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Fig. 1 Preparation process of Al-T1 composites
F1 TC45AI-Mg-Sc-Zr B 15
Table 1 Chemical compositions of the TC4 and Al-Mg-Sc-Zr
Mass fraction / %
Material
Ti Al Mg \Y% Fe Sc Mn Zr
TC4 Bal. 5.5-6.8 — 3.5-4.5 <0.30 — — —
Al-Mg-Sc-Zr 0.15 Bal. 4.0-5.0 — <0.40 0.6-0.8 0.3-0.8 0.2-0.5
#2 LPBF LLMBHK
Table 2 Parameters of LPBF process
Parameter Laser power /W Scanning speed /(mm-s ') Layer thickness /mm Hatch spacing /mm
Value 155 1200 0.03 0.09
K3 HEEBFRTZHNSH
Table 3 Parameters of vacuum melting process
Parameter Heating rate /(°C/min) Heating temperature /°C Holding time /min Cooling method
Value 8 800 60 Furnace cooling
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Fig. 3 SEM images of an aluminum-based composite structure. (a) Titanium/aluminum matrix organization at and near the

interface; (b) reaction-generated interface morphology; (¢) TC4 skeleton microstructure after melting; (d) precipitation phase

morphology in the interface near the TC4 skeleton; (e) precipitation phase morphology in the middle region of the interface;

() precipitation phase morphology in the interface near the aluminum matrix; (g) elemental distribution near the interface;

(h) distribution statistics of quantitative elements in and around the interface
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Table 4 Compositional analysis of precipitated phases within the interface

Atomic fraction / %

Element
P, P, P P,
Ti 36.9 47.8 35.5 72.3
Al 60.0 48.0 62.3 25.2
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Fig.4 Mechanical properties of aluminum-based composite structures. (a) Load-indentation depth curves; (b) hardness statistics for

different regions; (¢) compressive stress-strain curves; (d) comparison of actual and theoretical compressive strengths
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Fig. 5 Surface morphology of crushed sample. (a) Macroscopic morphology; (b) macroscopic morphology of the crack; (c) microscopic

morphology of the crack; (d) streamline near the crack
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Table 5 Theoretical and actual compressive strength of composite structures

TC4 volume Pillar Actual compressive Theoretical compressive Predicted compressive Absolute
fraction /% diameter /mm strength /MPa strength /MPa strength /MPa error /%
100.0 0 1494 1494.00 1447.50 3.1

0 0 270 270.00 151.50 —
18.4 3.0 380 495.22 389.96 2.6
32.2 4.0 579 664.13 568.81 1.8
58.5 5.2 916 986.04 909.66 0.7
72.6 6.0 1085 1158.62 1092.40 0.7
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Fig. 6 TEM images of the interface. (a) HAADF-STEM images; (b)-(h) EDS mapping images
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Fig. 7 TEM images of the interface. (a) HAADF-STEM image of dislocations; (b) SAED mode in dislocation region; (¢) HAADF-
STEM image of twinning; (d) twinning SAED mode
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Abstract

Objective Aluminum matrix composites (AMCs) are widely used in the aerospace industry, transportation, electronics, and other
fields because of their high specific strength, low cost, good corrosion resistance, and easy recyclability, which puts higher demands
on their comprehensive performance to meet the damage tolerance design criteria. However, AMCs prepared by traditional methods
are costly and complex, and the formed materials are prone to the phenomenon of mutual exclusion of strength and fracture toughness.
To further improve the strength and toughness of AMCs and overcome the inverse relationship between them, in addition to the
selection of the reinforcement material for the matrix, the preparation method and design of the spatial structure also play a crucial role
in the construction of high-strength and high-toughness AMCs. The additive manufacturing method differs from the traditional
preparation method in that it stacks layers of material onto a substrate and can obtain a free form by precisely regulating the phase
evolution as well as the distribution of components and structures. Thus, as it can customize the structure and synthesize a variety of
materials, this process is more suitable for developing heterogeneous structures. At the same time, bionic structures provide a new

way of thinking for realizing high-performance materials by mimicking the regulation of existing microstructures in nature.

Methods By adding titanium alloy skeleton structures with different volume fractions and sizes to the aluminum matrix, strength-
and toughness-adjustable bamboo fiber-like Al-Ti composite structures were prepared. The micro/macro interfacial organization of the
composite structure was observed, the chemical composition and elemental distribution of each phase were analyzed, the coordinated
deformation ability of the composite structure under compressive stress was studied, and the deformation and interfacial toughening
mechanisms of the composite structure were elucidated.

Results and Discussions It is found that a diffusion reaction occurs in the interface of the titanium-alloy reinforcement skeleton
and aluminum alloy matrix, forming a dense metallurgical bond, and the precipitated phases at the interface are Ti-Al intermetallic
compounds (Fig. 3). Compared with traditional aluminum-matrix composite materials, this composite structure has a compressive
strength as high as 380-1085 MPa and forms an integrated micro/macro “high strength-high toughness” fiber-like composite structure
(Fig. 4). The study of the micro-deformation mechanism reveals that the precipitation of high-strength compounds effectively prevents
cracks from sprouting and expanding in the heterogeneous interface (Fig. 5). Meanwhile, high-resolution observation shows that the
Ti,Al phase precipitated at the interface forms effective deformation twins inside the grains after deformation (Fig. 7) and improves the
coordinated deformation ability between the high- and low-modulus phases precipitated at the interface. This is the main mechanism

for the enhancement and toughening of the composite structure.

Conclusions By adjusting the vacuum melting temperature, an aluminum/titanium composite structure can be obtained with a
dense combination of the interface. The thickness of the reaction-generated interface is approximately 600 pm, and the phase
precipitated within the interface is a Ti-Al intermetallic compound with high hardness. The aluminum/titanium composite structure
has good strength and toughness, and by adjusting the volume fraction of the titanium alloy skeleton, the macro-strength/toughness of
the composite structure can be adapted. The achieved compressive strength varies in the range of 380-1085 MPa, which is
1.4 -4 times that of the aluminum matrix (270 MPa). Regarding the pre-fracture elastic deformation, the strain of the composite
structure is 3.3%-7.2% , which is 0.6-2.4 times that of the aluminum matrix (2.1%), and a bidirectional prediction model of structure-
property is established. The main reasons for the enhanced toughening of the Al-Ti composite structure are as follows: First, by
controlling the reaction temperature, a soft phase and hard phase spatially interpenetrating phase structure is formed in the interface,
and this soft/hard zone induces the hetero-deformation induced (HDI) strengthening mechanism under the action of the stress. The
Ti,Al twins in the interface have certain deformation ability, which further forms a micro/macroscopic interface with a very good
match of strength and toughness. Second, geometrically necessary dislocations are formed around the phases with higher modulus
precipitated in the interface, which is favorable for the coordinated deformation between the soft and hard phases. It is worth
mentioning that the processing method presented in this study can be extended to any metal system with compositions having different

melting points, which can provide a theoretical basis for more accurate and efficient design and construction of multimetallic systems.

Key words laser technique; additive manufacturing; biomimetic structures; Al-Ti composite structural materials; micro/macro

strength toughness modulation
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