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IEX A1 Ti-0A1-4V &S MAUB L IR AR IR

w2

Ti-6Al-4V (TC4) & & F A H ORI E it brisaert. £y
M DL K e LR BE RSP, TERT S TR S AR MR A5 22 N
G RAVBARAE N T S 454 TCA 4 i T IS 1 5 200 (1 W EE b
R, Tk XKL (Selective laser melting, SLM) #4441 H A 5
PR . REE SR, CECNRE RS TC4 MIFRiE
J7%. SN, SLM I 2 s R i E R FE 5 HRIE A 11 5 5 51
AR ol D FOARFIFR R 7, 1% TCA & &R HEE | it B P A
9% 55 A5 O ) I R AN R, HE T AT RE 51 R A T TE 22
AR o I Y JE AR FE T 2% SLM AJE TC4 & &AM FES
AR, PR AT S RO At O E B AR AT R A IR R
R ALPIFN 7 5T SLM K TC4 & &7 1 G A3, FFHRT T iX
e b BN 4 S AR SR ) 2 1 R PR RS S A AL o BF 5 1 3 B2 4
W

(D FTEIE TC4 &R BMAL N RERFR o5 KiEMD &
B, XSEHAA mm AR et JEkaEEY 1190 MPa, FE{H
e 2.2%. BKMF)E, FR o AHEAE N o MH, B A A RS IGN .
bR JGR T, EPIRH LB AN IEH LA o . &

750 °CiR ‘K&, A4 EIREE FE 2 1040 MPa, IE{HREE S 2 8.3%,
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193 B A R IEVE DL AR 4R 2L T iR B, & < i FE AR VE Y R I,
XFIRE (0001) [1120]9H £ Gt it 25 18 A 1 53 3 A2 4k DL AGR K
AR AT EN AL A IR O . T ENZSFE dh TP AE I R ALy, P
PR BN STIEE] 418 MPa, SR KA SE, FRA N IEAN .

(2) BALAL I 2> TCAG SR THARRE FE IS N, ELIT AU B e,
R RE LB . s AUBR A IX 30.51 mmAR, TCAS 43K HHLE
Rafti M0.19 um CBEHIAS) HINZE4.47 umo 2RI AT e R T
FeVERE, BRARRIRIRERE . &5 =i LA FL)E, TCAA 4 IRaft 4
fIRZE2.64 um. WAL B SRR R 2 SR 2 A ik, BT AR T B4 4
OSHB, oL RS S MK RUBE BITIOK RUBE R0 AR A A o T3 oAL
ROPR ST, < 32 THDRERS P52 189 I LA 3R THT B Re PEAIS, 38 17 5 S0 1
FEAR o (ELATA WAL TCARE MRk 35 Ak £ 35 /8 790 R HA BA —5E
IR . WYL BRIETCAE SR IZM s KT AR RS 7. BEmE AL
SREEIEIN, FSI RS BB AR T IR DL IR AR e B ) R IR FE S e g o
HLFRE 0.5 mmARS, & 4 R TH AR R 87 FH B R B AR L {H 5
B N-797.32442.9F1-941.1441.4 MPa, HEE A KN ) KE AL T IR E
50 pme 2R ALAL R ATk — B L R R R AR R ), R K
kAR RN ) B AT T AR, AH R R e AL e 2 1R T

(3) WEHALALFE AT LA 23R 8 SLM I TC4 4 42 2% i (1) 2 fehd
JEE o TS KURF: o5t 2 T S AT B2 A 3 ik 31 460 HV o0, SR T AURE i 2 15

T 19%. BRI EN, BOLACEST TC4 &4 B i HAa Fk
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ICEAE R o R, W RURE S FE R AR BE TR B AR i IR PE 5 2R
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PRSRE S B RIRE L 50 R . BRI AN PE HE R BOIR T R AL B FE
o AU i 11 3 T2 B AL DAy L B 4 R AU B 4. B AL AL B 8
B P SLM BUE TC4 & <g i 57 75 i » $E 1R B =il 3] 9.6 1

L2 RIS L BRI R R SR R T 3 o I AURE i R R SR A7 T
RN, T A AR 5 2L S0 D0 A T R 10 LIRS o 15505 5 1
RN TREAL AT AR e B 7 2 3 v SLM T TC4 & 498 55 M Re I &

KW Wi, mXEOCEN, Ti-6Al-4V, AALHE, BRN Ty, B

kR, 57450
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STUDY ON MICROSTRUCTURE AND SURFACE SHOT
PEENING OF SELECTIVE LASER MELTING Ti-6Al1-4V

ALLOY

ABSTRACT

Ti-6Al1-4V (TC4) titanium alloy is widely used in aerospace and
biotechnology due to its excellent corrosion resistance, creep resistance,
biocompatibility and high specific strength. Traditional molding
technologies face the dual challenges of precision and efficiency in
processing complex structures of TC4 alloys, while additive manufacturing
technologies such as selective laser melting (SLM) have become the
preferred solution for manufacturing high-precision TC4 components due
to the advantages of rapid forming and high densities. However, the large
temperature gradient and rapid cooling during the SLM forming process
tend to induce the formation of non-equilibrium a'martensite and thermal
stresses, which adversely affect the key mechanical properties of TC4
alloys, such as tensile strength, wear resistance, and fatigue life, and may
lead to a potential safety risk of the components. The modulation of the
organization and properties of SLM-formed TC4 alloys through
appropriate post-treatment processes is essential to improve their reliability
and durability. In this study, two schemes, vacuum annealing and surface
shot peening, were used to post-treat SLM-formed TC4 alloys, and the

effects of these treatments on the microstructures and mechanical
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properties of the alloys and their mechanisms of action were investigated.
The main conclusions of the study are as follows:

(1) The microstructure of TC4 alloy in the printed state consists of a
large amount of hard acicular o’ martensite and a small amount of B-phase,
which results in high strength and low ductility with a yield strength of
1190 MPa and an elongation of 2.2%. After the annealing treatment, the
acicular o’ phase was transformed to o phase with a slight increase in
phase content. With the increase of annealing temperature, the needle-like
organization gradually transformed into basket weave organization and o
bundle set. After annealing at 750 °C, the yield strength of the alloy
decreases to 1040 MPa, and the elongation increases to 8.3%, obtaining the
best strength-plasticity match. However, both the strength and plasticity of
the alloy decrease by continuing to increase the temperature, a

phenomenon related to the anomalous change in the Schmid factor of the
(0001)[1120] slip system and the reduction of movable dislocations during

the annealing process. There are obvious thermal stresses in the printed
state samples, and their average residual tensile stresses reach 418 MPa,
which are basically eliminated after the annealing treatment.

(2) Shot peening increases the surface roughness of TC4 alloy, and the
higher the shot peening intensity, the greater the surface roughness. When
the shot peening intensity reaches 0.51 mmA, the Ra value of the surface
roughness of TC4 alloy increases from 0.19 um (in the ground state) to
4.47 um. Multiple shot peening improves the surface finish of the material
and reduces the surface roughness. After three times of shot peening, the
Ra value of TC4 alloy was reduced to 2.64 um.The grain size of the surface
layer of the material was significantly refined after shot peening, and the

grain size showed a gradient rule of change from the nanometer scale to
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the micrometer scale from the surface of shot peening to the core of the
alloy. After shot peening, the surface roughness of the alloy increased as
well as the surface free energy decreased, which in turn led to a decrease
in wettability. However, the water contact angles of all shot peened TC4
samples were less than 90°, indicating that they still have a certain degree
of wettability. Shot peening creates a high level of residual compressive
stress in the surface layer of the TC4 alloy. The depth of the plastic
deformation layer and the residual compressive stress layer induced by shot
peening increases with increasing shot peening intensity. At a shot peening
intensity of 0.51 mmA, the residual and maximum residual compressive
stresses on the surface of the alloy were -797.3+42.9 and -941.1+41.4 MPa,
respectively, and the maximum residual compressive stress was located in
the subsurface layer at 50 pm. Multiple shot peening treatments further
increased the residual compressive stresses in the near-surface layer and
brought the location of the maximum residual compressive stresses closer
to the surface, but did not increase the depth of the shot-affected layer
effectively. However, it is not effective in increasing the depth of the
affected layer.

(3) Shot peening can effectively improve the microhardness of the
surface of SLM-formed TC4 alloy. The surface microhardness value of the
shot peened samples reaches up to 460 HV,, which is 19% higher than
that of the unpeened samples. Wear tests showed that the shot peening
treatment had a positive improvement on the wear properties of the TC4
alloy. In particular, the shot peened samples showed a stable low coefficient
of friction plateau during the initial wear phase, and the duration of this
plateau period was prolonged with the increase of the shot peening intensity.
The depth and width of wear marks, wear rate and coefficient of friction of

the shot peened samples were lower than those of the untreated samples.

VI
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The main wear mechanisms of the shot peened samples were abrasive wear
and oxidative wear. Shot peening can significantly improve the fatigue life
of SLM-formed TC4 alloys by up to 9.6 times, and multiple shot peening
has a more significant strengthening effect than single shot peening. The
crack sources of the shot peened samples were all located under the surface,
while the crack sources of the unpeened samples sprouted from the hole
defects on the surface. Shot peening-induced surface work hardening and
residual compressive stresses are the main factors that improve the fatigue

properties of SLM-formed TC4 alloys.

Deng Wenlong (Materials Science and Engineering)

Supervised by Chen Ming
KEY WORDS: shot peening, selective laser melting, Ti-6Al-4V, heat

treatment, residual stress, wear properties, fatigue life
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1.1 515

ERA SR m LR EE L S8 H IO il L B S B Bis AR B ) LA A R 1 AR P A
AN, CROANTEAR . BEVEAN A PR S5 U A SR A RS0, 7E AR 22 AN 2 I
MR, KA ST ROV & & 2 5 5 = RO Rk [ 20 28]
LR, NI IETE AT RERA 4, BEERHEABIED, BG40 N G
BRI AR, S L R R R BRI g . H TSR A SRS T 100
ity AR 20 21 30 FRAE S FR ML R A . 2R E S, Ti-6A1-4V
(TC4) AR FIILRETERE BN T, REARERESRE &M,

BT TC4 A4 RESRME. Gr-E R ERANSE M, 15505
O ) T I ) 3 R M, i L ) ST, S R ) A B i T R
MR I s . G AELHI Y, SRS AT N . 3K R AR PR OVE A B
R AT, 1y B 52 2% 45 ) Fc 2R AN RO 45 A6 428 1) T AR AE R AR, s 17
ORI R R BEALAL T £ Bk BkbR, 3G 44 H)iE (Additive manufacturing, AM)
BRI T OF M T S Horp, EIX PO L (Selective laser melting, SLM)
BARIE AR IR AM BRI, HATHROCE IR, IR R IR 1
R, FERE SR A S AR R . R, TR DA RO R s s R it
PAR s MR AR i B SRk, B M RIRI I 3w BB ELF RS R m SRR
HOA, FERUEHIR . BRIT NS A B 2N . SR, SLM HiliE I R AR
TRATTRE, AR A HH R R v, ER U AR PR 5 A ) AT S i AR B F
FHLRARGS 1, JbAb, 12 2R R 20 TCA B I TOML 25 44 7 A= 5 i,
HPEIRAR LS TTE R, HEIT R0 RS, DT 7 SR T A 1) 22 4 XU o I
STV OSEES &7 N Y (32 N AT 1. A RN & o Ry BT B A = P
A RBOSE OS5, T ERFARL D], $ U FE A > R R, AT o i e
MSFMIEIAE. B, BFFE BN TC4 & 4 MOT s H AL RE (14 5 i o) 2
o A A PR PR R B
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1.2 KA Wt

12,1 KRHKESE

BR (T 22— FhiA HAEE R 48 202, Rihsed s v Wikos, |
LTV AR F KA A2 ) F- 52 A IR SR PR 4l T2, 20 2 50 454R, EEE—UCK
FBE R JF 2 T AR 7= 44K, BRULTT IR T K& B UL A2 7= . %48 Ti,
AR AT B ARAL SR, Ti LA HEANTT (hep) S5MI o MEAALE, MIRSE
HZIG S HE G, HEBREEARAROILTT (bee) [ B AH. IXANAHARIEFE T
JEREEME, bR b2 3G 4 e AR I T 250 s m 22,

RESAE N —MEZENRERE, IR H R . A0 i B 5 H G A
RAFR e, 2 R THUS MR % LARRIR S S, AR A i mg
&R BB, RE SRR, A2 o AFT B AR, ARAEIR KOG TS A
Y RAFE, KA 0N a B 3T o B, ofp AL, 3T B ALAN B AL ASRPOT, 2545
HUERA SR ESRFRANE 1.1 R, SRE &M i 1-1 B,

F 11 ARG AL R N A 1 7 i 2R T K A e K 2T

4

DA PEREZR N et

AR PSR R iR JRT A A i affl, Lo, arp . pAL, T p A

oAl BRPEREEAR. R EYIMENEL ofp . pAY, T p Y
WLATE it JE5 ol T a, atp A
eI i =T TN P W 4 ol e, atp A
TR TR, SR, RIFREELE o, otp . AT pAY
AT AR, Lo, otp Y
TRApE e HE o o+p 7

TERN—MIAR) ot XAHERE S, TC4 MMM R EE % HANTT o M
AL TT B AL HAGZER b, AL TTRAEN o BE T, BT B AHARIRE,
W9 o AHIX, HAE o P iZn R BB EEE, GBS Al TR S &,
AR R 1 RE . V uERIE N B R RE TR, IRRR B AR AR TR
B, 7R BARVER, JFoe i+ B AT, BEm AR R 5 L BvRa e TE AR .
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h1p repT %;t

K 1-1 BG4t )

1.2.2 TC4 {2 LR 4H4E

TC4 &N —FIB) ot BXUHER & &, HPYF s A O ZH 2 1-2
(a~d) FRP, JLrh:

(a): SEHHHLY, FL DL R AR BV AR 5 5 o MR S 0 A T B R HE iy
FHIE, 15RO W =R IR G ) B> 15%) 5 & 8 95 57 IR R
(>500 MPa), fH3ZMRT o/ HH S TSI LIRRN, A77E i IR o 5 W R I (1
I 25 44 1] 7

(b): MASHL, LI BRIV o A SRS B R UK XU 2
AR, BT o M A RIS B A AR I E AL, SEISER S S R A
ULES, (RIS PR AR of B BRAAR A 1 53 AT SRAF SR T IR 55 R SUHA AR HRURE T 5

(c): WIEHL, WIELHLURE N o i RTE B B4R N =4k 2 (A1 545 HES )
TE R IE RN, JLEAR T B B E T FL AN T 4 B R B i AR e 1
EAZ AT IR LU AR S SR 3 B0 57 9 B LI

(d): BIRAL, FRIRHAZHIUA B K o FEHRMIEL, i Hall-Petch
sk -5 SR SRAL ML IR I B B A N, HS2 IR T & ) SR PEARRAE , OSP4
b SRR 57 P R A2
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1.3 SLM R AR

1.3.1 SLM f AR KR

Bl 1-3 B TEA SLM #iliEid B r /R s B, SLM a2 —Fiok R IR b1z
AR, FEEESEPEHERBOCE SR AR, BT S CAD BA—30B1,
Hp s Jok 3D BB YIRIZ ME R, fEEEEH N 20~50 pmb> ¥,
BERFRGURO AR s B IE IS %, JRE AR EEOR R R oK . BE, OGN
PR TR0 A B AT RS A4, SR E R R . RS S, TR A TR 3)
FHRIPEES, PR RGUK 5 — B AR E IS L, HEE I E 2T B 58

Laser Optics Scanning Mirror

/AR
/
P Laser Beam
Un-melted Powder Bed
Powder Depositor Melted Powder
SN /
N 7 0 ;

Pre-fabricated Lavers

// 4
Table

Fabricated Component
1-3 kXL T 200
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1.3.2 SLM B TC4 & &H#HR

SLM TLZHA KB E A 10°~10° K/s JWHENPY, win#Eid T p—a
B—or/o" Ly [RAAFEAR Ffr 75 (111 74 £ 2R 1350, K TC4 & SAE L I 2 Hh B4
B AN a'B o B IRMAAH . H5AEGRSIY 2 AELL, SLM i (1) TC4 F4F i ik
SRFE (Yield strength, YS) KT 1100 MPa, {H¥AVERAR (8r<<10%) B, XFE
WEERET TC4 AETEPEA LR T o D Rk, RO S M2
55| ARG ARG B0, FER AR AR T, JSATENRLER IR 2= AU
45, XMUSAEZ R TR RS, SECHATEVE AR T, IR AN R 7 A i
FORHTITENZ . BEEMIZESTEY, X R 7% 7E R R, SRR A 1
BT, BT SLM BB AR B Ak HASE, N TR A F, w20
TSHEAT PR . BRI, FLERRAFLBRELAIR TC4 & 410 % WAL e
oMK, FHRALBR R AR AR, Xu M (R A S AR,
T KZERE (30 um. 60 pum A1 90 um) WERIAF MMM (8 1-4). H
W, EEN 30 um B, FRIREEM ARG (B 1-4a, THITEE 15 um), 5 60 pm 1
90 um J=EAHEL (B 1-4b Fl ¢, ~FIITERE 70 pm) F I H SR ¥4 HH A

s3:60um [(E) H B oala

1-4 A2 E 7 SEM & #: (a) 30 um; (b) 60pm; (¢) 90umi*4
MBI RN &G VE R AR . anl 1-5 Fros, VR T7 1a) R i A i
T T = R PR B o (1236 MPa), {H ZE 1% (Elongation, EL) 211X (8.5%),
A JEE 7 T ) S A5 it D) 51 94 A T R A5 1 1 J2 v ool ARG U AL 22 OB B
L, SEILGUR R FEKE 1065 MPa, {HIEMFFEINE 13.6%4,
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K 1-5 IR (a~c) AR (d~0) T AR SLM BE TC4 &4 BA MM SAED K%
I3 TEM 15145

Zheng ZEUSHE I {4k SLM FAH SIS, 76 67.5°F1 i SR ms N m SLHLEBAR LI
JEZaVE RERN RAMAE B, 12 IE A T TR & &l . Zafari 2517 1@ b 17 %
LM 28, hiles 7 RA 4 o G IR A4 SLM BUE TC4 &d. %
SIRIVBAL ST PR (ef~15%), HERTHAER (otp) ZMH SLM KL
% TC4 4. SLM HJE TC4 &< E 4 L o N E, (HHAS Al &E B
o 7E /B FHHAL I SAZ A AR SN T BRSO A FIMTRL, W ERARE B AR AT REE—
BTG SRR . N A& SR, TRARBE R EEE. fEE%E
ARSI TS HO R AL 5 AT 70, 4 TR AL ANt (2AR4E50, R
£ 200~300 nm), S5RFH], ZLZH &GS RAHMEMNE 11.4%. JERE
& 1100 MPa UL I, T4 T 2141 TC4 &4,

95]

op

=

1.4 SLM B2 TC4 &£ RIGAIE

SLM &JE TC4 & 4 BAT AR o/ D AR SE, JEIRGRE R S, HERE
MR 55 PE RS ARG PR, BRI ANSE & FIVEZE AR, SR P S e . b3
FNZR W AL PR 52 T2 HR, o] LA AT EE R, THERIR 1y, HREEL
SR, PR B P AR RE S, AT 25 S A M Re AR S R A

6
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1.4.1 HRFEE

HEEF K (Hot isostatic pressure, HIP) /EN—FhseBhffpegs i 1.2, 218
IR A AR RS T AR, TR NI S E i, B S 1
MOREEEEE . HIP L E A K SLM RIEAERIALIR R, ST ENSFE S AR
b, 28 HIP AbBE 5 RE S IR AR N 7B B IRAG, B AR =BSA . Leuders %505
W, & HIP &R 5 RS AR B m, AATEIES ) 4%3871 2 13.8%, {H HIP
Kb PRI PR I AR R R I F AN 2 S — WU S e, AR ILBRR RS A & 5
AT B R HE, (HEE R HIP AbFRIE R HIGE1E SLM B TC4 A 4 b SEILTE & 119
IEARE, Su ZEPARFZ S HIP AHE) SLM i TC4 &4:1E S00MPa #fij 25 1F
T, H9E5 A e s 2R A FE IR 10 iDL L.

