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a b s t r a c t

Recently, heterogeneous structured materials have attracted considerable attention due to

their excellent mechanical properties. In this work, a heterostructured AleAlN/AleMg

laminated composite was successfully prepared by accumulative roll-bonding (ARB), and

the microstructural evolution and tensile properties both at room temperature and under

liquid nitrogen temperature were investigated systematically. It is found that the distri-

bution of AlN particles in AleAlN layer has been optimized to be more uniform to avoid

sever stress concentration; both the Al matrix grains in the AleAlN and AleMg layers were

refined significantly with the increase of ARB cycles. In addition, the interfaces of AleAlN

and AleMg layers were well bonded and kept straight without any necking or fracture after

ARB process. Compared with the room temperature tensile properties, the cryogenic ten-

sile strength, yield strength and ductility of the AleAlN/AleMg composite under liquid

nitrogen temperature were enhanced simultaneously, which reached to 473.7 MPa,

363.1 MPa and 9.88%, increased by 51.8%, 39.0% and 83.3%, respectively. It is found that the

strain hardening rate under liquid nitrogen temperature was also enhanced significantly. It

is proposed that the hetero-deformation induced (HDI) stress played a crucial role in the

significant enhancement of tensile strength and ductility for the laminated composites.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The advance of science and technology puts forward a variety

of higher performance requirements for service materials.

However, these requirements cannot be readily met at the

same time for materials with single phase or constituent.

Laminated metal composites (LMCs), consisting of two or

more metals, have been developed for their excellent me-

chanical properties, electrochemistry characteristics and

corrosion resistance. Generally, strength and ductility are the

two most important parameters of mechanical properties,

especially for cryogenic structural applications. However, the

two aspects are often exclusive of each other, i.e., a material

may have the mechanical property of either high strength or

good ductility, but rarely are both achieved simultaneously.

Recently, heterogeneous structure design strategy is recog-

nized to provide a feasible solution for increasing the strength

and ductility synchronously [1e7]. Heterogeneous materials

can be defined as a material with dramatic heterogeneity in

strength ormicrostructure in different domains, which can be

referred to as hard domain and soft domain, respectively [8,9].

During tensile deformation of heterogeneous materials,

dislocation slip firstly started in the soft domain to produce

plastic strain while the hard domain remains elastic. The soft

domain needs to deform together with the adjacent hard

domain, so there will be a plastic strain gradient in the soft

domain near the domain interface [10,11]. In this

elasticeplastic deformation stage, geometrically necessary

dislocations (GNDs) will accumulate in the soft domain near

the domain interface, which generates back stress in the soft

domain and forward stress in the hard domain [12]. The back

stress and the forward stress collectively produce the hetero-

deformation induced (HDI) stress strengthening and extra

strain hardening which simultaneously increase the strength

and ductility of the heterogeneous material [13e18].

Recently, particle-reinforced aluminummatrix composites

(PRAMCs) have received extensive attention due to their high

temperature resistance, high specific strength and good wear
Fig. 1 e Diagrammatic illustration of the ac
resistance [19e21]. But there are very limited reports on the

mechanical properties of PRAMCs at cryogenic environment.

Lightweight aluminum alloys also show great potential for

cryogenic applications [22,23]. It is reported that adding Mg to

Al alloys can significantly improves the cryogenic tensile

properties [24]. However, when both ceramic particles and Mg

are added to the same Al matrix, Mg tends to enrich at the

interface between the Al matrix and the reinforcement par-

ticle, andmay result in the formation of harmful brittle phase,

which may cause damage to the mechanical properties of the

PRAMCs [25]. Accumulative roll-bonding (ARB) was firstly

proposed by Saito and has been applied to prepare LMCs

[26e29]. R. Jamaati et al. fabricated the Cu/Al2O3 [30] and Al/

SiC [31] composites by distributing ceramic particles between

metal sheets followed by ARB processing. However, the

bonding between the particle andmatrixwasweak and a large

number of pores were observed at low ARB cycles, which

severely limited the properties of the composites. The matrix

and ceramic particle of PRAMCs prepared by in-situ synthesis

have high bonding strength, and their properties and struc-

tures are significantly different from those of alloys without

particle reinforcement [32e35]. Therefore, rolling bonding in-

situ synthesized PRAMCs and AleMg alloys will effectively

avoid the negative interaction between Mg and ceramic par-

ticles and the weak bonding between the particle and matrix.

