| $£49% F 22 /2022 £ 11 A/HEESE

Nb XHOEE M e DUR Ti-Zr B RA EHA S
Vi HE ) 55 )

PR, IR, REE, Ka#

REBTRF =W EMESALRE, LT KIE 116024

B OFHAHFEL MR T AA R Nb &8 Ti-Ze-Nb & 4 I 4l Bk 50 B b 4T 7 3Ok 2 h fE B DT RR
B, RGEAHTT Nb & ik PR S 4 58 A SURPERE B0 52 ML . 45 2R R R RS DS & 8 24 dy B RH /Y
BT A A ALK . (HBEFE Nb & i SE 0, FLAE B-Ti rb fY [ S 3, & B )l o3 3 v BE I O, TR IE BT i A M 72
BER L AR ARAL . 2 LU AL B R R DURR S A G B 0 o R 5 B ARURIT At RE B N 5 45k B 38 m 22 B 4 38 3 Y
g, T WO M 2 B S e i AR Ak R A, TR, B Nb & i R T8 BO BRI R 3. 7596 ~5.00% , LE A 41

T2k BRI R AL 5 NI Pk RS 2 A S E R A A
K4
FESES TG410 XEEFRERS A

1 5l i

BRAG  ILEAT i 1Y LU SR E | 00 S B T ok P D R 4
U 2Rk A5 25 G PR RE L AE AT S UK (AR W BR 22 MR e
S A TR T2 A G
A B (9 1 249 . i 1 BB PR 5 4 A2 2% 45 4 114 i 4 18 2
MR L O T R R VTR A A AL
PEAE S T BA — M Al 45 1 R 0 X S A% 4 il
R AR S5 52 2 BT A BR T R T AR AR IR AR
PRIt T SE AR O E ) RE DU BR & & 15 3 1) KOG
W AHAR G 5t BB IR SE i B4 o 2100, ks
Btk TR G P i BB T 2B IR I R
S55 WOLE 1) RE 1 DUAR N AE 1) 16 B I 4, 1B /DN RS
e v R o R DR O [ o R A B R R A K
A IR A BT B (8 Ty 2 1 BE 2 B B A 4% 1
S 2B SRR E YR R, 818 )= DURR e B2 A 34
FTR S Ja 0 DX ) S A T 285 AR 22 L 8 O AR DA T X
T2 R A 45 18 [R) 4 FAR RE P 42 1 ol SR AR K IR 4E  fil
WO RE 1) BE 8 TOAR g P RE PR 5 8 ¥ e O D A 44 2
FEor RS PG O E 1 A TR AR T Bk A 4
A LUE SRR E v B 20 E 2,

T SEBLHOE E 0] fE B UGS AR P AU IR
SE VA R T R BR A < B EL AT g B0 A O Bl 1
S EBAMAAE . NGE A BUOR A L 3R R R
B [ 3 A b b2 T B T A5 A I R e,

BOLH AR WOLE MR TR BRE &5 TiZr WA AL M

DOI: 10.3788/CJL202249.2202016

S8 A A AL PR R [ AT R SR SR
R SRR RS R E R T R AR X S
a4 Ja AR, FAT A% e Y 2 2R E P L HL R il Ve BE AT
PAAE — 7 B B2 b 1S OG5 1) e DURR vy A Tl B B
XS A YA B2 IR, XA SE O RE ) BE BT
Ti-Zr B A 4IRS 58 43 2] T 4 EN Y L 1
[l o 1 B P — & AT R AR 4R W & @ 1 R RE T W
14 e R

[ A AL B e BB R PR RE R A RO R 2
— o H Wy BROAS TR 32 6 B 9 BT 28 AR T Y R
M- X LA T R R M R L e
JEFT LS AL A A iR A HAR TR JC R L i i A e ek
HEVERE AR T A AR . SRR, A ST R
HA DR A5 sl 035 5 4 45 A0 A5 2 1R B9 A L 9 e IR 11
G IV DX (R 9 K I et LLORE 5 5 < Al JR PR Y 51k, 25 1
JiF & . Nb JC R RES 78 43 16 & Lh R BORN Y B, A
SCUA Ti-Zr B A G Al 8 Nb AE & e x,
LA BRI A £ T Ti-Zr-Nb & 4 — i % i
ar30 RGN T O E ] BE DT AR - 7 58 15 5% 1F
A A SUNME RE B 2> A2 A 9 B DU O JOE 2
o RE DU G e S BRI S % .

