4§55 % 8 % ¥ #R Vol. 55, No. 8
2023 £ 8 H Chinese Journal of Theoretical and Applied Mechanics Aug., 2023

M HIE Ti6AdV SKEEHAEERIRSHIZES
NST AR
FHFE F G FAXE O BAMK FRE EEE K o AERY R=ERD

(H ERRF B S 20T T AR 2R 1 ) 2 B 5 5 5236 %, k5T 100190)
(P ERFA B 2E TR 2212, J65T 100049)

WE MG TR R S nT RO, A BN s, SR TG A R R A SR B A 1
REWF AN 30 = . S S 7 [ B 25 R AN I T2 1) Ti6Al4V &4, SEBUE i 5408 TicAdV 2k &4k
BTN G, R — G SRR G, 0T AN R T 2 KA S ) I R AN [R] v 2 1~ AR o S 56, [ B )
KT 2% WM (PDV) R %05 BRT VT BCH A SRAT B b 2 T PR 73 S5 RHapse Sl 88, 3 i 45 2 P A K & 2 11
Hugoniot A&7 7. HE—2, XA TEFE S 45 1 I RE 3% 5 B8k (TEM) A1 7 BUN AT 4 (EBSD) R AF, #7~3E
BTN, RIPFP A S BAT R (A AR Y (s & 4 > 7.90 GPa, HA1IE & 4 > 7.87 GPa) S
AR PR HEL (BG4 4500 2.56 GPa, #8413 & 400 2.78 GPa), PiFl Ti6AIAV 4 4 (1 M AR L AL 1) Ay fo7 4l
W RS, B A SRR - AW B A, WA G G481 2R o S B AT SRS A AL A 12 311
SRALAE L, ZEAR T I WAL AR 4 AN o AH PRk AH TR TS B R AHAR I 53— A o A0 b, {048V B Bk AH F T 75 S K
(9 g N, TR 3 T S A L3S 4 o 1) o L A PR HHEL.

KR RIS, Ti6AdV A4, tPii R4, Hugoniot IRES 7 7%, AL TE A1

hESZE: 0347 XEAFFIRAL: A doi: 10.6052/0459-1879-23-175

SHOCK COMPRESSION EQUATION OF STATE AND DYNAMIC DEFORMATION
MECHANISM OF ADDITIVE MANUFACTURED Ti6Al4V TITANIUM ALLOY?

Niu Yangyang LiTong Zhou Wenbo Sheng Donglin  Yan Amin Cao Fuhua Chen Yan
Wang Haiying ? Dai Lanhong *)
(State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China)
(School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract  The additive manufacturing (AM) process has the advantages of rapid prototyping and controllable structure,

and has broad application prospects. However, the research on the dynamic properties of alloy materials manufactured by
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additive manufacturing is far from adequate. Due to the wide application of Ti6Al4V alloy in the field of national defense
and aerospace, in this paper, the additive manufactured and forged Ti6Al4V titanium alloy was studied. The plate impact
experiment with different impact velocities was carried out on two kinds of titanium alloys by using the one-stage light
gas gun system. In the impact experiment, the particle velocity and the shock wave velocity of the free surface were
obtained by means of the photon Doppler velocimetry (PDV) system and the impedance matching technology. The
Hugoniot equation of state of the two titanium alloys was established. Furthermore, to reveal the dynamic deformation
mechanism of alloys, transmission electron microscopy (TEM) and electron back-scattering diffraction (EBSD) were
conducted to characterize the microstructure of the deformed samples. Both alloys were found to have high phase
transformation thresholds ( > 7.90 GPa for forged alloys and > 7.87 GPa for additively manufactured alloys) and high
Hugoniot elastic limit HEL (2.56 GPa for forged alloys and 2.78 GPa for additively manufactured alloys). Both the
plastic deformation mechanism of the Ti6Al4V alloys is mainly controlled by dislocation slip. The forged alloy produces
slip bands in the late deformation stage. The phase interface between the lamellar a phase and B phase of the additively
manufactured alloy acts as a reinforcement that hinders dislocation movement in the later stage of deformation, then the
dislocation line slips from the a phase across the phase interface to another adjacent a phase, and the disloca-
tion slip across the phase interface requires a larger stress input, which results in higher HEL value than that the forged

alloy.