To improve the cryogenic mechanical properties of

PRAMCs and provide some useful guidance for their cryogenic

applications, a heterostructured AleAlN/AleMg laminated

composite with a sandwich structure was designed and

fabricated by ARB up to three cycles. The AleAlN nano-

composite prepared by liquidesolid in situ reaction was

selected as one of laminated components, and the laminated

structurewere designed to improve themechanical properties

both at room temperature and cryogenic temperature. The

AleMg platewas sandwiched between two AleAlN plates. The

microstructure evolution and mechanical properties at room

temperature (RT) and liquid nitrogen temperature (LNT) of the

heterostructured AleAlN/AleMg laminated composites after

different ARB cycles were systematically investigated. The
cumulative roll-bonding (ARB) process.

https://doi.org/10.1016/j.jmrt.2022.09.037
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Fig. 2 e SEM micrographs of the AleAlN/AleMg composite after (a) one; (b) two; (c) three cycles.
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deformation mechanism and strengthening mechanism

based on HDI stress were discussed in depth.
2. Experimental

2.1. Fabrication of the laminated composites

The raw materials used in this work are Al-8.2AlN compos-

ites and cast Ale5Mg alloy (all compositions quoted in this

work are in wt.% unless otherwise stated). The as-received

AleAlN composites was fabricated according to the method

reported in previous work [36], used commercial pure Al

powders (99.7%), nitrogen plasmids powders (98.5%) and

active carbon powders (99.0%) supplied by Shandong Al&Mg

Melt Technology Co. Ltd. (Jinan, China) as raw material. The

mass fraction of AlN was 8.2% and an extrusion ratio of

9:1 at 500 �C was selected. The AleMg ingot was treated at

380 �C for 2 h in a resistance furnace and then quenched in

cold water.

The AleAlN specimen and AleMg ingot were cut into

sheets with sizes of 50 � 20 � 1.5 mm3 and 50 � 20 � 2 mm3,

respectively, and then the AleAlN and AleMg sheets were

subjected to the ARB process. The schematic diagram of ARB

process is shown in Fig. 1. The contact surface was degreased

and decontaminated by acetone, wire brushed to provide a

rough surface, and then the AleMg sheet was sandwiched

between two AleAlN sheets and the four corners were fixed

with wire to achieve a good bonding between the sheets. The
Fig. 3 e SEM micrograph and the EDS line-scanning analysis of

two; (c) three cycles.
stacked sheets were preheated in a resistance furnace at

450 �C for 10 min and then rolled for 50% reduction in thick-

ness without lubricant. Then the roll-bonded composite

sheets were cut in half and stacked to their original thickness.

The stacked sheets were preheated again at 450 �C and rolled

with the same reduction, and then the same procedure was

repeated up to three cycles.

2.2. Microstructure characterization and mechanical
properties testing

The microstructures of the ARB processed specimens were

characterized by a field emission scanning electron micro-

scope (FESEM, Quanta 250F, FEI, Hillsboro, OR, USA) equipped

with an energy dispersive spectroscopy (EDS, Oxford In-

struments, Oxford, UK), electron back-scattered diffraction

(EBSD, Zeiss, Jena, Thuringia, DE) and a transmission electron

microscope (TEM, FEI, Hillsboro, USA). The samples for

microstructure observation were etched with 0.5 vol.% hy-

drofluoric acid after mechanical polishing. The EBSD data was

analyzed using the Channel 5 software.

