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a b s t r a c t 

High-strength metallic foams have a wide range of applications in engineering as lightweight structural 

and energy-absorbing materials. However, it is challenging to obtain metallic foam with both good energy 

absorption performance and high strength. Here, we developed a novel metal matrix syntactic foam fabri- 

cated with AlCoCrFeNi 2.1 eutectic high entropy alloy and alumina cenospheres that exhibits a remarkable 

combination of high strength and energy absorption performance under both quasi-static and dynamic 

compression. The porous structure of syntactic foam fully exploits the properties of the AlCoCrFeNi 2.1 

alloy matrix with a unique FCC/B2 dual-phase eutectic microstructure and thus yields exceptional per- 

formance. We discovered that this dual-phase microstructure not only provides high strength but also 

allows the pores to collapse in a progressive and diffusive way, which enables the formation of a high 

and smooth energy absorption platform. It is found that the heterogeneity between the two phases in 

the matrix can provide back stress strengthening, and it also induces multiple micro shear bands and 

microcracks as additional energy dissipation modes as the deformation proceeds. This unique mechanism 

ensures the strength of microstructures and makes them fracture promptly, which causes the balance of 

strengthening and softening on the macro scale. This work opens the avenue for developing advanced 

high-strength lightweight structural and energy-absorbing materials. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Metallic foams possess low density, high specific strength and 

tiffness, as well as improved energy absorption performance. This 

ombination of properties makes them a promising candidate for 

ightweight structural and energy-absorbing applications, such as 

ightweight beams, buoyancy materials, crash absorbers, etc. [1–

] . As a member of the metallic foam family, metal matrix syn- 

actic foams (MMSFs) [8–11] , consisting of metal matrix and hol- 

ow inclusions, usually exhibit high strength and energy absorption 

erformance due to the reinforcement inclusions. These properties 

ake them more suitable for applications with high strength re- 

uirements than other metallic foams. 
∗ Corresponding author at: State Key Laboratory of Nonlinear Mechanics, Institute 
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With the development of industry, higher demands are put for- 

ard for the strength and energy absorption of MMSFs. However, 

s the strength increases, the energy absorption performance of 

MSFs does not simply enhance [ 12 , 13 ], yet sometimes even de- 

eriorates [ 14 , 15 ]. A good energy-absorbing material should have a 

ufficient stress amplitude, a wide stress platform and a smooth 

nd even stress–strain curve to ensure that a large amount of 

nergy can be absorbed stably at nearly constant stress [16] . In 

ther words, it should have high strength, enormous energy ab- 

orption capacity and good energy absorption efficiency. Neverthe- 

ess, due to the strength-ductility trade-off, high-strength MMSFs 

chieved by solid-solution strengthening or precipitation hardening 

sually exhibit brittle behavior [17–19] . As a result, their stress–

train curves are unstable and accompanied by sizeable oscilla- 

ions, which downgrade their energy absorption performance. Se- 

ecting ductile alloy to fabricate MMSFs can eliminate the adverse 

ffects of brittleness, but it also introduces new problems. For one 

hing, some ductile MMSFs have low strength, such as pure Al 
Materials Science & Technology. 
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 15 , 20 , 21 ] and some Al alloy [ 22 , 23 ] syntactic foams, limiting the

tress amplitude of the plateau region. For another, due to the ex- 

ellent ductility and strain hardening ability of the matrix, ductile 

MSFs often exhibit an ascending stress plateau region that re- 

uces the energy absorption efficiency, such as steel [ 14 , 24 ] and

oCrFeMnNi high entropy alloy [25] syntactic foam. Therefore, it 

s challenging to achieve high strength, energy absorption capacity 

nd efficiency at the same time. And the key point is to find a suit-

ble matrix alloy. In addition to high strength, the matrix alloy is 

lso required to have moderate ductility and strain hardening abil- 

ty to avoid both abrupt brittle failure and ascending stress plateau. 

During the past decade, high entropy alloys (HEAs) or complex 

oncentrated alloys (CCAs) [26–33] , a new kind of disordered al- 

oy composed of multi-principal elements in equimolar or near- 

quimolar ratio, have attracted broad interest. The novel alloy de- 

ign concept provides a vast composition space, making it possible 

o obtain alloys with various properties [34–44] . Among these al- 

oys, there is a subgroup called eutectic high entropy alloys (EHEA) 

 45 , 46 ], which combines the advantages of high entropy alloys and

utectic alloys, thus having great application prospects in industrial 

elds. Recently, an AlCoCrFeNi 2.1 EHEA with a unique dual-phase 

amellar microstructure of soft FCC and hard B2 phases was devel- 

ped by Lu et al. [47–49] , which achieves a good balance of high

trength and ductility due to the coupling between two constituent 

hases [50–57] . Moreover, the AlCoCrFeNi 2.1 EHEA has good casta- 

ility and fluidity [ 47 , 48 ], which are desirable in the infiltration

rocess of MMSFs. And the casting flaws such as shrinkage cavity 

nd composition segregation can also be alleviated. For the above 

easons, AlCoCrFeNi 2.1 EHEA is an ideal matrix material and is ex- 

ected to enable MMSF to obtain high strength and good energy 

bsorption performance simultaneously. 

In the present work, we developed a new MMSF with 

lCoCrFeNi 2.1 EHEA, and the mechanical property tests confirmed 

ur expectations. This EHEA syntactic foam exhibits an excellent 

ombination of high strength and energy absorption performance 

nder both quasi-static and dynamic compression. We systemati- 

ally investigated the deformation mechanisms and microstructure 

volution at these two strain rates using X-ray computed tomog- 

aphy (CT), a scanning electron microscope (SEM), and a trans- 

ission electron microscope (TEM), and revealed the underlying 

echanisms of the high strength and energy absorption perfor- 

ance of the MMSF. These results are illuminating for the research 

nd development of advanced high-strength energy-absorbing and 

ightweight structural materials. 

