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Review of the Heterogeneous Microstructures, Precipitation Behavior and
Mechanical Properties of Additively Manufactured Precipitation—strengthened
High—entropy Alloys
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Abstract: Additively manufactured precipitation-strengthened high-entropy alloys exhibit excellent synergy between
strength and ductility, demonstrating promising prospects for engineering applications. The rapid solidification
characteristics inherent to additive manufacturing introduce unique heterogeneous microstructural features that significantly
alter the precipitation behavior and ultimately affect the mechanical properties of these alloys. This review systematically
summarizes four typical microstructural characteristics found in additively manufactured precipitation-strengthened
high-entropy alloys: heterogeneous grain morphology, solidification segregation, in-situ formed secondary phases, and
dislocation networks. Special emphasis is placed on the mechanisms by which these characteristics influence precipitation
behavior, including nucleation, growth, and coarsening, during subsequent heat treatment. The tensile properties,
strengthening mechanisms, and deformation behavior of these alloys are comprehensively discussed. Finally, current
research progress is summarized, and future research directions are proposed.
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Fig.1 Grain morphology and texture evolution of SLM-fabricated Co,,CryNisTi,Al, alloy: (a) longitudinal microstructure;

(b) transverse microstructure; (¢) schematic of the mechanism of texture evolution within a melt pool
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2 SLM Fey¢C07Nins Al Tizg TEM :(a) 3(b) Ti o
Fig.2 TEM images of SLM-fabricated FeysCo,;NixsAl; Tisg alloy and element segregation: (a) elemental segregation phenomenon
observed in the alloy; (b) schematic diagram of Ti segregation®®
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Fig.3 In-situ formed secondary phases in additively manufactured precipitation-strengthened high-entropy alloys: (a) dendritic and
interdendritic regions in (FeCoNi)sAl;Ti; alloy; (b) magnified image of (a) showing L1, phase of varying sizes in both interdendritic
and dendrite regions; (c, d) the distribution of Al and Ti in the area of (a); (¢) L2, phase distribution in (FeCoNi)gsgAly g T1;00 alloy;

(f) Ti elemental distribution corresponding to (e); (g) oxide formations in (FeCoNi)gsgiAl; 7 Ti79 alloyt
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Fig.4 Dislocation cells in the FesNi;,Co,CrjAlsTis alloy fabricated via SLM: (a) transverse section; (b) longitudinal section®!
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5 SLM Co4CrNiy Ti,Al L1, 2 .(a) Ll, ;(b) Ll, ;()2 LI, 11619
Fig.5 Two morphologies of L1, precipitates in the Co,CryNisTi,Al, alloy by SLM: (a) lamellar L1, phase; (b) spheroidal L1, phase;
(¢) schematic diagrams of two distinct L1, phases in the alloy!"*"
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6 SLM CoyNiyCr,Fe;ALTi, .(a) SEM  ;(b) TEM SAED B9
Fig.6 Precipitates at the cell walls in the SLM-fabricated Co,,NixCr¢Fe;AliTi; alloy: (a) SEM image; (b) TEM image with the
corresponding SAED pattern®™!
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Fig.7 Coarsening behavior of the L1, phase in the Fe,sCoysNiy;sAlssTigs alloy fabricated via SLM: (a) L1, phase in the intracellular and
intercellular regions at 780 ‘C; (b) L1, phase in the intracellular and intercellular regions at 820 ‘C!"J
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Tab.1 Tensile properties of precipitation—strengthened high—entropy alloys

Yield strength Ultimate strength  Elongation rate ~ Preparation

Alloy composition Precipitated phase Ref
/MPa /MPa /% method
CoCrFeqxsNi; 7sNbg, D0, 885 1 048 13 DED [34]
Ni, CoCrFeysNby, D0, 1 005 1240 20 DED [21]
Ni,CoCrFeNby s D0, 954 1230 27 - [50]
(Ni,,CoCrFeNbg,)Mo; D0, 1038 1309 18 - [51]
Ni,;CoCrFeTag, DO, 1124 1377 9 - [52]
FeysNinCoyCripAlsTis L1, 1138 1477 11 L-PBF [16]
Aly,Co,sCrFeNi; sTig L1, 1235 1550 11 SLM [13]
CoyNiyCrieFe;AlTi; L1, 748 1148 28 DED [35]
FeyCo0u9sNiysAlssTigs L1, 1420 1760 16 L-PBF [12]
Co4,CryNiyTisAly L1, 1180 1586 23 SLM [19]
(CoCrNi)gAlsTis L1, 921 1346 27 L-PBF [36]
Niys23C02CrioFesAlssTie-WoMo,Co5Bo1 Ztoe L1, 1211 1327 6 L-PBF [39]
(FeCoNi)sAlTi, LL, 1203 1580 13 SLM [53]
CousCrysNiyAlLsTis L1, 1100 1480 24 SLM [44]
NigConFenAlTi; LI, 820 1236 23 - [54]
Niys,ConsFes AL, Tiss L1, 1100 1500 18 - [55]
(CoFeNi)yTisVs L1, 950 1394 25 - [56]
(CoFeNi)TisAlsVy L1, 1500 1747 11 - [57]
Aly,Tip,Coy-CrFeNi; ; L1, 1630 1720 15 - [58]
Fe;sNiyCoy Al Tay L1, 1 800 2400 25 -
AlysCryoFeNiy sV, L1, 1500 1905 9 -
(Ni,CoCrFeTag,)wAl L1, 1124 1319 13 - [52]
AlysCroFeosNix Vo, L1, 628 1524 22 -
8 :(a) ; (b)

Fig.8 Tensile properties of precipitation-strengthening high-entropy alloys fabricated by casting or additive manufacturing:
(a) elongation and yield strength; (b) elongation and ultimate strength
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9 :(a) FexsC005NiysAlgsTigs i(b, ¢)
s i(d) Co,CryNiy Ti,AlL i(e) TEM s
{111} [12,19]

Fig.9 Effects of dislocation cells on deformation mechanisms in alloys: (a) dislocation cell morphology in aged Fe,sC05sNiy sAlssTiss
alloy after deformation; (b, c) differential stacking fault distributions within cells versus cell walls, showing significantly higher
stacking fault density inside cells than in walls; (d) thickened dislocation cells in as-deposited Co,,CryNizT1,Al, alloy post-deformation;
(e) two-beam TEM image revealing planar dislocation slip composed of {111} slip bands!"*"!
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