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ABSTRACT

Ti3AlC2 reinforced 2009Al (Ti3AlC2/2009Al) composites with various Ti3AlC2

concentrations were fabricated by high energy ball milling combined with

powder metallurgy. Microstructure, phases and mechanical properties of Ti3-
AlC2/2009Al composites were investigated. The results indicate that, only a few

and fine reaction product of AlTi2 could be detected, indicating that the interface

reaction was effectively controlled. Ti3AlC2 extraction and delamination effec-

tively facilitated the compatible deformation between Ti3AlC2 and Al matrix. All

of these resulted in a much higher strength (688 MPa) and elongation (8.6%) of

the Ti3AlC2/2009Al composite, as compared with most of the nanoreinforced

aluminum matrix composites.

Introduction

Aluminum matrix composites (AMCs) have drawn

much attention in the fields of aerospace and auto-

motive industries, due to their high specific strength,

high specific modulus and wear resistance [1–3]. In

general, the reinforcement, such as SiC [4–6], B4C [7],

Al2O3 [8] or TiB2 [9], could significantly improve the

strength and modulus of the AMCs. But the poor

compatible deformation capability between the rein-

forcement and aluminum matrix dramatically

reduced the elongation of the composites, which

restricted the application field.

One of the most effective techniques for enhancing

the strength–ductility was to introduce ductile phase,

which could effectively bridge the crack in the wake

of growing crack [10, 11]. Recently, a kind of novel

MAX ceramic has received significant attention

because of their special performance. This ternary

Handling Editor: Naiqin Zhao.

Address correspondence to E-mail: zyliu@imr.ac.cn; blxiao@imr.ac.cn

https://doi.org/10.1007/s10853-023-08185-0

J Mater Sci (2023) 58:2570–2580

Composites & nanocomposites

http://orcid.org/0000-0003-0970-7814
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-023-08185-0&amp;domain=pdf


layered compound with hexagonal structure, has the

general formula of Mn?1AXn (n = 1, 2, 3), where M is

a transition metal, A is an A-group element, and X is

carbon and/or nitrogen [12–14]. In the layered

hexagonal crystal structure, the near close-packed

layers of M interleaves with layers of pure A-group

elements, which make it combine the merits of both

metals and ceramics [15].

The unique deformation of MAX ceramic in terms

of delamination and the formation of kinking band

could also effectively facilitate the compatible defor-

mation between the reinforcement and metal matrix

[15, 16]. This indicated that the AMCs reinforced with

MAX ceramic could achieve high strength and duc-

tility in theory, comparing with those reinforced by

traditional ceramics. However, in most of the previ-

ous investigations [15, 16], the majority of MAX

ceramics were of several tens of micrometer sized

and particle contents were fairly high in MAX cera-

mic reinforced AMCs. This would increase the

number of weak layers between A and Mn?1Xn in

MAX ceramics, and the strength of MAX ceramic

reinforced AMCs was weakened. Thus, most of the

previous studies [13, 14, 17–19] could only focus on

the compressive and tribological properties of MAX

ceramic reinforced AMCs, while the tensile proper-

ties have not been reported so far.

Generally, the tensile strength of the AMCs rein-

forced by particles would increase with reducing the

particle size [20]. It is possible to obtain higher

strength by reducing the number of interlayers in

single MAX particle, for the weak bonding force

between the layer of A and Mn?1Xn, just like gra-

phene [21, 22]. Recently, high energy ball milling

(HEBM) has been widely used to fabricate nanoma-

terials reinforced MMCs by the high shearing stress

generated locally due to the severe collision and

friction among balls [1, 23–26]. So, it is likely to obtain

the MAX particles with less weak interlayer by

HEBM, and led to enhanced properties of the AMCs

reinforced by MAX.

But the interfacial contact area would increase and

the interfacial reaction aggravated as well due to the

refinement of MAX particles [13, 18]. Varying reac-

tion products such as Al3Ti, TiAl2, TiC and Al4C3

et al. generated under different fabrication tempera-

ture and had a great influence on the compressive

strength of MAX/Al composites as reported by pre-

vious studies [12, 13, 19, 27–29]. Under the circum-

stances, the interface structure characteristic, such as

the variety, distribution state, overall dimensions,

amount and size of the in- situ phases needed to be

strictly controlled. This would significantly compli-

cate the design and fabrication of MAX/Al compos-

ites. Therefore, developing the MAX/Al composites

with clean interface was necessary. So far, reducing

temperature was the most efficient way to inhibit the

interface reaction [17, 19, 30–32]. In general, powder

metallurgy (PM) method had a much lower temper-

ature, as compared with liquid methods, such as stir

casting or infiltration. Thus, PM could be an effect

process for fabricating MAX/Al composites.