. Materials and methods 

.1. Materials fabrication 

The AlCoCrFeNi 2.1 EHEA ingots were melted more than four 

imes by induction melting of high-purity (99.9%) constituent el- 

ments in an inert atmosphere. As filler materials, alumina ceno- 

pheres with a diameter of 50 0–60 0 μm and a wall thickness 

o radius ratio t / R = 0.13 were applied (provided by Zhengzhou 

uLi Industry Co. Ltd., China). The chemical composition of alu- 

ina cenospheres in wt.% is Al 2 O 3 ≥ 99%, SiO 2 ≤ 0.3%, Na 2 O ≤
.35% and Fe 2 O 3 ≤0.15%. 

All EHEA syntactic foam samples were fabricated by gas pres- 

ure infiltration method [58] in an induction furnace with custom- 

esigned devices. The infiltration procedure in detail can be found 

n our previous works [ 25 , 59 ] and will only be outlined briefly

ere. First, the alumina cenospheres were filled into the alumina 

ube which was used as a mold, and an alloy ingot was placed on 

he top. Both the ingot and alumina tube were put into a quartz 

rucible with a diameter of 14 mm and coated with boron ni- 

ride to avoid the reaction between melted alloy and SiO . Then 
2 

178 
he quartz tube was installed in the induction furnace and con- 

ected with the vacuum pump and the argon gas bomb. Before 

nfiltration, the quartz crucible was evacuated to ∼5 × 10 −3 Pa. 

fter that, we heated the alloy ingot and cenospheres with an in- 

uction coil surrounding the quartz crucible. First, we preheat the 

lumina cenospheres at low power using the induced heat gener- 

ted by the graphite tube between the quartz tube and the alu- 

ina cenospheres. Preheating can decrease resistance during infil- 

ration, help increase infiltration length, and reduce casting flaws. 

fterward, we heat the alloy ingot at high power until the ingot 

elted and formed a seal across the circumference of the crucible. 

rgon gas was then introduced rapidly, and the melted alloy was 

ressed to infiltrate the space between the cenospheres at a pres- 

ure of 1.5 × 10 5 Pa. This pressure both produces sufficient infil- 

ration length and minimizes the destruction of the cenospheres 

nder pressure, resulting in lower density and greater porosity of 

he foam. Finally, the samples were furnace-cooled. 

.2. Compression tests 

Quasi-static compression tests were carried out on cylindrical 

yntactic foam and solid AlCoCrFeNi 2.1 samples using an electronic 

niversal testing machine (CMT 5105S) equipped with a 100 kN 

oad-cell. Tests were performed in accordance with ISO 13314: 2011 

tandard [60] . Syntactic foam specimens with a diameter of 8 mm 

nd a height of 12 mm were machined by a diamond wire saw. 

olid AlCoCrFeNi 2.1 samples with a diameter of 4 mm and a height 

f 6 mm were machined out of the raw ingot. Before each com- 

ression test, the ends of the samples were ground by using SiC 

aper and lubricated by using silicone grease to minimize friction 

etween samples and platens. At least five samples for syntactic 

oam and solid matrix were tested to verify the repeatability. Tests 

ere carried out at constant crosshead speed with an initial strain 

ate of 10 −3 s −1 . Strains were measured by an extensometer and 

orrected for deflection of the load frame. To investigate the de- 

ormation mechanism, we conducted the interrupted compression 

ests at strains of 10%, 20%, 30%, 40%, and 50% on syntactic foam 

amples. 

The dynamic compression tests at a strain rate of about 20 0 0 

 

−1 were conducted on a split Hopkinson pressure bar appara- 

us (SHPB) [ 61 , 62 ]. For the current tests, the bars made of high-

trength 38CrNiMoV alloy steel were used. The striker bar had a 

iameter of 12.6 mm and a length of 400 mm, while the incident 

ar and transmitter bar were 10 0 0 mm long and 12.6 mm in di-

meter. Cylindrical specimens of syntactic foam ( φ6 mm × 6 mm) 

nd solid AlCoCrFeNi 2.1 alloy ( φ4 mm × 4 mm) were tested. At 

east 5 samples for each test. For syntactic foam samples, we also 

onducted interrupted tests at strains of 5%, 10%, 20%, and 30% us- 

ng stopper rings to study the deformation mechanism at a high 

train rate. 

.3. Microstructure characterization 

The internal pore structure of initial and deformed samples was 

nvestigated by X-ray computed tomography (CT, Y. CT Modular- 

G452). In addition, microstructural characterizations on pre- and 

ost-deformation specimens were performed using a scanning 

lectron microscope (SEM, Zeiss Gemini SEM 300) and a trans- 

ission electron microscope (TEM, JEOL, JEM-2100F at 200 kV). 

he SEM was equipped with an electron backscattered diffraction 

EBSD) system and an energy-dispersive X-ray spectrometer (EDS). 

he samples for EBSD observation were prepared by mechanical 

rinding and electropolishing. A focused ion beam (FIB) instrument 

FEI Helios Nanolab 600i) was used to prepare TEM samples accu- 

ately. 
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. Results 

.1. Porous structure and microstructure 

The density of AlCoCrFeNi 2.1 syntactic foam ( ρSF ) is 4.43 ±
.08 g cm 

−3 , corresponding to a relative density of 62.6% ± 1.1% 

s compared with solid AlCoCrFeNi 2.1 alloy. The volume fraction 

f the voids ( ∅ V ) is 28.0 ± 1.1%, and the volume fraction of ceno-

phere shells ( ∅ C ) and matrix ( ∅ M 

) are 21.0 ± 0.1% and 51.0 ± 1.1%,

espectively. The measurement method can be found in Supple- 

entary Information. 

The macroscopic porous structure and microstructure character- 

zations of syntactic foam samples are presented in Fig. 1 . The CT 

econstructed three-dimensional (3D) image of the syntactic foam 

ample is shown in Fig. 1 (a), and the inset is the macrograph. The

enospheres are evenly distributed in the matrix without appar- 

nt clusters, forming a homogeneous porous structure. Most pores 

ithin the cenospheres are nearly spherical, and a few are filled 

ith molten alloy during the infiltration. Some cenospheres frag- 

ents are also visible. The SEM image ( Fig. 1 (b)) shows the mor-

hology of the polished section of syntactic foam. The alumina 

enospheres and EHEA matrix are tightly fitting with nearly no vis- 

ble voids between them. This is attributed to the good fluidity and 

astability of the EHEA matrix, preventing casting flaws, like inter- 

al shrinkage, from downgrading mechanical properties. And there 

s no chemical reaction between the cenospheres and the matrix, 

hich can be confirmed by the EDS elemental mapping presented 

n Fig. S1 in the Supplementary Information. 