2 BEMSE

[ P R A 2 UL R A 3 IR T 00 1 A S A
o b A7 7 B W 8 5 5 0 590 D5 38 EA 9 A o i

KB . 2021-12-24; 18 B EF: 2022-02-06; FHABHE . 2022-04-02
BE4WB. EXETESULITR (2016 YFB1100103) . E %K H R FF 254 (51371041D)

#IE1EE: “Laser@dlut. edu. cn

2202016-1



R’

JF 235 ¥4 BT H 55 R Ak 2 0 R B A 45 R R OT AR 2
LT A 4 o B BRIED T . TR R T kiR I T
FHF 4 28 Ak 2% 35 B2 45 0 00 < T R+ o 4 R TR
TUESI AR AR e P A R DA R A R R
A 55 — 3T A T 37 22 1 AR L L5 4 3 R 4 HE HE B L i
Vo 0 D A 0 5 R A A I TR ) U T AT Y
TR0 B LA nDR AR T R AR o L [ R ] GE 2
JEF), Hd o AERE AR RS AR A
A TR A B T Sk o PR I T R < A B R T
RN H Ak 2 0 B AT AR AR AL, I 78 3L Al
AT 20 A &Mt . BARE] Ti-Zr 0 S A
G H WS R A E L T IR CNy, [ Ti-
TigZrs ] fL22 B FP S5 M B0, T RS, M ix
SEA LT RE BRI Ti MR AN B 1 1 A
B P A R B o M S A R L AR A T B
B B Ti-Tig Zrs ] Tie SR A Nb X% HIE S &
ST A4, ND 2 3-Ti iR S Afa g e £, H
TEWRAIE N 2 k] /mol, AR A % 5 HE L Nb R
B 4 IR T B T R A BT R A5 (0 44k A
WERL o R BN [ Ti-TigZrg J(Ti, Nb, ), T it Al
AR T 5 Rl Ti-Ze-Nb & 4, H B 54 tn
TR P =B 0 R A T M BB R O &R
)R S o G R A S B
F 1 PR A 0 B A S R A S

Table 1 Cluster formulas and compositions of designed alloys

Atomic fraction

of Nb Cluster formula Composition
addition /%

1.25 [ Ti-TigZrs J(Tiy s Nby »)  Tig 05 Zrs5 50 Nby 5

2.50 [Ti-Tis Zr J(Tig ¢ Nby ) Tigy o0 Zrsr 50 Nby 5

3.75 [ Ti-Tis Zrs JCTi, ; Nby ) Tisg 15 Zrs 50 Nby. 5
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Fig. 1 SEM morphologies of mixed powders
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Fig. 2 X-ray diffraction patterns of as-deposited alloys with different Nb contents
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Fig. 3 Typical SEM morphologies of as-deposited Ti-Zr congruent alloy and as-deposited Ti-Zr-Nb alloys with different Nb
contents. (a) As-deposited Ti-Zr congruent alloy; (b) as-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 1.25% ;
(¢) as-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 2.50%; (d) as-deposited Ti-Zr-Nb alloy with Nb atomic
fraction of 3.75% ; (e) as-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 5.00%; () as-deposited Ti-Zr-Nb alloy
with Nb atomic fraction of 6.25%
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Table 2

Lattice constants of as-deposited Ti-Zr congruent alloy and as-deposited Ti-Zr-Nb alloys with different Nb contents

Alloy

Lattice constant /nm Error of lattice constant /nm

As-deposited Ti-Zr congruent alloy

As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 1. 25%
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 2. 50 %
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 3. 75%
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 5. 00%

As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 6. 25%

0.3320 0. 0001
0.3325 0. 0001
0.3351 0. 0002
0.3384 0. 0001
0.3426 0. 0001
0.3433 0. 0002
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Table 3