1.4.2 AL

SCHUER A 4 K R BB e S R AN i e — BRI R AN R IR G B H AR
PSR — P EE MR TR, 3 2@ R R R df R A AR 4
KA SRR G S MU e o WA FAAE B T2 A8 K TR K KR K
AR, A AT LA o B IR ) o AR AR, TH BRFT ENAS (As-SLMed)
FE A T R A0 R AR N 77, AT SRASAE St (0 i S P DT FC 12 e 53T FAAL B B A 2> 5
M SLM I TCA & & IIAH4LK . 5 As-SLMed B A EL, £ 4b #ERE
K E] 7 bee G541 (1100 B AT (200) P ATHIE, IXFAMPGLFE, o FHFEAR
N o AR AHEA,

ME 1-6 FRIATSN IR AT UG Y, BEE PSR T, B AR & =
JeXEIN G, X SRR o o AR V TR HEH S8 o A
Al TTRIREIIINA G BT AT RS RT VTR, SRR RS 675
FAREIH . Zhang DT SRE X FHERATHRAE T As-SLMed F1ZE 900 °C#
AbFR (HT-900) FfGAERMAR TS FE R RO . 45538, As-SLMed F it
() o AT A H 5 FE e i, 1T HT-900 A i 1) o A ZE 28 1 AR T 7R v RS At
TPkl X — R RURRE T As-SLMed A i (4 i IR 3 2 755 110 HT-900 ¥ 28 1
TR EER R . PRI, IR KIETHER SLM BT HR AR L 7 1 R AR F AL 3
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T2, BAREEIRKRESFBMRMEPTR#E (Ultimate tensile strength, UTS) '~
B, (HTRLAE (R G IR B I 3G I, X Fh ) RE AR S B A E BT G

400 (b)

() A o'/ -Ti
® p-Ti

A

Intensity / (A.U.)

Intensity / (A.U.)

3 36 38 40 42
Diffraction angle / ©

] 1-6 As-SLMed FIFALFIRE 5 ) XRD 8382054

Khorasani®* A BAFRIBF FE8E— IR S, $2 518 Kl B 2> 330 SLM BUE TC4 &
GO PE AL, (AR, JdRAE arf BUAHXIR K, MRHERERF & BT R
o B TR EAER LN TC4 & 4T T A IR JGR B MK B 5L, R
PR R JORE 1T &, WA B SRR ) o ARy o A, HL o BEAR R IR T L
BTG 1B JGRBEFH ST, Hrhis® i 961 MPa [% %2 870 MPa, i ZE {256 |
TG B . 76 890 °CHIIR KR E T, SLM BB TC4 & & Il i 45 A MERE,
PUhr o B2 CRFFLE 941 MPa [ [F] I 2L (1 2638 21 11.1%, BAIR KFE Mg T 126.5%.
TEBEERE T, B AR BB IR O BT =, As-SLMed B i [ B 451 26
JEE P 24 (Coefficient of friction, COF) Jtft i/ K, iR K& 2 1060 °C
IS AL SRAS i LR S 4 B,
143 FTHEELAIE

FERH SLM HiARHIE TC4 A 40F, A T IRIEAMBHE S bR BLF 18 € HATR]
FEME, RPHIEST . BEEVERRIIT A B OCE L AR, SLM BRI 14 )R
FORE 0 5 7= AR FLBR ARG B S GSODL I, ) B o 82 T PR RS AR E AN SR AR
I ARAS HRT RS FE ) 5k e = AR s ma 50600, SRR AR a6 T2, kb 3%
BRI AR B S, B AR T8 M 1 19 57 M R 161 21 it L3112
S BE PO, b ah, ke b B AL e AR R TS SO0 2H 2 R P 38
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TPRZAS AT AL 6567,

(1) fkibrgizahiidi AR (Pulsed magnetic field, PMF) 1F A B ik v i 1245
R SR T 1A 2 —, FARAE AR A AR TEAD R SO SR A5 2 N 1%
BRI I v e F A I B R P AR R K Y, X A S TEMRHE R R S
HYRRE R, AN TR BEAT RO S5 D04, B 2 5 THIL T 22 At BE R 57 5
Zhang ZFSHESE PMF ACBEAT USEE TCA B4R N IR R, IR RS %
FE. Hu S5 T PMF X SLM JE TC4 & 4 JiI% 55 A s md . B 7e 3k
1, 223 PMF b5 RE G TR 57 A3 fn e 1 471.13%, A7 i 2 HORE 2 AR
T 10.63%. Wang 257018 Fif PMT %} TC4 & 4 MR % 57 MLt AT 2, f# TC4
HERFFmEE T 30%LL 1, BERE T 7.8%.

(2) WAL T Z, BRI OB R AR AR E . LA ORI AL
Ho WA B A B SR A5 BRI BB AL RT LR R T R
FRE WERLERRSAE, PRI R R RS A R

L3y oy A

W
pare

o

=

Air compressor (a)
Mass flow

rate \ g
N 8
Compressed T Nozzle.z' -
air tank — — =< = %
Pressure Air conveying pipe ® Peening ({| | =

control valve Barometer | distance

Level 1:
Execution parameters %

(b)

Level 2:
Procedure parameters

Level 3: TS tlo’ {
Machine parameters p rate

- S
Shot

Peening
distance

£ )

Bl 1-7 (a) SR TAEEEE; (b) WihZE0
Bl 1-7 () R 7AW AR JEERUY, o e 4 2= e i =l
T, AR RS I AR AR R 7 (Compressive residual stress, CRS )
W 1-7 (b) Pron, WA T 2RI ORI S EEZR A BURSS L R I # 2Am
FUSREE o WAL B BERON ) 2, BN AL 30 LA P B hLo A S TR R A
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S MW N R DA

=2

KA, XECS RG0SR A BRI, T s R R
TS AR B, 3R — BT ORI . Wu S5 U2V I 390 R A 2 5 M P A
JERIE R R, LTS T MEGL T, 0SB AR AT AR mt LR .
A, T8 I U B R RIS AL 19 45 S PTG A R R, DAk 38 B AR B AL R
W . Tto SR, BRI T WL T WAL ik, SR IE R
H . Konitzer S5VSRA] T — PG 2 6 2 BN & RS0 3B, BL S110
ABEAA BLHEAT T SES . £ TOCWEALA LT, AT A IS R o B b 3l B 2 R AE A
IR IER R, RO E RN 5 /s, SRS RMEET! 0.01 mmA.

F T8 AU TV BT I &, TR i R Almen 50 ik [ 330K
27 IS WAL B ARHE Y Almen 1, TR A 9 m 0E A 5E AR T 9 s ok
MRS ALSREE . HAT, Almen {45 AL C RN =FhdbrdikAL, 4 5h&EH T4
FlBEEEVE . A B (B 1.27 mm) & T 0.15~0.60 mmA (58 EE &, C
A (B 239 mm) A TR 0.60 mmA 150, N A (B 0.79
mm) JUFHF AT 0.15 mmA M. HHF5eEH, MR RRE 5
BRI O, BEAEWIALIRERIIN, CRS JZIRFENG N, 2 AR 5 AR M3 hnte. 77,

M58 HL 7 25 SR AR MR T 2 i WAL AR 5, S B FR R P 380 T AL 5 T 75 22
M SHL AL 3 P4 T AR 2 1R P LUARL o 2% AR FH T Y 0 167 5 AL A 3G A P 2 T 1) 78 i e
FE, W ORI T 2R BITUHACR . 8%, ik E] 100% M40 55 % v fe S 850l
FEEWGEH, AT 5 500 AL 24 PGS 7900 58 4 78 o B R 1Y i 3R TR R AL SR IR I FiR
JZ CRS 454, {HIdFEm R ] g2 T BUR MR AL 57 4 dr %50, Lundberg %5
BEIE 12 FOARFEBE AT SRR 5 2R I 2 & SRR I, B/ MR R RS
100%7 75 28 AN AR BT AUSRBE AT = A s KIRAR N J7, TR s R RE B8 e
HLAREFT 300%7 15 % M FEBURMIR AR R J) o BEFCHE—0 R B, mli FLa XS
FRA LTI RE IR T3 N a5 %, FLAEARIBE L AREE R, H R AL R IR A7 X
Yol 1) 2 32 IR FEE S B A B I

TEAL G LB BARTE RN b, IR 2 Fh G T 2854 R
151 1788 7 R e R O i SRR v K SR AL AR B AL B T 5, X ey
R I Z A R RIEN T B 77

10
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S MW N R DA

HA AL (Ultrasonic Shot Peening, USP) F A i 8 7 Y i A 14 i AW LA I
AMEEEHT&EARE, SSBMREae i . Az 0B T 6% U
100~300 m/s (158 I8 B2 SEIUMPRER T PR T, IX — Rt Al LR A% et hu b
R BB FEART IR RAER - Mordyuk Z-B2HESE, USP AR A S 8UM BIERZE R
A B S ) SRR AL, AT A R R R Tl M AT B 13T, A, Zhang Z5B4IE
W], USP ALHEA[ff SLM &K TC4 & &I S BE R THs K, Jele K fEx

F| 468 HV o025, BARAIEFE ML E 25%, AR LK 1-8 frx.
b)

—w— Initial G500+

~
0
~
'S
>
S

460 -

& —8— 4805 S
S 440 F —8— 960s
z —A— 19205 § 200
< s0f g
@ =
300 -
S a0t -
~ N~
g =
= 3801 = 200
S S
S 360t g
= 100
= sl §
320 1 1 1 1 1 1 1 1 0
0 50 100 150 200 250 300 350 400 450 Initial 480 s 960 s 1920 s
Distance from surface/pm USP duration/s

P 1-8 SLM TC4 & 4:1F USP ALBEFT 5 I SAMAH R : () BAMAEREIRFE /34T (b) USP RR4:
1 e 5 A . R i i (54

WOt AL (Laser shock peening, LSP) Fl|F A& (GW/em?) FlJH ik
(ns) MO RS HARRI . 728 7] B AR AR A AL BRI s il (GPa). 5
BB AE ARG, LSP BAT B RARSS, LRI R A &% i 0 IR I B A e S
J2, AR S T R T, S BRI AN S T S AL R R . Zhang VR B,
28t LR LSP AIXUIK LSP AbH 5, TC4 A 4AE 2x10° RGN T 9% 57 58 FE 43 3
P2 264 1 306 MPa, FUARAELFES (216 MPa) 73 ili s T 22.2%F1 41.7%.
Kalentics S5O H 7 =4O i AL (3D-LSP) HiAR, Hrp s I3 44 il i A
LSP X & SLIIEZEN1E . 3D-LSP 7E AR Hil it ik 0 FLBR 2 . FRAR N ) 4 AT
FGOL 225K LA % 5120 4 Jad A sk ) it P R4 T8 SR e 87991

15 R 7K 5 IR IBE AL (Water cavitation peening, WCP) £ AR F = B /K K A2 R 4,
IR R KIS e A B Re iR, BELRAE A T8 F AR, Zid
PR SRR EAEIE B 145 Sl B 25 1 N 2 PR AR , AT (2 R AR R PR A%
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JER: F13 5RO R TE R 5% B ALAE L, WCP B R R 2 /N A
RIS 55 . Takakuwa 25006} f TCAELT 444 s B A AN W HE E AT 75k
P TTINR, IR SE LN, @it WCP A, AR I LA BB 5 1
NIRRT 2.2 £,

(3) WEALGRAHLE], BRI — PR TR R AL R, HA
oW S I e AU A R TR AT e S i, 15 R 6B 3R R AR S s
I o ZHAR T @ UL SRR SR m et (a) BINREHREE, (b)
TR R )Z XA 5] NSRRI, A B (o) FER RN R I B 52 BB ARV 7137 o
M KA B ] R I8 I 51 N 22 Fh i e AN ST SO A R AROM S5 ), 481 i S 4K )
A A TR TE O,

AR T BT 2 T X ILE 2K S B T 25 5 5| R 55 SR S8OR L 7 i b 2R 288
T Y I L X IR B 3K, T B R0 1RSI T ORI, AT A K
PR A5 Ao WA, I RLAREE RERS AR AL EH S I . HUAOIN T s i kb 3 5 5501
RN S04, SEEERIRSE, X —d FEAE TR BRI 58P, E 1-

9 [RERAR N F) 43 A 7 B B R T 3 — R

Compressive
residual stresses

—»  4—
— > <+—
—»  4—

K 1-9 ML smAL N s e
B 1 SINIRA SN 74k, WAL P i 2 SR AL SR TR R e, il
AR IO AL A5, DT B vt 2 T AR 8 ot e o R AR B o 224 ey T
R AORER TN, RE SRR A A AR, SEURRIAL, AL
RIS HIE A o R 9B A B ARIR R, TR RO 45 44 (4 B X 2
P57 R IC N . (BTG EVE R, ACFERRE T AR B M 3 2 T R A A

12



S MW N R DA

JZ, B5 51U IENIER, BRSO A RV . SR AR R A
MBE SHL AR P RCSR A B 7 3N 5 2H SR A (RIS &5 77 A I R B 4 R

(4) WEHFBRAGF AT TR, AR A ARAE R —Fh 8 2 & 8 R il
L2, RN VRZE RS SRS 2 DI SUsAe 2] 1z M
JSFFIR NI FL o Lin 02K 1% 5 B 7 AR RAE T TC4 & WAL G 3R T 1
WO, ZRINE 1-10 Fros. oira&], B S TC4 & eR = 1T 5
KLRST N 64.6 nm. BEAGVRBERIHEIN, A7 5 B BB SRR RHAE L AR 9 AN B30
REFAE, R b R K. Uzan 250%0% SLM BUE A1Si10Mg & & 7EME A
ACFR S BUIE 55 M B HEAT TR TT, MBI B S & SR T AM FE
HAT TR IR 55 R LU RRFE o W55 AU 51N (R A% I g DA R 30 2 T DX 488 R A2 1R 1
ARREAGAE F A RO 7RSO IR, AT G R E 4 BT 55 ME R AT AN o

Xu PG T AN TR TC4 & & 4w AL EE S 9% 55 M Re, 255K,
W% KL AL T I PR it AR AL R oty B B s (R 55 S o BB AR, AL AL 3 (2R
FEEOP AT R JZ AT X I, F B V58 R A S0 2R A0 A A T S R 4 4
Klotz 0S5t T RFEWBTAL L 2% INT18 & &% 77 MERERISEN, & DU R % 55
(Low cycle fatigue, LCF) {t:f ¥ £ 2 R ARG FE#H], M A7 (High cycle
fatigue, HCF) P REN H AR AR B 77 7, W90, Wi ALALERAf IN718 &4: 1) HCF
et 120 £

75
T, B
- .

Grain size/om —

& 1-10 TC4 & WU PR M FLE S AR : (a0 TEM BI3&, iR RIS

(b) TEM B5b(%, HEIARLRE 5 i FE02)
M KL AL L0 455 JaB A A 3 T e 2 T A8 A S B FH 7E 22 THURIE 9 v 15 28 B I R

13



S MW N R DA

He “US i3 HH, 304 BIRAANHNEWALLER G 700 wm 6 5 SR T
JZ, R)Z SR ZE GK G I RE B SEAE B B2 A A RHAIE , I R MFLBR A PR 5
FLERERAL AT LUSRTHARI R 25 1 BT . Deng 2081 B s e s AL AL R A 4l Bk 2
FELHE BESE NI E TR oK G54, R U 3 B A RS B 50 1 B B A oib T2,
Luo PR B0t vk 55 BT LI RIAL 3 TCA &4, iR RN 135500
BB AP AR, AR 55 % At 9.3 fif . ZXRUMG S50 CF53 41
W5 RS HGATIR T, S5 RERH, UBTRAEEHIZE 0.3~0.7 MPa JEHI NI, Ak}
KM SRHES B S o EAR R IEA R, RIHREE . AR E S Ak
J2 J5E FEE VR W ) S A8 R 45 2% R B 45 3 A1 Yang S5O AL 1 e RE M ALY TC17
FARPEREISEM, RBLEREMTALIE 10 TC17 78 SR gifh . mssFEArdt . n LREfk
FFRAR R 7 25 AR T LA S 0 P 0 B - A R P, F vl It P8 AR R
PR 3 R T 10.1%40 13.9%.