Key words additive manufacturing, Ti6Al4V alloy, impact compression, Hugoniot equation of state, deformation
mechanism
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Table 1 Chemical composition of forged Ti6Al4V alloy (wt.%)

Ti Al \Y% H O N C Fe

matrix 6.11 4.15 0.002 0.15 0.011 0.01 0.17
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Fig. 1 Microstructures and phase compositions of the forged Ti6Al4V
alloy
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Table 2 Chemical composition of additively manufactured

3.8 48 6.0 7.5 9.4 11.814.918.723.529.5 Ti6Al4V powders (wt.%)

(d) s A i ok R et BT

diameter/pum
Ti Al v H (0] N C Fe

(d) Histogram of statistical grain size matrix  6.56 435 0.004 0072 0014 0018 0.026
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Table 3 Process parameters of AM Ti6Al4V alloy

Laser Scanning speed/ Powder feed rate/ Layer Spot
power/W  (mm-min”") (grmin™") thickness/mm__ diameter/mm
2400 1500 15 1.0 0.5
printing direction thickness direction

K2 AM Ti6Al4V &4 854
Fig.2 AM Ti6Al4V alloy ingot
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(a) XRD result of the AM alloy
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(b) EBSD image of the AM alloy
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(c) Histogram of statistical grain size
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a
lamellar microstructure

(d) HEHF 3G &< K TEM B
(d) TEM image of the AM alloy
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(e) HaAF & A 4 HRTEM HE v
(e) HRTEM image of the AM alloy
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Fig.3 Microstructures and phase compositions of the AM alloy
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Fig.4 Schematic diagram of plate impact experiment

T4 CERMBBERYESH

Table 4 Basic physical parameters of flyer materials

Bl 5, AL T2 % 8 (PDV) R
GEBST IR 8 AR I R TR, BRI S R
FITE 6 .

6 Ti6AMV EEFIRIEHIWIRE
Table 6 Ti6Al4V alloy plate impact test setup

Number Flyer Target  Impact velocity/(m's™) Target thickness/mm
1-1  Al-6061 forged alloy 520.57 2.19
1-2 OFHC forged alloy 447.81 2.19
1-3  OFHC forged alloy 516.83 2.29
1-4  OFHC forged alloy 573.39 2.01
2-1 Al-6061 AM alloy 516.84 1.86
2-2  OFHC AM alloy 447.81 1.76
2-3  OFHC AM alloy 495.78 1.79
2-4  OFHC AM alloy 556.83 1.69

Alloy plkgm?) C/(m's™) c¢/(ms™) s Y/GPa v HEL/GPa

Al-6061 2703 6400 5350 134 0.06 033 0.12

OFHC 8924 4760 3910  1.51 020 035 043

x5 EMMBBERYESH

Table 5 Basic physical parameters of target materials

Material C/(ms™) plkg'm™)
forged alloy 5822.17 4337
AM alloy 6133.92 4313
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600 L Table 7 Summary of Ti6Al4V alloy plate impact test data
1-2
f: 1-1 Number HEL/GPa 0peak /GPa  u, /(m's™") Uy /(m's™) é/s™!
£ 400
\;: 1-1 2.63 4.71 211.76 4459.18 9.67 x 10*
200 | 1-2 2.15 5.93 277.21 453450 127 x10°
0 1-3 2.80 7.10 327.12 4590.96 1.43 x 10°
0 3 6 9
S5
t/us 1-4 2.73 7.90 364.49 4650.17 1.81x 10
@) RO 2-1 2.83 4.77 204.11 4633.22 1.10 x 10°
(a) Forged alloy
800 2-2 2.81 6.11 283.09 4711.77 1.61 x 10°
>4 23 2.73 6.81 30284 473950 1.69 % 10°
600 | 3,
- 2-4 2.73 7.87 384.78 4848.78 228 x 10°
@ 2-1
£ 400 f
= 5500
200
5000
0 =
0 3 6 9 v
Vs £ 4500
(b) S il 2 4 >
(b) AM alloy 4000
i IR STAE P T ST 5 e S T = e forged alloy
5 PDV RYURIEN Ti6AIAV P 525 [ b i sl 5 AM alloy
P 3500 0 (I)O 2(IJO 360 (I)O 00
Fig. 5 Time-history curves of free surface particle velocity measured by ! 3 4 5
PDV system Uy/(m-s™)
K] 6 Ti6Al4V £4> Hugoniot $8 7545
-
TEASIG , B Fig. 6 Hugoniot fitting results of Ti6Al4V al]oy
T peak — oieL = pUs (up — upieL) 3)
pe: P . S s N N =
F&. Hugoniot YR J7 B & FHOR AR & S RHE - =
PR, 45 2 o TS A 08 JE D1 5AF N AR TEAT Ry 0T K2 B AR, bt

