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Composition and Strength—plasticity Optimization of TiZr—based
High—entropy Alloy through Solid Solution Strengthening by Laser
Directed Energy Deposition
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Abstract. Currently, some TiZr-based high-entropy alloys have difficulty balancing strength and plasticity because of the
large amount of brittle precipitation. This limitation hinders their engineering application as structural materials for complex
components. Laser-directed energy deposition (LDED) technology provides unique advantages in composition design
through the mixed element method and rapid nonequilibrium solidification. Therefore, the primary elements of the
TiZr-based high-entropy alloys in this study were adjusted, leading to the achievement of a nonequiatomic
Ti3ZrsNb;;MossVss alloy with high relative density via LDED. Furthermore, a single-phase solid solution was obtained
without the precipitation of brittle phases. The alloy exhibits excellent plastic deformation capability, with a compressive
strain exceeding 50%. At a strain rate of 50%, the compressive stress reaches 2 194 MPa. Solid solution strengthening
contributes approximately 75% of the yield strength, which is crucial to the high strength of the alloy.

Key words: laser-directed energy deposition; single-phase TiZr-based high-entropy alloy; balance of strength and

plasticity; solution strengthening
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Tab.1 Melting point, lattice constant, atomic radius and other parameters of each principal element

Ti Zr Nb Mo A%
Melting temperature/ C 1 660 1852 2 468 2610 1890
Lattice parameter/nm 0.328 3 0.358 2 0.330 1 03147 0.303
Atomic radius/pm 141.8 155.1 142.9 136.3 131.2
Density/(g-cm?) 4.5 6.5 8.6 10.3 6
Valence electron concentration 4 4 5 6 5
Shear modulus/GPa 44 33 38 123 47
Yield stress/MPa 195 280 240 432.5 310

Note: Atomic radius, r=(V/'3/4 )a, where a is the lattice parameter

B 1 48 50508 R JE S AE < (a) Ti B K 5(b) Zr B3 K 5(c) Nb #32K 5 (d) Mo B K 5 (e) V I A 5 () ML BRI R & B oK
Fig.1 Morphological characteristics of the metal powders: (a) Ti powder; (b) Zr powder; (c) Nb powder; (d) Mo powder; (e) V powder;
(f) mechanically milled powder
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Tab.2 Processing parameters of laser directed energy
deposited TiyZr;Nb;MossVss alloy

Laser power Scanning speed Spot diameter Laser energy

Specimen
/W /(mm-s™) /mm density/(J-mm™)
a 3000 10 5 60.00
b 4000 12 5 66.67
c 3500 10 5 70.00
d 3800 10 5 76.00

MAA 52 T K S A 4 YA R ] PANanalytical
X pert Pro X H & A7 4F (X-ray diffraction, XRD) X 7
HETFRAE, P A=0.154 nm, H] Helios-UC-G3 % f&Hy
F WU I Tescan Clara GMH 45 4 B8 -+ 1 734 #% (scan-
ning electron microscopy, SEM) , Talos F200X 17 % i}
155 47 B %% S L 7 2 7 4% (transmission electron mi-
croscopy, TEM) #17 b 2H ZURFE M5, R H IN-
STRON 3382 i, 7 J1 e A RHA IR ML R AT % It ) 5 7
REI G, W0 4 TR 4 A8 300 107%/s, He 4 il FE R Ry

¢»3 mmx4.5 mm,,
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% 3 &E T E KR & 1 KkJ/mol)™
Tab.3 The mixing enthalpy for atomic pairs between the
principal elements(kJ/mol)"¢

Element Ti Zr Nb Mo \%
Ti - 0 2 -4 2
Zr - - 4 -6 -4
Nb - - - -6 -1
Mo - - - - 0

A4 - - -

SRS S B — A L B
BHOBAT I (AS ) (Q BHL T2 2 2 509
B SHOTE M G)~S)IR

AS=R3, (clnc) 3)
— TmASmix
- IAHmixl (4)

5-\/3, e(1-r/ry 5)

KPR HAREEG T, 26 &S T UTR S
B R LNy S RS [ o X RS a8 o) et &
7o KELEEETE HU Y -15<AH,,;,<5 kJ/mol |
12<AS,;,<17.5 J/(K -mol) .6<6.6% 1 Q>1.1 i} , & 4
AU [ 2 B [ A AH

VEC=2,  ¢(VEC), (6)

K@) — L2t T B4 B (valence electron
concentration, VEC) Y 115 J7 2 | 00 [ 75 14K 11 45
2R, 2 VEC<6.87 I, 8 5 U U U7 75 [T %
1A, VEC i i 5 WU [] A6 B T8 O 77 45 48 (face-
centered cubic, FCC)[# ¥ {4 .

F4 IR T TiwZryNb MosVs G &R G HAH
RAH ASy Ji 1222 6 .Q S ECRAN Ik
VEC R4 5 . R, 2 T TisZrsNbMos sVs s &
(R N B 7T e o T L S A A I RO N 12 ey

% 4 TinZryNb;MossVss & & B AH 5 AS,i 6. Q
VEC $#
Tab.4 Calculated parameters of AH,;, . AS,;.6.Q and
VEC for TiyZryNb;;MossVss
AS/(J-K'-mol")  8/% Q VEC
5.182 45416 4.275

AH /(K] -mol™)
-0.513 10.778
Ja& [ Ak 0 B A
O A2 1) BE S DU RROA A5 Y- i B ], [
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VR A, BAR Y 8, B 2 T, & & A TE
1 691 CHFUREERE 1 570 °C i 5¢ 4 5% A8 jlg B A 1A
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Fig.2 Solidification path diagram of the Scheil model
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Fig.3 Forming quality of samples with different process parameters: (a) macroscopic morphology of the sample a observed via optical
microscope; (b) macroscopic morphology of the sample b observed via optical microscope; (¢) macroscopic morphology of the sample
¢ observed via optical microscope; (d) macroscopic morphology of the sample d observed via optical microscope; (e) density and
relative density of alloys
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Fig.4 Alloy phase and structure: (a) XRD pattern; (b) unmelted powder morphology at the edge of the alloy; (¢) alloy grain
morphology; (d) grain size distribution
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K5 &4 TEM BRS04« (a) £ 42 b FHAR 9 15 375 {55 (b) i Sk EDS 23455 5 (c) i Ak 15 23 B PG L A% Jay o DX Jsl Aol L
AR A (d) A AR LA 5T 1R
Fig.5 Alloy TEM images and component distributions: (a) dark-field image at the alloy grain boundary; (b) EDS distribution image at
the grain boundary; (c) high-resolution image at the grain boundary and inverse fast Fourier transformed high-resolution image for a
partial area; (d) SAED pattern of grain A
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Fig.6 Mechanical properties of the TizZr;,Nb;;MossVss alloy by LDED: (a) room-temperature compressive stress-strain diagram of the
alloy; (b) specific yield strength-plastic strain distribution diagram of the TiZrMoNbV alloy and other reported HEA alloys
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Fig.7 Images of the alloy after compression deformation: (a) macroscopic morphology of the alloy after compression; (b) microcrack
morphology on the surface of the compression sample; (c) deformation morphology of the longitudinal section of the compressed
sample; (d) EBSD inverse pole figure of the compressed sample in longitudinal section
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Fig.8 Schematic illustration of the BCC crystal structure: (a) lattice of 3-Ti metal; (b) Ti-Zr binary solid solution lattice; (c) lattice
distortion caused by five principal elements
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