A careful examination of the microstructure of syntactic foam 

atrix was conducted by EBSD, EDS, and TEM. Fig. 1 (c) and (d) 

hows the EBSD phase map and inverse pole figure (IPF). The 

lCoCrFeNi 2.1 alloy matrix consists of FCC and B2 dual-phase and 

xhibits typical eutectic microstructures [ 48 , 50 ]. The area fractions 

f FCC and B2 phase measured by EBSD phase map were about 
ig. 1. The initial porous structure and microstructure characterizations of the syntactic 

EM secondary electron image shows the morphology of a polished section. (c) The EBSD

lemental distribution maps of syntactic foam matrix. 

179 
5% and 45%, respectively. As shown in Fig. 1 (c), the B2 phase 

as two kinds of morphology, lamellae (about 2 μm thick) and ir- 

egular islands (about 2–5 μm in diameter). The detailed crystal- 

ography of the two phases is shown in Fig. 1 (d). The high-angle 

rain boundaries are indicated by white dashed lines. In the same 

rain, the B2 domains have a similar crystallographic orientation, 

hile the FCC domains exhibit two different crystallographic ori- 

ntations with a misorientation angle of 60 ° These two kinds of 

ariants are referred to as V1 and V2, and have a twin relationship 

onfirmed by TEM study [ 55 , 63 ]. The chemical composition and 

lemental distribution are investigated by EDS mapping ( Fig. 1 (e) 

nd Table 1 ). It can be seen that Al and Ni segregate in B2 phase,

hile Fe, Co, and Cr are rich in the FCC phase. The composition 

f the entire scanning area is close to the nominal composition of 

lCoCrFeNi 2.1 alloy, suggesting that the infiltration process did not 

ause a large deviation in element contents. 

We further investigated the microstructure by TEM, as shown 

n Fig. 2 . A low magnitude bright-field image ( Fig. 2 (a)) shows the

orphology of the FCC/B2 lamellar structure and the growth twin 

V2) in FCC phase. Selected area electron diffraction (SAED) pat- 

erns of both phases are presented in Fig. 2 (b) and (c). The twin

elationship between FCC matrix (V1) and growth twin (V2) can be 

onfirmed clearly in Fig. 2 (b). Moreover, additional low-intensity 

uperlattice reflections (red circles) indicate the presence of the 

CC-ordered L1 2 phase within the FCC matrix [ 50 , 64 ]. To further

isplay the characteristics of ordered L1 2 phases, a high-resolution 

ransmission electron microscopy (HRTEM) image ( Fig. 2 (d)) was 

aptured from the FCC phase, and the inset is the corresponding 

ast Fourier transformation (FFT) pattern. The L1 2 particles with a 

iameter of 2–5 nm are distributed densely and highly coherent 

ith the FCC matrix. Fig. 2 (c) is the SAED patterns of BCC-ordered 

2 phase [ 50 , 64 ]. The bright-field TEM image ( Fig. 2 (e)) taken from

he B2 domain indicates that the B2 phase also contains precip- 

tate particles (pointed by yellow arrows), which have a diame- 
foam sample. (a) The CT reconstructed 3D image, inset is the macrograph. (b) The 

 phase map and (d) inverse pole figure (IPF) of syntactic foam matrix. (e) The EDS 
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Table 1 

Chemical composition (at.%) of AlCoCrFeNi 2.1 syntactic foam matrix measured by EDS. 

Phase Al Co Cr Fe Ni 

FCC 11.21 ± 0.36 18.84 ± 0.06 19.45 ± 0.22 19.45 ± 0.36 31.07 ± 0.28 

B2 28.70 ± 0.75 13.29 ± 0.29 9.14 ± 0.20 10.97 ± 0.28 37.92 ± 0.02 

Whole area 17.54 16.76 16.15 16.32 33.24 
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er of 20–40 nm. These precipitates produced additional satellite 

eflections in SAED patterns [64] (marked with yellow arrows in 

ig. 2 (c)). Fig. 2 (f) shows the zoom-in image of these particles, and

he inset is the HRTEM image of the frame area. Literature reports 

 50 , 64 ] suggest that these particles are Cr-rich BCC phases and may

e formed via spinodal decomposition of B2 phase during solidifi- 

ation. 

.2. Compression and energy absorption properties 

The average compressive stress–strain curves (solid) with stan- 

ard deviation band (dashed) of EHEA syntactic foam under quasi- 

tatic and dynamic conditions are shown in Fig. 3 (a). The quasi- 

tatic and dynamic curves were averaged from five and four sets 

f data, respectively. The individual curves are shown in Fig. S2. 

t the strain rate of 10 −3 s −1 , the compressive strength ( σc = σ1% )

nd plateau stress ( σp , average stress in the 20%–40% strain range) 

re 309.0 ± 13.0 MPa and 403.2 ± 26.2 MPa, respectively. The def- 

nitions of σc and σp follow the ISO 13314: 2011 standard [60] . 

he stress plateau ascends with moderate strain hardening in the 

ront part of the curve, and then slightly downwards after a strain 

f 30%–35%. We define the densification strain ( ε d ) of the sam- 

le to be 50% since the sample was severely damaged and almost 
ig. 2. The TEM observations of syntactic foam matrix. (a) The bright-field image of FCC

CC phase and B2 phase, respectively. And the diffraction regions are marked by red circl

marked by yellow circles), and the inset is the FFT pattern. (e) The bright-field image of

lose-up view of BCC precipitates in B2 phase, the inset is the HRTEM image of the red fr

180 
ailed at that time (see the inset macrograph). And the stress at ε d 
s defined as densification strength ( σd ). The sample has a σd of 

89.3 ± 40.5 MPa, slightly lower than σp , suggesting the whole 

lateau is flat and stable within a narrow stress range. At the 

train rate of 20 0 0 s −1 , the compressive strength ( σc ) and plateau

tress ( σp , average stress from 20% strain to the end) increase to 

55.5 ± 28.4 MPa and 617.4 ± 73.3 MPa, respectively. The stress 

lateau is flat before 10% strain and keeps rising until the end, 

howing greater strain hardening. 