Average compositions of 3-Ti in as-deposited Ti-Zr congruent alloy and as-deposited Ti-Zr-Nb alloys with

different Nb contents

Atomic fraction /%

Alloy
Ti Zr Nb
As-deposited Ti-Zr congruent alloy 61.98 38.02 -

As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 1. 25% 61.67 37.12 1.21
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 2. 50% 59. 84 37. 64 2.52
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 3. 75% 58.97 37. 34 3.69
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 5. 00% 57.58 37.28 5.14
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 6. 25 % 55.90 37.78 6.32
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Fig. 4 Solidus and liquidus temperature curves of
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Fig. 7 Room temperature compressive stress-strain curves

of as-deposited alloys with different Nb contents
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Table 4 Compressive strength and plasticity of as-deposited Ti-Zr congruent alloy and as-deposited Ti-Zr-Nb alloys

with different Nb contents

Alloy

Yield strength /

Ultimate compressive Relative

As-deposited Ti-Zr congruent alloy
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 1. 25%
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 2. 50%
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 3. 75%
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 5. 00%

As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 6. 25%

MPa strength /MPa compressibility /%
830. 2 870.0 57.0

847.5 875. 6 12.6
1008. 1 1090. 5 15.5
1069. 0 1236.6 22.6
1136.9 1310. 6 25.5
1201.5 1378.9 37.2
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pet() pm

mixed mode fracture

40 pm
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Zr-Nb 4425 (e)Nb LU 8N 6. 25 % BV Ti-Zr-Nb & 4
Fig. 8 Fracture morphologies of as-deposited alloys with different Nb contents. (a) As-deposited Ti-Zr-Nb alloy with Nb atomic
fraction of 1.25%; (b) as-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 2.50% ; (c¢) as-deposited Ti-Zr-Nb alloy
with Nb atomic fraction of 3.75% ; (d) as-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 5.00% ; (e) as-deposited
Ti-Zr-Nb alloy with Nb atomic fraction of 6.25%
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Fig. 9 Friction coefficients and worn volumes of as-

0.08

deposited Ti-Zr congruent alloy and as-deposited Ti-
Zr-Nb alloys with different Nb contents
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Fig. 10 Worn surface morphologies of as-deposited alloys with different Nb contents. (a) As-deposited Ti-Zr-Nb alloy with Nb
atomic fraction of 1.25% ; (b) as-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 2.50%; (c¢) as-deposited Ti-Zr-
Nb alloy with Nb atomic fraction of 3.75% ; (d) as-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 5.00% ; (e) as-
deposited Ti-Zr-Nb alloy with Nb atomic fraction of 6.25%
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Fig. 11 Potentiodynamic polarization curves of as-deposited

alloys in HCI solution
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Table 5 Electrochemical properties of as-deposited Ti-Zr congruent alloy and as-deposited Ti-Zr-Nb alloys with

different Nb contents

Alloy E../V I../(Ascm ?)

As-deposited Ti-Zr congruent alloy —0. 3000 9.2578 X107

As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 1. 25% —0.2785 8.2657X10 7
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 2. 50 % —0.2629 6.0722x10 '
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 3. 75% —0. 2458 4.6813X10 7
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 5. 00% —0. 2320 1.7429%10 7
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 6. 25% —0.2143 1.5812X 1077
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Fig. 12 Corroded surface morphologies of as-deposited alloys. (a) As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of
1.25%; (b) as-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 2.50% ; (c¢) as-deposited Ti-Zr-Nb alloy with Nb
atomic fraction of 3.75% ; (d) as-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 5.00% ; (e) as-deposited Ti-Zr-
Nb alloy with Nb atomic fraction of 6.25%
* 6 VIHEA 40k w2 4y

Table 6 Chemical compositions of corroded surface of as-deposited alloys

Alloy

Atomic fraction /%

As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 1.25%
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 2. 50%
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 3. 75%
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 5. 00%
As-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 6. 25%

Ti Zr Nb O
58.91 25.45 1.22 13.42
56.78 26.99 1. 69 14. 54
54. 90 27.62 2.53 14.95
54.11 26. 68 3.94 15. 27
53.43 27.00 4. 60 15.97

1.8
1.6
14

R, /mm
o

1.25 2.50 3.75 5.00 6.25
Nb atomic fraction /%

13 PO Ti-Zr BIE S A £ AR Nb & # T A
Ti-Zr-Nb & 4 1 72 WU 55 F1 3 1o HLUR

Fig. 13 Macro-morphologies and surface roughnesses of as-

deposited Ti-Zr congruent alloy and as-deposited Ti-
Zr-Nb alloys with different Nb contents
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Fig. 14 Cross sections and spreading angles of single-track laser cladding layers for as-deposited Ti-Zr congruent alloy and as-

deposited Ti-Zr-Nb alloy with different Nb contents. (a) As-deposited Ti-Zr congruent alloy; (b) as-deposited Ti-Zr-Nb

alloy with Nb atomic fraction of 1.25% ;