In this study, Ti3AlC2 was chosen as the typical

MAX ceramic, and the Ti3AlC2 reinforced Al–4.5 Cu–

1.5 Mg composites (Ti3AlC2/2009Al) were fabricated

through HEBM combined with PM method.

Microstructure and mechanical properties of Ti3-
AlC2/2009Al composites with varying Ti3AlC2 con-

centrations were compared. The aim of this present

work was to (a) understand the microstructure of

Ti3AlC2/2009Al composites; (b) develop the Ti3-
AlC2/2009Al composites with high strength and

ductility.

Experimental

Fabrication and mechanical property tests
of Ti3AlC2/2009Al composites

The raw material of Ti3AlC2 powders (Fig. 1a) had an

average size of * 38 lm, and the magnified SEM

images (Fig. 1b) revealed that the Ti3AlC2 particle

had an obvious multiple-layer structure. The Ti3-
AlC2/2009Al composites were prepared through

HEBM combined with PM method, and the prepa-

ration process flow is shown in Fig. 2. Firstly, the

Ti3AlC2 with various volume fractions (1.5, 2.25,

3 vol.%) were milled with 2009Al powders, respec-

tively, in an attritor for 6 h, and conducted at a

rotational speed of 400 RPM with a ball powder ratio

of 15:1. Secondly, the milled Ti3AlC2/2009Al pow-

ders were cold compacted into a cylinder die and

degassed. The cold compacted billets were hot pres-

sed at 540 �C for 1.5 h. Then, the as-hot pressed bil-

lets were hot extruded at 450 �C with an extrusion

ratio of 16:1. Finally, the Ti3AlC2/2009Al composites

were solid-solution-treated at 500 �C for 2 h, quen-

ched into water at room temperature, and then aged

at room temperature for at least 4 days (i.e., T4
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treatment). For comparison, 2009Al alloy was also

fabricated under the same conditions.

The dog-bone-shaped tensile specimens with

nominal dimensions of 2 9 4 9 12 mm were

machined from the extruded bars, which kept the

tensile axis paralleling to the extrusion direction. The

tensile tests were conducted at a strain rate of

1 9 10-3 s-1 on an Instron 5982 universal testing

machine, and at least 3 tensile specimens were tested

for each composite.

Characterization of the microstructure

The specimens for microstructural examinations

were sectioned along the extrusion direction. The

phase constituents of the composites were deter-

mined by X-ray diffraction (XRD, X’Pert PRO, Hol-

land). Transmission electron microscope (TEM,

Tecnai G2 20) with scanning transmission electron

microscopy (STEM), energy dispersive spectrometer

(EDS), selected area electron diffraction (SAED) and

high resolution transmission electron microscopy

(HRTEM) at 200 kV was used to examine the phase

and detailed microstructure of Ti3AlC2/2009Al

composites. Scanning electron microscopy (SEM,

Figure 1 SEM images showing the morphology of the raw Ti3AlC2 powders.

Figure 2 Schematic illustration for the fabrication route of the Ti3AlC2/2009Al composites.
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Inspect F50) with EDS was used to characterize the

phases and fracture surfaces of Ti3AlC2/2009Al

composites.

Results and discussions

Microstructure and phase analysis

Figure 3 shows the XRD patterns of the raw Ti3AlC2

and Ti3AlC2/2009Al composites with different Ti3-
AlC2 concentrations. It can be clearly seen that only

Ti3AlC2 (Hexagonal, P63/mmc, a = 3.069 Å,

c = 18.501 Å) peaks were observed for the raw Ti3-
AlC2, and no other impurities such as TiC or TixAly
intermetallic were observed [13, 17]. Ti3AlC2, CuAl2
and Al were the dominated phases in Ti3AlC2/

2009Al composites, which indicated that the reaction

products were effectively controlled. Further, the

Al4C3 phase was also observed in all Ti3AlC2/2009Al

composites, but the intensity of Al4C3 peak did not

increase with increasing the Ti3AlC2 concentrations.

