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Abstract: We report a process route to fabricate an Al-Al interpenetrating-phase composite by combining the Al-Mg—Mn—Sc—Zr lattice struc-
ture and AlgyNi;Gd¢Cos nanostructured structure. The lattice structure was produced by the selective laser melting and subsequently filled with
the AlgsNi;Gd¢Co; amorphous powder, and finally the mixture was used for hot extrusion to produce bulk samples. The results show that the
composites achieve a high densification and good interface bonding due to the element diffusion and plastic deformation during hot extrusion.
The bulk samples show a heterogeneous structure with a combination of honeycomb lattice structure with an average grain size of less than
1 um and nanostructured area with a high volume fraction of nanometric intermetallics and nanograin a-Al. The heterogeneous structure leads
to a bimodal mechanical zone with hard area and soft area giving rise to high strength and acceptable plasticity, where the compressive yield
strength and the compressive plasticity can reach ~745 MPa and ~30%, respectively. The high strength can be explained by the rule of mixture,
the grain boundary strengthening, and the back stress, while the acceptable plasticity is mainly owing to the confinement effect of the nano-

structured area retarding the brittle fracture behavior.

Keywords: Al-based composites; heterogeneous structure; additive manufacturing; mechanical properties

1. Introduction

Al-based composites have been considered as ideal mater-
ials for important lightweight structural parts because of their
low density, high strength, and good corrosion resistance
[1-2]. In the past few decades, a variety of Al-based compos-
ites have been developed by using ceramic particles, glass
fibers, graphene, and carbon nanotubes as reinforcement
phases, showing improved strength, hardness, and wear
properties [3—6]. Nevertheless, there is an urgent need for
designing new composite structures to obtain optimized
mechanical properties such as good ductility and shock en-
ergy absorption properties.

Recently hierarchical structure and/or interpenetrating-
phase materials have been well developed owing to their bet-
ter balance between the strength and ductility. For example,
the hierarchical structure can give rise to high strain harden
ability leading to high uniform plastic deform [7-10]. Com-
plex lattice structures can be produced by additive manufac-
turing (AM) processes, e.g., additive manufactured Al alloys
have been widely developed, showing high design flexibility
and complex geometry for the components [11]. In particu-
larly, Al-Mg-Mn-Sc—Zr alloys have been found having
good additive manufacturing ability and showing high
strength and reasonable ductility [12—14]. Meanwhile the
nanostructured Al alloys show super high strength but lim-
ited ductility. For example, Wang et al. [15] prepared an
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AlgNi;Gd4Co; nanostructured Al alloy with a compressive
yield strength as high as 1700 MPa. Therefore, the high
strength nanostructured Al alloy can be further used to
strengthen the selective laser melted (SLMed) Al-Mg—Mn—
Sc—Zr alloy, on the other hand, the SLMed Al-Mg—Mn-—
Sc—Zr alloy lattice structure can restrict the brittle fracture be-
havior of the nanostructured alloy.

In this work, we designed a novel Al-based composite
with interpenetrating-phase structure, in which an Al-Mg—
Mn—Sc—Zr alloy lattice structure with honeycomb shape was
produced by SLM process and the holes of the lattice struc-
ture were filled with the Alg,Ni;Gd¢Co; nanostructured Al al-
loy by hot extrusion. The microstructure and mechanical
properties were studied.

2. Experimental

The powders with a nominal composition AlgNi,GdsCo;
(at%) and Al-Mg-Mn—Sc—Zr were produced by argon-gas
atomization method (shown in Fig. 1(a) and (b)), which have
a particle size range of 20-63 and 0-53 pum, respectively. The
chemical composition of the Al-Mg-Mn—Sc—Zr powder is
listed in Table 1. The as-atomized AlgNi;GdsCo; powder
particles with diameters larger than 5 um display the pres-
ence of partial crystalline precipitates (Fig. 1(b)), suggesting
partially crystallization occurred. A regular hexagonal hon-
eycomb structure with 1 mm wall thickness, 14 mm diamet-
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2 mm

Fig. 1.
powders; (c, d) lattice model.

