methods, this work has great
reference value.

matrix

2 Experimental

The powders of pure commercial 2024 aluminum
alloy (99.5% in purity and 10—30 um in diameter) and
FeNiCrCoAl; (99.9% in purity and 10—100 pm in
diameter), as raw materials, were prepared by Aerosol
method, respectively. The related element contents of the
commercial 2024 aluminum alloy powder are listed in
Table 1.

Table 1 Element contents of 2024 aluminum alloy powder
(mass fraction, %)
Al Cu Mg Mn
92-95 3.7-4.2 1.2-1.5 0.15-0.8

The mixed powder of 2024 commercial aluminium
alloy and FeNiCrCoAl; alloy was ball milled in a
planetary high energy ball mill (Fritsch Pulverisette P—5)
at room temperature using stainless steel vials and balls
as milling media and alcohol as process control agent
(PCA). The milling speed and ball-to-powder ratio were
300 r/min and 10:1, respectively. The powder was under
the argon atmosphere to prevent powder oxidation.
Variation in the particle size as a function of milling time
was determined by Microtrac S3500 laser particle size
analyzer and it was also verified by scanning electron

microscopy (SEM) and electron probe microscopy
(EPM). X-ray diffraction analysis (XRD) was carried out
by RIGAKU RINT-2000 X-ray diffractometer, with Cu
K, radiation to determine the crystallite size and lattice
strain as a function of ball-milling (BM) time. The
nanocrystalline powder was consolidated by hot
compression, and then by hot extrusion. The powder was
extruded to fully dense bars of 7 mm in diameter and 5
mm in thickness by high strength heat-resistant stainless
steel punches and dies. The vacuum hot extrusion (VHE)
was carried out at 773 K (~60 K/min heating rate) for 10
min under the vacuum of 10~ Pa. Uniaxial pressure was
applied to the powder throughout the VHE cycle until the
desired sintering temperature was attained, when the
compression reached the maximum value of 500 MPa.
Cylindrical samples of 4 mm in diameter and 8 mm in
height (//d ratio of 2) were cut from the VHE bar by
electro discharge machine. All faces of the cylindrical
compression samples were made parallel by polishing
carefully. The compression tests were carried out by
INSTRON 3367 machine. Compression rate was 0.2
mm/min, and the entrance force was 5 N.
Microstructures of the mixed powder and VHE pellets
were investigated by CamScan—3400 SEM and
JEM—-2100F TEM operating at 200 kV.

3 Results

3.1 Mechanically alloyed powders

The powders of pure commercial 2024 aluminum
alloy (99.5% in purity and 10-30 pum in diameter) and
FeNiCrCoAl; (99.9% in purity and 5-100 pum in
diameter) are shown in Figs. 1(a) and (b), respectively.
The average diameter of raw FeNiCrCoAl; particles is
~40 um. After BM, the mixed powder has irregular shape,
as shown in Figs. 1(c) and (d). This is because the sphere
particles of starting powder are squashed and fractured
by the fragmentation of fragile flakes and/or by a fatigue
failure mechanism with collision of steel spheres. Then
the lamellar structure fragments are bonded by cold
welding which is a kind of strong agglomerating force.

A comparison between these two profiles shows that
the MA causes peak broadening due to the grain
refinement and straining, and the peak shift to higher
angles indicates the dissolution of Cu or Mg atoms into
the a(Al) phase. Figure 2 shows the XRD patterns of
initial 2024 powder and the powder milled. The
diffraction patterns show small broadening and lowing of
Al peaks after milling, which may be the result of the
deformation induced by the processing and the grain
refining and straining, as can be got from the Scherrer
formula as follows:
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d= 1
Bcos@ M




2368 Zhi-wei WANG, et al/Trans. Nonferrous Met. Soc. China 24(2014) 2366—2373

Fig. 1 SEM images of pure commercial 2024 aluminum powder (a), pure FeNiCrCoAl; alloy powder (b) and 20% FeNiCrCoAl;+

80% 2024 alloy powder after 24 h BM (c) and 48 h BM (d)
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Fig. 2 XRD patterns of commercial 2024 Al alloy powder:
(a) With BM for 48 h; (b) Without BM

where d is the crystallite size; 4 is the wavelength of the
X-radiation used; B is the peak width at half the
maximum intensity; € is the Bragg angle [17].