10 -0
U, =— peak HEL (4)
P Up—UHEL

BEAR, AFE Hh R~ 25 AR ) DURR AR 1 A9 2
AT A5
g=-2L (5)

Ferb, L G BERRMORH JE L.

AL (1) ~ 30 (5), AT RATHS % A S5 v ik
FEA RO ph i BOE . HEL 1P A
ELITRT.

ek 6 e i ph il B U SR g, 22

HIZER 6 i mT PAgd 37 A 4 i ph o Hugoniot JIRZS 7

VT JE g o Rl A2 e 17 Ok &R, Hugoniot AR
AT FRIG B AR 2 Ay [23.40-42]

Us=co+s-up (6)

T, Uy 55y 73 500 A 10 e s 5 3 B T s FRORE 1
L, co MR Z H R BE, s 2% Hugoniot
R MG 6, w] LR E B G R 6 518 EK
EBEM cor il 4147.5 m/s 5 4326.7 m/s, s 533K
1.418 55 1.428.

T e Hugoniot AR TR, T AT 10T LS A4
KHK Mie-Griineisen JR 7 5 2

p=pu+yp(E-En) @)
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U, v 4 Griineisen Gamma Z %}

yx2s—1 ®)

P PR AR & 4 1) Griineisen Gamma Ry 77 5 M
1.836 5 1.856.

K 8 A TR G &M B HEL FIARS TR
(2 H0. AT LUE Y, PIRR G G0 B AT AR e 1 i o 3L
A PR, I A B i3 5 4 (1) HEL AH LU R I A 4 1) B
151 (8.6%), & W IEIA il 3 & 4 R Ak 52 B K Wi ki 2
PCTIRTIR N-ae o R A v 1 B e S SR 1)
Hugoniot Z 4 co 5 s, KWILEZF K T HGAHlE &5
Ry A 8 SR

# 8 Ti6Al4V 5 & Hugoniot KRISHIESH
Table 8§ Hugoniot equation of state parameters of Ti6Al4V

alloy
Alloy HEL/GPa co/(m-s™") s y
forged alloy 2.56 4147.5 1.418 1.836
AM alloy 2.78 4326.7 1.428 1.856

3 Ti6A4V 5T HAIBE S

I HE 4 i R RS P RS [R] T 205 il 3
RRANERE, O T W FAE WO 4 4 AF S PR AS [F)
T2 Ti6AI4V & & R TEALBE, FRATAL H 2 MR Ak
T-Bt (XRD, EBSD Al TEM), 43 M1 AN [A] . )R 24 R 1)
RIDECARE AR S5 K AR AL, T8 TE S A .

(@) (b)

90 pm 90 pm
(e) )

90 pm 90 pm

©

(@

3.1 & TieAWV &4

B 7 A5 P AR o S8 TS 21 1R #5308 TibAdV
B SO iy XRD BN S5 R, Hoh 1-0 24 22T i
AR XRD 75 2k, nf LUE B ol B ) 1 i
Hn, A 42 AT I B R AR WE AR, KW
G AR AR TS IR AT R A AHAR ) [F] IR T A
PDV REG0RA RN B b 18 B 72 fh 2 b %
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Fig. 8 EBSD observation results of soft recovered samples of forged Ti6A14V alloy (continued)
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