Table 1. Chemical composition of the Al-Mg-Mn-Sc—Zr
powders wt%
Mg Mn Sc Zr Si Al

4.76 0.58 0.47 0.29 0.05 Bal.

er, and 30 mm height was prepared by using a selective laser
melting equipment (Dimetal-100H, South China University
of Technology, China). The SLM process parameters are:
laser power 150 W, scanning speed 400 mm/s, scanning spa-
cing 0.08 mm, layer thickness 0.03 mm, and rotation angle of
each layer 67°. Fig. 2 schematically showed the preparation
process of the composite. The honeycomb lattice structures
were pretreated by abrasive flow to improve the surface qual-
ity and then filled with the Alg,Ni,GdsCo; alloy powders by
mechanical vibration and subsequently consolidated into
bulk composite samples by cold pressing and hot extrusion.
The hot extrusion pressure and extrusion ratio were chosen at
a fixed value of 590 MPa and 10, respectively. The hot extru-
sion temperature for composites was chosen at 573, 673, and
773 K, respectively (marked as Composite A, Composite B,
and Composite C, respectively, as shown in Table 2). The fi-
nal samples in the form of cylindrical billet have a diameter
of ~5 mm and a length of ~135 mm. In addition, the mono-
lithic SLMed Al-Mg—Mn-Sc—Zr alloy and the monolithic
AlgyNi;GdsCos alloy were processed by hot extrusion at the
same pressure, extrusion ratio, and temperature of 573 K.
The samples for microstructural observation were etched

(d)

7 mm

Morphology of the powders and lattice structure: (a, b) SEM images of the AI-Mg-Mn—Sc—Zr and the Alg,Ni;GdCo;

by Keller’s reagent with a composition of 1 mL HF, 1.5 mL
HCL, 2.5 mL HNOs, and 95 mL distilled water for ~25 s. The
microstructure was observed with a German Leica
DMIS5000M optical microscope (OM), Quanta200 scanning
electron microscope (SEM) equipped with a HKL-Techno-
logy electron backscattered diffraction (EBSD) detection
system, and Philips Tecnai F30 transmission electron micro-
scope (TEM) operating at 300 kV with an energy dispersive
X-ray (EDS). The crystallographic data were characterized
by EBSD. After mechanical polishing, the samples for EBSD
were revealed using an electrolytic polishing solution with a
composition of 30vol% HNO; and 70vol% methanol and the
voltage was 25 V for 30 s. Scanning step size of 0.06 um was
used for the EBSD analysis. Phase composition was studied
by X-ray diffraction (XRD) using a Germany Bruker D8-
Adavancec machine with Co K radiation at a step size of
0.025° and a counting time of 1 s per step. The internal de-
fects of the samples were analyzed using Germany dinodo d2
3D X-ray computed tomography (3D-CT) machine. The mi-
crohardness (HV) was measured using a HVS-1000 micro-
hardness tester with a load of 300 g and dwell time of 10 s.
The microhardness values reported here are the averages of
>6 indentations per sample. According to ASTM compres-
sion test standard, cylindrical specimens with a height of 6
mm and a diameter of 3 mm were prepared. Uniaxial com-
pressive tests were performed at room temperature using a
CMT5105 microcomputer controlled electronic universal
testing machine at a constant strain rate of 1 x 10 s and at
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Fig.2. Schematic illustration of the preparation process for the composites with lattice structure.
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Table 2. Hot extrusion processing parameters
. Pressure / Holding time / Extrusion Temperature /
Material - .
MPa min ratio K
Composite A 590 30 10 573
Composite B 590 30 10 673
Composite C 590 30 10 773

least three samples were tested for each material.

3. Results and discussion
3.1. Microstructure

Fig. 3(a) and (b) shows the microstructure of the as-built
lattice structure, showing the laser scanning tracks intersect-
ing with each other, which is similar with the reported
SLMed Al-Mg—Sc—Zr alloy [16]. The black line and the
bright area show the edge area and the interior of the molten
pool track, respectively. It is shown that the edge area and in-
terior area of the molten pool track is mainly composed of
fine grains and column grains, respectively, which is similar
with the reported works [17-18]. Fig. 3(c) and (d) shows the
transverse sectional OM image and longitudinal sectional
3D-CT image of the Composite A, respectively. They indic-
ate that the honeycomb lattice structure was preserved
without significant torsion and bending after hot extrusion. In
addition, no cracks are observed in the interface between the
honeycomb lattice structure and the AlgNi;Gd¢Co; alloy

arca. The AlgyNi;Gd¢Co; alloy area shows nanostructure
which is similar with our previous reported works [15]. For
simplicity, here we call the honeycomb lattice structure area
(SLMed Al-Mg-Mn-Sc—Zr alloy area) and the AlgNi,
Gd¢Co; alloy area as lattice area and nanostructured area, re-
spectively. Fig. 3(f) shows the densification behaviour of the
Composite A, showing that the porosity is 0.0024% with
pores and micro-cracks. The pores show an average diameter
of ~1 pm and are homogeneously distributed in the whole
sample. The microcracks are mainly concentrated in the
nanostructured area (as shown in Fig. 3(d) and (f)) with aver-
age length and average width of 126 and 1 um, respectively.
The microcracks occurred in the nanostructured area are ow-
ing to the high volume fraction of brittle intermetallics (as
high as 80vol%) [19]. The brittle intermetallics were contac-
ted each other during hot extrusion and gave rise to high loc-
al stress, initiating cracks.