The Vickers hardness test was carried out for fifteen times

for the AleAlN layer and AleMg layer of the laminated com-

posites after different ARB cycles, respectively, on the rolling

direction (RD)-normal direction (ND) plane using HMV-G 21DT

at the load of 980.7mNand held for 15 s. The tensile properties

were determined using Walter þ bai LFM 20 kN universal

testingmachine for uniaxial tensile testing at RT and LNTwith

the strain rate of 3� 10�3 s�1. The gauge size of the tensile test
the interface of AleAlN/AleMg composite after (a) one; (b)

https://doi.org/10.1016/j.jmrt.2022.09.037
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Fig. 4 e Particle distributions in AleAlN layer after (a) one; (b) two; (c) three ARB cycles.
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specimen was 10 mm in length and 2.5 mm in width, and the

loading direction was parallel to the RD of the sheet.
3. Results

3.1. Microstructure characterization of AleAlN/AleMg
laminated composite

Fig. 2 shows the microstructure of the AleAlN/AleMg

composite on RD-ND plane after different ARB cycles. The

interface between AleAlN and AleMg layers was kept

straight (indicated by the yellow arrow) during the whole

rolling process and no obvious cracks were observed

(Fig. 2aec), indicating that the deformation of AleAlN and

AleMg layers was coordinated and a tight bonding between

layers was achieved. Generally, the similar plastic flow

behavior contributes to a good bonding between different
Fig. 5 e EBSD maps showing the matrix grain structure in AleA

composite before and after different ARB cycles: (a, e) as-receive
sheets [37,38]. Therefore, it is supposed that the similar flow

behavior of Al matrix and AleMg alloy resulted in a good

metallurgical bonding at the interface during the ARB pro-

cess. Moreover, the stacked sheet was preheated at 450 �C
before rolling, which further improved its deformation

ability and promoted a good deformation coordination of

each layer.

To investigate the interface bonding quality of the com-

posite, EDS line-scanning analysis were carried out. Fig. 3

shows the line-scanning spectrum of magnesium element

across the interface between the AleAlN and AleMg layers

after different ARB cycles. As shown in Fig. 3aec, a gradient

distribution of elemental Mg was formed at the interface,

indicating that Mg atoms in the AleMg layer diffused into the

adjacent AleAlN layer and then promoting the interlayer

combination. Thus, it can prove that a tight metallurgical

bonding between the AleAlN and AleMg layers has been

achieved through the atomic interdiffusion.
lN layer (aed) and AleMg layer (eeh) in the AleAlN/AleMg

d; (b, f) one; (c, g) two; (d, h) three cycles.

https://doi.org/10.1016/j.jmrt.2022.09.037
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Fig. 6 e Typical TEM observation of the microstructure of the AleAlN/AleMg composite after three ARB cycles: (a, b) AleAlN

layer; (c, d) AleMg layer.
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It is expected that the rolling deformation can also influ-

ence the particle distribution in AleAlN layer. Fig. 4 shows the

AlN particle distribution in the AleAlN layer. It can be seen

that the AlN particle distributed inhomogeneously in the Al
Fig. 7 e Microhardness of the AleAlN/AleMg composite

before and after different ARB cycles.
matrix and particle-free zones can be observed clearly after

the first and second cycles (Fig. 4a and b). In addition, the size

of particle-free zones was reduced and AlN particles became

more uniformly distributed along the RD direction after three

cycles. Therefore, the ARB process has promoted a more

uniformdistribution of AlN particles in the Almatrix along the

rolling direction.

