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ABSTRACT Heterostructured metals typically exhibit excellent mechanical properties, such as high
strength, plasticity, and fracture toughness, which are not present in conventional homogeneous materi-
als. This is primarily due to the synergistic effects arising from the interactions between the internal com-
ponents including the stress/strain gradients, geometrically necessary dislocations, and unique interfacial
behavior. This study focuses on two typical heterogeneous nanostructures (laminated and nanotwinned)
by reviewing the recent progress in their strengthening and toughening mechanisms. The analysis high-
lights the effects of the properties and sizes of the individual components, interfaces, and loading direc-
tions on the macroscopic strengthening and toughening behavior.
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Fig.1 Microstructures and engineering stress—strain curves of laminated Cu/Cu4Zn and Cu/Cu32Zn, or nanotwinned Cu sam-
ples (GNT—gradient nanotwinned, HNT—homogeneous nanotwinned)
(a, b) microstructures of laminated Cu/Cu4Zn (a) and Cu/Cu32Zn (b) with layer thickness (1) of 19 pm™!
(c, d) tensile engineering stress—strain curves of freestanding Cu, Cu4Zn, and Cu32Zn samples (c), and laminated Cu/

Cu4Zn, Cu/Cu32Zn with different layer thicknesses (d) (Inset in Fig.1c shows work-hardening rate vs true strain

of freestanding Cu, Cu4Zn, and Cu32Zn)™"
(e—g) schematics of microstructures of three sandwiched nanotwinned Cu samples (GNT-A®), GNT-A©), and GNT-

@AD) (e), and their engineering stress—strain curves (f) and work hardening rate (@) vs true strain curves (g) in

comparison to their HNT components™!
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Fig.2 Sampling schematic diagram, cross-sectional microstructures, and stress-strain curves of DPD Cu (DPD—dynamic
plastic deformation)™’
(a) schematic of the tensile specimens in the DPD disc and their orientations relative to the twin boundaries (TBs), i.e.,

parallel, normal, and 45° inclined to TBs, hereafter referred to as sample-P, sample-N, and sample-I, respectively
(b, d) typical cross-sectional microstructures of DPD Cu, showing the nanotwins (NT) in the form of bundles
embedded in a matrix of nanograins (NG)
(c) tensile engineering stress—strain curves for the DPD processed heterogeneous nanostructured Cu and the coarse-
grained (CG) Cu serve as a counterpart for comparison
(e—g) local strain fields in sample-P (e), sample-N (f), and sample-I (g) at applied strain of 1.0%. The nanotwinned
regions are denoted as NT, where the underscore indicated the direction parallel to TBs. The black dash lines
indicate the position of the NT/NG interfaces. The tensile axes (TA) are represented by the double-headed arrows
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Crack arrester J7 [/ i 1 24 (1)) SEM W i #2551
Fig.3 Toughening mechanisms recorded in laminated materials with different cracking orientations relative to the heterointer-
faces (a—e), EBSD and SEM images of the Al-7075/A1-1050 laminate (f~h)
(a—c) crack arrester orientation with both crack plane and crack growth direction perpendicular to the interfaces,
where the crack deflection, delamination, or crack bridging may be activated
(d, e) crack divider orientation with the crack plane perpendicular to the interfaces while the crack growth direction
parallel to the interfaces, where the delamination may be developed
(f, g) EBSD maps show the microstructure of the Al-7075/A1-1050 laminate®™”

(h) SEM image of a Charpy fractured sample of the Al-7075/Al1-1050 laminate tested in crack arrester orientation™"
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Fig.4 Microstructure and fracture toughness of nanolayered metals'™”
(a, b) microstructures and corresponding SAED patterns (insets) of Cu/Nb (a) and Cu/Zr (b) nanolayered films
(c) dependence of fracture toughness (K,.) on the thickness of Cu layer (%) for the Cu/Nb and Cuw/Zr films (dots and
left y-axis), and the calculated normalized K. (lines and right y-axis) at different normalized cohesive strengths
(0, / u, where o, is cohesive strength and 4 is the shear modulus of Cu layer)
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Fig.5 Schematic illustration of the CT specimens and their orientations, J-integral resistance (J-R) curves, and schematic
illustrations of the failure process for the DPD Cu samples"® (CT—compact tension)

(a) schematic illustration of the CT specimens and their orientations in the DPD disc. The CT specimens were labeled

with two-letter codes based on the crack plane orientation and crack growth direction with respect to the TBs
inside the NTBs, i.e., parallel (P), normal (N), and 45° inclined (I) to the TBs, respectively; i.e., P-P, N-N, I-I and

N-P, where the first letter designates the orientation of the expected crack plane with respect to the TBs, while the

second letter designates the crack propagation direction with respect to the TBs

(b) J-R curves

(c—f) schematic illustration of the failure process under different cracking orientations (The insert SEM image in

Fig.5e shows a micro-crack (indicated by the white arrow) initiated at the NT/NG interface)
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