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ABSTRACT
The present work reports a simple one-step powder metallurgy approach for producing bulk fine-
grainedAl2024 alloywith auniqueharmonic structure and superiormechanical properties. Thegrain
size of the bulk specimen could be easily manipulated by changing the initial powder size. Tensile
test suggested that the yield strength of the fine-grained specimen with an average grain size of
3.78 µm (powder size ∼ 20 µm) was about 265MPa, which was three times higher than that of the
conventional coarse-grained counterpart, maintaining a good ductility (total elongation ∼ 15%).
The reasons for the uniquemicrostructure and the enhancedmechanical properties were discussed.

IMPACT STATEMENT
Bulk Al alloy with a unique ‘harmonic structure’ and enhanced mechanical properties was success-
fully fabricated by a simple one-step powder metallurgy approach using gas atomized powders.
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1. Introduction

Aluminum (Al) alloys are widely used in aerospace and
transportation fields as structural component, achieving
significant environmental and economic benefits. How-
ever, Al alloys have been challenged by titanium alloys
and magnesium alloys recently, because both materials
are either stronger or lighter than those of Al alloys.
Therefore, there has been a strong demand for further
improve themechanical properties of Al alloys, especially
enhancing their strengthwithout significant sacrificing of
their ductility [1–3].

According to the well-known Hall–Petch relationship
[4,5], grain refinement is considered as a promising way
to strengthen metallic materials without changing their
chemical composition. The techniques for realizing ultra-
grain refinement can be broadly divided into two cate-
gories: a so-called up-to-bottom approach, such as severe
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plastic deformation (SPD), or a so-called bottom-to-up
approach, such as consolidation of mechanical milled
powders.

SPD can produce bulk defect-free ultrafine-grained
(UFG) or nanocrystalline (NC) metals [6–8]. However,
the UFG/NC structures produced by SPD are thermo-
dynamically unstable, owing to the high amount of free
energy stored in the grain boundaries [9]. Moreover, the
bulk UFG/NCmetals usually have deformedmicrostruc-
tures, so they always exhibit quite limited ductility due to
the difficulty for dislocation accumulation [10].

Powder metallurgy (P/M) is an alternative way to pro-
duce bulk metals with refined microstructure, which can
greatly reduce the amount of used metals compared to
other metal removal processes, thereby resulting in lower
costs [11–13]. P/M approach usually includes two steps:
mechanical milling (MM) and hot consolidation. MM is
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an important procedure to realize ultra-grain refinement.
However, undesired contaminations are introduced dur-
ing the MM process, which may reduce the interfacial
bonding strength between powder particles, resulting in
very poor ductility of the bulk materials under tension
test. In contrast, Le et al. [14] have shown that it was pos-
sible to fabricate bulk UFG (grain size smaller than 1 μm)
or fine grained (FG, grain size 1–5 μm) pureAl specimens
by a simple one-step P/Mroute, namely, skipping theMM
step. Due to the pinning effect of the thin oxide film on
the Al powder surface, the grain sizes of the sintered sam-
ples were very close to the initial powder particle sizes.
That means, the grain size of bulk specimen could be eas-
ily adjusted just by tailoring the initial powder size. But
the situationmight be different in Al alloys, probably due
to the addition of various alloying elements. However,
up to now, the feasibility of this one-step P/M approach
in widely used commercial Al alloys has not been
verified yet.

Consequently, the present work seeks to address this
gap and investigate the effect of initial powder size on the
microstructure and mechanical properties of bulk spec-
imen. Commercial Al–Cu–Mg alloy (Al2024) powders

with different average particle sizes were selected as the
starting materials.

2. Experimental

Commercial gas-atomized Al2024 alloy powders with
average particle size of ∼1 μm (fine powder), ∼20 μm
(medium powder) and ∼50 μm (coarse powder) in
diameter were used as the starting materials (see
Figure S1). The detailed chemical composition of the
powders is listed in Table S1. The powders were directly
provided for consolidation using SPS without MM. A
multi-step sintering program proposed by Le et al.
[14] was adopted. Microstructures of the powders and
bulk alloys were characterized using scanning electron
microscopy (SEM), X-ray diffraction (XRD), electron
backscattering diffraction (EBSD) and transmission elec-
tron microscopy (TEM), etc. The mechanical properties
of the bulk samples were characterized by room temper-
ature tensile test. Due to space limitation, experimental
details are described in Supplemental Information (also
see Figure S2).