This result indicated that the Al4C3 phase was gen-

erated according to the residue of process control

agent rather than interfacial reaction, just as other

composites fabricated by HEBM [25, 33–35].

Microstructure of Ti3AlC2/2009Al composites with

different Ti3AlC2 concentrations is shown in Fig. 4.

According to the back-scattered SEM images (Fig. 4a)

and corresponding EDS maps of element Ti, C and

Cu (Fig. 4b–d) of 2.25 vol.% Ti3AlC2/2009Al com-

posite, it can be seen that the Ti3AlC2 particles

(* 40 lm) with large sizes were successfully broken

into small pieces (* 3 lm long, * 1 lm broad) after

HEBM. And this particle size was much smaller than

other MAX reinforced MMCs [13, 14, 17, 19, 30]. The

weak bonding force between the layer of Al and

Ti3C2 [15, 16] and severe mechanical effect during

HEBM was the dominant reasons.

Back-scattered SEM images of Ti3AlC2/2009Al

composites with various Ti3AlC2 concentrations are

shown in Fig. 4e–h. It can be seen that some ruptured

Ti3AlC2 could be observed in the 2.25 and 3 vol.%

Ti3AlC2/2009Al composites, and the number of par-

ticles with cracks in the 3 vol.% Ti3AlC2/2009Al

composite was higher than that of 2.25 vol.% Ti3-
AlC2/2009Al composite. This indicates that the

breakage of single Ti3AlC2 particle was insufficient

when Ti3AlC2 concentration increased to 3 vol.%; and

thus, the size of Ti3AlC2 in 3 vol.% Ti3AlC2/2009Al

composite was larger than that of 1.5 vol.% and

2.25 vol.% Ti3AlC2/2009Al composites.

To confirm the phase constitution of the compos-

ites exactly, 2.25 vol.% Ti3AlC2/2009Al composite

was characterized by TEM. Three obvious phases

could be identified under the high angle annular dark

field (HAADF) mode, and the three phases were

marked with three different colors (Fig. 5a). The EDS

(Fig. 5b–e) and SAED (Fig. 5f–h) indicated that the

three phases were, respectively, Ti3AlC2, AlTi2 and

Al6.35Cu2.4Fe1.25. The Al6.35Cu2.4Fe1.25 phase was the

impurity phase resulted from the Fe imported during

milling, and the negative effect of Al6.35Cu2.4Fe1.25
could be weakened for the small size and relatively

low content.

It should be mentioned that AlTi2 phase has not

been reported in the previous studies of MAX/Al

composites [36–38]. Usually, Al–Ti reaction could

form intermetallic compounds such as Al2Ti5, Al3Ti,

AlTi2, AlTi3 and AlTi phases [10, 39]. Among of them,

Al3Ti was usually generated for the lower free energy

of formation [17, 18, 28]. But in this work, AlTi2 was

detected rather than Al3Ti. It is believed that, both of

the phases (Al6.35Cu2.4Fe1.25 and AlTi2) are

metastable on account of the relatively low sintering

temperature with PM technology. As reported by

previous studies, the intermetallic compound of

AlTi2 could effectively strengthen the compressive

properties of Al matrix composites [10, 11, 39].

Figure 6a shows the bright-field TEM image of

Ti3AlC2 and aluminum interfacial region of

2.25 vol.% Ti3AlC2/2009Al composite. The HRTEM

image of sample was aligned to Al [110] zone axis,
Figure 3 XRD patterns of raw Ti3AlC2 and Ti3AlC2/2009Al

composites with different Ti3AlC2 concentrations.
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and the fringes of Ti3AlC2 are still visible as shown in

Fig. 6b. Further, the Ti3AlC2–Al interface bonded

well and was free from any other phase, which was

beneficial to the load transfer strengthening. Fig-

ure 6c shows the inverse FFT image of the enlarged

view responded to the white dotted rectangle in

Fig. 6b, numerous misfit regions (high density of

dislocations and strained lattice) were observed at the

interface and inside the grain of Ti3AlC2 and Al,

which should be the geometrically necessary dislo-

cation (GNDs). The GNDs formed due to the unco-

ordinated deformation between Al and ceramic

Figure 4 Back-scattered SEM images (a) and corresponding EDS

maps of Ti (b), C (c) and Cu (d) of 2.25 vol.% Ti3AlC2/2009Al

composite; back-scattered SEM images of Ti3AlC2/2009Al

composites with different Ti3AlC2 concentrations: 0 vol.% (e),

1.5 vol.% (f), 2.25 vol.% (g) and 3 vol.% (h).