Fig. 4 shows the morphology of the lattice area in the
composites. As shown in Fig. 4(a) and (b), the molten pool
and laser scanning track formed from the SLM process was
clearly seen in the lattice area, which were elongated along
extrusion direction. As shown in Fig. 4(a—f), the molten pool
tracks became weak with the increasing extrusion temperat-
ure since the homogenization was accelerated at high tem-
peratures.

Fig. 5 shows the X-ray diffraction results of the compos-
ites. The fine precipitates in the lattice structure area are diffi-
cult to distinguish from the XRD patterns owing to their low
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Fig. 3. (a, b) Transverse sectional and longitudinal sectional optical micrograph of the as-built lattice structure; (c) transverse sec-
tional optical micrograph of the Composite A after polishing; (d) longitudinal sectional 3D-CT image of Composite A; (e) 3D-CT re-
construction of Composite A; (f) densification behaviour evaluation of Composite A by 3D-CT analysis.

volume faction. The amorphous AlgNi,GdsCo; powders are
found in-situ crystallized into 0-Al and intermetallics such as
AlyCo,, Al;Gd, and Al;¢Gd;Nis, which is similar to our previ-
ous reported works [15,20-21]. The intensity of intermetal-
lics peaks increases with increasing hot extrusion temperat-
ure, indicating that high temperatures promoted the trans-
formation of amorphous regions into intermetallics. It is
found that a high volume fraction of intermetallics existed in
the composites.

Fig. 6 shows electron back scattering images of the longit-
udinal sectional interface of the composites. It shows metal-
lurgical bonding without microcracks and pores, which is
mostly owing to the element diffusion and plastic deforma-
tion during hot extrusion. Different from the heterogeneous
materials fabricated by casting [22], the plastic deformation
during hot extrusion make the composites more compacted.
Due to the extremely small size of phases, elemental analysis
in nanostructured area was carried out by TEM-EDS utiliz-

ing elemental point analysis (Fig. 6(i)), with the results listed
in Table 3. The nanostructured area in the Composite C ex-
hibits hybrid structures consisting of nanometric rod-like
phases, equiaxed particle-like phases, and a-Al. The a-Al has
a grain size of ~80 nm, and the nanometric intermetallics
have an average of 100-250 nm in the fine precipitate region.
The size of these phases in the coarse precipitate region
reaches ~3 um. The size of the intermetallics decreases with
the decrease of extrusion temperature. On the other hand, dif-
ferent precipitates are observed in the lattice area. Due to the
high cooling rate in the SLM process and lower extrusion
temperature, the size of the precipitates in the lattice area in
Composite A is very small. Similar to the growth of nano-
structured regions, the size of the precipitates increases with
the increase of extrusion temperature. Large Mn-rich phase
particles and small Sc-rich phase particles were found
through energy spectrum plane scanning results.

Fig. 7 shows the EBSD and grain size distribution dia-
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Fig. 5. XRD patterns of the composites.

gram of the lattice area in different composites. After hot ex-
trusion, the lattice area shows different grain morphology
consisting of fine equiaxed grains (FEGs) and long elong-
ated grains (LEGs). The FEGs with a fine grain size of ~1 um
are distributed throughout the sample, indicating that they are
derived from the fine equiaxed grain zone at the edge of the

Int. J. Miner. Metall. Mater., Vol. 30, No. 4, Apr. 2023

; GRS Ry 4
Fig. 4. (a, ¢, e) Transverse sectional OM of the lattice area in the Composites A, Composites B, and Composites C, respectively; (b,
d, f) longitudinal sectional OM of lattice structures in the Composites A, Composites B, and Composites C, respectively.

molten pool track formed during SLM. The LEGs with as-
pect ratio of more than 10 and length of ~20 um are formed
by the plastic deformation of the columnar grain zone in the
interior of the molten pool. The average grain size of lattice
area in Composite A, Composite B, and Composite C are
0.79,0.91, and 0.70 um, respectively. It proves that the grains
of the lattice area undergo partially recrystallization, result-
ing into the formation of fine and equiaxed grain. The re-
mained non-recrystallization grains are found to form fiber
textures of <100> and <111> along the extrusion direction.