Figure 1. (a and c) SEMmicrographs and (b and d) XRD patterns of bulk samples consolidated from (a and b) fine and (c and d) medium
powders.
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3. Results and discussion

Figure 1 shows microstructure of the bulk samples con-
solidated from powders with different particle sizes.
Figure 1(a) is a typical SEM image of the bulk sample con-
solidated from the fine powder. Although the sintering
temperature (600°C) has been very close to the melting
point of Al, some sub-micro-sized pores could be still
clearly observed, as indicated by the white arrows [15]. In
contrast, dense alloy could be obtained by sintering the
medium powder at a much lower temperature (500°C).
As shown in Figure 1(c), powder particles bonded well
with each other and detectable pores could not be found.
Additionally, some very fine intermetallic phases (white
particles) were presented along the particle boundaries
and inside the powder particles. They are probablyAl–Cu
or Al–Cu–Mg phase formed during cooling process after

SPS [16]. Phase composition of bulk samples was ana-
lyzed by XRD. As shown in Figure 1(b,d), besides the
strong diffraction peaks of Al, some weak peaks corre-
spond to Al2Cu (θ-phase) and Al2O3 phases could also
be observed. The Al2Cu phase is one of the most com-
monly observed second phases in Al–Cu–Mg alloys and
it was probably precipitated out during the cooling pro-
cess after sintering. The Al2O3 phase may result from the
thin oxide film naturally covered on the surface of the
gas-atomizedAl powders. Themicrostructure of the bulk
sample consolidated from the coarse powder is similar to
that of the bulk sample sintered from medium powder
(not shown here).

Figure 2 shows the EBSD results of the sintered
bulk samples. For each sample, inverse pole figure (IPF)
map, grain boundary (GB) map, grain size distribution

Figure 2. (a, e, and i) Inverse pole figure (IPF) maps, (b, f, and j) grain boundary (GB) maps, (c, g, and k) grain size distribution histograms
and (d, h, and i) (001) pole figures (PF) of bulk samples prepared from (a–d) fine, (e–h) medium and (i–l) coarse powders, respectively.
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Figure 3. (a and d) STEMmicrographs, (b and e) HAADFmicrographs and (c and f) corresponding EDS elementalmapping results of bulk
samples prepared from (a–c) fine and (d–f) medium powders, respectively.

histogram and (001) pole figure (PF) are presented. Gen-
erally, all the samples exhibited recrystallizedmicrostruc-
tures. As shown in the upper row (Figure 2(a–d)), bulk
sample consolidated from the fine powder was filled by
equiaxed grains. Most of the grains were surrounded by
high angle grain boundaries (HAGBs), with the frac-
tion of HAGBs greater than 90% and an average mis-
orientation angle (θ ave.) of 34.9° (see Figure S3(a)). The
average grain size is approximately 0.94 μm (UFG speci-
men, hereafter), which is very close to the initial powder
size. The similarity between grain size and powder size
indicates that grain boundary migration during SPS was
inhibited by the thin oxide film naturally covered on the
surface of the powder particles. For the bulk sample con-
solidated from themedium powder (Figure 2(e–h)), fully
recrystallized grains with a mean grain size of 3.78 μm
(FG specimen, hereafter) is observed,which ismuchfiner
than the initial powder size. In fact, the boundary of the
powder particles could still be distinguished. For exam-
ple, a spherical powder particle (red broken line) in the
middle of the IPFmap contains more than 20 grains, and
the grains close to the powder surface are smaller than
the inner ones, which is believed to be due to the faster
cooling rate of the outer region during gas-atomization
process. The bulk sample consolidated from the coarse

powder exhibited a mean grain size of 9.23 μm (CG spec-
imen hereafter), which is also much smaller than the
initial powder size. In addition, the average misorienta-
tion angles of the FG specimen (θ ave. = 29.0o) and the
CG specimen (θ ave. = 24.9o) are lower than that of the
UFG specimen (Figure S3), which is due to the presence
of some low angle grain boundaries (LAGBs) inside of the
powder particles. Note that all the samples show nearly
random crystallographic texture, as indicated from the
colorful IPFmaps (Figure 2(a, e, i)) and (001) pole figures
(Figure 2(d, h, l)).