Figure 5 HAADF-STEM image (a) and corresponding EDS maps of Ti (b), C (c), Cu (d) and Fe (e) of the 2.25 vol.% Ti3AlC2/2009Al

composite. The SAED pattern of Ti3AlC2 (f), AlTi2 (g), Al6.35Cu2.4Fe1.25 (h).
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particles, because they had significant difference in

their elastic modulus and coefficient of thermal

expansion [40, 41]. The dislocation strengthening

provided by GNDs can be calculated by the following

formula [17]:

s ¼ s0 þ aGb
ffiffiffi

q
p ð1Þ

where the a is a constant, G is the shear modulus of

matrix, b is the burgers vector, s is the flow stress

which is applied to dislocations, and q is the density

of dislocation.

Mechanical properties

The mechanical properties of Ti3AlC2/2009Al com-

posites with different Ti3AlC2 concentrations are

presented in Table 1 and Fig. 7a. The results indi-

cated that the yield strength (YS) and ultimate tensile

strength (UTS) increased nearly 45 MPa and 35 MPa,

respectively, with an tiny sacrifice of elongation (El)

of 1.5%, by introducing only 1.5 vol.% Ti3AlC2. Fur-

ther, it is difficult to achieve such high of UTS and YS

for other ceramic reinforced particles (SiC, B4C,

Al2O3, TiB2 et al.) in the same particle content [3, 42].

The YS and UTS kept increasing with increasing the

Ti3AlC2 concentration to 2.25 vol.%, but both of the

YS and UTS decreased as the Ti3AlC2 concentration

increased to 3 vol.%. The reinforcements of Ti3AlC2

are supposed to be responsible for the load which

could effectively transfer from matrix to reinforce-

ment in order to enhance the strength of matrix. The

load transfer effect from the reinforcement could be

evaluated using the shear lag model, which could be

described as the following formula [17]:

rcy ¼ rmy Vp Sþ 4ð Þ=4þ Vm

� �

ð2Þ

where rcy and rmy are the YS of the composites and

matrix, respectively; the Vp and Vm are the volume

fraction of reinforcement particle and Al matrix; S is

the aspect ratio of reinforcement. The elastic modulus

(E) of the Ti3AlC2/2009Al composites was also

increased due to the high modulus of Ti3AlC2, and it

could be effectively predicted by the rule of mixtures.

The elastic modulus of 3 vol.% Ti3AlC2/2009Al

composite reached to 85 GPa, which was much

higher than that of 2009Al alloy (77 GPa).

An interesting phenomenon was that, as the rein-

forcement concentration reaching 3 vol.%, the mod-

ulus of the composites increased; however, the

strength of the composites began to decreased. This

could attribute to the large Ti3AlC2 particle fracture

during tension. As known, the modulus testing was

Figure 6 Bright-field TEM image of the 2.25 vol.% Ti3AlC2/

2009Al composite (a) and the HRTEM image of Ti3AlC2–Al

interface (b), c inverse FFT image of the enlarged view responded

to the white dotted rectangle in b. Misfit dislocation is marked as

‘\’ (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this

article.).

Table 1 Mechanical

properties of Ti3AlC2/2009Al

composites with different

Ti3AlC2 concentrations

Sample E (GPa) YS (MPa) UTS (MPa) El (%)

2009Al 77 ± 1 567 ± 4 648 ± 7 12.3 ± 0.4

1.5 vol.% Ti3AlTi2/2009Al 81 ± 1 612 ± 2 681 ± 8 10.8 ± 0.5

2.25 vol.% Ti3AlTi2/2009Al 83 ± 1 625 ± 7 688 ± 11 8.6 ± 0.6

3 vol.% Ti3AlTi2/2009Al 85 ± 1 607 ± 2 683 ± 12 6.2 ± 0.5

J Mater Sci (2023) 58:2570–2580 2575



in the range of elastic deformation, which had a rel-

atively lower stress level. However, the strength test

had a much higher stress level, and thus the large

Ti3AlC2 particle might fracture during strength test

rather than modulus test.

