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Abstract  Additive manufacturing TC4 alloy is a kind of metal material with excellent mechanical properties and
process properties. It has been widely used in the aerospace field. In recent years, the effect of stress state on the
deformation and failure behavior of metal materials has been widely concerned in the research field of plastic mechanics.
However, most of these studies were performed considering quasi-static state only, but few of them took into account the
high strain rates. In this paper, the effects of stress state on the deformation and failure behavior of additive
manufacturing TC4 alloy were systematically investigated. Starting from the basic mechanical properties of additive

manufacturing TC4 alloy, the stress triaxiality 7 and Lode angle parameters 6 are used to characterize the stress state.
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Using electronic universal testing machine, high-speed hydraulic servo testing machine and split Hopkinson bar,
combined with digital image correlation analysis, the mechanical properties of additive manufacturing TC4 alloy under
different strain rates and different stress states were tested. The deformation and failure characteristics of the material
under various working conditions are obtained. In order to obtain the internal stress state history parameters and strain
field of the sample, this article passes ABAQUS performs numerical simulation to obtain the stress state history
parameters and failure strain at the maximum strain of the specimen. Based on the results of experimental testing and
simulation analysis, the traditional MMC failure model was revised, and the failure model of material was established
that fully considered the strain rate, stress triaxiality and Lode angle effect. At the same time, a Johnson-Cook failure
model considering the effects of stress triaxiality # and strain rate is established. A high-speed impact experiment was

carried out on the additive manufacturing TC4 alloy plate, and numerical simulation was carried out for the experiment,

which verified the usability of the established constitutive model and failure model.
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Table 1 Process parameters of additive manufacturing TC4 titanium alloy

Laser power/ Scan speed/ Powder feeding/ Laser spot diameter/ Layer thickness/ Powder gas/
W (mm-s™") (grmin~!) mm mm (L-h™h
2500 10~15 10~20 3 0.6~ 1 9~12
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Fig. 1 The as received Additive Manufacturing TC4 Titanium Alloy
and the coordinate system
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Fig.2 Microstructure of the additive manufacturing TC4 alloy. (a) and
(c): the plane perpendicular to the additive axis, (b) and (d): the plane
along the additive axis
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Compression true stress-strain curve of additive manufacturing
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Fig. 3
TC4 titanium alloy
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Fig. 4 Tensile load-displacement curve of additive manufacturing
TC4 titanium alloy
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Fig. 5 Tensile true stress-strain curve of additive manufacturing
TC4 titanium alloy
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(b) Compression test
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Fig. 6 Sample photos before and after the test
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Table 2 Parameter values of JC constitutive model for additive manufacturing of TC4 titanium alloy

Type A/MPa B/MPa n C m
tensile 838.8 742.87 0.55174 0.0253 0.4548
compression 900.1 899.42 0.44990 0.0193 0.3248
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Table 3 Comparison of quasi-static experiment and numerical simulation results

Theoretical initial value DIC Numerical simulation average FEM

Specimen type -

n 0 £ Taverage Baerage &

R = oo round bar tensile specimen 0.333 1 0.582 0.387 1 0.656
R =2 mm round bar notched tensile specimen 0.739 1 0.253 0.990 1 0.241
R =5 mm round bar notched tensile specimen 0.516 1 0.337 0.705 1 0.392
R =2 mm round bar notched tensile big specimen 0.819 1 0.239 1.008 1 0.172
PE specimen 0.577 1 0.099 0.601 0.299 0.288
R =10 mm flat grooved specimen 0.606 0 0.157 0.591 0.142 0.176
R =1 mm flat grooved specimen 0.835 0 0.128 0.914 0.191 0.135
eccentric pure shear specimen 0 0 0.326 0 —0.116 0.328
axisymmetric compression specimen —-0.333 -1 0.431(testing machine ) —-0.53 -1 0.431
R =4 mm axisymmetric notched compression specimen —0.556 -1 0.935 —0.668 -1 1.045
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Table 4 Comparison of numerical simulation of failure strain

experiments with medium and high strain rate

Strain DIC (or testing FEM
Specimen type ratef ] % -

g gr
20 0.563 0.631
R = o0 round bar tensile specimen 100 0.533 0.588
2500 0.471 0.529
axisymmetric compression 2500 0.223 0.223
specimen 4000 0.219 0.219
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Table 5 Parameter values of JC failure model for additive manufacturing TC4 titanium alloy