3.2. Mechanical behavior

Fig. 8(a) shows the microhardness of the different regions
in the composites at different extrusion temperatures. The
microhardness of the lattice areas and nanostructured areas
decreases with the increase of extrusion temperature, and the
microhardness of nanostructured areas decreases faster than
that of lattice areas. It is seen from Fig. 8(b) that the hardness
of the interface decreases gradually with the increase of ex-
trusion temperature. When the extrusion temperature is 573
K, the microhardness difference between the nanostructure
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Fig. 6. Electron back scattering images of longitudinal section in the different composites and TEM of fine precipitate region in
nanostructured area of Composite C: (a) interface of Composite A and energy spectrum line scan, (d) interface of Composite B and
(f) Composite C; (b, c) high resolution images of different regions in Composite A, (e) nanostructured area of Composite B and (g)
Composite C; (h) high resolution SEM image of the nanostructured area in Composite C; (i) TEM image of the nanostructured area
in Composite C.

region and the lattice structure region is the largest. The de- coarsening, recrystallization, and precipitates coarsening.
crease of microhardness in the nanostructured area is owing Typical room temperature stress—strain curves under uni-
to the coarsening of intermetallics, and the decrease of mi- axial compressive quasistatic loading are shown in Fig. 9(a).

crohardness in the lattice region is resulted from the grain The monolithic hot extruded AlgNi;Gd¢Co; alloy shows a
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Table 3. Element contents in Fig. 6(i) measured via
TEM-EDS
Location Al/ at% Ni/ at% Gd / at% Co / at%
Point 1 Bal. 0.38 30.21 221
Point 2 Bal. 0 0 0
Point 3 Bal. 20.11 3.37 7.74
Point 4 Bal. 18.28 15.52 6.03
Point 5 Bal. 9.03 13.92 4.78
Point 6 Bal. 1.01 27.36 3.11
Point 7 Bal. 14.62 0.18 7.72

Extrusion direction >

B Ar-Mg-Mn-Sc-zr
B Al,NiGd,Co,
I Test location of EBSD

Grain number fraction / %

Grain number fraction / %

Grain number fraction / %

Int. J. Miner. Metall. Mater., Vol. 30, No. 4, Apr. 2023

yield strength of 1030 MPa with ~1% plasticity. The mono-
lithic SLMed Al-Mg—Mn-Sc—Zr alloy shows a yield
strength of 506 MPa and large compressive plasticity. The
yield strength of the composites increases significantly com-
paring with the monolithic SLMed Al-Mg—Mn-Sc—Zr alloy,
which is 745, 629, and 542 MPa for the Composite A, Com-
posite B, and Composite C, respectively. In addition, the
composites show acceptable compressive plasticity, e.g.,
Composite A shows a compressive plasticity of ~30%. It in-
dicates that the compression stress of the lattice area has been
improved remarkably by the nanostructured area. Strain
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Fig. 7. Inverse pole figure (IPF-X) mapping and grain size distribution of the lattice area in the different composites: (a, b) Com-
posite A; (c, d) Composite B; (e, f) Composite C.
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sion of Composite A and AI-Mg-Mn—Sc—Zr.

hardening rate curves are shown in Fig. 9(b), the work
hardening rate of Composite A is higher than that of mono-
lithic SLMed Al-Mg-Mn—Sc—Zr alloy in the early deforma-
tion process (true strain < 7%). With the progress of deform-
ation, the work hardening rate of Composite A firstly de-
creases and then increases to a relatively high value, and fi-
nally decreases sharply when the material fractured. This
phenomenon is similar to that of AI-Mg—Sc—Zr alloy with
heterogeneous structure reported by Wang et al. [14], which
is mostly related to back stress hardening. According to the
3D-CT measurement, the volume fraction of the nanostruc-
tured area in the Composite A is ~41vol%. From the rule of
mixtures (ROM), the flow stress of the composites is calcu-
lated in its simplest form.

o= XfitouX ot to, X[y )

where o,03,0, are flow stress and fi, f>, f, are volume
fraction. The yield strength of the Composite A calculated
from ROM is 720 MPa, which is smaller than the measured.
According to the high work hardening rate during the early
deformation process and the difference between the ROM
value and the measured value of the Composite A, it indic-
ates that there are other strengthening mechanisms.