The strength–ductility of different ceramics rein-

forced 2xxxAl composites is shown in Fig. 7b. It can

be seen that Ti3AlC2/2009Al composites fabricated

by HEBM achieved the highest strength while the

plasticity was still high, as compared with ceramic

particles (TiO2, TiB2, SiC, ZrB2, TiC, Al4Sr and TiB2)

and graphene nanoplatelets reinforced 2xxxAl com-

posites. On the other hand, the El of Ti3AlC2/2009Al

composites is nearly three time of the carbon nan-

otube reinforced 2009Al composite, while their UTS

were similar under the same fabrication method of

HEBM. Apparently, the Ti3AlC2 with higher strength

and sufficient deformability played a significant

effect on the strengthening of Ti3AlC2/2009Al com-

posites [15, 23].

The fracture surfaces of Ti3AlC2/2009Al compos-

ites with different Ti3AlC2 concentrations are shown

in Fig. 8. It can be seen that a large number of micro-

cracks and Al2Cu phase (Fig. 8a–d) scattered over the

fracture surface of the 2009Al matrix alloy. The sec-

ondary micro-cracks and Al2Cu phase significantly

reduced with the incorporation of 2.25 vol.% Ti3AlC2

(Fig. 8e, f). Further, scarcely any secondary micro-

cracks and Al2Cu phase could be found on the frac-

ture surfaces as the Ti3AlC2 concentration increased

to 3 vol.% (Fig. 8i–l).

The failure mechanism of Ti3AlC2/2009Al com-

posites with different Ti3AlC2 concentrations can be

schematically summarized in Fig. 9. The secondary

micro-cracks and Al2Cu phase significantly reduced

on the fracture surface with increasing the Ti3AlC2

concentration, which indicated that the fracture

mostly occur at the site of Ti3AlC2, extraction and

delamination were the dominant failure modes for

Ti3AlC2 particles. However, for the 3 vol.% Ti3AlC2/

2009Al composite, the existed cracks in larger Ti3-
AlC2 particles (Fig. 4h) would accelerate the failure

during the tensile test.

In general, Ti3AlC2 extraction and delamination

were the dominated deformation forms, which

would effectively facilitate the compatible deforma-

tion between the reinforcement and metal matrix

[15, 16]. The introduction of Ti3AlC2 could intact and

bridge the crack faces in the wake of a growing crack.

In this case, the crack tip was shielded by the defor-

mation of ductile ligaments [10, 11, 39], which guar-

anteed Ti3AlC2/2009Al composites a relatively high

plasticity as shown in Fig. 7b.

However, both of the YS and UTS decreased as

Ti3AlC2 concentration increased to 3 vol.%. As shown

in Fig. 4g, h, the size of Ti3AlC2 in 3 vol.% Ti3AlC2/

2009Al composite was much larger than 1.5 vol.%

and 2.25 vol.% Ti3AlC2/2009Al composites. Usually,

large particles were more prone to fracture during

extrusion process and tensile testing, which inhibited

the load transfer effect from matrix to reinforcements

[20]. In this way, the strength and ductility of Ti3-
AlC2/2009Al composites got worse. Further, the

number of cracks in the large Ti3AlC2 particles for the

3 vol.% Ti3AlC2/2009Al composite was greater than

the 2.25 vol.% Ti3AlC2/2009Al composite. The more

cracks in Ti3AlC2 would cause materials failure easier

Figure 7 a Tensile stress–strain curves of Ti3AlC2/2009Al

composites with different Ti3AlC2 concentrations; b a

comparison of strength and ductility of the Ti3AlC2/2009Al

composites in present work with other works of ceramic reinforced

2xxx Al matrix composites [23, 43–50].
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during tensile test, and this was another reason for

the poor strength and ductility.
Conclusion

In this work, the Ti3AlC2 reinforced 2009Al compos-

ites were prepared successfully through HEBM

technology combined with PM. The microstructure

Figure 8 Fracture surfaces of Ti3AlC2/2009Al composites with different Ti3AlC2 concentrations: a–d 0 vol.%, e–h 2.25 vol.%, i–

l 3 vol.%; secondary electron SEM images b, c 0 vol.%, f, g 2.25 vol.%, j, k 3 vol.%.