In order to provide insight into the excellent ther-
mal stability of the microstructure obtained in the bulk
specimens, scanning transmission electron microscopy
(STEM) EDS analysis was conducted on the UFG and
the FG specimens. For each specimen, bright field STEM
image, high angle annular dark field (HAADF) image and
corresponding EDS elemental mapping results are pre-
sented. As shown in Figure 3(a,b), sub-micro sized par-
ticles distributed densely along the powder boundaries.
During pressure-assisted sintering process, the spherical
powders underwent a certain degree of plastic deforma-
tion (known from the polygonal grains), and thus the
continuous oxide film covered on the surface of the pow-
der particles was disintegrated into very fine particles
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Figure 4. (a) Typical engineering stress–strain curves and (b)work-hardening rate curves ofUFG, FG, CGand conventionalO-stateAl2024
alloy specimens. Tensile fracture surfaces of (c) UFG and (d) FG specimens. The insets in (c) and (d) were enlarged view of the boxed
regions.

[17]. However, due to the insufficient plastic strain, the
disintegrated oxide particles remained on the particle
boundaries and accordingly continued to act as effective
diffusion barrier to the inter-particle diffusion of alu-
minum atoms, resulting in UFG microstructure as well
as relative weak interparticle bounding strength. The cor-
responding EDS elemental mapping results (Figure 3(c))
reflect that powder boundaries are rich in Mg and O.
In addition, a micron-sized Cu rich particle (probably
Al2Cu phase) is presented in the trip-junction of several
Al powders.

Figure 3(d–f) display STEM-EDS results of the FG
specimen. As shown in Figure 3(d), the thin and sharp
boundaries are grain boundaries (GBs), whereas the
thick and fuzzy boundaries correspond to original pow-
der boundaries (PBs), as indicated by yellow and blue
arrows, respectively. Moreover, a large number of gran-
ular (mean diameter ∼100 nm) and acicular precipitates
(mean length ∼400 nm) are observed. These precipitates
are located not only along various type of boundaries but
also distributed in the form of chains in the grain inte-
rior (see the red arrows in Figure 3(e)). EDS elemental

mapping results (Figure 3(f)) of the boxed region in
Figure 3(e)) demonstrated that these precipitates are rich
in Cu and Mg, which are in good agreement with the
XRD result shown in Figure 1(d). These nano-sized par-
ticles could effectively pin the original grain boundaries
in the as-atomized polycrystalline powders and inhibit
grain boundary migration during SPS, resulting in FG
microstructure in the bulk sample. It is also worth men-
tioning that the oxygen content of the FG specimen
should be much lower than that of the UFG specimen,
and only slight enrichment of oxygen could be confirmed
along original powder boundaries, as indicated by the
very low contrast of the oxygen EDS map. Consequently,
extensive sintering could be achieved even at relative low
temperature (500°C).

The bulk samples were subjected to room tem-
perature tensile test (Figure 4). For comparison pur-
pose, stress–strain curves of conventional hot rolled and
annealed (O-state) Al2024 plate with an average grain
size of approximately 20 μm were also provided [18].
For the UFG specimen (d = 0.94 μm), the yield strength
(YS) and ultimate tensile strength (UTS) were 294 and
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340MPa, respectively. The YS was almost 3.5 times
higher than that of the conventional O-state specimen
(YS ∼84MPa). However, it fractured just after yield-
ing, resulting in a total tensile elongation (EL) of only
2.6%. We believe the limited tensile ductility of the UFG
specimen was caused by the residual pores and the oxide
enriched particles distributed along powder boundaries.
The YS, UTS and EL of the FG specimen (d = 3.78 μm)
were 265, 425MPa and 15.0%, respectively. The YS was
more than three times higher than that of the O-state
specimen and without significant sacrificing of tensile
ductility. The EL of the CG specimen (19.2%) was even
better than that of the FG specimen, however, the YS was
only 160MPa, which is much lower than that of the FG
specimen. Thus, it is clear that the FG specimen exhibited
the best combination of strength and ductility among all
the specimens.