L5 MREXEAR

TC4 £ &R LS . A0 5 R P . B AR PR AN R I A AR 2 1, 7
LR BRIEAIAE B AR SRR EI) 2 B . 28000, BT SLM BUBL
P IR BEBRRE | DUV 2 e DL S SR BB ER T 52, SLM U TC4 & 425
H IO S ANIE) 5T« BRAR R 37 52 2% I R T R S SR P 25 o R, 77 S )2 7
FESCBEB A TIPSR o NGE R ), SR AR . A R AN .
iy R MW R G AL BER, AT SR RO 58 . BRI L
B I AT 2 T SR P AU, AT 42 T SLM A1 (K155 A MR R  ARIE 72415 SLM
JIEI TCA &4, FIHSEIHERRAETT ARG 1 FAKLBRANGE AL AL P T & 41
WAL RETES. BRI TR U, FTfs 45 R Te ik SLM £k
Ea M TN RA BER . ASCRBHRANEDT:

COBFFE T B KR SLM BE TC4 & 4 I 2S5 F R 7 221k B 541
fE 750~950 °CHZAIRKIREX AN, 7 HriR KRR SLM e TC4 & tH4l
s BAAGUES BRI s Gl SRR RIS A A W O T, R
AN ) A AR S TR A BT 2L

14
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(2) WHFE T AFEBEAL T4 SLM BUE TC4 & & RIMFFERIZM . FIHH

H M7 8 8% ( Scanning electron microscope, SEM ) . i% §f B T 1 B
( Transmission electron microscope, TEM ). X 5f 2k fiT5f (X-Ray diffraction, XRD)

R A R T4 8 A AN RIS FL L 2T TCA A4 02 T SRR 32 L T £
THOZH L AHZ BRI AR B 35 S5 AT RAEE TE, IR TR L2 5 &4RM
REMEZ ARG AR

(3) BFFC T Wi HALEESS SLM &K TC4 &4 J12ERERIRE . i 5 R Al
JFEWAR 9% 57 PR REI R S BE R BB SR04 & BE TR AR AR AL 57 W7 1 T 3R 40
RO T WAL A BT 5 M B A A 57 1L e R S e AL A

15
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F2E LRMBEFE

2.1 HAREEZE
AL AR LUK 2-1 Fios.

TCAREE

—

B BN REMEALALER
‘;I Rt |

HASH >R

2

A

\ v .’
[ EeE] [E=te [FRaR]
|

y
SRR [0 %] BRI
Y.

.....................................................

| [FRLE e [EmanEm|«En s |

K 2-1 SLM %I TC4 A4 FAALFE % w55 AL sm AL A 70 B AR B 28
2.2 SLIgPR

AARIRIE S S IER S ERTE TC4 BaMm A, HALSR WK 2-1.
22 R, TC4 BiR B RIFIIBRIEIES, RARLE 10~65 pm Z A IEA 7310 o
SIS AT SR R AE 100 °C N8 24 h, DARERB R H /Ko B BT R FH 1
EOS A #] ¥ M290 WOGITEIHL, FtRAE AR . BARRSIE LZ2808: Bob
DI 200 W, FHREHEE 1200 mm/s, FHFEIE 110 pm, 5 EE 30 pm, NRE
BEEARHT BN U J) ik AR AR, AR &I J2 BT B 7 T EEAT 67T o i it #
BT BEAERFAE 120 °C, TARZIMAG AR IERE S A . W& 2-3 (@) PR,
ARV TC4 A4 RSFA 14mm (X J7F)D x14mm (Y J7F)D x70mm (Z J7

M. K 2-3 (b) N SLM JE& R E
16



LA TR A A AR 3L

R 2-1 TC4 My RHAL (wt. %)
Al \Y; Fe C o} N Ti
5.9 4.1 <0.15 <0.05 <0.05 <0.05 Bal.

o
(9]

3]
=]
]

—_—
W
1

—
S
1

Volume fraction (%)

(9]
1

50 60 70

Particle size(pum)
] 2-2 TC4 Hy RGO Z SR Az 73 A7 1B
(b)

Layer N+1
Layer N

Testing region

K 2-3 (a) SLM HEfRSRER; (b) SLM BJE & B
2.3 LA

R CIE I 3B kA BN Wt LA SLM BB TC4 & &kl 3T
ANFR KR S AL 20 A A SE R AN BE T 52 o SEE6 PN 5 B S IR K

17
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AP S5 A O ZARAE  FRARBL T 0T hrPERE I, WEALsR AL 5 AR R
TS S AR B L SRR L) o3 A WAL Z A SURRAE . WO R TR, i 55
e K9 57 PERERIAR 5 40 #T
231 PAIETZ

SR LK AE LR B M FEAR 3R SLM B8 TC4 BRI N —4l
fEN As-SLMed i ELEEIR; 55 —2H7E GSL-1700X 2 312 8 = kAT iR -k
AbER, FHEEZEH 10 °C/min, 43 HI7E 750, 800+ 850, 900 £ 950 °C F il 2 h
JEE A E R, HNFEMAKIKIC N HT750. HT800. HT850. HT900 A1 HT950.
2.3.2 FEBHLE

FKREABHTEX RN 70 mmx14 mmx7 mm ] SLM I TC4 & & FF
A AT R SR ALEE, BARBE RS HN K 2-2. WIAALFERT, K5 As-SLMed FF i
£ 600 °C T iR/K 4 h LATHBRN L J7,  FFXEFrA A 24T 2000 #00 ACHUARAT B AL

KA TCA FE & AHH SIS .

—

LN
Kl 2-4 TC4 %N iR KA
WS FUALBR 73 A =AM B (1) SRABEIAL (S230, ~FIHEE 50 HRC) #E4T
FLYORFBREE (0214 0.31. 0.41 A1 0.51 mmA) [T HL; (2) 78 AR IR F,
&R (2210, “FEIEEE 65 HRC) #H47 kWA (BEHSREE 0.17 mmA);
(3) KRHABEHEA (G100, “FHIMEE 5.5 Moh) 1E I ALA LA L HEAT = ks
o CBEHRHRAE 0.1 mmA ). ALK BN, BEAGRE H A B Almen i

18



LA TR A A AR 3L

F RS a2, Wi EAR N 8 mm, Wil 5L A FERFF 100 mm. Almen 5K
M E A WAL 2-5 Frome NEFIX 4, FEdaAlbsic N KN IR AS
(AS)E N 1B K5 BEHIRE H CAS+HM) AL G ALFE i (SP0.21.SP0.31.SP0.41

SP0.51) DL EESWHEES (SP0.51+0.17 SP0.51+0.17+0.1),

1

Kl 2-5 (a) Almen JNEMIEAXAT (b) S BNWEALAL
£ 22 HAWNLZSH
SE OMAER BUALSEE B B

55 ALK T FE 5
(MPa) (mm) (mmA) [E](s) B
— I CBEHLD SP0.21 0.1 0.6 0.21 6 100%
— IR CEHEIHAL SP0.31 0.18 0.6 0.31 6 100%
— I CBEHLD SP0.41 0.26 0.6 0.41 6 100%
— IR CEHEIHAL SP0.51 0.4 0.6 0.51 6 100%
W (BERD SP0.51+0.17 0.7 0.21 0.17 8 100%
=W (PIEA)  SP0.51+0.17+0.1 0.6 0.125 0.1 12 100%
2.4 MLBLLEII ST
24.1 €MD

i Zeiss Axiolab A1 Y622 BIMET SR TC4 & a S AMHAH . FEMmHI&T7
EUTR . As-SLMed £ i ATFAKE BEASAE S XOZ HVIHIPY 5 mmx5 mm>2 mm R
~Fo I AURE UM B AL 22 X I T E % 5 mmx3 mmx2 mm. £S5 S AR AL HE
Je s ARIRATH 240 #22 2000 # SiC RPAGHEAT WL S, B R 3.5 pm 1 1 um
SR E RGBT, ERRE LR AL JOUEREME 10 min @A

19
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TEVRIER T KA Kroll i3] (HF:HNO3:H0 =2:4:100) X FEME T 10 s, BHJS
FBE KR e S I BE M T, L& RO 5.
2.4.2 XRD 3%

AT T, BATENS BRI TC4 & 41t 5 &AM AL E D1EI
5 mmx5 mmx2 mm FIFE S BRI RER T P BAENASL,  FRFE B AT AU
WHEE . $l' S A B Ve S5 R T AL BE . R FH Rigaku Ultima IV 2 X S R ATHCHAT
MR, MR A Cu-Ka 525F, HIE 40 kV, HJE 50 mA, FH#§7EH 30°~80°

(20), FEHEZR 2 °/min, K 0.01°,

2.4.3 EBSD B4R 53 #

KNI SRS T2 M &R KRR 240 #2 2000 # SiC 4%
X SLM AL AT AU BE , RAH 3.5 um A1 1 pm &R P0EHIIE =R
TR o FEREA 28 kP PG, HEAT 4 min A IEBEIEIRT, DABRORER T
WA B SiC BIFHIREIIIE 30 min. HFEHEATH (Electron
backscattered diffraction, EBSD) M BAAEFE S T LA R 100 pm 4 B2V 2647
AARMKSE08: BE 20kV, HHi2PK 0.12 um, 8T HKL Channel 5 {42347
K Ja hhH
2.4.4 TEM B4

T HHT TEM OISR, 4 XOZ [HIfFT ENAS R EAE S DI Rl 8
mmx15 mmx1 mm B FRFE A ARIKAE ] 240 #22 1500 # SiC P 40HLEE 22 5 FE 80
um, BEJEHMFLESHIEE S 3 mm PR RS . ARSI ELE 2000 # SiC WP4R
FAHEER 60 pm A, FRIELL - FIEAC (PIPSTI, Gatan 695) Jki# & %8 fL. K
FIIE S 7 BB O s E 200 kV) W RO A2, B/ S
DigitalMicrograph 3 {47 f5 AL B

2.5 FRETEREE NI AR M &

FTENZSRE AR A ] 240 #2 2000 # SiC AP ACHHAT UM BE . SR SuperView
W1 e A 3% 50 B0 G 5 A L 3R T = 4T SARHRE B2, T A 2.4%x2.4

20
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mm?, 5K 1 pme TR R BEHLE I =455 m N SRR S5, AR AR
SFEImZE (Sa). FTHEE S fbrEZE (Sq) FIERE (Sv). FIH SU8600 Al
REFR T M8 (CTAERIE 15k, B 10 pA) XTBELFRTE . Ml A& B
PR MHAT WSS, FEX 08 R & BRI REAT EDS 2087 DASREUL 22 i 15 R

2.6 REGEZMENR

VPG G B AOTRRE TR, SR 32t A DI & A (SDC-1008) I EAF bt R I 55 258
TIRHHEAA o 28 TR VA Y RRE IR A B . K58 TK
WO RS SIHURE TCA &R L, PR E MRS, 18 = rizRl
B S AR T R . R IR AR N HERA L, AR E R 3 RS .

2.7 FRARNITMI

K H DS-21 B X JHERFR AR I3 73 BT AU TCA & 4 FR AR N T T I & . B
RN 7B 1 % ) D-Spacing 5 Sin?2y 2V C R AL E 2-6 fim. BT
WU AL JG TC4 & 4Tk AR N JJ IR FE 7 0 I A AR AE, A Kroll 377

(HF:HNO3:H20=2:4:10) X[ HEMHFATBHRZ . X FHLELE 25 kV HLEH 30
mA HIR T LAE, JGEAH 2 mm. KA Cu-Ko $@0 (3=1.54056 A), i7htdh
TN Ti B (213) TH, AT A 139.69°, N7 % S2/2 AT S1 4352 11.88x10°
MPa ™! #1-2.83x10° MPa ',

(b) 1228 T
1.226 g
1224 }
1222
1220 1
1218 §

D-Spacing

'

1 2 i
0.1 0.2 0.3 04 05
Sin~2psi

Kl 2-6 (a) BRARNMERILIESEE; (b) D-Spacing 5 Sin?2y kX RA
2.8 S Mg
2.8.1 RIRRERE MR

{6 TMV'S-1 2 SR T A7 SO REER, JUIRERFH 4 200 gf, BT (R

21
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FE10s. MHTFE SR S M AR 2 AR TR e . X T HACFRE 5, TERES
O X IRBE AL 5 AN s EAT I, 5 25 B R AB AN d /M5 B S B Dy B 4 &5
S o SF T AL AL FRAE A, IR BE T [ b EE A, A 40 A T ER R TH 0. 10,
25, 50, 75+ 100~ 150, 200, 250. 300. 350 F1 400 um 4, EAEEMRL 5 4>
s Z R 5 WP A A IR P R RE LA
2.8.2 hififtREINLG

AR T Byid: AGX S AR lIe A LI e i 1 =R b kg, ARty 1SO
6892-1: 2009, &t TNl 2-7 Brow, SRAFE#IRAE Y, HARB T 15
mmx3 mmx2 mm, NASEFEN 107", ERATNNAZ AT, SR IR g 47 4T
BEPIOL, DRAEAREE BORST S T0805 . Aot IR ok e, BN R =K
UV DAL 3< A =AW

c=F/A (2-1)

X Q-1 W, o FBonfifdsafE, 47 MPa; F RR5HRE SN mr, B0 N;
A FRFERARIER AN, AL m?. RIS TERUS, R SEM I K FL T U
ARSIy 1 R TH TS HEAT RAE ST

P 2-7 FLARRE i RS

2.8.3 Bittaeiiis

M HT-1000 Y (] 2-8 (a)) FEEEHRIGHLHEAT iR B B .+
f T 10 mmx 10 mmx7 mm, WK FERORE S dEAT Pt A B . A # A 5
N. BEHERIER SisNg &R, HEAHN 6mm, BHRIEAEZH 1700HV. BEE}
1B BN 3 mm, FE 250 Rpm, FEINE] 20 min. W58 RS RRE SR THTHEAT
PRI LA 135 o it o A1 = 4E50 BR A 4 FiLBE (18] 2-8 (b)) FREIEY (EDS)
Xof BE PR AR THIEAT ZRAE H 20 b I S 45 L2
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Kl 2-8 (a) HT-1000 B EEEEEERHALGHL: (b) SUS600 7 A i 414 HL 7 S s
2.8.4 FHMREINLE
K MTS810 WA il &4 (il 2-9 (a) Bz, AN JJH R=0.1,
B 30 Hz, KR 772 500 MPa [F SR IE 5% 80, TE IR N7 HL A2 2R
R 55 RS, MARFRE N GB/T 3075-2008. & 2-9 (b) TR T 9% 55 B i J LT
TEAR « A L2 MIFE S AEAR [ 1 26 A0 R AT T =N, IR H 3 T P39 57 4
PEIFIRISG, KH SEM IR L TR0 57 W R R T AT 73 #7

(a) (b) 1‘15 15,5
R e
{ ~—
N = TR

K 2-9 (a) JEFREHL: (b)) JEF7 IR R~
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£ 3E MRAEX SLM B TC4 & &RMB R HF M aE
eEAl

SLM f§JE TC4 & 4 HA MR O ZVRT A B2 TR AE, 5L G3H8BE e A7
FEARJR S, X P TREN M 2 BRG] yscE LR, A T Z7
JA SLM AR £ < U BT [, Hal e i AR BT AR ZOR AL
MB35 VERE . AR SLM KJE TC4 & <t AR KA, FRITIR KR EEXS
EEMMAGTHAR . BRI 19040 R F1APEBERISZ IR HLA] . 20 S R SLM
Y TC4 & &b T Z M BeTH R A ERE IR T B 2R X

3.2 FALIEXS SLM gk TC4 & & MME RS

&1 3-1 Jy SLM T BN S AN A B2 1R K ¥ TC4 & 41 XRD B3 o h &I ] %0,
FTENZSFE T R ZE B H AN TN o 5 IRAAEAE Chep-Ti) 4k, 1M B AG LT 451
(¥ B AH (bee-Ti) ATHFIEREEELSS, RIS EEAC. BALHEE, K 5L
hep-Ti fiT5t &N 32, H B AHATIF U SR BE A BT, RUR KR kA 70 & o
R Ak ) B AR REAS, (A B A& BT RAKT ofe BIRAEAH. RHBOCE R
N, BEEIRKIRETE S, hep-Ti ATHWEEEET RS A WA, RO T o S IAAAH 1)
AT o AR, XL RIAH T SLM A AR A B AR AETE
ANy o M, TERL T AR L AN EA A o bl 15 SRR B TR AR S
ARG ik BT S ) o AHBT 42

W SR O, 3R 3-1 FUH TONRPRESHE Al hep-Ti 19 di i 24 1B
A hep-Ti 1 a 1 ¢ 20514 0.2927 nm F1 0.4671 nm, X5 o F K% S EURFE
P2, G IR R EE T iy, hep-Ti R ARA% & BTG K. X2 T1E o) o 5
AR, o) vV ITRBEHTH, SEERRE o A Al TTRIKEH
e BT AURTFRERT V, BT B o AH 0 & T[] 2E 3 K003,
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() : (b) =
+—o/o’ e—P ~ o)
' s & 8
+ o9 ¢ HTI50 o . . S = A~
_ /\ HT900 . 7\
5 i s
& \ ! HT850 E A /\
> c >
2 =
v wv
5 \ Jl HT800 5 _J\AJ\_
K= = 2 =
b EX A
A A As-SLMed _/\___/L
v T T T T — T T T T
30 40 50 60 70 80 37 38 39 40 41 42
20 (Deg.) 20 (Deg.)