Model parameters D

D, D3 Dy

Fitted value —-0.56

1.63 —0.75 0.0316

Bai Al Wierzbickil®" & 7 — G H T4 8 1
SR RN E) 1 D 24 R BT B R R 2 e T R K
(55 N = AT 5% FON ) i i 2 1) 28 — AR R b)
MRV TE 01 5, v oK s g (R AR FH s 42 4l
Jr I T 49 RO, i g s ke 5 ) 5 — AN AR i A
Je 35 1 J R TR 1) TR . A A7 27 K MC HE 3 45
FH N 3 = %l AN bR UEAL Lode 250tk &5 30 88 M
2 1) 2 [, G 36 1 S A T e R R B B B T

B, 88 R R Aff T KT T 46 S ARk (4 0 T 2R Tk AT
oA . % ME G W7 A B Bl AT RR O <AE IE
Mohr-Coulomb #5#4”(MMC A& #Y). AL 56T ok
BY) N ) WA W EAT T 97 e, AR G s Tl 7 Bk
MBI R AT N AR R IA A 2 (13), MR 4
AT DA SRR ) = S B R 008, S AR 5 B A 1)
IS 7R 1 R AT 5 X



2 W T4 B WA TC4 SR & MBI T AT 9T 439
g7 =(1 +BIng")- R BEARL G

A V3 on
B Sy - ax _ ~S __1 .
{C2 C9+2_‘/§(C9 CG)(sec G ]]

—_ — 1
1Jrc%cosé’—n+c +lsin6—n '
3 6 T3

Cg’
=

1, 9>0

(13)

9<0
(14)

SR 3o 6 NS, AN A, n, €, CS,
Ci, Co. Hor 4 Fl n 24 J2& Ludwik’s 24 2UB7 Aoy fiify,
SR, 53 900 O ik FE R BORAE AL 154, Gy [ B ik
PR S A SE IR AR A2, KN g L5 AR 22 TR ) SR AR
A o= AZ" . Cy X T RPRH W R B2 HEAT 72561,
WG R T45 T 0, JLARDBROR DN 2R 280 AR 58 A
T KR 0, JF HWr R AR AT BN ANR AR, 4 3L
{IER VIt P D VAR B P N L Bl 3 Eisk /74 oS el
FLNIE AL R AR ThrUEAL Lode fI ZHONFR. C2 A
PR BB 3 L, AN T I 260, 286 T 11 e FEE EAT 4%
. C3 X T APRHRT XS TARUEIL Lode 1251
WAL BEAT . 50T e B o)A Bk AT 47
i, DRI 2% 2 HORE 5% M AR} W7 228 0L (1 AN X Bk R
J£. ¢4 4E Von Mises Ji il 4 1 T BUE 0 1. BRI,
MMC BRI B AU A IRAF IS HORA 3 A, XAl
FHAAE T SN H AP B — e U, O Tk

Biti 5 A4 L 1) A8 TR ROk Bk, 25 7 A B 22 AN ]k

S HIErE N AR vl LUK MMC BB R (13) 564

S0 D WEREK, B4 BRI (15). 48t
ZH D T 1 W, MR R AR
g de,

p= (' =2

fo £7(1,6)

AR 3 SRR, i MATLAB #H47 il

LA, K] 25 Sl o Jo0 45 3k 15 1 B4 A4 i 3 TC4 £k

B4 MMC FR = e 480, % 6 5y MMC A}

TS 4.

(15)

equivalent strain to fracture

4 12710

K25 3p4HlIE TCA BRa 5 MMC B — 4k i 260 7
Fig.25 3 D fracture locus of the MMC model of additive
manufacturing TC4 titanium alloy

< 6 HEMHFE TC4 $KEE MMC LFHERSHE

Table 6 Parameter values of MMC failure model for additive manufacturing TC4 titanium alloy
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