In order to evaluate the grain structure of aluminum ma-

trix in the AleAlN and AleMg layers after ARB processing, the

EBSD maps of these samples on the RD-ND planes are shown

in Fig. 5, respectively. As shown in Fig. 5a, most are elongated

grains in the as-received AleAlN layer and some equiaxed

grains can also be seen, the average grain size is approxi-

mately ~1.88 mm. It is apparently that the Al grains were

gradually refined to be equiaxed after the ARB processing, the

average grain size was reduced to ~1.08 mmand ~0.99 mmafter

the first and second cycle (Fig. 5b and c), respectively. How-

ever, the average grain size was increased slightly to ~1.33 mm

after the third cycle (Fig. 5d), which may be due to the accu-

mulation of large strain within the material and the internal

annealing during the ARB process promoting the recrystalli-

zation and grain growth occurred. Compared with the matrix

grains in AleAlN layer, the grains in the as-cast AleMg larger

are much coarser. As shown in Fig. 5e, the as-received AleMg

layer consists of coarse equiaxed Al grains with an average

https://doi.org/10.1016/j.jmrt.2022.09.037
https://doi.org/10.1016/j.jmrt.2022.09.037


Fig. 8 e Engineering stressestrain curves of the AleAlN/AleMg composite before and after ARB processing were tested at (a)

RT and (b) LNT.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 2 1 : 5 3 2e5 4 5 537
size of ~220 mm. After rolling deformation during the ARB

processing, the Al grains were gradually elongated along RD

and refined significantly as shown in Fig. 5feh. Especially, the

average elongated grain width was reduced to ~2.19 mm after

three cycles, indicating that the matrix Al grains in the AleMg

layer were also significantly refined after the large deforma-

tion strains.

In order to characterize the microstructure of the lami-

nated composite at a higher magnification, TEM analysis was

carried out to observe the distribution of particles and dislo-

cations in the matrix after three ARB cycles. Fig. 6 shows the

TEM images of the laminated composite after three cycles. As

shown in Fig. 6a and b, the AlN particle (indicated by the

yellow arrow) was mainly located at the grain boundaries

(indicated by the red arrow) and there were a few aggregation

areas inside the grains. Moreover, it can be observed that

dislocations (indicated by the blue arrow) were tangled and

accumulated in grains due to the pinning effect of AlN parti-

cles. As shown in Fig. 6c and d, the matrix grains of the AleMg

layer were strip-shaped after three cycles, indicating that the

continuously accumulated strain significantly changed the

grain morphology. Meanwhile, a large number of dislocation

walls and dislocation cells were also formed inside the grain

as indicated by the blue arrow.

3.2. Mechanical properties of AleAlN/AleMg laminated
composite

Themicrohardness of the composite after different ARB cycles

was shown in Fig. 7. Themicrohardness of AleAlN and AleMg
Table 1 e Tensile properties of the laminated composite
after different ARB cycles at RT.

Samples YS/MPa UTS/MPa UE/% EL/%

RT-1c 261.3 312.1 5.39 10.18

RT-2c 268.1 321.5 4.78 8.46

RT-3c 269.8 321.0 3.84 8.34

RT-Al-AlN 212.7 273.7 7.63 13.82

RT-Al-Mg 75.2 199.9 12.29 12.41
layers of the composite increased gradually with the increase

of ARB cycles, and the microhardness value increased the

most after the first cycle. The microhardness of AleAlN and

AleMg layers increased from 76.0 HV to 86.6 HV and 84.6 HV to

104.6 HV after the first ARB cycle, which increased by ~13%

and ~23.6% compared with the original samples, respectively.

Because the Al matrix grains in the as-cast AleMg were very

coarse, thus the grain refinement effect was more obvious,

and the dislocation generation and accumulation ability were

stronger than those in the AleAlN layer during ARB process-

ing. Therefore, the increase of themicrohardness value for the

AleMg layer was higher than that of the AleAlN layer after the

first cycle. The increment of microhardness values decreases

gradually in the following cycles, and the microhardness of

AleAlN and AleMg layers were increased to 91.3 HV and 106.7

HV after three ARB cycles, respectively. After the first cycle,

the grain size was greatly reduced and a large number of

dislocations were also generated, which contributed to a sig-

nificant strength and hardness enhancement. Then the grain

refinement rate and the dislocation accumulation capacity

decreased with the further increase of ARB cycles, resulting in

the reduction of work hardening. Therefore, the microhard-

ness increment of the composites gradually decreased with

the increased ARB cycles.