3-1 (a) STERSAIRKAES A XRD Ei: (b)) #70AT55 8 I XRD &1k

% 3-1 R[FEIZMF hep-Ti 7£ TC4 &4 %S

. A s S HL
R
a/nm c/nm
As-SLMed 0.2927 0.4671
HT750 0.2934 0.4676
HT800 0.2945 0.4684
HT850 0.2942 0.4690
HT900 0.2951 0.4717
HT950 0.2948 0.4731

3-2 R 7 AR KIRE T SLM B TC4 & MeMHHLRE. WA 3-
2 (@) FR, FTEISHEREIE RIFIAEL S, RWERILIN. RIEE KL
SukbE, H RS R EMENR o 5 RABSSES AR TEYIAE B A S RINE. T
e B TR 7 1) IR AR REBOR, W DABE RS YA B AR ST B 5 1) AR K
FEAR AR 223 750, 800 A 850 °C FLA¥IR-K 2 h Ji, Ff i AR AT DAL S2 31 B {2
IR ALY, AR SN REDIR (ata)) T IR B B AR G 4H4. 59T
ERASHE SRR LG, oo H &R 58 FE IS AT 3G In, (HAR AR, BT B M & BRI,
FE AR PR AR o 3B B REIEH] 900 °CIN, JRT-FE /04 1, B S A B AIR
TR, o A TEFE BRI R, TERES N FRTE AL T BRELAR R o A %52 SCRE) R PR D) 9 2
. £ 950°CIRKG, atRokvi Bt — 2R, HA R BB TR, 1t
O, BT ARRIKR, W B AL GURIR, TERL T B AHRIEA Y o ARk AR
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Kl 3-2 FTERASHFIR K TC4 G &M AHAZ: (a) As-SLMed; (b) HT750; (¢) HT800;
(d) HT850; (e) HT900 F1 (f) HT950
KM EBSD Xt TC4 &< HIWORALR L 73t —L 0. K 3-3 79 As-SLMed.
HT750. HT850 F1 HT950 #f i [¥) EBSD #HE. #HE FL4L A XIRE R o/a'tl, HH
XIER B, BRI EERIPTDOES] As-SLMed £ LA o' #H9E,
VI B AHE EANZIN 1.4%. 225t 750 1850 °C IBK 2 h J&, & o' AT T
RKEMN o tl, FEGEFEEHEIEM. R, BHEE/LTRFEAE. MR
KURFER A 950 °C B, o AHF1 B AH S B IG K, SO A 2 RN W TR
IR o FEE, H BHESEMINE 2.77%. DL WSS RS &M o R —.
UeAh, W 3-3 () HF#EFELATR, HT950 £ i — S K1) o AR AE T BRI
SCHRIGEAR o BRAR IR 52 30 & R0 R R0, 0 S BAARAR S A R [ A o
GERE ) IR R O R AR AR I BRAL LA B o AH IR AR B A K S 004
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As-SLMed Kb) HT750

HT950

l 3-4 As-SLMed. HT750. HT850 F1 HT950 #nuﬂ’vﬁ)ﬁl (IPF) A% /& (Pf;

Kl 3-4 /R T As-SLMed & 750 850 950 °C iBKFEM 1A% (Inverse
pole figure, IPF) A% (Pole figure, PF). K41, 7E As-SLMed FEdh, 4F
R AR A, SR AR ST BEHL . EBSD A% B R AT E FEMLE (0001) o F
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1 b 2B A I FR LI A . SR, RS B AIRAR T, ARLZ RIAEAE S E H AR AL
U B 2 A R R ME 2, SN EAEMAR X, tsh, T pAH
BEBAG, PIARME T P o/ 122 1] AHE O AR o

(a)"” (b) ®
9] As-SLMed 14 HT750
8 104
7 ?7]
% Schmid Factor Frequency (%) = 8- Schmid Factor Frequency (%)
= 6 <0.1 258 e <01 115
= 74 <0. 5
g 5 >0.4 57.6 5 0.4 46.8
g 5 67
= 3
Z 4] g
N —-
3 =
2
1
0
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Schmid Factor Schmid Factor
(C) 10 (d) 12
5] HT850 11 HT950
o 10
g -
= o 8 Schmid Fact F (%)
- -~ 8- Schmid Factor requency (%
=S 6 = 7] <0.1 24.8
oy 2y 0.4 63.7
£ 54 g 64
= =
g 41 g ]
i = 4
3 4
3
27 2
! 1
0 0
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Schmid Factor Schmid Factor

3-5 As-SLMed FlIR K ANEEZS TC4 G U5HT 7 MINET (0001) [1120]6 % 55 K 1 7 A7

T EBSD 455, 70 #T 1R il BB 2 R R T A o AR < R SR AR TR I Tt
R, HAR i e R 10 % R e sl o), K 3-5 29 SLM #TERZS
AR KA TC4 &< IHAT ENJ7 [ MEI (0001) [1120]34 F8 £t % K5 X 1 1) 7
Aitht. 45 REH, As-SLMed Ff b i 25 RF K1/ T~ 0.1 CBEEL A (&KL o L
N 25.8%, TIHERR T RT 0.4 CRIURD B ERHRL L Ik 57.6%. 1M 750 °C &
K AT REEE SR EE B 11.5%, $53E 50% 8 SRl T8 o [FI
AR 240 1) SR T ) ) (1 <<l 25 R DR <4 o 4IR KIRFEFH i 22 850 °C
A1 950 °C I, 2 H ok A A Tt 2 Ry IR - A s i 25 e B X 3. b 45 Rk
] As-SLMed. HT850 A1 HT950 A ity v, Ak A8 HC i) 40 9L [ b 0 L o bt
80%, T AV A ks (1< R 1-<<4) BB XA 20 A R IR R ]
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TESB IR T R v, I8 MBI i) it S ) et B ] o A P A B BB R M, 5 B8R
NG TR 8, T2 51 R TR

K 3-6 FIFE 3-7 IR T XZ T L TEM WEREE R, LR TAAL B Ji5 (14
MEERIAE . B 3-6 (a, b) FByn T As-SLMed & 41837 TEM G RIAR N 3%
X HLFATHT B (Selective area electron diffraction, SAED), MEHAILLE H, &4
IO 25 4 = A0/ of T IR AL AR, I8 v BE LR 45 o I Se N B IR AT
R TREEGENEE. A, Yang SFUOHGERR, XL R R RAE S
AR Az A K. B 3-6 (¢, d) on THERRTE 750 °C 3B K 2 h JE M ELBIIN 45
o WEIHFTLUE M, oD FARE R 1 58 B2 BR300, E M X AT 55 ok
G, GeIRE T AR AL A5 .

10 1/nm

K 3-6 (a,b) As-SLMed. (c,d) HT750. (e) HT850 F1 (£) HT950 F£ 5[] TEM B 7% 1

R X HL T T 5
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i 3-7 Ca) Frosfios, HT750 #E5H RIALE K2 AT T 5 kg1, R
sefi fE A, AT LA SO A GNIEE R . 7E 850 °C 1BK G, JRRMIEIR
o' B KA T TSN o i (B 3-6e). ££ HT950 # i (] 3-60), AJLAMEEH]
JUHAFATH) o B, FEEAIZ AR T % N VA AR o 2, ZX5E 3-2 (D
PR TR S5 AT R o Ak, BB 3-7 (b) fis, HT850 FEfhh7E o D IRAK
SR a AT T AR A B X, A E A KRB AR, RN o 5
FAR N RS2 2 AT HES WAL 8 o MHEEZ R, HT950 £ s R R ) o 5 FAR L
AN, A EEREL ML (B 3-T).

a[0111]

3-7 (a) HT750. (b) HTS850 fl (¢) HT950 Ff i £E K1 TEM E14

3.3 FAMIEXT SLM A2 TC4 & & B AN I

K 3-8 /2B kAT )G SLM BiJE TC4 &R AN E, Wl im 5464
30



S MW N R DA

FTERJ7 18— 5. SLM U JE & — AN PR g A A e ] ot 72, G U R B B v ik
1.5%107~4x107 K/m, A HIEREIE 1.4x10°K/s, B FE R mH, Hit
FEIGAT 22 PP AR AR R IR BR AR L /31081, 4] 3-8 7, As-SLMed FF i R I HIAR
R T, FI5{E R 418 MPa. £ 750, 800 1 850 °C 1B K5 =%, H
SRFEMRIIA D BIRAR RN Sy, (HIEAE/NT 50 MPa. 3X R HIHIETRAR N )
O RO bR . FRAR BT GA T S Esh B . iR T, M ER S RE
TH, R BN N BB AR T, WIS R AR S RA 7. 7E 900 AN
950 °C B KJ5, HE&WIEN 1153 71°8-71 MPa f1-189 MPa. iX nJ ¢ /& i T FFim i
FErPAHE BB, FEORE R R R N IRIEE Yy, P TNy, AIMAEA A
J& BIRE SR THITE S L 77 o B I g T4 A Rh 982 55 M BRI BB 7 5 ok 1 g
HA R = (1081091,

500 + r
. T
T T
400 T I
5} 1
300+
=
[72]
N 200
= ]
#5]
—= 100
-2 : -
=0 72 A o
L
= %
-100 - |:| Before annealing =
| [Z7) After annealing /
-200 T

HT750 HTZ00 HT850 HT900 HT950

3-8 As-SLMed FIAS [RGB IB KBRS 3R T BN T BRI H)
3.4 #HALIEXT SLM B2 TC4 & & HFMHEERIS M
341 RHEE
K 3-9 NITEIEMARPLIE TC4 540 BMEE R, mE PR, As-
SLMed ¥ i B °F- 350 B 2/ 378 HVo2, X8 BT HAOWZH 23 = 2 b = i B 1)
o By RARFHA Y. BEE IR JGRE R TS, RE L B A R W RS, XA T o
AHBE N o A, H o N AT E R, HAE ST o A0, B KIRE N
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850 °C B, B i IR 24 341 HV 0.2, 2924 As-SLMed 11 90%. 4 & #i1d 850 °C,
o MHERRDE TR, S AR B kb, T AR B B BRI, SO S
JEt— Ik, Besh, RJGRERGE R, AR, BT B AR T o/
T AR, B2 5 B0 FE PRAIG 80 950 °C 1B K AL HE S , FF i (AR K 22 325 HV 0.2,
25 As-SLMed #¥ i [ 85%.

400

T
1

=

350

HH
HH

=

=

300

N

gl

o
T

N

o

o
T

(Hardness) HV,,

[EY

a1

o
T

a1
o
—

0 1 1 1 1 1 1
As-SLMed HT750 HT800 HT850 HT900 HT950

3-9 TC4 5 < AE AN FIN 2% A T 1) S fole it 52

3.42 RfpfEae

K13-10 7R T As-SLMed £ i S AN AR BEIR K5 TC4 & 41 TFE R /) - AR
2k . 3¢ 3-2 S &5 7 AREANRE il P R R A M R o AR IR BE X R A It BE A I 2 R
ALV, As-SLMed &4 H ARG R, (FIE R AR BUR . HJm R B2 Al
B BRPTHL 5 5 43 A F) 1190 AT 1271 MPa, #8337 SHGE I TC4 & 4. 4R,
HAEM AN 2.2%, BARTHOGE MRS . 1E 750 °C FiBK 2 h J5, FELE
JiE RS PP 22 1040 MPa, 17 L AE PRI R 25 4, (PRI 8%, Bl il
TC4 &4 MLt . (HAE R, FEA IR KIREE I, B 5 058 A A e 1
[N A o o 5 8 B R AE SCRR PP A 4 . AR 2 2R R B2 B I 850 °CI,
Aarh P PERE SUR TR, HTO00 & I JE M B2 AL A 26 73 KT 900 MPa
2%, KT As-SLMed £t H55HIE 950 °C 3B KFE S, b fi i 2k 2B H
P P T R AL
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1400
1200
[+ ]
[al
= 1000-
& 8004
:D ]
£ 6001
g | As-SLMed
= i ——HT750
'§__n 400 —— HTS00
m | —— HT850
200/ HT900
1 HT950
0

000 002 004 006 008  0.10
Engineering Strain
K 3-10 ANFEIRKTZN SLM il % TCA 5 < 18 /1- 18048 il 2k
% 32 ANFEBRKIEE T SLM &I TC4 & 4 i i gE

FE i YS/MPa UTS/MPa EL/%
As-SLMed 119045 1271+0 2.240.02
HT750 104046 108740 8.340.03

HT800 101648 106611 6+40.02
HT850 99648 103748 4.940.03
HT900 87245 88844 1.440.02
HT950 890+7 89846 0.940.01

RYE RS, A4 RE o /A 5 BE AR JCIR T i PR BRI AT g2 o'F) a
AR . SRR BL R il T o 1) B IAEAR o SRTATCE SR 2 PRI [ BF, 9B Pt e
X, "feS o-Ti FERXTFRYE hep A gliig USGR KGOS RE T (0001) [1120]3 7% &
Jiti 25 P IR F I RF R AR AT 56 . 7E SLM I TC4 &4, BT ofa M R R
BB R2BEAWR, MEHET 2RI SR EME & MR, LY o #sZ 34
I, SEHHEANSFE ({0001} P AR AR MBI, A &
HOTE i 2 AU AN, A 3-5 FOR, AREERVERE S AR B, HA] R
IR ER ) i 25 R R 1 <<0.1) B b E Bl R 1 20 25%, T B e Rl 1K T 0.4
R RO o S 55% A Fe BTk 2 R ETER 1) ) R oREROE BB T X S B
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AL, T AERLARAR T I FE T R S B, BRI RIS .
4, M TEM S5 KFE, 1B KAE S e YR PR AT RE S o T I A Py 350 m] B A7 4
DA 2%, Wi 3-7 fizn, 76 HT750 F1 HT850 £ (1 o B FfAk Py 3 m] LAWLS2
B — RN S, XL RAR A B . SR, /E HT950 #f
SR AL R AR SR AR RO R o . BRI, RLER A AN AR TR
I, TSR RIS RS, ARRAEE I AT R, EARAE B AR
AR R AL g4, (P F 2 R A Z N, T H TR ERIK, W
WRTE R AR T 77 T B/ E T k. 7EIR KRR, MASKAETE. Mo TR
PR SRR 2 3 B ARIBHAS I, AL BORESORSIN B AR, AR ah 5B 10 L
J1o BB, FRIEAHEFHEN, BAHRTRE S At —FE R S AL, FEIR T FR
SOR B AL

B 3-11 o 1 Rk SRR  As-SLMed A 5 () W 24 1 32 8 ph il 3 5
Bredms, fEsim bl WER IR P . Simonelli S 245 H, As-SLMed i
T S04 B AR &b P 0 E A AR TR AR o TR 5%, [l S0 AR
B LAY RS AR G B . Ze3d 750 °C 3B KARFR G, A b C1 e
fRIL G RATE R, T R AN S R R, BEAE IR T, 0 R
I HIREZAE . 800 F1 850 °C iR KAl HWT I R ARG BE 115, A B AT 15 1Y
T, WG S I IE TG R AL, TEOR B R e AT A BT AT 32 2 e 8 2H A
£ 950 °C #AKLELJG, T 2T H KB AN BAESE W, ORI
R R EM RN, (AAAEEPE AT IR, X AADREE M 2 RIS A AR X
2o i BE T 2R 950 °C I, ST WAL (Y RO BB K, AR OM 4544 43 4,
A BE SRR AR RN o RER G, T o AHNEHN TSN, W REES
BR, HIRVEARTEAE IR0 o R R IR o BRCGR AL TR A A I, AR A A
H A B = AR 8, AR RS A I o REEIL Y JE, TTE o AR
XA LA BB TR ZE, 5 SO A 22013,
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K 3-11 AFEPIRAS SLM & TC4 & & hifd b I3

3.5 RENG

REMFTE T SLM I TC4 A4:AE 750 & 950 °CiREEH P ([AIBE 50 °C)

AT BB KT, HAOREE R TR AR ST ] D15 e AR A U, 45 H DL R 4518

(1) SLM ¥ TC4 A & MMMA R FEH oIk IR & B AR
WKAEIG, o MHBETHA N o i, TP AHS BB . B IR KR T
IR 28 M T 8 8 S BT K o ARV X T 454

(2) SLM it TC4 4 4 A BB AFE B35 IO FARL 7, 18 KCHIT WS R 5 1] 1) P35
FRAHLINL ST 418 MPa. 3B K5 25 ¥ AT A B0H R TR 77

(3)As-SLMed TC4 &4 B A R FEAVIRAE e it , Fo iR EE DA 1190 MPa,
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AR 2.2%. 4 750 °CNIBK 2 h 5, JEMRGRFEFEZ 1040 MPa, i (L1 %
PRI E 8% VL I, FELHE TCA A &K,

(4) BEEIRKIREETHE, TC4 & aWwm B IESS LI T P& . R %
A 14 = 2 5 B2 o ) o A PR 73 AR R AL 5 170 4 e kT B U T 7 5 (0001)
[ 112013 #% Fjita B 47 R 1) 572 AR A0 DL KA 4 PRI Bl 8 1 s A K
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F4EF BHAAEX SLM iz TC4 &R EmFF RIS

41 5|5

£ SLM BB REH, MBHSS R EnSLIR . RIGE X FRAR N KR
REHE S5 2 SR HL B 24 P B o Wt RUAC B8 ey s oL o R TR, B Re e Ak oA
BLARE, S RIZLBIERIFINRARR ST, I SRR H B 773 R A Ak
JZ. XFF SLM B TC4 &4, S ELIMTALAL R al DASCE N A1 70 At O, 3271
PUN AT T P RE 7 T HE A 1a JA R 5 73 i o SR 1T » B2 R M AL 5 B TG InA Ax IRL 7T
(ELASE P A AL AR BRI, R RE 2 IR o [ DS AN 2 S04, RPN 2
P B T B AR T ot R A 22 A ot AR T, 0 TN SR A G 7 B R i PO RELRE 2
TN LARTHE R PR R B B R 2 3 B8UR B A B o L 38 7 A AN TR X e, AT
HI 85 AL RCRIF A AL R 57 B0y« AHLEZZ TR, 2RI B R RO 7T A BE 4f
MBS 55 R S AL AN e, S MR T R AR IS A7 5 RN A 2 B AR i
MRS e R i i, oL CR B35 I TR emi AL

A R AR Gt LA S SR A T2 SLM BUE I TC4 & S HEAT B ALAL
B ARSI AP ALEAT AL B, BAEMBER R SINRRRIEN YT, BE
MY HL JUIAE A% e 5 AL J il E B I e AL BB RLEAT OO = HE, AR i
HUREPE FF > DL AR BLR o WEALHTDAAE S EAT 2R 38 K, JHER SLM i id
PR MRS BT EIRTZ, A FCIEE X B2 AT« F2 A il S ol
ML M, BEFE T WAL BRSO SLM BUY TCA & &R AR ) JHIEE
ORI, AtAl SLM B TC4 &4 3R s T2t 13RS

42 TC4 A& M FREFFE

42.1 REFEHSH

K 4-1 4 TC4 B =4ERTHIES, K @& AS FEM BT HUE B 4-1(a)
N AS FESL IR TEEN, Frr OGRS ey W, [F S R R S AN
LA, AT ENR R e 5 o ke o B PR oK e FE 224 88.033 pme W] 4-1 (b)) R,
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ASHM FEGL R BAT IS0 A0 (MU EE BRI, HUBRAR S J5 FF S R T RO T %,
P IR RS 30 55 TOB A7 B 1) e K = JE 20K 8.012 pmee W] 4-1 (e~ FvR,  HLBRAT
B Ji R ELAR DN 6 mm (15580 FUIEAT S [F) 3 B2 (1 B /B AL AR B S, & 43R T (AL
AR R SRS A v B A AL P s S8 AV B, IR R K R e T, A 4y
AN, HBEE B I, Sy, HEEMEAE R, H
U = R B ALSRSE 0.21 mmA [ 11.448 pum EINEBT LR 0.51 mmA [ 32.954
um, X U8B R EHRERE N, W 4-1 (g) Fzn, fE SPO.51 FERH % Mg & AL
AT IR AL G W= ARG, AR T SRR ALR T AR AR BN 6T o /N RS A5
JE IR I — DAL FECR I e, W 4-1 (b FR, AN EA
TN () 53 AT A2 F T, RIS F 06 T2 B ARG, SPO.51+0.17+0. 1 £ 1 (1)1 757y 24.987 pm.