Figure 3(a) shows the XRD patterns of pure
FeNiCrCoAl; powder. And the microstructure of
FeNiCrCoAl; is composed of single BCC phase, Al is
the BCC former. This conclusion conforms to the same
results of Refs. [19-21]. While in Fig. 3(b), the 2024
aluminum alloy powder is composed single FCC phase.
Compared with Figs. 3(a) and (b), after ball milling for
48 h, as shown in Fig. 3(c), the X-ray diffraction peaks

are very low, no more than 2000 cps, and the
structures are typical of FCC in aluminium matrix and
BCC in Fe based strengthening particles. Just like that
mentioned above, MA causes peak broadening due to the
grain refinement and straining, and the peak shift to
higher angles indicates the dissolution of atoms into
the a(Al) phase and/or the Fe based strengthening
particles.

The bright and dark field TEM images of the
powder of MA alloy after 48 h BM are shown in Figs.
4(a) and (b). Figure 4(c) shows the dark field TEM
image of the powder of the same sample after 24 h BM.
The dark field TEM image shows the {111} reflection of
the a(Al) in Figs. 4(b) and (c). Aluminum nanocrystals
are shown in Figs. 4(b) and (c), and the average diameter
in Fig. 4(b) is about 20 nm, while the average diameter in
Fig. 4(c) is about 50 nm. As BM time increases, the grain
sizes decrease [15].

3.2 Compressive behavior of hot extruded samples
Figure 5 shows the room temperature compressive
engineering stress—strain curves of the hot extruded
samples. Line (a) is the curve of hot extruded 2024
aluminum alloy produced from the powders
mechanically alloyed for 48 h BM with a fixed amount
of PCA (4%). The sintering conditions for all the
samples are the same, as shown in Fig. 5. The room
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Fig. 3 XRD patterns of FeNiCrCoAl; powder (a), 2024
aluminum alloy powder (b) and mechanical alloy after 48 h
BM (c)

temperature strengths of the samples increase with MA
time. After 48 h BM, the compressive strength of pure
2024 Al sintering sample is nearly twice that of non-BM
sample, reaching about 500 MPa. BM can refine grains,
and increase dissolution of Cu or Mg atoms into the a(Al)
phase. During hot extrusion, the AL Cu phase is
precipitated from supersaturated aluminum matrix. Line
(d) is curve of 40% (mass fraction) FeNiCrCoAl; alloy in
2024 aluminum matrix after 48 h BM, and its
compressive strength is about 500 MPa. While 20% or
30% raw 2024 aluminum alloy powder is added in 40%

20 nm

Fig. 4 Bright (a) and dark field (b) TEM images of {111}
reflection of a(Al) of MA powder after 48 h BM and SAD
pattern taken from nanocrystalline region of MA powder after
24 h (c)

FeNiCrCoAl; alloy in 2024 aluminum matrix with other
conditions the same, the compressive strength increases
by 100 or 200 MPa. In particular, the strength of the
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samples with addition of 30% raw aluminium alloy
powder after hot extrusion in the same conditions
reaches 710 MPa. When FeNiCrCoAl; is added, the
ductility of sintering samples decreases obviously.
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Fig. 5 Compressive stress—strain curves of extruded sample: (a)
2024 Al, BM 48 h; (b) 20% raw 2024 Al + 80% MA powder of
40% FeNiCrCoAl; alloy in 2024 Al matrix; (c) 30% raw 2024
Al + 70% MA powder of 40% FeNiCrCoAl; alloy in 2024 Al
matrix; (d) 40% FeNiCrCoAl; alloy in 2024 Al matrix after
48 h BM; (e) Pure 2024 Al after 500 °C hot press and 500 °C
hot extrusion

3.3 Microstructure of hot extruded samples

Figure 6 shows the XRD pattern of the sintered
sample after 48 h BM with 4% PCA. The sample mainly
consists of AL,Cu, AlgFe and Al;Fe phases. Figure 7
shows a backscattered electron EPMA image of 30% raw
2024 Al+70% MA powder of 40% FeNiCrCoAl; alloy in
2024 aluminium matrix. The black region is supposed to
be a(Al) phase, as only Al could be detected by EDS
analysis. The diffraction spots from 2024 aluminum
matrix are confirmed to be Al,Cu phase. The white bulk
phases and white spots are FeNiCrCoAl; strengthening
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Fig. 6 XRD patterns of sintered 40% FeNiCrCoAl;/2024 Al
sample after 500 °C hot extrusion

\ [T

Fe-rich phases /

Y ey

FcNi(‘rCoA!; particles ‘ »
- > .
o el
.a a(Al) matrix i

.

Fig. 7 BEI image of 30% raw 2024 Al+70% MA powder of
40% FeNiCrCoAl; alloy in 2024 Al matrix after 500 °C hot
extrusion from EPMA

particles. The angular shaped needle-like and lath-like
regions are Al;Fe phases, the intermetallic compounds
originating from the reaction of the Al-rich region and
the FeNiCrCoAl; region. Multiple structures are formed
in 30% raw 2024 Al + 70% MA powder of 40%
FeNiCrCoAl; alloy in 2024 Al matrix, and the cracked
FeNiCrCoAl; alloy particles are the core. After MA, the
Fe and Cr atoms transit to Al matrix, and Al atoms transit
to the strengthening particles. The outer coating is the
coarse 2024 aluminum matrix.