Fig. 8 shows the engineering stressestrain curves of the

laminated composite tested at RT and LNT after different ARB

cycles, and the details are given in Table 1 and Table 2. The RT

ultimate tensile strength (UTS) and yield strength (YS) of the

composite increased to ~ 312.1 MPa and ~261.3 MPa after the
Table 2 e Tensile properties of the laminated composite
after different ARB cycles at LNT.

Samples YS/MPa UTS/MPa UE/% EL/%

LNT-1c 363.1 473.7 9.88 10.19

LNT-2c 371.5 487.1 5.39 5.56

LNT-3c 370.7 478.6 12.10 13.73

LNT-Al-AlN 278.3 439.5 11.03 12.19

LNT-Al-Mg 119.1 328.9 26.68 27.55
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Fig. 9 e The RT tensile fracture surfaces of the laminated composite after ARB processing at lower magnification: (a) one; (b)

two; (c) three cycles.
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first ARB cycle, and maintained a good elongation to failure

(EL) of ~10.18%. According to the role of the mixture:

sROM ¼V1sAl�AlN þ V2sAl�Mg (1)

where sAl-AlN and sAl-Mg are UTS of as-received AleAlN and as-

cast AleMg sheets, respectively. V1 and V2 are the corre-

sponding volume fractions, which are 0.6 and 0.4 for the

composite after the first ARB cycle. sROM is calculated to be

about 244.2 MPa. The UTS of the composite after the first cycle

was ~473.7 MPa at LNT and the corresponding sROM is calcu-

lated to be about 395.3 MPa. Thus, it can be seen that the ob-

tained UTS values of the composite after the first cycle both at

RT and LNT is much higher than the calculated values ac-

cording to the rule of mixture, indicating that the additional

strengthening effect of the composite has been obtained by
Fig. 10 e The RT tensile fracture surfaces of AleAlN layer (aed) a

magnification: (a, e) as-received; (b, f) one; (c, g) two; (d, h) three
the heterogeneous laminated structure. A significant advan-

tage of the heterogeneous laminated structure in terms of

mechanical strengthening was shown. In addition, the tensile

strength of the composites was increased with the increase of

ARB cycles. Tables 1 and 2 show the statistics of UTS, YS,

uniform elongation (UE) and EL of the composite after

different ARB cycles. After the second ARB cycle, UTS and YS

were further increased to ~321.5 MPa and ~268.1 MPa. How-

ever, after three ARB cycles, there was almost no change in

strength and ductility compared to that after the second cycle.

Thismay be due to the dynamic recovery and recrystallization

that occurs during hot rolling, resulting in softening of the

composite and thus offsetting thework hardening. The tensile

strength and ductility measured at LNT showed the same

trend as RT, and had higher strength and ductility
nd AleMg layer (eeh) in the laminated composite at higher

cycles.
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Fig. 11 e The LNT tensile fracture surfaces of the composite (a, d and g), AleAlN layer (b, e and h) and AleMg layer (c, f and i):

(aec) one; (def) two; (gei) three cycles.
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combination compared with those obtained at RT. The UTS

and EL of the composite after three ARB cycles were

~478.6 MPa and 13.73% at LNT, showing a superior strength

and ductility synergy.

3.3. Tensile fracture surfaces of AleAlN/AleMg
laminated composite

In order to reveal the fracture mechanism and interface

bonding strength, the tensile fracture surfaces of the different

samples were analyzed. Fig. 9 shows the RT tensile fracture

morphologies of the composites after different ARB cycles at

lower magnification. As shown in Fig. 9a, it can be seen that

discontinuous cracks distributed at the interface on the frac-

ture surface for the composite after the first ARB cycle. This is

due to the low bonding strength at the early stage of ARB and
the difference in plastic deformation behaviors of AleAlN and

AleMg resulting in interlayer cracking. It is interesting to note

that no obvious crack was found at the interfaces throughout

the whole surface after the second and third ARB cycle (Fig. 9b

and c), indicating that the bonding strength and synergistic

deformation ability of the composite interlayer were

improved significantly after the multiple-steps rolling pro-

cess. It is considered that the improvement of bonding quality

was mainly attributed to the enhanced bonding strength due

to the accumulation of plastic strain, and also the atomic

interdiffusion at the interface promoted the metallurgical

bonding between the layers as proved in Fig. 3.