B 4-2 WAL ERf5 TC4 & 4R MM SEM B3, MK 4-2 (a~d) A%, 1E
BRI R N, R BB . Ak, SR IR 2R S i R R T
R, AT S MORME . SRR B AR AR, FL s A e L &
B AR o WAL B IR R TR A BRI BT P AR AR A, Bl 2R A
I RN B A B M . BEWTAL IR EEI N, B R AR E, (AIF ARG
RS LA e 4 IR S S R T 47 . R B AW L 27T AR st R T & .
4-2 (&) JRAIBUNRST A58 FE I B B ALEAT —IRBEALJS 19 SEM B3R, RTIY
EEERR, BREAIRCD, FEH PR E A AR . MR 4-3 1 EDS 2 b, IRmEAR
RIMA TR M TCR S =B, R M8 AUTE iy U o I A RN TC4 J A,
SERMRE . KB 4-2 (D RIS AIAT ZRWHLGE 1) SEM TR, SR
IR BRI AT B S5 R KRR/, R — AR B GE
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(a) 88.033 um (b) 8.012 um
A

80.0
60.0

40.0

0.0 0.0
11.448 ym 19.380 um
18.0
10.0
160
80 14.0
_ 120
6.0 10.0
8.0
40
6.0
4.0
20
20
0.0 0.0
24.915 um 32.954 um
30.0
200
15.0 20.0
100
10.0
5.0
0.0 0.0

(g) 25.977 um (h) 24.987 um

20.0

10.0

5.0

0.0

K 4-1 TC4 5&WALRT EREES: (a) AS; (b) AS+M; (¢) SP0.21; (d) SP0.31; (e)

SP0.41; (f) SP0.51; (g) SP0.51+0.17; (h) SP0.51+0.17+0.1
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100 pm

Kl 4-2 WiALALTE TC4 443511 SEM 51 E: (a) SP0.21; (b) SP0.31; (¢) SP0.41; (d)

SP0.51; (e) SP0.51+0.17; (f) SP0.51+0.17+0.1

K 4-3 R RLER T EDS 4347
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74 AR YN TR e VAT

422 FmE+EMEE S

it B 4-4 JRoR ) T 4EER A FR KL, nT DL e AR T RS FE 2 4, Bk
(EEAINEN Sq 5FD Sz ’%o i‘z%iﬁiﬁtﬁﬁﬂﬁiiﬁt@%i@ 4-1,
BRY P LTI R

I,,
*ﬁ.‘ s

c‘?

B 4-4 TC4 &L Wi AT 4R B (a) AS; (b) AS+M; (¢) SP0.21; (d) SP0.31;
(e) SP0.41; (f) SP0.51; (g) SP0.51+0.17; (h) SP0.51+0.17+0.1

R 4-1 TCA MRl o 2R PR A 5 M

FE i Sa (um) Sq (um) Sz (um)

AS 7.56 9.60 61.06

AS+M 0.1936 0.2533 7.9968
SP0.21 1.3784 1.7383 11.4481
SP0.31 2.4058 2.9998 19.4016
SP0.41 3.0616 3.8221 24.9127
SP0.51 4.0207 5.0591 32.9392
SP0.51+0.17 3.0495 3.8161 25.976
SP0.51+0.17+0.17 2.9525 3.6537 24.9903

B 4-5 5 TCA & e AEMTALANER AT 5 B4 T FELRE P2 o9 T B WAL AR B 3R
THRLAE 2 32 2 R ZR B, B3E T 2280 ARG LA RHE S . 455 K 4-
6 TC4 & Wi LT Ja R MRS L AR B S AT AL, AS FEG A SLM OB e+
MR BRIFEINER, FEHRMHEMEE R, Ra N 8.56 um. RIEZTHUBTE

JE AR BORDRE BERE B, 08 0.19 pmee WERUALER J5 A0 RL R R HLAR T
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BRI O, P AR KRR T, i i T

WAy R ZE KT R HI R T, S ECR

THFEURS 238 . SPO.21 #E 5 ) Ra {H HH AS+M FEM AT 0.19 pum = 1.54 pm, [H
W v E ZE RGN, SR TR AR R N R

EWUSRE RIS, FRTTRTE
SRR TR L — PN, WU Ak E
ARG /N RS ) Ml e AL AT
o =R HUAL PR, 2 AR B —

pumo.

Zeid

E3 LN,

] 0.51 mmA I}, Ra 1% 4.47 um.
TR ALAL IR JF , SRR FE PR A 2.82
MK, SP0.51+0.17+0.1 #£ 5 i

SP0.51+0.17 #£hi ¥ 2.82 pm FEAINE 2.64 pm, FRHIE G WA AT DL RS AL S
FUIE R R TS AR RN, HAT S INC S (KR T AL B ACR

60 1.4
~s04(a) ~124(b)
£40] § 107
= 0.8 1
'Eu30 =,0.61
3 204 5 0.4
=10+ =024
0 T T T T T 0.0 T T T T T
0 400 800 1200 1600 2000 2400 0 400 800 1200 1600 2000 2400
Length (um) Length (um)
i 16
~199(c) _143(d)
E 8- £ 12
S 6] =104
%4 I
-g 2 é 4;_
0 ; : . ; : 0 : : : [ ;
0 400 800 1200 1600 2000 2400 0 400 800 1200 1600 2000 2400
Length (um) Length (um)
25
18
Fl()—(e) :70_(f)
£ 144 g
2 }(2) 1 154
5 83 510
2 43 2 5]
23
0 T T T T T 0 T T T T T
0 400 800 1200 1600 2000 2400 0 400 800 1200 1600 2000 2400
Length (um) Length (um)
25
<. 16 -
A?()_(g) »:14-(h)
g g 12.]
15 104
= = 84
85 %4
n L
0 T T T T T 0 T T T T T
0 400 800 1200 1600 2000 2400 0 400 800 1200 1600 2000 2400
Length (um) Length (um)
4-5 TC4 & & WALRT JG R TR AR (a) AS; (b) AS+M; (¢) SP0.215 (d)

SP0.31;

(e) SP0.41;

(f) SP0.51;

(g) SP0.51+0.17; (h) SP0.51+0.17+0.1;
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>
= 2

SP0.51

49 SPO.41 SP0.51 SP0.51+
+0.
SP0.31 0.17 0.17+0.1
0.
L

-
e

Roughness/Ra (um)

2 SP0.21

AS+M

Sample
B 4-6 TC4 & <MW AL Jo 2 A e 2 2

423 FHEISEMITH

LA o AR ] 3 TR P Y O 2, G S Bl VR A ] A 3 T ) AT
NGSEAE, X —RRIE BRI R T AR VAR B VA P RE . X T TC4
BT S WAL IR R A S 3R T AR HL AR AR B, I T ORI
e B3 B RS i 2 P K, 3K S AR A B T A v R R AR gk R T AL
R PRIETE B, BETTA i e PR A SRR IR T8k & il 2 N I A I,
51K — RYNGH BN, ELAE R EREE OER T s RE RN, LAR R
TR W D 5 o

4-7 NEBFREARFRE MR TR . WE 4-8 hal IR H, X5
TOKAE TC4 BENIFR I _ERIBA AN 50.8°, /NT 900, RIA LM EA MM
FktE. 243 021 mmA. 0.31 mmA. 0.41 mmA F10.51 mmA 555 ) B VR8T AL AL
UG, FRMEBEAA DN 57.8°, 60.7° 64.5°H170.1°, E AR BT I fik £ 250708
T-90°, {H TC4 &4 ME A A IZHIE R, RFRMINERME R, mad =
VRIS FUALER 5, R T A ARG K, SPO.51+0.17 B 5 /KMl M o8 87°, =K
5% 40 I /K B ik £ 5 W S FAAIG,  SPO.51+0.17+0.1 A 5 A/K Bk /14 69.8°, A Bk
MY KU — R AL AR
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(a) AS+M (b) SP0.21 (c) SP0.31 (d) SP0.41
CA=50.8 CA=57.8 CA=60.7 CA=64.5

=

e SP0.51 SP0.51+0.7 SP0.51+0.17+0.1
=70.1 CA=87.3 CA=69.8

O..0.0.

4-7 ANTFIRE S A R A

100
SP0.51+0.17
i
I
80 - SPO.51+
SP0.51 0.17+0.1
o Sp0.31  SP041 1 T
D 1 - 1 -
— SP0.21
S 60 -
AS+M
< 2
e
I
£ 401
o)
©)
20~
0 T T T T T T T T T T T T T

Sample
B 4-8 AN [FJHE il 1) 7K 3 i A4
TR EN K 25 46 A 1 2R T BE S U MR 1 A AR B R 16 @b s &+
K H| TC4 K, 2T Youngs MM LI Owens-Wendt-Rabel-Kaeble
(OWRK) HAIMEIAT Owen-wendt! 155 75 15 B4 ) 2 1] H HHBE (Surface free
energy, SFE). ASCKH Fowkes /7iEO 5 SFE, 1% HF2WI R

Vlv(l + COSQ) =2 ’Vs% ' Vl% (4_1)

A G- FH, oy 00y T S S IMRRBAA R RS . Hefh AL [ERZR I AE RN
WAR R, HP v 5 w9508 72.75. 22.1 mI/m?,
B AR S EARN A (4-1), 15 B4 [FIFE S HO SR R T B8 an P 4-9 Fios, AS+M

44



S MW N R DA

FEALIK) SFE f R, 4 159.37 m/m?. BRIRIBTHALTE S, SFE A FF%, HBEHE
U5 LS EE PRI I T P4, SPO.21. SP0.31. SP0.41 A1 SP0.51 A% /i ) [l 4 £ 1 e 4>
B4 140.68+ 132.98, 122.60 F1 107.64 mJ/m*. —IRFEWIALE, FEmPIFE AR
T BRI FEAS, T = IR, R A SCRIE I N . Shen! 2148 AXT Ti-6Al-
INb & & THOE T AL EE, RIS 1 G &R T E R, X R
FH IO TN, T B [ AR T ) AT VR 52 SR T AR /N B 52, R TE ] 1k
FETHIRENS 151 A FRE 00 SR B AE T YR 0 2 T R 75 /0 T 11 4% 1) 3 T 8 o VAR A 2 1 BBk
KB A R T RE bR, AR TR AR TR, ke, WG RT A
AT . BRI AL HEE I BRI TC4 RIH R E g, T8 TC4 HIEEE FF%,
M RGBTSR A P R B 528 i, S ECR T B e W] 2 A,
SE B AR, it = Rm AT, PR s ORER, KT E B
Ref3 USRI, AT 1 AR IR RE .

180

160—- ASfM SP0.31

SP0.21

140 - - w SP0.41
] I SP0.51+
=120 \ I SP0.51 0.17+0.1
] I T
1001 [ L
] SP0.51

80 i +0.17
60 I
401
201

O - T T T T T T T T T T T T T
Sample

mJ/m?)

Surface free energy

4-9 AN[FEIRE Y02 TH B H g
AT I3 T R g M R % T 45 ) 90 Vs AU FE YA AT [ P A R0,
WK 4-10 oo HI - SRR AR B S B e R T RE E 3G . B IR S L
AILGIN Cassie-Baxter FERIIHSRAPREX — IR . ZEAHR | i TR IHKE
RIE N, B0 JCik 58 4 o ARG R, 12 152 B AR R O TS, (RN R 4l
KRR, TEMARTE A ERUIRE . Tomezynska-Mleko S5 FFEN A, 4 BE AT 17
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TR M 2 b, MR AR, X PR RS B0
il fry 386, HETT AR T R AN M . Zhao £SO X} Ti60 A1 TC11 & 44T
HLBE #1584k (Mechanical shot peening, MSP) AT i i 15% AL ( Laser shot peening,
LSP) AbE, RINIEIENES R AR ARG B 2 UG . TC4 B a A F2skK4e
J&, GId FLRBEALAL B S R I R A A, X R SREG MR IR S Cassie-
Baxter H ! 1) J5U B — 55, 1 BT XM BB S BN R TR B 20, 0% 7R
IR, X e kD T /K 5 R T 45 M IR b R, S 30T B s A
P BRI o — VR BT R ] P R B T R O R IS 4, ki
5K A, TSR AR o [ ) 2R T ER A RN K THDREDRS P2 2 5
W A4 RHEE A 00 R B R 3R, SIS AR R, INE A PR THIREDRE 12 0
DRI AR B o e R R TR 2 S s8R RL 2 T ) AR, R 2% Bt 4
BSR4 S AR BB, 8 3 & S EURIEME TR

(2) (b)

Interspace

B 4-10 M 7E R FRTHSRE AR PR EE: (2) RWOLRES: (b) BIRFER
43 BT EH LA A
43.1 BRAREEHEAELHA

TC4 &4 £ M J1IB K S AMHA LK 2-3 fin. AS FESLTE SR SR JORDS
SR B A SO A AR B AH A K T BRI ARERIR G ova B BRAR
P T AR 2 L7 R IR FE RS R R, E SLM BB AR, W14k B AHE R 2 7
] EAEIR A K2, Bl T A R, o/t By FOARTE St [ i F L35 B ]
seedt K, MIMEREHIRG M. 5 AS FEmAHEL, BT £ B KR ERIK, B
KIGH TC4 &M AHLR TR A ST, HE 4-11 (a~D) fos, BALALEE S,
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4 SN S i e VA 708'S

FETBALEEJZ FA] DS RS2 B TR G o BT diobL AR BE B4, R Ua T
KB ARRLANL R JE N A FBERIR o/or B IRARARAG IR AE . BEE TR FER G N, 2 T p
AT A 2 AR A AL R AR FE T8 GOZ MR/ . AMEHLHEFE A 0.21 mmA HEINE 0.51
mmA I, RIEFEZIREEM 45.1 BINE 159.3 um, 5 IR AR RARLL, —
MY FURH = 5 AL (it R 30 2 T OV 5 R gt — 2B Ak, (EEAL s 7 AR TR I )R
JEEFAK.

K 4-11 ANEIWAL T2 TC4 #IH S MHZ: (a) SP0.21; (b) SP0.31; (¢) SP0.41; (d)

SP0.51; (e) SP0.51+0.17; (f) SP0.51+0.17+0.1
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432 BERFREVHELHERR

Bl 4-12 NAFERERRTTE) XRD Bk, AS+M A b (AT S e i 55 vy L 58 i
4, FEH hep SN /ol D KA K. BT oAl o M1 D AR AT, &
MIMATS I TE A&, HARMERFIR H bee 544 B AR AT IE . WEHLALEE 5
B S AR R AR R AE ARk, (B ASHM FE S AL, 155 FURE S AT S 5 FE Uk 55
[F R A7 S U 522 300 B 8 1 A o 9T S 0 i = VA R T M SR AL B SRR T 4 R )
A it AR AR A 5 FEE g 27 128 o Sk S A T T S 00 SR o it A
(¥ e BRI T IR, AT AR 17 A0 ST DR PR B

(@)

o—a/a’ (D)

—~

+(100)
+(002)
+(101)
(102)
* (110)

SP0.51+0.17+0.1

L 4

S (103)
(112
*(201

?

T
S

’

SP0.51+0.17

SP0.51

SP0.41

SP0.31

SP0.21

AS+M

30 40 50 60 70 S0 36 38 40 42
20 (Deg.)
Kl 4-12 (a) TC4 &4 MM XRD Elil; (b) #rATHYEHEK) XRD Kl .