To compare the mechanical properties of foam and matrix 

aterial, we present the representative compressive stress–strain 

urves of solid AlCoCrFeNi 2.1 matrix alloy under quasi-static and 

ynamic conditions in Fig. 3 (b). The EHEA matrix shows high 

trength, and its yield strength ( σ0 . 2 ) is 670.2 ± 12.0 MPa and 

59.5 ± 27.3 MPa for quasi-static and dynamic states, respectively. 

t is worth noting that the EHEA matrix fractured in a shear mode 

t a strain of 25–30%, exhibiting moderate ductility and a certain 

egree of brittleness. This feature is helpful to the formation of a 

at stress platform for the MMSF. 

Based on the stress–strain curves, we can further investigate the 

nergy absorption properties. The energy absorption capacity (EAC) 

nd energy absorption efficiency as a function of strains are plot- 

ed in Fig. 3 (c) and (d). The energy absorption per unit volume, 
/B2 lamellae and growth twin (V2) in FCC phase. (b) and (c) the SAED patterns of 

es in (a). (d) The HRTEM image showing the ordered L1 2 precipitates in FCC phase 

 B2 phase, and the BCC precipitates inside are indicated by yellow arrows. (f) The 

ame area. 
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Fig. 3. Mechanical and energy absorption properties. (a) The average engineering stress–strain curves (solid) with standard deviation band (dashed) of syntactic foam under 

quasi-static and dynamic compression. (b) The representative stress–strain curves of solid AlCoCrFeNi 2.1 matrix under quasi-static and dynamic compression. (c) The energy 

absorption capacity and (d) the energy absorption efficiency of syntactic foam as a function of strain under quasi-static and dynamic compression. 
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 , is given by the area under the stress-strain curve and can be

alculated by equation [65] : 

 = 

ε 
∫ 
0 

σ
(
ε ′ 

)
d ε ′ (1) 

Under quasi-static compression up to a densification strain ( ε d ) 
f 50%, W (50%) is 187.0 ± 10.1 MJ/m 

3 . Moreover, considering the 

ensity of the syntactic foam, the energy absorption per unit mass 

 W M 

( 50% ) = W ( 50% ) /ρSF ) is 42.8 ± 2.1 kJ/kg. The EAC under dy-

amic compression is higher than that of quasi-static condition at 

he same strain due to the higher stress level of stress plateau. 

hereas, due to the limitation of the experimental condition, the 

AC up to the complete densification was not obtained. 

Notably, it is incomprehensive to evaluate the energy absorp- 

ion and cushioning performance based on the EAC alone because 

t only gives the amount of the absorbed energy [ 66 , 67 ]. Whereas

he shape of the stress plateau, which is crucial in practical ap- 

lications, cannot be reflected. As a protective material, the load 

ransferred from syntactic foam to the internal objects during the 

mpact should be less than the critical stress for the internal ob- 
Table 2 

Mechanical properties of EHEA syntactic foams. 

Compressive 

strength, σc (MPa) 

Plateau stress, 

σp (MPa) 

Densification 

strength, σd (MPa) 

Densification 

strain, ε d (%) 

Quasi-static 309.0 ± 13.0 403.2 ± 26.2 389.3 ± 40.5 50.0 ± 0.0 

Dynamic 455.5 ± 28.4 617.4 ± 73.3 – –

181 
ects to be destroyed [68] . Under this constraint, to absorb more 

nergy, the stress plateau of the syntactic foam needs to be as 

lose as possible to this critical stress but cannot exceed it. Ide- 

lly, the stress–strain curve is rectangular in shape with the height 

qual to the critical stress. Accordingly, the energy absorption effi- 

iency ( η(ε) ) is defined as the ratio of the energy absorbed by a

eal material to an ideal one [ 66 , 67 , 69 , 70 ]: 

( ε ) = 

∫ ε 0 σ
(
ε ′ 

)
d ε ′ 

σmax ( ε ) ε 
(2) 

here σmax (ε) is the maximum stress on the stress–strain curve 

p to the strain ε. The closer the η(ε) to unity, the more ideal

he energy absorption behavior and the flatter the stress plateau 

f the material. The EHEA syntactic foam has an η(ε) of 0.86–0.91 

nder quasi-static compression in the strain range of 5% to 50%, 

hich is reflected on its flat stress plateau. Under dynamic com- 

ression, η(ε) has a peak value of 0.93 at a strain of ∼10%. Al- 

hough it gradually decreases due to the ascending stress plateau, 

t still has a value over 0.75. The mechanical and energy ab- 
Energy absorption per 

volume, W ( 50% ) (MJ/m 

3 ) 

Energy absorption per 

mass, W M ( 50% ) (kJ/kg) 

Energy absorption 

Efficiency, η(ε) ( ε > 5%) 

187.0 ± 10.1 42.8 ± 2.1 0.86–0.91 

– – 0.75–0.93 
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Fig. 4. Summary of the strength and energy absorption properties of various MMSFs under quasi-static compression. (a) Energy absorption efficiency versus strength (com- 

pressive or peak strength on their definition). (b) Energy absorption efficiency versus energy absorption per mass. The data on energy absorption efficiency are taken from 

the value at the densification strain. Some energy absorption efficiency data not presented in the literature were measured from the stress–strain curves. References: Al alloy 

foams [ 12 , 23 , 65 , 71 , 72 ], Zn alloy foams [ 70 , 73 ], Mg alloy foams [ 18 , 71 ], steel foams [ 14 , 24 ], Ti 3 Sn-NiTi foam [19] , CoCrFeMnNi foam [25] . 
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orption properties of EHEA syntactic foam are listed in Table 2 . 

ig. 4 summarizes the strength, energy absorption capacity and ef- 

ciency of various MMSFs under quasi-static compression. We di- 

ectly compare these properties with those of conventional MMSFs, 

hereby demonstrating the singular combination of high strength 

nd energy absorption performance of AlCoCrFeNi 2.1 syntactic 

oam. 