Fig. 10 shows the RT tensile fracture morphologies at

higher magnification after different ARB cycles. Generally, it

can be seen lots of dimples with a large and deep size on the

fracture surfaces for both the as-received AleAlN and AleMg

https://doi.org/10.1016/j.jmrt.2022.09.037
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Fig. 12 e Recrystallized distribution illustrations (fully recrystallized grains are shown in blue, substructure grains in yellow,

and severely deformed grains in red) of (aed) AleAlN layer and (eeh) AleMg layer in the laminated composite before and

after ARB processing: (a, e) as-received; (b, f) one; (c, g) two; (d, h) three cycles.
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(Fig. 10a and e), which are the typical ductile fracture char-

acteristics. It is apparently that both the dimple size and depth

are reduced significantly after the first ARB process (Fig. 10b

and f). This is due to the matrix grains were refinement

significantly and thus the work hardening rate has been

reducedwhich caused the limited growth of the dimples.With

increasing ARB cycle, there are no much variations on the

dimple morphology and size for both the AleAlN layer

(Fig. 10c and d) and AleMg layer (Fig. 10g and h).

In order to investigate the tensile fracture behavior of the

composite at cryogenic, the LNT tensile fracture surfaces of
Fig. 13 e Recrystallization statistics of (a) AleAlN layer and (b) Al

processing.
the composites were characterized. As shown in Fig. 11a,

d and g, the tensile fracture morphologies of composites at

lower magnification shows the same trend as that of RT

tensile. It can be seen that there is a obvious crack distrib-

uted at the interface on the fracture surface for the com-

posite after one ARB cycle, and the crack size reduced with

the increase of ARB cycles. This indicates that the bonding

strength and the synergistic deformation ability of the

composite interlayer were improved after multiple roll

bonding. At a higher magnification (Fig. 11b, e and h), a lot of

small dimples (indicated by the yellow arrow) and a few
eMg layer in the laminated composite before and after ARB
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Fig. 14 e (a) True stressestrain curves of the AleAlN/AleMg composite before and after ARB processing were tested at RT

and LNT; (b) the corresponding strain hardening rate curves of ARB processed samples; (c) representative curve of the strain

hardening curve and schematic of GNDs piling up.
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large holes (indicated by the blue arrow) can be observed on

the fracture surface of the AleAlN layer. The formation of

large holes may be due to the massive accumulation of

dislocations around the AlN particle-rich zone at low tem-

peratures and then crack initiated at the interface, which led

to the debonding of the matrix and particles during the

tensile deformation. It was shown that the distribution of

AlN particles was gradually uniform with the increase of ARB

cycles and then the number of large holes also decreased. As

shown in Fig. 11c, there are rock candy patterns on the

fracture surface of the AleMg layer (indicated by the red

arrow) after the first ARB cycle, which are the typical inter-

granular fracture feature characteristics. Moreover, many

dimples can be observed on the fracture surface, thus the

AleMg layer is intergranular dimple fracture after the first
ARB cycle. After two and three ARB cycles, a lot of dimples

were observed on the fracture surface without obvious

intergranular fracture, which were the typical ductile frac-

ture characteristics. The transformation of the fracture form

is due to grain refinement caused by the accumulation of

plastic strain.
4. Discussion

4.1. Deformation and recrystallization in AleMg/
AleAlN laminated composites

The reasons for the different grain morphology changes of

AleAlN layer and AleMg layer after ARB processing were

https://doi.org/10.1016/j.jmrt.2022.09.037
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Fig. 15 e (a) LUR stressestrain curves of AleAlN/AleMg composites with different cycles; (b) the 3rd measured hysteresis