Figure 8(a) shows a bright field TEM image of the
sintered sample after 48 h MA with 4% PCA. The
microstructure is composed of a randomly oriented
nanocrystalline grain region and grain size is about 100
nm, as shown in Fig. 8(c). The diffraction spots from the
AlgFe phase are confirmed in addition to the diffraction
rings from a(Al) in the SAD pattern taken from the
nanocrystalline region in Fig. 8(b). Figure 8(d) shows a
dark-field TEM image using the {311} reflection of the
AlgFe phase. The AlgFe phase is homogeneously
dispersed within the nanocrystalline grain region as fine
grains, and the grain size is ~40 nm. Figure 9(a) shows
another bright field TEM image of the same sample.
These are typical of nano Fe based strengthening grains,
as shown in the SAD pattern. Figure 9(b) shows Al,Cu
grains in a(Al) matrix, and grain size is nearly 20 nm.
Figures 9(c) and (d) show that the FeNiCrCoAl;
strengthening particles are of typically BCC structure, as
shown in Fig. 3(a).

4 Discussion

Figure 2 and Figs. 4(b) and (c) show that as MA
time increases, grains size is continually refined.
According to the Hall-Petch formula, the grains are
refined, resulting in the value of d decreasing, the
strength increasing and also ductility improving. The
strength of the sintered sample increases with the MA
time, as shown in Fig. 5 (lines (a) and (e)). In Fig. 5, the
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Al (220)

Fig. 8 Bright field TEM image (a), SAED pattern (b), and corresponding dark field TEM images using {111} of a(Al) (c) and {311}
reflections of AlgFe phase (d)

Fe (211) «

Fig. 9 Bright field TEM images of nanocrystalline region (a), aluminum matrix (b) and interface between strengthening particle and

nanocrystalline region (c¢) and corresponding SAED pattern (d) in Fig. 9(c)
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compressive strength of the hot extruded samples added
with FeNiCrCoAl; strengthening particles (lines (b), (c),
(d)) are higher than those of non-adding ones. The
compressive strength of sample (line (c)) reaches 710
MPa, twice than that of non-BM pure 2024 Al alloy after
sintering. Microstructure characterizations show that
after MA, the grains are refined, and the fine
nanocrystals, such as nano «a(Al) grains, nano
FeNiCrCoAl; grains and nano AlgFe grains, as shown in
Figs. 8(c), (d) and Fig. 9(a), are dispersed in aluminum
matrix. During hot extrusion, the diffusion of elements
between FeNiCrCoAl; strengthening particles and 2024
aluminum matrix partly forms the Fe-rich secondary
phases (Al;Fe and AlgFe), and the other part of the
diffusion elements in aluminum lattice forms solid
solution strengthening. Nanoscale AlL,Cu phase is
precipitated from the aluminum matrix. In Al matrix,
Al;Fe phase is hard and brittle [22]. The fine needle-like
Al;Fe phase is helpful to reinforcing the aluminum alloy,
as shown in Fig. 7. These nanoscale crystals are helpful
to hindering the movement of dislocations. As shown
above, the compressive strength of the sintered samples
with the reinforcing particles is obviously higher than
that of non-adding ones.

Figure 5 shows that the compressive strength of the
sintered sample of 40% FeNiCrCoAl; alloy in 2024
aluminum matrix after 48 h BM is almost equal to that of
the 48 h BM pure aluminum samples after sintering, and
its ductility deteriorates sharply. Microstructures reveal
that bulk Al;Fe phases are found in Fig. 7. Bulk Al;Fe
regions are considered as the source of cracks, as
referred in Ref. [22]. It is the principal reason of
deterioration of the ductility. This also explains that
when raw 20% or 30% 2024 aluminum alloy powder is
added in above sample powder, the strength increases
obviously, as shown in Fig. 5 (lines (b) and (c)).

5 Conclusions

1) MA is helpful to refining grains. Bulk
nanocrystalline Al multiple structure fabricated by MA
and hot extrusion exhibits high compression strength,
about 710 MPa at room temperature.

2) As a result of the identification of the nano-/
micro-structure—property relationship of the various
samples, such high strength is attributed mainly to the
nanocrystalline grains of a(Al) and nanoscaled
FeNiCrCoAl; particles, and the fine secondary phase of
Al,Cu and Fe-rich phases.
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