.3. Deformation mechanism of quasi-static compression 

.3.1. Macroscopic deformation behavior 

Fig. 5 (a1–e1) are CT reconstructed 3D images of EHEA syntactic 

oams interrupted at different deformation strains, while Fig. 5 (a2–

2) are the corresponding section slices. At the early stage of de- 

ormation (10% strain, Fig. 5 (a1) and (a2)), the weak points in the 

oam broke, connected, and formed a deformed layer. At a strain 

f 20% ( Fig. 5 (b1) and (b2)), the stress increases with the rupture 

nd compaction of the weak pores. From the corners of the sample, 
ig. 5. Computed tomography characterizations of deformed syntactic foam samples inte

orresponding section slices. 

182 
racks expanded through a set of aligned pores along the direction 

f the maximum shear stress. Owing to the ductility of the ma- 

rix and the misaligned pores, cracks stopped in the middle rather 

han penetrating through the sample. As the deformation further 

ncreased (30% strain, Fig. 5 (c1) and (c2)), shear cracks appeared at 

ll four corners, and the middle part of the specimen was also frac- 

ured under compression. At this time, the stress plateau reached 

he top ( Fig. 3 (a)). At a higher strain of 40% ( Fig. 5 (d1) and (d2)),

he middle part of the sample was compacted, while the periph- 

ry was continuously extruded sideways, causing large cracks. As 

he load-bearing area decreases, the stress plateau begins to fall 

 Fig. 3 (a)). Finally, when the strain reached 50% ( Fig. 5 (e1) and

e2)), the pores in the middle part were compacted, and the pe- 

ipheral part was also severely squeezed out, accompanied by the 

ragments falling off the matrix. As a result, the sample was nearly 

ensified and could not absorb energy effectively. The SEM images 

f samples interrupted at different deformation strains are shown 

n Fig. S3, which can provide more details. 
rrupted at strains of 10%–50%. (a1–e1) The reconstructed 3D images. (a2–e2) The 
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Fig. 6. The characterizations of a plastically bent strut. (a) The secondary electron morphology. The red frame indicates the position of TEM sample. (b) The TEM bright-field 

image showing the FCC/B2 lamellar microstructure, and the corresponding SAED patterns are shown in (b1) FCC phase and (b2) B2 phase, diffraction regions are marked by 

red circles. (c) The bright-field image of B2 phase shows the interaction between dislocations and Cr-rich BCC precipitate particles (indicated by yellow arrows). 

Fig. 7. The SEM images of shear fractured struts. (a) The secondary electron morphology of shear fractured pores. (b) The high magnification BSE image of the red frame 

area in (a) showing the shear localization in the strut (outlined by yellow dashed lines). The darker phase is B2, and the lighter phase is FCC. The red rectangle marks the 

position for FIB milling to prepare TEM foil. 
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.3.2. Microstructure characterization of deformed struts 

Since the main deformation modes of the matrix are the bend- 

ng and shearing of struts, we carried out detailed characteriza- 

ions to explain the deformation micro-mechanisms. Fig. 6 shows 

he morphology and microstructure of a plastically bent strut. As 

hown in Fig. 6 (b), there is a high density of dislocations in FCC/B2

amellae, suggesting both phases experienced extensive plastic de- 

ormation. However, the deformation is inhomogeneous due to the 

ifferences in hardness and modulus of the two phases [74] . The 

oft FCC phase affords more plastic deformation than the hard B2 

hase and creates strain gradients nearby the FCC/B2 interfaces. To 

ccommodate the inhomogeneous deformation, large amounts of 

eometrically necessary dislocations (GNDs) [75–78] were gener- 

ted, and the darker contrast of the phase interfaces implied their 

xistence. The GNDs can hinder the motion of other mobile dislo- 

ations and hence contribute to the strain hardening of the matrix. 

n addition, the BCC precipitates in B2 phase acted as obstacles to 

he dislocation movement ( Fig. 6 (c)) and resulted in precipitation 

trengthening [50] . However, the L1 2- ordered precipitates in the 

CC phase were not found, which can be confirmed by the absence 

f superlattice patterns ( Fig. 6 (b1)). This indicates the disordering 

f L1 2 phases into FCC during plastic deformation [ 52 , 79 ]. After

aving been passed by several dislocations, the ordered structure 

f L1 2 and antiphase boundaries were destroyed, and the strength- 

ning by ordered precipitates was also exhausted. This is one rea- 

on why the hardening of the material decreases in the later stage 

f deformation. 

The morphology of shear fractured struts is shown in Fig. 7 (a). 

he magnified backscattered electron (BSE) image (red frame re- 

ion in Fig. 7 (a)) is shown in Fig. 7 (b). It is evident that the region
183 
etween two yellow dashed lines experienced severe shear defor- 

ation, and cracks had nucleated at both ends. In addition, the 

riginal irregular B2 phases in this region were elongated to strips, 

nd the lamellar B2 phases nearby also bent along the shear direc- 

ion. To study the microstructural features of this shear localized 

one, we prepared TEM foil samples by FIB milling technique from 

he red frame area in Fig. 7 (b). 