Fig. 10 shows the 3D-CT micrographs of the Composite A
after compressive deformation. It shows the interface de-
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(a) Vickers hardness of the composites produced at different extrusion temperatures and (b) Vickers hardness distribution in
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(a) Compressive engineering stress—strain curves and (b) strain hardening rate as a function of true strain upon compres-

bonding was rarely occurred. During the compression de-
formation, the brittle behavior of the nanostructured area is
confined by the lattice area. With further loading, micro-
cracks were firstly initiated from the brittle nanostructured
area and retarded by the interface. According to the Koled-
nik’s crack arrest model [23], the crack driving force de-
creases rapidly as the crack enters the soft zone, which is
consistent with the experimental results. When the local
stress near the interface surpasses the yield strength of the lat-
tice area, plastic deformation occurred, further leading to
blunting effect for the crack propagation. Finally, when the
local stress is higher than the fracture stress of the lattice area,
the main crack was formed and propagated along the direc-
tion of the maximum tangential stress, eventually leading to
the failure.

The high strength and acceptable plasticity of Composite
A are mainly attributed to the unique heterogeneous struc-
ture constituting by nanostructured area with super high
strength and lattice area with good plasticity. The nanostruc-
tured area shows super high strength which is mainly attrib-
uted to the high volume fraction of nanometric intermetallics.
While the lattice area shows the combination of good plasti-
city and strength mainly arising from fine grain strengthen-
ing and precipitation hardening. According to the works by
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(a) 3D-CT image of Composite A reconstruction, (b) quantitative characterization of defects in Composite A after compres-

sion using 3D-CT, (c) longitudinal sectional 3D-CT image of Composite A, and (d) lower and (e, f) higher magnification longitudinal

sectional fracture morphology of Composite A.

Geng et al. [24] and Ma et al. [25], the fine grains and
Al;(Sc,Zr) particles formed after aging and plastic deforma-
tion of SLMed Al-Mg-Mn—Sc—Zr strongly hinder the dislo-
cation movement. In addition, the nanostructured area is
harder than the lattice area, leading to bimodal mechanical
zone with hard zone and soft zone in the Composite A. There-
fore, back stress strengthening was introduced near the inter-
face of the composite giving high strength of the lattice area.
This back stress strengthening has been well demonstrated in
heterogeneous materials [7—10]. The introduction of back
stress improves the strength and work hardening capacity of
lattice structure and retards the crack propagation which is in
turn improve the fracture stress. With the increase of extru-
sion temperature, both grain coarsening and recrystallization
and precipitates coarsening occurred in the lattice area and
intermetallics coarsening occurred in the nanostructured area,
resulting in the strength decrease of the composites.

It has been demonstrated that high strength Al matrix give
rise to confinement effect, limiting the premature fracture of

the brittle high strength materials [15,26-28],
(0 —03)° =22 +a))12+20%0 03 ®))

where « is materials constant, 7, is critical shear fracture
stress, o) and 073 are the maximum and minimum principal
stress, respectively. In compressive loading condition,
o1 +03 <0. Since Ty = (01 —03) /2, one gets the effect-
ive shear yield stress:

o \/(2+a2)7—(2)+020'10'3 (3)
Y 2 2
where \/oj03 < (01+073) /2, one can define /o073 as the
confining stress to characterize the magnitude of confine-
ment [15,26,29]. In this work, the Al-Mg-Mn—Sc—Zr lattice
area retarded the crack initiation and propagation in the
AlgNi;Gd4Co; nanostructured area, changing the fracture be-
havior of the nanostructured area from the main crack
propagation to the development of dense and dispersed mi-
crocracks. Therefore, although microcracks occurred in the
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nanostructured area, the composite can still carry the load,
leading to the acceptable compressive plasticity.

4. Conclusions

In summary, a novel Al-based composite with interpenet-
rating-phase has been developed by fabricating Al-Mg—
Mn—-Sc—Zr lattice structure using SLM and filling with
AlgNi,Gd¢Co; powders, and further processed into bulk
samples via hot extrusion. The following conclusions can be
drawn.

(1) The composites show high densification and good in-
terface bonding owing to the element diffusion and plastic
deformation during hot extrusion. The honeycomb lattice
structure did not bend significantly during hot extrusion.

(2) The heterogeneous structure shows a combination of a
honeycomb lattice structure with an average grain size of less
than 1 um and nanostructured area with a high volume frac-
tion of nanometric intermetallics and nanograin o-Al.

(3) The composite shows a bimodal mechanical zone with
hard zone (nanostructured zone) and soft zone (lattice zone),
leading to high strength and acceptable plasticity. The high
strength can be explained by the rule of mixture, the grain
boundary strengthening, and the back stress in the lattice
structure area. The acceptable plasticity is mainly owing to
the confinement effect of the nanostructured area by the lat-
tice area.
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