loop with su and sr defined; (c) HDI stress and (d) effective mechanical stress varies with applied strain of AleAlN/AleMg

composites after different ARB cycles.
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analyzed by statistical distribution of recrystallized grains in

composites after different cycles. As shown in Fig. 12a, most

are deformed grains in the microstructure of the as-received

AleAlN after extrusion deformation. After ARB processing,

the AleAlN layer was mainly composed of deformed grains

and substructure grains, and the proportion of recrystallized

grains gradually increasing to 24% after three cycles

(Fig. 12bed and Fig. 13a). During ARB processing, the contin-

uous strain applied to the composite leads to a large number

of dislocations within the grains of the Al matrix. The dislo-

cations evolved and entangled with each other with the

increasing strain, forming dislocation cells or dislocation

walls and then further formed substructures, resulting in a

high proportion of deformed grains and substructure grains in

the AleAlN layer. The interaction between AlN particles and

dislocations further intensified the accumulation of disloca-

tions in the matrix. When the strain was large enough, the

grains undergo dynamic recovery and recrystallization during

the roll bonding process. In addition, the intermediate pre-

heating process before each rolling can also promote recrys-

tallization to some extent. Both of the two effects lead to the

increase ofmatrix grain size after the third ARB processing. As

shown in Fig. 12feh and Fig. 13b, the AleMg layer was mainly

composed of deformed grains with a proportion of about 98%

after ARB processing. Due to the coarse grains in the as-cast

AleMg sample, their deformation ability and the ability to

generate and accommodate dislocations were better than

those in the AleAlN layer during the ARB deformation pro-

cess, thus a large number of deformed grains were generated

without recrystallization.
4.2. HDI strengthening effect in AleAlN/AleMg
laminated composites

Traditionally, grain refinement can significantly increase the

strength of alloys, but this is usually accompanied by the

sacrifice of ductility. Tensile tests showed that the strength of

the AleAlN/AleMg composites increased significantly and the

ductility was hardly decreased with the increase of ARB cy-

cles. The true stressestrain curves and strain hardening rate

curves of the laminated composite tested at RT and LNT after

different ARB cycles are shown in Fig. 14a and b. The strain

hardening rate is increased for all samples in the LNT tensile

test compared to that in the RT tensile test, resulting in a

significant increase in the ductility of the composite. It is

found that there are two stages on the strain hardening curves

of the heterostructured AleMg/AleAlN laminated composite

where the strain hardening rate hardly decreases or even in-

creases (Fig. 14b), which is different from the strain hardening

rate curve of traditional alloys.

Fig. 14c shows a representative curve of the strain hard-

ening curve, including two distinct rising stages. The defor-

mation process of the composites can be analyzed as

following. Upon tensile loading, the soft AleMg layer yields

firstly but could not deform freely due to the deformation

constraint caused by the AleAlN layer. In this elasticeplastic

deformation stage, GNDs will be generated and accumulated

at AleAlN/AleMg interface, resulting in long-range back

stress in AleMg grains. The back stress is directional and can

counteract some applied shear stress. Therefore, this leads to

AleMg layer exhibiting higher strength, which significantly
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enhances the yield strength of the AleAlN/AleMg composites

[1]. The accumulation of GNDs at the interface will also exert

forward stress on the grains in AleAlN layer, which promoted

their plastic deformation. When the tensile stress was further

increased, the AleAlN and AleMg layers co-deformed plasti-

cally and the soft AleMg grains underwent higher plastic

strain, resulting in a strain gradient near the hetero-interface.