The montage in Fig. 8 (a) shows the TEM bright-field image of 

n elongated B2 phase and surrounding FCC phases in a shear lo- 

alized zone. The microstructure shows complex morphology with 

ne substructures in both phases. In the B2 phase, it can be 

een that the dislocations have rearranged into cell structures and 

volved into several subgrains ( Fig. 8 (c)). The corresponding reflec- 

ion spots shown in Fig. 8 (b) are stretched, suggesting the forma- 

ion of the small-angle boundaries. Compared with the B2 phase, 

he FCC phase underwent severer plastic deformation. As shown in 

ig. 8 (a), FCC grains split into fine equiaxed subgrains and elon- 

ated lath subgrains and could be proved by the SAED pattern 

 Fig. 8 (d)), which shows incomplete rings. Fig. 8 (e) shows a closer 

xamination of these fine subgrains. The interior subgrains were 

eparated by dislocation tangles, and no sharp grain boundaries 

ere found. Considering that the sample deformed under quasi- 

tatic loading, the temperature in the shear localized zone should 

e lower than the recrystallization temperature. Therefore, the de- 

elopment of these fine substructures may be attributed to dy- 

amic recovery. Fig. 8 (f) shows the SAED pattern from the elon- 

ated subgrains area, two sets of patterns can be seen. The pattern 

long [0 0 1] zone axis is stretched (marked by green lines), and 

he pattern along [0 1 1] zone axis shows the reflection pattern of 

wins, suggesting that this area is composed of lath subgrains and 
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Fig. 8. The TEM characterizations of the shear localized zone marked by the red frame in Fig. 7(b). (a) The bright-field image of an elongated B2 phase and surrounding 

FCC phases. Red circles indicate the diffraction regions of (b), (d), and (f). (b) The SAED pattern of B2 phase (the additional diffraction spots marked by red lines belong 

to the adjacent FCC phase). (c) The subgrains in B2 phase (indicated by red arrows). (d) The SAED pattern of fine equiaxed subgrains in FCC phase. (e) The close-up view 

of equiaxed subgrains (indicated by red arrows) within FCC phase. (f) The SAED pattern of elongated subgrains and deformation twins in FCC phase. (g) The bright-field 

morphology of elongated subgrains and twins. (h) The HRTEM image shows the twin and stacking faults (SFs). Inset is the zoom-in image of the red frame area after Fourier 

transform filtering. 
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eformation twins. More detailed images are shown in Fig. 8 (g) 

nd (h). The twins with straight boundaries and the elongated 

aths with high-density dislocations are visible. And the HRTEM 

mage of the deformation twin shows multiple stacking faults be- 

ween the matrix and twin, indicating that the twin boundary is 

everely deformed. These fine subgrains and elongated subgrains 

re typical characteristics in shear localization [80–82] , suggesting 

he material softening under shear deformation. 

.4. Deformation mechanism of dynamic compression 

.4.1. Macroscopic deformation behavior 

Fig. 9 shows the SEM images of MMSF samples interrupted at 

ifferent strains under dynamic compression. Compared with the 

uasi-static condition, the MMSF sample deformed more severely 

nd abruptly under dynamic compression, resulting in a signifi- 

ant temperature rise in the material. This high temperature pro- 

otes thermal softening and makes materials more susceptible 

o shear localization [83] and subsequent failure. Therefore, the 

tress–strain curve is flat with less strain hardening before a strain 

f 10% ( Fig. 3 (a)). Nevertheless, this abrupt deformation rapidly ex- 

austs the plastically bent struts and leads to densification at the 

arly stage. As shown in Fig. 9 (c) and (d), after a strain of 20%,

 tortuous crack penetrated the matrix approximately along the 
184
irection of the maximum shear stress, and there were two sec- 

ndary cracks intersected the main crack. On both sides of the 

ain crack, the pores were shear fractured and compacted to- 

ether, so that the MMSF can withstand greater loads, which made 

he stress plateau start to rise ( Fig. 3 (a)). 

Closer examinations of the deformed samples are shown in 

ig. 9 (e–h). Fig. 9 (e and f) shows the close-up view of a shear-

ractured strut in the deformed layer (red frame area in Fig. 9 (b)). 

bviously, the matrix experienced a large amount of plastic de- 

ormation indicated by the plastically bent lamellar B2 phase (as 

hown in the inset). Fig. 9 (g) shows the morphology of a collapsed 

ore and severely deformed struts. These struts were bent or frac- 

ured, and a shear band can be found in one strut. It is clear that

rregular B2 islands are deformed and stretched within the shear 

and, and the crack nucleated at the end of the shear band and 

ropagated through it ( Fig. 9 (f)). This observation implies that the 

rregular B2 islands could induce the formation of shear bands and 

ubsequent nucleation of cracks. Other representative deformation 

mages are shown in Fig. S4, and the TEM sampling locations are 

arked by red rectangles in Fig. S4(b) and (d). 

.4.2. Microstructure characterization of deformed struts 

Fig. 10 shows the microstructure of a deformed strut. Similar to 

uasi-static compression, there is a high density of dislocations in 
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Fig. 9. The SEM images of deformed syntactic foams under dynamic compression. (a–d) The morphology of deformed samples interrupted at strains of 5%–30%. Deformed 

regions or cracks are outlined by yellow dashed lines. (e) The close-up view of the red frame area in (b). (f) The BSE image of the red frame area in (e). (g) The close-up 

view of the red frame area in (c). (h) The zoom-in image of the red frame area in (g). 
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oth phases ( Fig. 10 (a)). In the FCC lamellae, dislocations formed 

ell structures (pointed by red arrows), and the corresponding 

eflection spots ( Fig. 10 (a1)) are stretched and split, which sug- 

ests that the dislocation cells have evolved into subgrains. Unlike 

uasi-static compression, substantial nano-spaced stacking faults 

an be discerned in the FCC phase ( Fig. 10 (b)). These stacking faults

marked by red and yellow arrows) were activated on two {1 1 

} slip systems and intersected with each other. The HRTEM im- 

ge ( Fig. 10 (c)) shows the enlarged morphology of extensive stack- 

ng fault intersections and Lomer-Cottrell (L-C) locks (indicated 

y red arrows). And the corresponding FFT patterns ( Fig. 10 (c1)) 

xhibit two crossing diffraction fringes (red arrows), suggesting 

he presence of stacking faults on two {1 1 1} planes. The im- 

obile L-C locks are formed by the interaction of two leading 

hockley partials from two dissociated dislocations. They can act 

s strong barriers to the movement of other mobile dislocations, 

hich strengthen the FCC phase and promote the dislocation den- 

ity to accommodate plastic deformation [84–86] . The strengthen- 

ng effect and additional source of strain hardening produced by 

ntersected stacking faults and L-C locks are the important reasons 

or the increase of strength and strain hardening of the syntactic 

oam under dynamic compression. 