Figure 9 Schematic illustration of fracture behavior of Ti3AlC2/2009Al composites with different Ti3AlC2 concentrations: a 0 vol.%,

b 2.25 vol.% and c 3 vol.%; d the failure modes of Ti3AlC2.
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and tensile properties of Ti3AlC2/2009Al composites

were explored. Some results could be concluded as

follows:

(1) Ti3AlC2 particles in 1.5 vol.% and 2.25 vol.%

Ti3AlC2/2009Al composites were significantly

refined by HEBM, while Ti3AlC2 in 3 vol.%

Ti3AlC2/2009Al composite kept a relative lar-

ger size and cracks could be observed in some

large Ti3AlC2 particles.

(2) Most of the Ti3AlC2–Al interface free from any

other phase. The reaction products were strictly

controlled, and only a few and fine reaction

phase such as AlTi2 was detected in Ti3AlC2/

2009Al composites.

(3) The incorporation of 1.5 and 2.25 vol.% Ti3AlC2

kept the Ti3AlC2/2009Al composite a high

strength level of 680 MPa and a high modulus

level of[ 80 GPa. Ti3AlC2 extraction and

delamination effectively facilitate the compati-

ble deformation between reinforcement and

metal matrix, providing the Ti3AlC2/2009Al

composite a high elongation of 10% and 8.6%.

(4) The YS and UTS decreased as the Ti3AlC2

concentration increased to 3 vol.%, for the

larger Ti3AlC2 particle size and the generation

of cracks in larger Ti3AlC2 during the prepara-

tion process.

Acknowledgements

This work was supported by: (a) National Key R and

D Program of China (Grant No. 2021YFA1600704);

(b) National Natural Science Foundation of China

(Nos. 52120105001, 52192594, 52192595, 51931009,

51871215, 51871214); (c) the Liaoning Excellent Youth

Fund (No. 2022-YQ-01); (d) Shenyang young and

middle-aged scientific and technological innovation

talents support plan (No. RC210490); (e) the Youth

Innovation Promotion Association CAS (No.

2020197).

Declarations

Conflict of interest The authors declare that they

have no known competing financial interests or per-

sonal relationships that could have appeared to

influence the work reported in this paper.

References

[1] Liu ZY, Xiao BL, Wang WG, Ma ZY (2014) Tensile strength

and electrical conductivity of carbon nanotube reinforced

aluminum matrix composites fabricated by powder metal-

lurgy combined with friction stir processing. J Mater Sci

Technol 30:649–655

[2] Xiao BL, Huang ZY, Ma K, Zhang XX, Ma ZY (2019)

Research on hot deformation behaviors of discontinuously

reinforced aluminum composites. Acta Metall Sin 55:59–72

[3] Jawalkar CS, Verma AS, Suri NM (2017) Fabrication of

aluminium metal matrix composites with particulate rein-

forcement: a review. Mater Today Proc 4:2927–2936

[4] Liu ZY, Wang QZ, Xiao BL, Ma ZY, Liu Y (2010) Exper-

imental and modeling investigation on SiCp distribution in

powder metallurgy processed SiCp/2024 Al composites.

Mater Sci Eng A 527:5582–5591

[5] Zhu SZ, Wang D, Zan YN, Xiao BL, Ma ZY (2021) High

strength SiCp/Al–2Cu–1.2Mg–0.6Si composite with weak

natural aging hardening. Compos Commun 25:100742

[6] Zhu SZ, Wang D, Xiao BL, Ma ZY (2021) Suppressed

negative effects of natural aging by pre-aging in SiCp/

6092Al composites. Compos B Eng 212:108730

[7] Zan YN, Zhou YT, Liu ZY, Wang QZ, Wang WG, Wang D,

Xiao BL, Ma ZY (2020) Microstructure and mechanical

properties of (B4C ? Al2O3)/Al composites designed for

neutron absorbing materials with both structural and func-

tional usages. Mater Sci Eng A 773:138840

[8] Zan YN, Zhou YT, Liu ZY, Ma GN, Wang D, Wang QZ,

Wang WG, Xiao BL, Ma ZY (2019) Enhancing strength and

ductility synergy through heterogeneous structure design in

nanoscale Al2O3 particulate reinforced Al composites. Mater

Des 166:107629
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