4.3.3 BEXRBMULEIDHEHIE

4-13 (a~d) BoR T E) ECCI AN & &, Ja I 9B T 50, 100
A1 200 pm PR BEAR B REBOREUR . MEER B, WAL B4 T JEE A 50~70 pm
(I 58 2 o IXFh A 5 2 LA AR SO W 45 M, FURRAE 2 B BEATLE ) ) ok
AR i 85 FEALAR AT i o RS HRI— AN EZY) 100 um IEIE X, AR TR AR E
REE], BEEEE AR RE . #3150 pm SRBERR, 15§ AL AL 00 45 74
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GRUTRE R 1 220018 5L

RHIE RS2 A4S AN B . 72 SEM-ECC BIG A, @kt Lo BE AR 2 i T okt
NS 2, TR AL EER EXT LA, WA, AT AN

HHE X HEROR . Bl 4-14 (a~d) F7RH) EBSD 45 FAIESE 1 XMool B EEARAK,
ASTM F it 3 B ORI oo Sy IR o ER T 200 ot ZEL U A I 11 it b
AR, WAL BHE SR RLE) EBSD 733 % 1R % . EBSD HI45 45 SEM [ 245 4
— 3, R T OWSE IR, B R R R R ST IR . H =R T
ZF, ZIREEWLEA SR kLA R

K 4-13 (a) AS+M. (b) SP0.51. (¢) SP0.51+0.17 F1 (d) SP0.51+0.17+0.1 £ 5 (T =1

= Eﬁ%fé\zﬁ SEM-ECC IEU#

100 pm

K 4-14 (a) AStM. (b) SP0.51. (¢) SP0.51+0.17 1 (d) SP0.51+0. 17+01$$unﬁﬁ EBSD

SR A P RS
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4 SN S i e VA 708'S

4-15 7R T AS+M £ LA S SP0.21 A1 SPO.51 W ALEREALFE S R 21K TEM
1% . M (a) F1 (al) ATLAFE H, AS+M BE S SR (IR o ) (G fA, Horp
AW RN . AT RN, ARSI T IR 9 LT A LA
FESE . GWTHACTR S, NS S S SN, MR O E R AR 1S e .
Kl (b) M1 (bl Fis, SPO.21 KA of B IR KA T PB4k, Ar4 2 Al
gL SN . BEE AR NS 0.5 mmA, oD KA SHRE, BRKE
HA B A 22 e AL B G, R TOUL 25 1 SE A4k .

Kl 4-15 (a, al) AS+M. (b, bl) SP0.21 1 (c, cl1) SPO.51 £k f¥ TEM Mi37f%, 4 EE
3 N HE 2 15 P o DX ASRAT B LA
R 7 PB4t i A8 (HRTEMD R A1 3R TERG 3% (HAADF) i
BER, BE—B50 M 7 SP0.51 WAL SR A 3 1T R v S A2 X 4. 18] 4-16 (a) P,

SP0.51 Ff &R BA S0 A % B R Sk 25 /) . HAADF A1 EDS 453 (H 4-
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4 SN S i e VA 708'S

16 (b~e)) KW, IXELEYH AL N I TC R 0 A 2] . W HRTEM 45 2R (B 4-16 (£)
P LA Y, A [R] 445 A 24 B0 et A 6 UL B S P B ) 22 S A AR R A, X (X
B RS B T KA R EE . B 4-16 (g) I IFFT BUR SR 1T divk
AR R LA i, R T e R i DI AL TR R, TS LR

= 3

g A

K 4-16 (a) SP0.51 ¥ 5 4N 454 TEM Bl (b)) mfAENIERY (HAADF)
%; (c~e) EK. FAEHLIIAHR. EDS JuR BT (f) HRTEM EEAT (g) 78 (D FHEX
WA N S fE ST AR (IFFT) EIRE

4.4 SILM R TC4 5B BREN

BRI ) 5 AL AR T B B B AR o A A ] 4-17 Pl T AEST BN AR i
JERR EERR i HLA2 K EE DR, SLM BUE HUAE A P AR AT A AE S 35 1 S |7 g 129 130
L RN IR KA G, ASHM RS N FER AR N SN, 21709 20 Mpa,  TTAERT AL
A3 2 T EH TR 11 5N B 3 AR e S /) 2979-160 MPao 5§ R AL FRAE it 2 1
HH SR PR (5 2) IRFRAR LS 43 AT, FURFAIE 32 BERAERE S R ST Bl AP R AR R
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R2A, RERJZ IR B AR, ELREER S 0 e B 7 3881 I8N I e 28 56 AR LN 7T o
BEA SR WAL SR E ST, BROIRRIEN ) Coms) v X RIRE (Zn) MIRAR BN
SRR (Zo) B2 ETHES, ERZHRIENT) (ow) BUERFFRE. X
e P T R 5 R 1 0 5 R I T 0 o Uk o o R R (e R BRI AT SR IR LR I, (E R
JERRL SR IEPEAS I Sy B MRVRAS 2 SR I AR e B g AS 7Bt o B 9 it v
ZIMBE Luo FEPIRWFFLEE Bl IR =IRWHALER BOR AR iR s B 7
HIRE (Zo), (HIBEBINRNAEILRZ AR N KT3I, T omes WE{E AL
BRI . R 42 JBIR T Osss Omiss Zm A1 Zo WUANBRAR B I A RHIE I S 3L

200
o o
g‘? 200 -
> ]
N—r
A -400 -
L
5 ]
=< -600
_g 1 —— AS+M
D | @ —e— SP0.21
§ -800 i 4 —A— SP0.31
T NSy e —v— SP0.41
-1000 3 i SP0.51
] SP0.51+0.17
—»— SP0.51+0.17+0.1
'1200 T T T T T T T T T T T T T T T T T
-50 0 50 100 150 200 250 300 350 400
Distance from surface (um)
B 4-17 TR 73 A7 il 2 T R 25 A2 1L
42 AFEBAEHE G TC4 & & RR N 1555
ﬁl?ll:llil Osrs (Mpa) Omrs (M Pa) Zm (um) ZO (l,lm)
SP0.21 -774.8+17.1 -872.4+17.4 25 180
SP0.31 -784.6435.3 -890.7429.2 25 230
SP0.41 -798.5437.5 -918.6432 50 270
SP0.51 -797.3342.9 -941.1441.4 50 300
SP0.51+0.17 -886.41433.4 -968.4430.2 50 275
SP0.51+0.17+0.1 -947.9432.1 -996.9423 10 275
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4.5 KREING

AREFER SLM B TC4 & e E AT 4% e B RS A A B2 5 5 AL 28 A1 XRD
SEM. ZEHEX TC4 &L RMEIMMALV BT, 8 T AFEBRL TE
X TC4 & 4 IR AR L 73 AT AR TRV PR )52, 22245 B LT 4k

(1) BAYRWBEALIE A E 2 TR P52 T e, ELRHDRE 5 ol 5 g AL it 52 1) 38 o i
BN, fEisE] 4.47 pm, SR ARER LN RT3 T 20T 22 I0EAL AT 2 2 B AIG
RIERRIUER, M TC4 HLRIHRERE, =B f5 2R HRRS B LS
2.64 pm.

(2) WEALALH AEfS B35 01 SLM BE TC4 & & AR o S IRIAH 21,
EBSD Z5 53R, WAL Ja BRI 2R 0 B S O 44, ek RS R & BLIR
WG, H 2 RS IR R e JE IR B BE R

(3) WRACFERTEM BRG] AR RN 1. 5ERRWTH T EM, 2K
W FL AL B — B G0 1R R R AR N ST, = IR LS e R B AR B ) ik B
996.9+23 MPa, HAY ome 47 B S INENT T2 1, H FF ARG INmE AL 2 1 2 .

(4) W ALAL 3R T W R 1 H B REFRLRE B S R PR G TR I e o WAL
WPEFE TC4 A E&RI/KERAIG R, HEBA R 2K, WA T
TC4 & <2 M HETR I, BT W ALK AR R SR KM o 0T B3R 0T S AN A1
FRVRELRE J 2 DO A R R M R DR B
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5 E BALEX SLM B2 TC4 & & 1FMHRERIS NN

5.1 518

SR I8 55 W2« 778 et % B R B R 5 SR RO R AT AT R A TR RE R T
XL AT R R SR I 7 AR O BRSO sR AR — R L2l L d
iz HRERERMR AR I SR AL SR, ER I AR SURA A HEAL, R IETIARIR
TVERE . SERAAT IRAAT i G BT 1% AR SRR v i TR i s Ak U5 i, Wik
Kb PO o R 7 R AL B ok < R T R R AR TR N 737 AR CASEAL =, a3 iy 42 T4 e
U9 57 9 o IZBOR A LT RFEE S A 5, BC & AR AE SRR S e 78
RETZSH AEHAEM HiE )5 A P GUR R I R L . BWTTeRM, mi
AU AL PR A R SR O R PR A BE I e PR R 5T P e P AR R
SLM Jii s TC4 & M AUFE it (1R J2 0 2V REHEAT BIE FE IR AN [RI M AL 2550 2
RIZ A MERERI R o

5.2 iR sEILE B MAEE

B 5-1 it FUAL B 5 A o A T 2 Fchit P52 (1 2 A . ] 5-1 o, X T
ASHM BE S, IR BB FE A — 5, PIYREEL)N 380 HVoa. £
WS LA HE 5, AR THT S BUBR B A0 AT B REAL 2, SR A B 36 I BB PG .
PRI R P RO, 2 2 0 TR S8 v, DU M SR B B 1) S AR B A 43 1) g 422.9
424.8. 436.4 1 443.1 HVo2, H AT CEZAE T AL JZIR 208 200 um 7245 .
5 WAL E AR b, 2 YR AL Ak B AT DA R — 2 B e T R T AR O A
SP0.51+0.17 F1 SP0.51-+0.17+0.1 A% & B Z I A B2 AH 24, #9297 460 HV 0.2, B AS+M
FEGIEIN T 19%, RHIZ WL EA I AL IL S .

5% SR A BB T 15 R R THT AR AL S A S AR SO 45 AR A, TR RUR AR
7150 1X58 AR BURHEA A ILAE R T AR B2 (W32 T b, e mridid X G fir
g m %8 (Full width at half maximum, FWHM) #4738 4E. FWHM SRR
LR AR AR, Reff R BeRAEM B )22k Re, 72 LA s T VPG AR
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3 n AL B A ARE PSS, 1] 5-2 R T W AL AR FE AT SR S (Y FWHM IR 7
AL WE AR, REBFALERIFES, H FWHM WK E AR
FrfaE . WS, RE FWHM BI05FBEER S NS, 1EEREZ) 200
um B FRE . BEABRAE S FWHM 2 DS, BRm AR A, MR B A
(¥ FWHM 8K, RBA N TR SR BT . 55 Rms AH L, 2 IR FUAR B R
AR T FWHM 5K, X 500 A0 B o A R fE A R X i

480
—&— AS+M
—e— SP0.21
460 4 —A— SP0.31
—w— SP0.41
— —&o— SP0.51
S 440 - —<— SP0.51+0.17
> —»— SP0.51+0.17+0.1
5
9 420 +
4]
[ B
=
< 400 -
I
380 -
360 .

0 100 200 300 400
Distance from surance (um)
5-1 WS ALHG 5 TC4A &4 SRR FE 77 1) 2. et 52 53 A

12

—a— AS+M

—e— SP0.21

10 - —a—SP0.31

—v— SP0.41
—+—SP0.51

8 < SP0.51+0.17
—»— SP0.51+0.17+0.1

FWHM (Deg.)
i

50 0 50 100 150 200 250 300 350 400
Distance from surface (um)

K] 5-2 WEALETJE TC4 & SAE MR E 77 7] FWHM 43 Af

55



S MW N R DA

5.3 BEHACIERS SLM R FE TC4 & &M E M sERYSZ N
5.3.1 EEHEIERE

JBE ¥ 2 MU M R AR B MR e IR Do dR bR 2 —, TEAHRI A SER 264 T,
T EE R R ABBAR, RIARI I B PEREERLT . 18] 5-3 (a) JRIR T AW AL L 2R
vin P B 152 SR AN 8] AR A it 2, an IR, 3 2% RE 5 AR 20 it e 0 52 T HH W) 46 P
ARNEE € BEAR PP B X T RBUALRE b, AEWIAG R B BRI R BVIIRIR K, B
JEIEERN, e JE ORI R E N B Wl 5-3 (b) Fiow, HARMERFE
SAREL, W RLRE S FERTAE A A R RE R B — AR B, LB RBURIK,
FLWBE AR EE A, P AR B RPN R RR K o B 5 BE 5 R ORI 3 =) 0
W), AHRARCRFFEAR X AR E K

U] 5-4 Fr R IR S il - 250 R 4R SR B80T 1, AS+MRE il 1) 2 PR 4 R U
9 0.481, W ALFE il T35 BER R BOIMC T RIS HAURE i o BEAE FRLIBEALTRBE 0.21
mmA BN 0.51 mmA, F5H) A EEE R BN 0.455 FERE 0.332. 2810, #
A CIRBEST LS, BRSO FTEE 0458, BHJE 4 S RIEEETALS
MORNFER 0333, PR 2 BRIRWTHIKF.

(a)06 (b)
0.5+ \ A
- . 0.4+
& 0.41 5
2 2
£ g3 E
T 0.3 §0.3_
o
,5 0.2 - é
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O
o 0.3
[@)]
©
S
Z 0.2 1

0.1
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AR JE,  BEASGLTR E SIS NS BRI

o 20 min BEEINA S, R RS IR 1T TE (R R S A, F
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AR AR, R EVERESET T 17 22 KA
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A (5-1) F1, w. V. F 8 Ly RIARE L ER R (mm’/Nm).

Kl 5-5 (a~g) TC4 &4 BEIENDT 3D K
Rtk — 0 A B,
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[y 384 0 T B4 . SP0O.21. SP0.31. SP0.41 Al SP0.51 £ I LU EE 3 K 7371 A 7.75
6.82. 6.3 F14.47 mm’/N m, AHECARBAFE M,  BRLIIBE AL S EU B 23 d e PRI T
57.1%. T SPO.51 # it £ — X B M AL 5 1 EL BB i 2l B TH2 9.07 mm®/N m,
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AT IS G 5-7 Ca~g), BESIRTH AUIKAE SEM BUR IR, BEIRIESURHIE
B2 I s 5 R T 1) A 5 R AT W LA O T, o e R A Ay i B 4
FEMORHE B TESURRAE . 2D /W R I, Bl A SRR SR FE 3G I, BB R ) 58
LB, T2 B IS B B IR B JE S BN 5 iy o 3X — &5 R 5 5-5 (h) &
JRAECER B AW G, FEIRIIE ST 4 e B 0B AL 588 P88 AR 22 B ALY B 2R T 2% o O
PRI R AE AL ROR AT AT U IR A AR T A2, DD AOR B, e AR T
B A B R

WEE 5-7 Car~g) PR RSAT BRI SEM TSR, S0 4 T #5 S IR
B R ALV RHE o THITE ASHM RSN R, 200 BUIR IR X 38, SR R
BRI HOIR DI 2, TR B 1 C 1 BRI B S T AR I 2 T AL 5 P 1)
WA, K R (0 RS IEBky, BCE AR . B 5-7 Car~gn) BEHRRTHIN
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|
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SP0.41; (e) SP0.51; () SP0.51+0.17 1 (g) SP0.51+0.17+0.1
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H TP R RE it o R B DX s 2 EL DD VPR S, AR &1 5-8 /19 EDS 23t
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N BERE B AN SE A B 40 R 5251 P o A o FE R i R TMIRE v S5 4G 00 1) /801 Si o6
%, Kan 5RRFTR I, BRI Si u R SEBIUT R R A TR
SRR, BB WAL G N, PR I A A S R R, RN R R P AR
T, X WIHR R AL RS AT CAER TR R R R BE AL ORI T 9 B £ 7 2

2 R AL S B I S8R 1 9 I mT R 1h T i 0 AL 3 B0 3 AL B B AE AR R
T B RN RS2 3% LG5 LA B A B 400 I o BV T R MR S« BR AR FL AL P B
MR R T AR L, (HAR G R e, A FLAE B rh BE R 5 A
ORIV o BEEWALREIE N, MR I T ] fe G il IR, 3 8000
ZERARAL, W R AT O i“bnﬁ%fiﬁk
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-
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| X (‘ 1 % “/ { N :
ﬂ } e S
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R 5-8 B 4 3 T A MV R ) E 20T

AT, SRTERRL R A 50 R AT g L o W ALAL B 5N AR
e N 7T REAR RN B P R T 5 IR RS RS, |1 523 (a) s,
W ALAE i AE BT AR B 5 B BURR 1 AT PRz B 18 5-9 Fr, AERT AT B
H AL PR vl T AR ARLR I R 1 AR A 5T, XSRS IAAAE 1S TC4
SR 5 R R 22 18] (R SEBRZ AR AR/ o fEEEBE R T, PR AR 2 R AR
FEFRGTZ R, IMR/D TR R R A P I B S S, #EM KRB 1B
J1e AHEFN G ST B T X TCA RIM#EAT 7 SR, FFRBLZ
Foft b PR R AT A B ARy I P (R R R A, X 5 AT TS B CR AR (L 15
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RS TIR FE BOE LG, BIWE RSB EE R, B B SRR . R MTE i WAL
SR PE AL TR BORE i, TR RSO AR WG T AR B B RE 08 AR R K I R 2 [ . B
PRI () (WA, SRYTIA S04 4B M BT, 23 TC4 Hefh 55 R4 Rl B HeHefu,
RIMRAERGEMBIEARTY, FHEREREONE BT thRET, Kong ZFUMONE T
PR ZE IR N AR AZ31 5 G B R B 2, Ol 17 7 AL B
JEWOMAERIZELE T 47 2 B, W S 1 B o T IR B B ALJS TC4 &
G A BEPEA BT R B, X BT EMT AL R o, B Bk v A o R R T R AR
PRI M BIR T, IXAE EDS FE&IESE (K 4-3), RS, FEEE
ERINE B) R B A, B IT A G 43 W B ST S, 5 At TR SRR R AN R 1R
SP0.51+0.17 ¥ il & TC4 FEARFI L B Bk B [F) I 5 PEAR BB AT He i, b T 284K
AN R RN 0.5, SEGE M EE RBUT . BE#TE =R
(1 P3RBT SR T B S el D R T PR R R T B, IR ARSI N R IO, A AR SR GTIA S0
G RGBT I I A ROGE K, TP AR Beist SP0.51+0.17+0.1 #:4h 5 SP0.51 # i

PEVE ZEAHIT, 3K A PR = IR AL I E A RME 3G 0 2% 1 Ak J2 (R B
Load Load

(2) l (b) 1

Debris

Acicular ¢' == Grain boundary Dislocation

K 5-9 TC4 BEfUREE: (a) AS+M Ffdhs (b) WEALFE b
W& 5-4 FTos, AS+M R il 1 15 R 45 28 ke v » A B O OAL 5 52 P 88 T
FEL BB EE R R ARG RAEBI T 248 1 TC4 IR IR, (HHIE R
HIn TAE A RCR IR T 7 R P ATERE ), A S ECE X BESE R BN PR
5 AS+M FERAHEE, BEASREEN 0.21~0.51 mmA BIFE ST 35 B 1 2 H0 0l B AIK
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T 22%- 13.5%-+ 15.1%F1 27.8%, R w] DAHERT, 4miALaeE e T — e En, B
B SR R AT BRIRIE AL, = RIS B R BB AN .