(¢) as-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 2.50%; (d) as-

deposited Ti-Zr-Nb alloy with Nb atomic fraction of 3.75% ; (e) as-deposited Ti-Zr-Nb alloy with Nb atomic fraction of
5.00%; (f) as-deposited Ti-Zr-Nb alloy with Nb atomic fraction of 6.25%
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Influence of Nb on Microstructure and Properties of Ti-Zr Congruent
Alloy Fabricated Using Laser Directed Energy Deposition
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Dalian University of Technology, Dalian 116024, Liaoning, China

Abstract

Objective

In recent years, the laser-directed energy deposition (L-DED) of titanium alloys has attracted extensive

attention. However, most relevant research is focused on traditional titanium alloys. These alloys are developed by
traditional casting or forging technologies without taking into account the metallurgical properties of L-DED. The intrinsic

high cooling rate and high thermal gradient of the L-DED process often lead to a tendency toward almost exclusively

columnar or dendritic grains, making anisotropic mechanical properties, and being, therefore, undesirable. Attempts to

2202016-11
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optimize the L-DED processing parameters reveals that it is difficult to change the conditions to promote equiaxed growth
of titanium grains, limiting L-DED potential advantage in the fabrication of high-performance titanium alloys.

L-DED titanium alloys have good compatibility between melt and solid structure to effectively control the structure,
as it directly dominates the microstructure formation and property control throughout the forming process. The Ti-Zr
congruent alloy is a good candidate in this regard because it has a single melting temperature, which gives it high
structural stability. But a considerable disadvantage of this alloy is its insufficient strength (747 MPa). Alloying is a
promising potential in resolving the problem associated with the congruent alloy. The basic structure in this study is Ti-Zr
congruent alloy, the alloying component is Nb with effective strengthening, and the cluster formula of Ti-Zr-Nb alloys is
constructed using the cluster model. The as-fabricated alloys’ microstructure and properties are thoroughly investigated.

Methods The alloys are designed using a cluster model and then fabricated by the laser additive manufacturing on a pure
titanium plate. An X-ray diffractometer is used to identify constituent phases. The microstructure and composition are
studied using the scanning electron microscopy in conjunction with an energy dispersive spectrometer microprobe system.
A digital microhardness tester is used to assess the microhardness. A room-temperature compressive test is performed on
a universal tester. The dry sliding friction and wear properties are evaluated by a wear tester. An electrochemical
workstation is used to measure the electrochemical properties in the HCI solution with concentration of 1 mol/L. Finally,
using a laser confocal microscope, the surface roughness is determined.

Results and Discussions All as-deposited alloys are made up of a single -Ti solid solution with near-equiaxed crystal
morphology. The difference is that the lattice constant of 3-Ti increases and its grain refines as Nb content increases
(Fig. 3), which results from increased Nb in $8-Ti and an expanded growth-limiting factor, respectively. Owing to the
combined effects of solid solution strengthening and grain refinement, the hardness (Fig. 6), strength, and plasticity
(Table 4) of the as-deposited alloys monotonously increase with the increase in Nb content. Increasing Nb content
improves the antifriction and wear resistance of as-deposited alloys (Fig. 9) because increased hardness improves the
antiabrasion ability of as-deposited alloys. Because Nb,O; improves passive film passivation by reducing anion vacancy
concentrations, and because Nb ions can replace Ti cations to increase passive film stability, the corrosion resistance of
the as-deposited alloys gradually improves with increasing Nb content (Fig. 11). As the Nb content increases, the surface
roughness of the as-deposited alloys decreases due to the fluidity and spreadability of the melt (Fig. 13).

Conclusions The microstructure of all as-deposited alloys consists of single 3-Ti near-equiaxed crystals. As the Nb
content increases, the phase lattice constant increases, and its grains refine, resulting in a monotonous increase in
hardness, strength, wear, and corrosion resistance that are superior to those of as-deposited Ti-Zr congruent alloy.
However, the formability changes in the opposite direction. To balance the relationships between formability and other
properties, the Nb content(atomic fraction) should be limited to 3.75%~5.00%.

Key words laser techniques; laser directed energy deposition; Ti alloy; Ti-Zr alloy system; microstructure; property
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