The uniform elongation is an important parameter for
engineering materials, and it is determined by Considére
criterion [19] shown below:

σ =
(

∂σ

∂ε

)
ε̇

(1)

where σ is the true stress and ε is the true strain. Based
on the Considére criterion, the work-hardening rate,
�(� = (∂σ/∂ε)ε̇) of the present specimens was plotted
as a function of the true strain in Figure 4(b). The inter-
section point between the work-hardening rate curve
and the true stress curve should be the point of plastic
instability, i.e. the uniform elongation. For the O-state
specimen, the work-hardening rate decreased monoton-
ically with the increase of the strain, resulting in a uni-
form tensile elongation of 13.5% (in true strain). In case
of the UFG specimen, the work-hardening rate firstly

Figure 5. (a) A large area EBSD mapping of the FG specimen showing a unique ‘harmonic structure’. The light blue and orange grains
corresponded grains located at ‘shell’ and ‘core’ regions, respectively. Grain size distribution histograms of (b) the shell region and (c) the
core region.
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decreased quickly down to a value of ∼2000MPa, and
then recovered to ∼2800MPa. The unique change of
work-hardening rate corresponds to the yield drop phe-
nomena in stress–strain curve, which is due to the lack
of initial mobile dislocations in fully recrystallized UFG
microstructure [20,21]. However, the specimen fractured
abruptly at a true strain of 2.1% before the plastic insta-
bility point. As shown in Figure 4(c), only limited dimple
patterns (indicated by blue arrow) are observed in the
fracture surface of the UFG specimen, which is consis-
tent with the poor ductility obtained in the tensile test.
For the FG specimen, the work-hardening rate decreased
monotonically with the increase of true strain, and it was
always higher than that of the O-state specimen at any
given strain. However, due to the very high true stress
level of the FG specimen, the plastic instability point was
achieved at a true strain of 11.7%, which was quite com-
parable with that of the O-state specimen. Moreover, the
fracture surface (see Figure 4(d)) of the FG specimen
was covered by a high number density of dimples with
a mean dimple size of about 1–3 μm, which is strong evi-
dence of ductile failure. The work-hardening rate of the
CG specimen was located between those of the O-state
plate and the FG specimen. However, due to the relatively
low strength of the CG specimen, the intersection point
for plastic instability (uniform elongation) was achieved
at a true strain of 14.4%.

To reveal the underlyingmechanisms for the enhanced
work-hardening rate in the FG specimen, a large area
EBSD scan (300 μm * 500 μm) was further performed
on this specimen. The light blue and orange grains in
Figure 5(a) correspond to ‘shell grains’ with grain sizes
smaller than 5 μm (mean grain size ∼2.38 μm) and ‘core
grains’ with grain sizes larger than 5 μm (mean grain
size ∼9.96 μm), respectively. Note that the FG specimen
consists of a peculiar microstructure wherein the ‘shell
grains’ areas form a nearly interconnected 3D network
surrounding ‘core grains’ regions, which are distributed
periodically. This typical microstructure is referred as
‘harmonic structure’, whichwas firstly proposed and real-
ized by Ameyama et al. [22,23]. Due to the difference in
strength between the ‘shell grains’ and the ‘core grains’,
deformation incompatibility is generated at the interface
regions during plastic deformation. Thus, geometrically
necessary dislocations (GNDs) are required to accommo-
date the strain gradient, which will generate long-range
back stress near the interfaces, and thereby producing
additional back stress work-hardening [24–26]. More-
over, the present ‘harmonic structure’ could promote
uniformity of deformation when compared with conven-
tional random bimodal structure, leading to suppressed
strain localization and relatively larger uniform elonga-
tion [22]. In addition, we believe that the finely dispersed

nano-precipitates (Figure 3(d–f)) could pin mobile dis-
locations during plastic deformation, thereby contribut-
ing to the enhanced work-hardening rate. Since Al2024
alloy is a typical age-hardenable alloy, the mechanical
properties of the FG specimen can be further optimized
through subsequent T6 (solid solution+ artificial aging)
treatment.

4. Conclusion

In summary, UFG, FG and CG Al2024 alloys were
successfully fabricated by direct consolidation of gas-
atomized powders. The FG Al2024 alloy consolidated
from the medium powder exhibited the best combina-
tion of strength and ductility among all the specimens.
The excellent thermal stability of the FG structure was
due to the pinning effect of the finely dispersed precipi-
tates. The superiormechanical propertieswere associated
with back stress hardening and dislocation pinning effect,
originating from the unique ‘harmonic structure’ as well
as the high number density of fine precipitates, respec-
tively. This simple one-step approach can be easily scaled
up or applied to other metallic materials, and therefore
has great potential for the future practical applications.
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