5.4 BOLAIERT SLM BFEZ TC4 & &% 4 BERIEZ M

54.1 7 MEEE

Kl 5-10 4 TC4 & & A m AR FR TG 57 ilIe 25 R . 45 EoR, fERK
J% 73749 500 MPa I, AS+M # 5t 1P 34 75 6 4 2.398x10* JHFR . 481 B /R ss AL 4b
BG, FRESTFF G R 1545710 53N, R ARBULFEMIN 6.4 fif. 5B
FEAAHEL, SP0.51+0.17 FF (1P 398 55 7 aw itk — P, 163 23.226x10* M
N, 2 ASHM BEFLI 9.6 1% . ART, SPO.51+0.17+0.1 F 5k F9% 55 75 i BN B B
H =R P 7 e ASHM FESL I 8.3 f%, 1A E] 19.938x10* MEH . M 4h
R, WAL R ERE T SLM B TC4 & &I 57 ERE, HH 2 Rmi s
I L B — I AL AL B £ i MR LI 55 75 i 7 T BE A R

Sample 1 SP0.51+0.17
25 Sample 2 SP0.51+0.17+0.1
{ [l sample 3
E= Average fatigue life
520+
S‘ SP0.51
> .
N—r
o 154
©
>
210
<
L
51 AsM
0

Sarlnple
5-10 SLM & J¥ TC4 & e AE & KN /124 500 MPa I 9% 55 75 iy
5.4.2 WH IR
SR SLM E TCA & < 57 17 ) T 208 3R AR AR R TR RE L o
MREERG S FTENBRBEA AR A B U2 18Y - DUR 15 10 B AR I A 6 DR 3060 987 57 1 e 1)
HARFZ .
— A A i 2 THDREURE S0 B ALRE A 5 RN B SRR I B R T ey 2

62



S MW N R DA

fr B EHEM  EH, AT-F B 57 VEREFERU . Li SEUST iU Y B 46 (R 7
(KD R S5 R T RELRE 20 AL 82 57 55 L RIS o AR AATT RO I, K 500
A LB PR 2 2 E -

K,=1+21 (%) (g < 0.3) (5-2)

Ko=1+40(2) (5 <0.15) (5-3)

A (5-2. 5-3) F, HA D 4 aACERBEUH PR E () FER (8%, 1

3 AR TR 511 R TR R (R ek REL (K.
2.5

SP0.51

no
o

1 N
——

J SP0.51+0.17
- SP0.51+0.17+0.1]

=
a1
1

AS+M

=
o
1

Stress concentration factor

o
(62}
1

o
o

Sanl1ple
5-11 ANFEFEG IR 5 /K,

I 5-11 7750, K B 53R 4-1 T 4-6 BT IR B AL (R RE—
o 0T AS+M FEdL, HARRDGH R TR B/ K, AU 1.05, LT,
PRI LIS SPO.ST ARSI K e, DN 2.090 X —7A8 4k B Tt AL b 3 7 A
(Rt S SR TR IG O, E 1A A9 R TR RS BE IS I, SEma A RN 6 o A
JIHE R F B ORRE i (98 57 PR RE AR UL, TR, BRI R THORLRE 2 iy
fife X — [l ) G . 80 22 ORISR AL 38 il 1Y) K R PRI, SP0.51+0.17 A
SP0.51+0.17+0.1 ££ I K AE 508 1.77 F 161, PRIk, 22 kT LA DUE I R
P THAELRE P22 R 1T 508 N /T BRI

VS SKLARE: ot R TRRELRES P2 B e T RRL A E B . 00 3 THREL IS P2 AN R T2 24,
A DL I T R R R 2 H DA S SEATUROTE B R O 55 R s 17 1481 FE R A
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Hh A FH AL/ BRI RL A 5T A SR B AT 22 ORI RUAR B, D FREAIK e R T 0
RERERE o RO TR IR RE BE RS 0 1 B2 ) S rh XUy, H 5 RBTAURE AR EE, BT
5% FURE i (0093 57 7 A BB S2 52 5. Chen 25191, XF SLM EJE TC4 &4,
TR R JE2 0 57 7 i B0 1 S PR A1) PRI 3R, it R TR R 2 R 860, 9 575 75 i 1 B
Bagherifard S5O 5T 1 P IGE R S SRIF P AL B 05 W5 AU a9 55 MERE IO RE . B
FAEREN], RE VAR R 72 45 pm JE 58I Z, HRAETERRSS R
o2 BRI SR AT o R4, FRMEORL 5 A5 ot BRRELRE 2 S5 ) SR AL it A L AR A
FEANK, B PR AURE S 098 57 SR L RN ER 1 1 10%. [RIG, 50 T WAL 2 ThREDRS B2 X
ARV 57 PERE S 0 H AT M08 10 . 2R T 1E( A 2 0w LB mE AL B
A CAL BRI, A5 ot 3 TR R A AR A S PR B R IETE SR LR S Es AT AR
JS2TT A o TR, RS SR T REL A PR A 57 1k e (R s i B R IR A . — 28
SR R B2 750 WA R 57 1 BE 7 AR RIS M R T L S AR B
TIFES R F o AE A mHUMAR 8 PR TR AR R JT RIS, 2 T RE A B2 114 52 1
TH R R, S RAETELE SR, T REX IR 57 ME REBCA 25, b4k, Benedetti
SEN205) g, MR HEARE ARG AE (Ra>10 um) I, HXHE 7 520215
N, R AT R L S R sk A T R

TC4 HF i R 55 W RS 5-12 oo e (0B pA by 1 3 b vy DA Wb
MG ST IR X %55 Ay X IBTX . T AS+M FEfh, 57 RGURE £
A, HAMEREKE . BT REGEG TR, HILRERRN I EHE 57
PERERIFEMAAR K o WERLTIN T E iR RN BIR B, 752 B A A2 A 3 1 H
I, T AUSRAR B 7508 9% 55 1 e PRI S M 5 P 3 R0 AH 24 o (RItL, AR R A B T
PR 57 PR o 25 R BT AR AR L VR IR FE B BE 73 AT, AR4E Goodman!'*!
H1 Macherauch S!S IRE 78, SR 95 57 0 FE TR FE LRI A BRBE A, Bk
JR IR D7 MR AL TR T o EIXFMELLN, RINRLA L, HAELY R BIRE
AR R MR, WA RGRIIRLT Y &, B0 R0, X — W g
BT 5-11 (AESE. ATPLEE], SP0.51. SP0.51+0.17 Al SP0.51+0.17+0.1 5
RAUEIE U5 AL T 3R 10 29 105, 384 A1 202 um 4k
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Bl 5-12 (a) AS+M. (b) SP0.51. (c) SP0.51+0.17. (d) SPO.51+0.17+0.1 FF & % 57 i 11
SEM B, ORI 0 X I 9 57 U A B
P 55 W 17 3R, 952 57 GG AR T IR TR iy 198 57 5 dn A T 3R GGE MG T
RIFE G H A5, HLRLSUERRER, R 57 5 il B 5-13 J9 SP0.51+0.17 k¢
it CE BRI 55 VR AN [R] PR S AL R T RS0 . RGGE LR ST TR N4 384 um R4,
ZRJE O T WO IE . W 5-13 (a) Fion, RS REUFIERIE TT
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P PRSCAFAE AOFT BV R AR o B R OU 2 B AR AR AR oo B FRAR A B3R
SRR, BT REOLKE, BRI B AR MY . XPRIAETENEI RS
oo By IRAREAT MRS FR hep diid S5 4T K o/or By PR FLAT S 25 R 2B 45 e S 12
e, 4 c sz BRdes, B5HE ({0001} 7D 75 5 FA h dEMEL T, M
11177 B ARSI 28 s T B 5-13 (o) B 1 5 57 U BRI /N ) — IR R EURIT 55 HE S
B 5-13 (¢) BoRHIRRIY EXKIES, RX—KIRARIEK, N E T
T (AKD Bime RN, AR DXsn] DAOLEE 21 W (R e e 2 . S dpie A — ik
ROEERAIE. B 5-13 (d) NBFBTIX S, A8 K il T 28k BRI A M AN
T, R H SR 7 A W SRR AL

7

K 5-13 SPO.51+0.17 FEM T HITES: (a) JEI7TRESGER A (b) EER ST 57 R4
(o) RGPy RBXA (d) HAWOIX

— LR TR, WAL AR LRI 5T INE SR AT T CRETIZ ALE 7S LB AT )
SeRAER S, AT S BB AL U OSS 156 PRIk, AR R 5 i A v B S 1 AL
B SRR AR B IV LR M B G 2. 8] 5-14 SoR 195 A i 3k
ARSI E . FTAE R, AS+M FEMBIRE RMR A ER ), 29°58-134.1
MPa. %tF SP0.51. SP0.51+0.17 A1 SP0.51+0.17+0.1 £, fEE5 W )5, R
FRAL 15 HIN-T11.71 -796.6 F1-687.9 MPa, 435l HAIAAME FUIRZS K 89.3% .
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89.8% 1 72.5% . IXFKH, TEARTHIBE T INBIRAT T, WERIRR R BB
SEMEIR o PRI, W8 R AR T8 7T DA 2 e R 42 Hh1 o 55 R B0 e 1D . g e P
DRF R R, AR T I R R G o AR, 95T R AR A o
SAMAIGE ALTR A BT RA S R S B IR R U550, Ak, Hayama ZEUSTUREN, W ALER A N
TR E M SRR A 0%, B R A e AR ot B o v HL R RO MR B 77

-1000
SP0.51+0.17
~ 800+ B e oI 0,51 I SP0.51+0.17+0.]
o I 1
= I
v -600 -
S
17
'S -400 -
2
g
-2001  As+M
O T T T T
Sample

5-14 WraRhe sl R IR L), 4 B FR AR B R 7 17

W% KSR AL 2 B AL 4R AL KN A 23 TC4 & eI 5717 MR R 2
REZWAEM . B 4-11 1 4-13 Frox, W3R T R I H 40 SR O S5 4,
TRIURL ST AE TR B G0 AR L o X A0S 201 A B0 2285 ) 8 3 189 A5 R iy 7 48 B o
FE, $emm T TR T AORE AN R . SEEMAELE, SRR W ALEE 0 IZ B
B8, T ARSI MEEEECR . BAh, BEARRI AL IS Bl I SR AL R AR, 2%
BB RIS, TP F I 5 2 1B 197 5890 R, AL sk R AE R
I 55 RS AN i 7 THI RS A AR AR AR

b5 SR TTAURE 2 51 R B R T AR SRALL, ATk, A ALNRIE &, el
SR FET R R IG, [R5 SLM BUE TCA & & 7 MERe MG R & . nld]
5-15 (a) WEBEOFHESLIIR, ASHM FEM (B 5-12 () WA 2) I 57 AL TR
THAAL) 50 pm PRHESAL, BB TALAEFT IS RN VF 2L I L. Kempen 55
DN BRI Fe R [RIRE T, 2 55 N7 [ AT BT ) — 350, SLM R R THI Y
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AL EEMRLURIA R . Benedetti S5 I, SMETRIRIT). FRARBLIIFIT
ERERFE 50 SLM 2 TC4 &40 55 M eI E E R R, b KALA e MR
(39 5547 0 o WAL AT DA SO e A JE AL B R AR T AN A AR o W55 0L 51 N B AR s B
JIRUINEAEAL, W] DAL RS R T 5 K FLBR I S T 520 . Bagherifard 45013315
T RGN SLM & AlSilOMg & 49 57 9 FE I, & BUmE AL AT LAt
P 2 T (1L BRI I £ IR R THT TR P e B A e S 7 o VB SR AL B I 5 46 1R 90 57 R P 1
T 270%. Rk, BRI HEE . WA TC4 RIEHTEDERFEH AURIER, @i
R FLBRIS SRS A, AT DA 2 B e A S R o PR REL?: 133, 192, 1611,

o /NG

= 20 um

ot

Kl 5-15 (a) ASHM FEGHIE ST WIRIES, REGEIR TR ML (b) REGER M K
SRR, 5RO LE, 2R BAE S = SLM Y TC4 & 4 9%
5 11 e 73 THI 58 2880 o 48 25 YRR A B PR o5t 3 TR RELRE P32 SELAIK, SR T 30 5E I8 5
HR, Z IR ALG G SRR AR e B E 1 — 1, AR K3t — 5 58
FIUR TR PR AR 55 P RE TR 5 SPO.51+0.17 A1 SPO.51+0.17+0.1 F 5 126 B A2
Ue BASKUL, BTN i, SP0.51+0.17+0.1 FE M R TR AR L
N AN T A4 B2 SP0.51+0.17 FE S lE A 5% ({HAE 50 pm PR LASR =3 JLF
FAED, [FI R TR B A S S5 Al &, 30 = IR G A il 55 75 A 46
REINEHG, H SP0.51+0.17+0.1 A 5 HI-F- 35098 57 75 A& AR T~ SPO.51+0.17 FE i o
TX R R A FH T = RS R S R T34 280 T Y e 3 R Ak B SR PR LA
SEALRLN, AR J5 PR 75 g — B 5T

5.5 REING

AR EE IR ALE SLM Y TC4 & < dE AT S ok B2 L 5 I B 4 4 ik
6 R 57 MR REM, R FT T WORLALBE T 2R TC4 &< A . i BRIk S
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5

VEBEI AR, R HTIX SR ) N TENL . AR H DU 4 iR
(1) BEHRACFE R DUA AR SLM ¥ TC4 A 42 1 (1 W AMREE . B st

R AR PR B K, UG R s = WS AL PR i 11 R T S fR0CReE 2 5 KA 460 HV 0.2,
FEAR AL FRRE i 3R 5 T 19%.

(2) WAL AT LASR i TC4 & &M TERE . HRBIAUREMAHLL, Wit
FL R i P~ 350 P 5 R RN L S 4 2R 50 W S BRI o BRI SRR Rk sy, P2
PERBON L BE P20 AIG ;s = IR R S5 Rl I T3 BE R RO 0333, LLEEHI% R
427 mm*/Nm, 5ARWBEIAE G B2 BEAR R BOR P R 2 73 70 BEAIK 1 30.8% 1
62%, SLM JliJE TCA & <5 i A 32 B R Dy AL PR 45 A 4E A B 457

(3) 1EH KN F179 500 MPa I, WEHLJ5 TC4 &< B 57 75 fir EEAR WAL I =
1 6.4~9.6 fif, HZ R HALIE LG B FUAL BRIK 4 S E 9 R, AL AR
T RGUARKAERTI LN A4 . WE R T IR 00 LAE A AN R AR R B )2 4 v
SLM §JF TC4 &40 57 VERE M F 2R & . TEMT USRI 2 4h, W14 B AR &
IR o/or Dy IR TR 51 R 57 AR 3R 22—
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FBoE FiLSRE

6.1 KRIXZE1L

ARICERXRT SLM Y TC4 A4, 43Rl Re 7 B 2R KRN R T WE AL BRAR 5T«
AR, AT TR KRN TC4 & &AL, FRAN 1 5 ik GE
SO WAL T OREIEAL T2 TCA & & MR AR . BRI IR
Ve BEBRPEREANE 57 MEREAURENT, JERDT LR . EEAR IR 458

(1) SLM B TC4 & &ATENAHL EBE AR o B KA & B AHL K.
I e PRI A e 1 R M B R R0, JE IR 1190 MPa, ZEAH1 35 2.2%.
B KA AT CARAE oMy o #H, FFVEBRFT B AR IE U AR AR R 7

(2) FTENZS TC4 G444 750 °CiB-K 2 h &, &4 iEREEFIKE 1040
MPa, i (R 8%, B KIEFEHEIT 750 °CJF, TC4 & 418 R Fl4E k1)
It 5 A R PEE (R v I e o S RE BRI 32 R R o N o S IR kK
K, ERVETRFES (0001) [1120]98 F% % it % 4 8 1 37 3 A8 Ak DA S 4 A s vl
BN IR0 R

(3) FLGr sy R B 2 3 i A S R TIDRLRE B, 91l 2 B AL SR B2 ik 3] 0.51
mmA i, TC4 A& RMEFREE RaEM 0.19 pm (BEHIZS) HINZE 447 um. Ff
M R PR v, KRR FEEAEBR O, (LR AR AL 5 B /N RS AL L 258 AT 22 TR
AR BRAR R RLRE 2 . W MRS, & &R TR RE 52 3 b LA A 3R 1T B e REFA
1, BT SECEEE K. EATE BT TCA B /KBl A 25/ T 90°, FRIFH
TR — 58 IR .