The montage in Fig. 11 (a) shows the microstructure of a shear 

and marked in Fig. S4(d). From the center to the boundary, the 

icrostructure in each phase changed with decreasing shear de- 

ormation. For the B2 phase on the left of the shear band center, a 

igh density of dislocations separated the grain into several elon- 

ated subgrains. The magnified image is shown in Fig. 11 (b). It can 

e seen that dislocations aligned on the subgrain boundaries, and 

he slight elongation of SAED patterns along the circumferential di- 

ection reveals the presence of small-angle boundaries in the sub- 

tructure. This indicates that the hard B2 phase deformed severely 

nder shear stress. While the adjacent FCC phase experienced sev- 

rer plastic deformation due to the lower strength and hardness. 

s shown in Fig. 11 (c), grains within the FCC phase have split 

nto several elongated lath subgrains and fine equiaxed recrystal- 

ized grains. The zoom-in image of these subgrains is shown in 

ig. 11 (d). Among equiaxed fine subgrains, some rectangular sub- 

rains can be observed. Compared to those elongated subgrains, 

heir aspect ratios (length/width) are reduced and close to those 

f equiaxed recrystallized grains, which suggests the transition 

rom elongated subgrains to fine recrystallized grains. This transi- 
185 
ion could be delineated by a splitting and breakdown mechanism 

 80 , 87 ]. The large shear stress along the shear direction results in

he splitting of grains and forms elongated subgrains. While the 

onjugated shear stresses break down the elongated subgrains into 

ieces with a reduced aspect ratio. This linkage of the elongated 

nd equiaxed subgrains indicates that the grain refinement in FCC 

id not evolve from typical nucleation and growth of recrystalliza- 

ion but a deformation-induced mechanism, namely the rotational 

ynamic recrystallization [ 83 , 87 ]. 

As it moves away from the shear band center, the deforma- 

ion decreases. The B2 phase on the right of the shear band cen- 

er also has large amounts of dislocations but exhibits no sub- 

rains since the diffraction spots do not reveal the separation of 

eflections. Next to this B2 lamellae, the FCC phase exhibits se- 

ere plastic deformation but less than that on the center. The 

orresponding SAED pattern is stretched and nearly forms a ring 

uggesting that grains have split into multiple fine subgrains. As 

hown in Fig. 11 (e), subgrains with high-density dislocations are 

isible, and the substructure boundaries are blurred, sharp bound- 

ries with high misorientation angle were not formed. In addition, 

 closer examination ( Fig. 11 (f)) shows the existence of deforma- 

ion twins. The twin relationship can be confirmed by the HRTEM 

mage ( Fig. 11 (g)) and FFT pattern (inset). There are also several 

tacking faults between the twins and the matrix. These twins and 

tacking faults may occur in the early stage of deformation and di- 

inish with the increase of deformation by dynamic recrystalliza- 

ion. 

. Discussion 

.1. The origin of high compressive strength 

Compared with other MMSFs ( Fig. 4 ), the present AlCoCrFeNi 2.1 

HEA syntactic foam exhibits an excellent combination of high 

trength and energy absorption performance, which mainly orig- 

nate from the unique FCC/B2 dual-phase eutectic microstructure 

f the AlCoCrFeNi 2.1 alloy matrix. 

A variety of strengthening mechanisms of the AlCoCrFeNi 2.1 ma- 

rix ensure the high strength of the syntactic foam. Firstly, the 

ard and strong B2 phase can act as reinforcement and bear large 

mounts of load transferred from the soft FCC phase, similar to 

he rigid particles in the metal matrix composites [88] . Secondly, 
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Fig. 10. The TEM characterizations of a deformed strut (the rectangular area in Fig. S4(b)). (a) The bright-field image of FCC/B2 lamellae. Red arrows indicate the dislocation 

cells. (a1) The SAED pattern of the region marked with circle in (a). The inset shows the separation of diffraction spots. (b) The magnified bright-field image of FCC phase 

shows intersected stacking faults (SFs) on two {1 1 1} slip planes. (c) The HRTEM image of intersected stacking faults and L-C locks, and the corresponding FFT patterns are 

shown in (c1). 
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he constraint of hard B2 lamellae can strengthen the soft FCC 

amellae [ 53 , 54 ]. During the deformation, the soft FCC lamellae 

ill deform plastically first. However, they cannot deform freely 

wing to the constraint of the surrounding B2 phase. The defor- 

ation incompatibility leads to strain gradients at the interface, 

nd the GNDs are generated and stored in the FCC lamellae con- 

equently ( Fig. 6 (b)). This process produces long-range back stress, 

aking it difficult for dislocations to slip in the FCC lamellae un- 

il the B2 phase yields [54] . Thus, the strength of FCC lamellae 

s elevated. Thirdly, there exist a large number of various inter- 

aces in the matrix, such as grain boundaries, phase interfaces, and 

win boundaries ( Figs. 1 and 2 ). These interfaces are strong barri- 

rs to the movement of dislocations and can strengthen the ma- 

rix by reducing the dislocation mean free path [54] . In addition, 

he L1 2 and Cr-rich BCC precipitate particles in FCC and B2 phases 

lso contribute to the strength by precipitation strengthening 

 50 , 54 ]. 
186 
.2. Deformation mechanisms and energy absorption performance 

The energy absorption performance depends on the shape of 

he stress plateau and is closely related to the deformation mech- 

nisms [ 16 , 89 , 90 ]. According to the results of CT and SEM obser-

ations ( Figs. 5 and S3), the MMSF deformed in a diffuse mode 

 9 , 15 ] rather than fractured abruptly, which means that the dam- 

ges of the sample are dispersive and progressive. At the early de- 

ormation stage, some weak struts start to bend plastically first 

nd then fracture as the deformation increases (Fig. S3(a)). After 

hat, the additional load is partitioned to the adjacent struts, caus- 

ng them to bend and fracture subsequently. As this process con- 

inues, the deformation expands to several layers of pores in the 

iddle of the matrix ( Fig. 5 (a1, a2)). During this period, the strain

ardening of the plastically bent struts was slightly greater than 

he softening effect caused by the fracture. Therefore, the stress 

lateau showed an upward trend. However, if the MMSF always 
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Fig. 11. The TEM characterizations of a shear band marked by a red frame in Fig. S4 (d). (a) The montage of the shear band from the center to its boundary. (b) The bright- 