That is to say, the strain gradient needs to be sustained by

GNDs, resulting in the back stress in AleMg grains and the

forward stress in AleAlN grains, which collectively produce a

hetero-deformation induced hardening at the stage I. More-

over, the difference in strength between the AleAlN and

AleMg layers at LNT is larger than that at RT, more GNDs can

be accumulated at the interface and thus larger back stresses

can be generated. Therefore, the stage I of the strain hardening

curve measured at LNT has a more significant rise. For the

stage II, the AleAlN layer can be divided into hard and soft

zones due to the non-uniform distribution of AlN particles in

the Al matrix. During the tensile deformation, GNDs accu-

mulated in the soft zone of the AleAlN layer and generated

back stress and forward stress, which leads to the rise of the

stage II of the strain hardening curve. As the number of ARB

cycles increases, the AlN particles were gradually distributed

uniformly in the Al matrix, and thus the HDI hardening de-

creases and the strain hardening rate curve rise gradually

decreases. In other words, it is the hetero-deformation that

leads to the development of back stress and forward stress,

which collectively produce the strengthening and extra work

hardening [39].

Actually, the contribution of HDI stress to strength can be

measured by Loading-Unloading-Reloading (LUR) testing.

Fig. 15a shows the LUR test hysteresis loops measured at

varying tensile strains after two and three ARB cycles. The HDI

stress (sHDI) and effective mechanical stress (seff) at different

tensile strains can be calculated by Equations (2) and (3):

sHDI ¼sr þ su

2
(2)

seff ¼st � sHDI (3)

where the sr and su are the reloading yield stress and

unloading yield stress (as indicated in Fig. 15b), the st is the

true stress. As shown in Fig. 15c, the HDI stress increasedwith

strain, which is due to the enhanced accumulation of GNDs at

the hetero-interface during the tensile test. Moreover, the

effective mechanical stress of the sample was almost un-

changed after the second and third ARB cycles (Fig. 15d), but

the HDI stress was higher due to the fact that more hetero-

geneous interfaces could accumulate more GNDs during the

tensile deformation, which contribute to the higher strength

after three ARB cycles.
5. Conclusions

In this work, a heterostructured AleAlN/AleMg laminated

composite was successfully fabricated by ARB processing to

improve the combination of tensile strength and ductility

synergistically. The microstructure, mechanical properties

and HDI stress strengthening mechanism of the laminated
composites were investigated. The conclusions can be sum-

marized as follows:

(1) The interfaces in the AleAlN/AleMg laminated com-

posites were well bonded and remained straight up to

three ARB cycles. The bonding quality of the laminated

interface was improved significantly based on the

atomic interdiffusion with the increase of ARB cycles.

(2) The Al matrix grains in the AleAlN/AleMg laminated

composites were refined significantly, especially the

average grain size in AleMg layer decreased from lager

than 220 mmto smaller than 2.19 mm.While the Al grains

in the AleAlN composite were refined to the ultrafine

grain regime firstly during the first two cycles and

increased slight to 1.33 mm after the third cycle due to

recrystallization. Meanwhile, the distribution of AlN

particles becomes more uniform and more dislocations

entangled and accumulated around the particles after

the ARB processing.

(3) The microhardness and tensile strength of the com-

posites increased significantly after ARB processing

without obvious sacrifice of ductility. The microhard-

ness of AleAlN and AleMg layers increased to 91.3 HV

and 106.7 HV after three ARB cycles, respectively.

Compared with the room temperature tensile proper-

ties, the cryogenic UTS, YS and UE of the AleAlN/AleMg

composite under liquid nitrogen temperature were

reached to 473.7 MPa, 363.1MPa and 9.88%, increased by

51.8%, 39.0% and 83.3%, respectively. The strain hard-

ening rate at liquid nitrogen temperatures was also

significantly improved.

(4) It is revealed that the HDI stress contributed signifi-

cantly to the strain hardening and strength increase of

the composites because of the accumulation of GNDs at

the hetero-interfaces. Due to the accumulation of GNDs

between the AleAlN and AleMg layers and between the

AlN particle-rich and particle-free zones in the AleAlN

layer, there are two distinct strengthening stages in

the strain hardening curve of the composite. In addi-

tion, the HDI stress strengthening was also enhanced

with the increase of ARB cycles due to the fact thatmore

heterogeneous interfaces are benefit to the accumula-

tion of more GNDs during the deformation.
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