field image of subgrains inside the B2 phase, inset is the SAED patterns. (c) The bright-field image of the FCC phase near the shear band center. (d) The higher magnification 

morphology of the subgrains in FCC phase. (e) The bright-field image of the FCC phase away from the shear band center. (f) The zoom-in image of (e), showing deformation 

twins in FCC phase. (g) The HRTEM image of deformation twins and stacking faults. Inset is the corresponding FFT pattern. 
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hows a greater strain-hardening effect during the deformation, a 

onotonously rising stress plateau will appear like some ductile 

MSFs [ 14 , 25 ], which will reduce the energy absorption efficiency. 

or AlCoCrFeNi 2.1 syntactic foam, shear failure occurs at the cor- 

ers of the sample at a strain of 20–30% and increases the soften- 

ng effect ( Fig. 5 (c1, c2)). Meanwhile, the proportion of plastically 

ent struts decreases with the development of deformation so that 

he strain-hardening effect becomes weak. Therefore, as the soft- 

ning effect exceeds the hardening effect, the stress plateau begins 

o drop slightly. During the deformation process, the synergistic ef- 

ects of multiple deformation mechanisms (plastic bending, shear 

ocalization, and microcracks) maintain the approximate balance of 

oftening and hardening, thus leading to this long and flat stress 

lateau and avoiding continuous rising stress or large stress oscil- 

ations. 

The microstructural characterizations of deformed struts ex- 

lain the underlying mechanisms of hardening and softening from 
187 
he micro-scale. Due to the differences in mechanical properties 

etween the constituent phases, the deformation is heterogeneous. 

oft FCC phases carry a larger strain than hard B2 phases, and 

train gradients are created nearby the FCC/B2 interfaces. Accord- 

ngly, the GNDs were generated and stored near the phase inter- 

aces to accommodate the heterogeneous deformation between the 

wo phases ( Fig. 6 (b)). They acted as barriers to other mobile dis- 

ocations, causing considerable back stress hardening [ 53 , 54 , 75 ]. As 

he deformation increases, the strain gradients between the two 

hases also make the matrix more susceptible to shear localization 

nd cause softening effects. Previous research in particle-reinforced 

etal matrix composites (MMCp) shows that high strain gradient 

nduced by small rigid particles provides a strong driving force for 

he formation of shear bands [ 91 , 92 ]. In AlCoCrFeNi 2.1 matrix, the

rregular B2 islands play the same role as the rigid particles in 

MCp on the formation of shear localization ( Figs. 7 and 9 (h)). 

owever, due to the buffer of the ductile FCC phase, these shear 
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ocalizations did not rapidly evolve into cracks and caused catas- 

rophic failure. As shown in Figs. 8 and 11 , the FCC grains split into

longated subgrains and dynamically recovered/recrystallized into 

ne equiaxed subgrains. And some deformation twins and stack- 

ng faults were also formed to accommodate large deformation 

nd provide strain hardening. So that the nucleation and propa- 

ation of cracks along the path of the shear band are suppressed. 

n addition, it is worth noting that the transition from ordered L1 2 
recipitates to disordered FCC during the deformation ( Fig. 6 (b1)). 

he ordered L1 2 precipitates that initially existed in the FCC phase 

ould provide precipitation and order strengthening at the early 

eformation stage. As the deformation proceeds, the ordered L1 2 
tructure was destroyed, and the corresponding strengthening was 

xhausted, leading to the softening of the material in the later de- 

ormation stage. However, the disordered FCC phase is more duc- 

ile than the ordered L1 2 phase [ 79 , 93 ]. Therefore, the disordering

s helpful to the resistance to crack nucleation and propagation. 

. Conclusions 

In this study, a new metal matrix syntactic foam fabricated with 

lCoCrFeNi 2.1 eutectic high entropy alloy and alumina cenospheres 

as developed by gas pressure infiltration method and exhibited 

n excellent combination of high strength and energy absorption 

erformance under quasi-static and dynamic compression. We in- 

estigated the macroscopic deformation behavior and microstruc- 

ure evolution to reveal the underlying mechanisms. The main con- 

lusions are summarized as follows: 

1) The syntactic foam has a high compressive strength of 

309.0 ± 13.0 MPa and 455.5 ± 28.4 MPa under quasi-static and 

dynamic compression, respectively. Meanwhile, it has an energy 

absorption capacity of 187.0 ± 10.1 MJ/m 

3 at 50% strain and 

keeps an energy absorption efficiency of 0.86–0.91 during the 

stress plateau under quasi-static compression. 

2) The FCC/B2 lamellar eutectic microstructure of the 

AlCoCrFeNi 2.1 matrix plays an important role in the excel- 

lent performance of the syntactic foam. 

3) The syntactic foam has a variety of deformation mechanisms 

during the failure process, including plastic bending, shear lo- 

calization, and microcracks. Their cooperation maintains the ap- 

proximate balance of hardening and softening so that the en- 

ergy absorption platform is long and flat. 

4) The strain gradients created by the heterogeneity between 

FCC/B2 phases during deformation have twofold effects: pro- 

viding back stress strengthening and inducing shear localization 

and microcracks as the deformation proceeds. 

5) Under dynamic compression, the sample deformed severer and 

more abruptly, leading to densification at the early stage. In 

addition, massive intersected stacking faults and Lomer-Cottrell 

locks formed in the FCC phase provide additional strain harden- 

ing. Therefore, the stress plateau shows more significant strain 

hardening, reducing the energy absorption efficiency. 
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