(4) WALARF AT LS Al ok, (R 2 SR REER BIK R, JE2
1 38 22 1) 5 S AT 18 R AR B 40 A o WAL S ARER ST B T i 7K R B R L 7
YRR FE 77 1) 1) 4 A VR R IR e S NS 0/, RS 1E A RN /) o AL
SR 0.21 mmA 2 0.51 mmA J5, RPN ) H1-872.4 MPa 61 %2-929.8
MPa. FHET HIRWEA, 2 XBALEBEARLER T 5 N R AR RN ), =k
% K CREAN R+ B I+ B L) 5 BB RIRAR N ik 5] 996.9+23 MPa, H. omrs fif
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BB TR, B IEARIG I A5 00 2 BRI T

(5) BEHALEERTLAFETE SLM AJE TC4 A &M R, H SR ms ALss g
AR, S FOReE FEfEBR v o Z80 = JJE R PO 3 T S AR 2 A Kl 460 HV o2, TR
REFERE SR T 19%. MAh, SoRmEIRE AR L, 15 AL 2 /5 T 52 2 B AR R
SRR RBORILL BB . RIS, BRSSP Y R RO 0333, LLEEH:
#7420.0 mm*/Nm, 73FEK T 30.8%F1 62%. SLM ¥ TC4 & 4 3 2%
TN g B L B A R AL S 45

(6) BEHALEERTA IRT SLM B TC4 && sy MEae, HAH L s mg
o, 2RI AL B % 57 75 A B TH R B2 56 K o JRE B R AL B 2 G N 4 3 T 1)
FHRERE, (HAERCRN /)2 500 MPa IR 57 5641 K, Wik TC4 &< 57 7 i
w1 6.4 B 9.6 £ AW HAURE S 57 IR S BEE TR ST ENBREG, T ALRE
()95 57 R GUR LI AR TR F o WAL 5 (0 3 100 L4k R gk 4 R B ) R4
SLM HiJE TC4 &< 57 MERe ) E 2R K

6.2 IARRE

AW FEIRTT T I8 KR E 5B ALAL BT SLM JE TC4 & 444 RE TR HL
H, AT EMRARME 7S . TR, JEEEM ] WL T 518 I .

(1) TS5 G RR K 2 AU I BT A AN URRAL B CUn RS 5T AL,
WICE R IR T ZAEX TCA & &AL R R AEALH], A T 22441
-VERE I E Bk AR,

(2) GG EAET NN, Z4ERAY RIBER KX J1 5 RAE, BT
NBIERAR L 73 5 OUL SR 1R A2 BLAE FA B o

(3) EtXF SLM i TC4 & SIEMIRIEEH NG /1, & RGIGIR K
S AAL B G AR KR M R, EAEREAEN S5 ) R S R 5
17 H.

71



S MW N R DA

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

B2 SRR

A, WEM T ARG SH AT IR R R[I]. SUE#EEH), 2014,
34(04): 44-50.

TR, R, BE, % HHEMNKEG SMERBER MM HIVRD]. €&
223, 2017, 53(10): 1238-1264.

B, RS, BE, 5. KRG e HIESORTE TN BRI ¥
ifh, 2024, 73(12): 1635-1646.

mak. B N AME G SR RIS tEAE 48, 2001, (02): 4-7.
Parry L, Ashcroft I A, Wildman R D. Understanding the effect of laser scan
strategy on residual stress in selective laser melting through thermo-mechanical
simulation[J]. Additive Manufacturing, 2016, 12: 1-15.

Gupta R K, Kumar V A, Mathew C, etc. Strain hardening of Titanium alloy
Ti6Al4V sheets with prior heat treatment and cold working[J]. Materials Science
and Engineering: A, 2016, 662: 537-550.

Prasad AV S R, Ramji K, Datta G L. An Experimental Study of Wire EDM on
Ti-6Al1-4V Alloy[J]. Procedia Materials Science, 2014, 5: 2567-2576.

Zhu'Y, Zou J, Yang H-Y. Wear performance of metal parts fabricated by selective
laser melting: a literature review[J]. Journal of Zhejiang University-SCIENCE A,
2018, 19(2): 95-110.

Zadpoor A A. Mechanical performance of additively manufactured meta-
biomaterials[J]. Acta Biomaterialia, 2019, 85: 41-59.

Maconachie T, Leary M, Lozanovski B, etc. SLM lattice structures: Properties,
performance, applications and challenges[J]. Materials & Design, 2019, 183:
108137.

Plocher J, Panesar A. Review on design and structural optimisation in additive

manufacturing: Towards next-generation lightweight structures[J]. Materials &

72



S MW e e VAT

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Design, 2019, 183: 108164.

Thijs L, Verhaeghe F, Craeghs T, etc. A study of the microstructural evolution
during selective laser melting of Ti-6Al-4V[J]. Acta Materialia, 2010, 58(9):
3303-3312.

Liu S, Shin Y C. Simulation and experimental studies on microstructure evolution
of resolidified dendritic TiC in laser direct deposited Ti-TiC composite[J].
Materials & Design, 2018, 159: 212-223.

Cheng B, Shrestha S, Chou K. Stress and deformation evaluations of scanning
strategy effect in selective laser melting[J]. Additive Manufacturing, 2016, 12:
240-251.

Tammas-Williams S, Zhao H, Léonard F, etc. XCT analysis of the influence of
melt strategies on defect population in Ti-6Al-4V components manufactured by
Selective Electron Beam Melting[J]. Materials Characterization, 2015, 102: 47-
61.

Ju J, Zhao C, Kang M, etc. Effect of heat treatment on microstructure and
tribological behavior of Ti-6Al-4V alloys fabricated by selective laser melting|[J].
Tribology International, 2021, 159: 106996.

Alegre J M, Diaz A, Garcia R, etc. Effect of HIP post-processing at 850 °C/200
MPa in the fatigue behavior of Ti-6Al-4V alloy fabricated by Selective Laser
Melting[J]. International Journal of Fatigue, 2022, 163: 107097.

Jiang Q, Li S, Zhou C, etc. Effects of laser shock peening on the ultra-high cycle
fatigue performance of additively manufactured Ti6Al4V alloy[J]. Optics &
Laser Technology, 2021, 144: 107391.

Slawik S, Bernarding S, Lasagni F, etc. Microstructural analysis of selective laser
melted Ti6Al4V modified by laser peening and shot peening for enhanced fatigue
characteristics[J]. Materials Characterization, 2021, 173: 110935.

Zhang Y, Lu W, Sun P, etc. Deoxygenation of Ti metal: A review of processes in

literature[J]. International Journal of Refractory Metals and Hard Materials, 2020,

73



S MW e e VAT

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

91: 105270.

Lu B, Yang F, Shao Y, etc. In-situ tensile deformation behavior of powder
metallurgy Ti6Al4V alloys[J]. International Journal of Refractory Metals and
Hard Materials, 2020, 91: 105266.

Gupta A, Khatirkar R, Singh J. A review of microstructure and texture evolution
during plastic deformation and heat treatment of B-Ti alloys[J]. Journal of Alloys
and Compounds, 2022, 899: 163242.

Zhang X, Chen Y, Hu J. Recent advances in the development of aerospace
materials[J]. Progress in Aerospace Sciences, 2018, 97: 22-34.

Hayat M D, Singh H, He Z, etc. Titanium metal matrix composites: An
overview[J]. Composites Part A: Applied Science and Manufacturing, 2019, 121:
418-438.

Kang L, Yang C. A Review on High-Strength Titanium Alloys: Microstructure,
Strengthening, and Properties[J]. Advanced Engineering Materials, 2019, 21(8):
1801395.

Kolli R, Devaraj A. A Review of Metastable Beta Titanium Alloys[J]. Metals,
2018, 8(7): 506.

Lin Z, Song K, Yu X. A review on wire and arc additive manufacturing of titanium
alloy[J]. Journal of Manufacturing Processes, 2021, 70: 24-45.

Yang X, Lin B, Zhang H, etc. Influence of stress on the corrosion behavior of Ti
alloys: A review[J]. Journal of Alloys and Compounds, 2024, 985: 173346.
A AEFXS TCA ARE<H g, VERERIRZI S AR BT BR 7 12 AT
FE[D]. HIK: HPKK, 2017,

Mumtaz K A, Erasenthiran P, Hopkinson N. High density selective laser melting
of Waspaloy®[J]. Journal of Materials Processing Technology, 2008, 195(1): 77-
87.

Sames W J, List F A, Pannala S, etc. The metallurgy and processing science of

metal additive manufacturing[J]. International Materials Reviews, 2016, 61(5):

74



S MW e e VAT

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

315-360.

Holovenko Y, Kollo L, Saarna M, etc. Effect of lattice surface treatment on
performance of hardmetal - titanium interpenetrating phase composites[J].
International Journal of Refractory Metals and Hard Materials, 2020, 86: 105087.
Rahmani R, Brojan M, Antonov M, etc. Perspectives of metal-diamond
composites additive manufacturing using SLM-SPS and other techniques for
increased wear-impact resistance[J]. International Journal of Refractory Metals
and Hard Materials, 2020, 88: 105192.

Murr L E, Esquivel E V, Quinones S A, etc. Microstructures and mechanical
properties of electron beam-rapid manufactured Ti-6Al-4V biomedical
prototypes compared to wrought Ti-6Al-4V[J]. Materials Characterization, 2009,
60(2): 96-105.

Ahmed T, Rack H J. Phase transformations during cooling in o+f titanium
alloys[J]. Materials Science and Engineering: A, 1998, 243(1): 206-211.

Zhao X, Li S, Zhang M, etc. Comparison of the microstructures and mechanical
properties of Ti-6Al-4V fabricated by selective laser melting and electron beam
melting[J]. Materials & Design, 2016, 95: 21-31.

Cao S, Chu R, Zhou X, etc. Role of martensite decomposition in tensile properties
of selective laser melted Ti-6A1-4V[J]. Journal of Alloys and Compounds, 2018,
744: 357-363.

Xu W, Luit E W, Pateras A, etc. In situ tailoring microstructure in additively
manufactured Ti-6A1-4V  for superior mechanical performance[J]. Acta
Materialia, 2017, 125: 390-400.

Collins P C, Brice D A, Samimi P, etc. Microstructural Control of Additively
Manufactured Metallic Materials[J]. Annual Review of Materials Research, 2016,
46: 63-91.

Herzog D, Seyda V, Wycisk E, etc. Additive manufacturing of metals[J]. Acta

Materialia, 2016, 117: 371-392.

75



S MW e e VAT

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Fang Z-C, Wu Z-L, Huang C-G, etc. Review on residual stress in selective laser
melting additive manufacturing of alloy parts[J]. Optics & Laser Technology,
2020, 129: 106283.

Vilaro T, Colin C, Bartout J D. As-Fabricated and Heat-Treated Microstructures
of the Ti-6Al-4V Alloy Processed by Selective Laser Melting[J]. Metallurgical
and Materials Transactions A, 2011, 42(10): 3190-3199.

Qiu C, Adkins N J E, Attallah M M. Microstructure and tensile properties of
selectively laser-melted and of HIPed laser-melted Ti-6Al-4V[J]. Materials
Science and Engineering: A, 2013, 578: 230-239.

Xu W, Brandt M, Sun S, etc. Additive manufacturing of strong and ductile Ti-
6Al-4V by selective laser melting via in situ martensite decomposition[J]. Acta
Materialia, 2015, 85: 74-84.

Xie Z, Dai Y, Ou X, etc. Effects of selective laser melting build orientations on
the microstructure and tensile performance of Ti-6Al-4V alloy[J]. Materials
Science and Engineering: A, 2020, 776: 139001.

Zheng Z, Jin X, Bai Y, etc. Microstructure and anisotropic mechanical properties
of selective laser melted Ti6AI4V alloy under different scanning strategies[J].
Materials Science and Engineering: A, 2022, 831: 142236.

Zafari A, Xia K. High Ductility in a fully martensitic microstructure: a paradox
in a Ti alloy produced by selective laser melting[J]. Materials Research Letters,
2018, 6(11): 627-633.

Zafari A, Barati M R, Xia K. Controlling martensitic decomposition during
selective laser melting to achieve best ductility in high strength Ti-6Al-4V[J].
Materials Science and Engineering: A, 2019, 744: 445-455.

Xu W, Sun S, Elambasseril J, etc. Ti-6Al1-4V Additively Manufactured by
Selective Laser Melting with Superior Mechanical Properties[J]. The Journal of
The Minerals, Metals & Materials Society (TMS), 2015, 67(3): 668-673.

Barriobero-Vila P, Gussone J, Haubrich J, etc. Inducing Stable o+f

76



S MW e e VAT

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Microstructures during Selective Laser Melting of Ti-6Al-4V Using Intensified
Intrinsic Heat Treatments[J]. Materials, 2017, 10(3): 268.

Leuders S, Lieneke T, Lammers S, etc. On the fatigue properties of metals
manufactured by selective laser melting — The role of ductility[J]. Journal of
Materials Research, 2014, 29(17): 1911-1919.

Su C, Yu H, Wang Z, etc. Controlling the tensile and fatigue properties of selective
laser melted Ti-6Al-4V alloy by post treatment[J]. Journal of Alloys and
Compounds, 2021, 857: 157552.

Vrancken B, Thijs L, Kruth J-P, etc. Heat treatment of Ti6Al4V produced by
Selective Laser Melting: Microstructure and mechanical properties[J]. Journal of
Alloys and Compounds, 2012, 541: 177-185.

Liu Y, Xu H, Peng B, etc. Effect of heating treatment on the microstructural
evolution and dynamic tensile properties of Ti-6Al-4V alloy produced by
selective laser melting[J]. Journal of Manufacturing Processes, 2022, 74: 244-255.
Zhang D, Wang L, Zhang H, etc. Effect of heat treatment on the tensile behavior
of selective laser melted Ti-6Al-4V by in situ X-ray characterization[J]. Acta
Materialia, 2020, 189: 93-104.

Khorasani A, Gibson I, Goldberg M, etc. On the role of different annealing heat
treatments on mechanical properties and microstructure of selective laser melted
and conventional wrought Ti-6Al1-4V[J]. Rapid Prototyping Journal, 2017, 23(2):
295-304.

FERN, BN, BEW, & AR SLM Bt TC4 &R R RERIY
M [J]. Aba TR 524, 2023, 49(09): 970-979.

Ju J, Zhao C, Kang M, etc. Effect of heat treatment on microstructure and
tribological behavior of Ti-6Al-4V alloys fabricated by selective laser melting[J].
Tribology International, 2021, 159: 106996.

Mower T M, Long M J. Mechanical behavior of additive manufactured, powder-

bed laser-fused materials[J]. Materials Science and Engineering: A, 2016, 651:

7



S MW e e VAT

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

198-213.

Siddique S, Imran M, Rauer M, etc. Computed tomography for characterization
of fatigue performance of selective laser melted parts[J]. Materials & Design,
2015, 83: 661-669.

LvY, Lei L, Sun L. Influence of different combined severe shot peening and laser
surface melting treatments on the fatigue performance of 20CrMnTi steel gear[J].
Materials Science and Engineering: A, 2016, 658: 77-85.

Li D, Chen H N, Xu H. The effect of nanostructured surface layer on the fatigue
behaviors of a carbon steel[J]. Applied Surface Science, 2009, 255(6): 3811-3816.
Azar V, Hashemi B, Rezaee Yazdi M. The effect of shot peening on fatigue and
corrosion behavior of 316L stainless steel in Ringer's solution[J]. Surface and
Coatings Technology, 2010, 204(21): 3546-3551.

Swietlicki A, Szala M, Walczak M. Effects of Shot Peening and Cavitation
Peening on Properties of Surface Layer of Metallic Materials—A Short
Review[J]. Materials, 2022, 15(7): 2476.

Xie B, Gao K. Research Progress of Surface Treatment Technologies on Titanium
Alloys: A Mini Review [J]. Coatings, 2023, 13(9): 1486.

Xie L, Jiang C, Lu W. The influence of shot peening on the surface properties of
(TiB+TiC)/Ti-6Al-4V[J]. Applied Surface Science, 2013, 280: 981-988.

Xie L, Jiang C, Lu W, etc. Investigation on the residual stress and microstructure
of (TiB+TiC)/Ti-6Al1-4V composite after shot peening[J]. Materials Science and
Engineering: A, 2011, 528(9): 3423-3427.

Zhang X, Zhao Q, Cai Z, etc. Effects of Magnetic Field on the Residual Stress
and Structural Defects of Ti-6AI-4V[J]. Metals, 2020, 10(1): 141.

Hu Z, Xue L, Yang Y, etc. Improved fatigue life of SLM-produced TC4 alloy
treated by a pulsed magnetic field[J]. Materials Today Communications, 2023, 37:
107160.

Wang X, Zhang X, Liu Q, etc. Enhanced Low Cycle Fatigue Properties of Ti-6Al-

78



S MW e e VAT

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

4V Alloy by Post-treatment Technology of Pulse High-Intensity Magnetic
Field[J]. Journal of Materials Engineering and Performance, 2023, 32(22):
10029-10038.

Lin Q, Wei P, Liu H, etc. A CFD-FEM numerical study on shot peening[J].
International Journal of Mechanical Sciences, 2022, 223: 107259.

Wu J, Wei P, Liu H, etc. Effect of shot peening intensity on surface integrity of
18CrNiMo7-6 steel[J]. Surface and Coatings Technology, 2021, 421: 127194.
Ito T, Kikuchi S, Hirota Y O, etc. Analysis of pneumatic fine particle peening
process by using a high-speed-camera [J]. International Journal of Modern
Physics B, 2010, 24: 3047-3052.

Konitzer A, Polanetzki H. Implementation of Velocity Measurment as Intensity
Verification in Production [C]/ proceedings of the Eleventh International
Conference on Shot Peening, South Bend, IN, F, 2011:12-15.

WREH. SAF2507 XU AEANmT AL stk S HRAERT U [D]. B LAl R,
2019.

Segurado E, Belzunce F J, Pariente I F. Effects of low intensity shot peening
treatments applied with different types of shots on the fatigue performance of a
high-strength steel[J]. Surface and Coatings Technology, 2018, 340: 25-35.
Llaneza V, Belzunce F J. Study of the effects produced by shot peening on the
surface of quenched and tempered steels: roughness, residual stresses and work
hardening[J]. Applied Surface Science, 2015, 356: 475-485.

Bagherifard S, Ghelichi R, Guagliano M. On the shot peening surface coverage
and its assessment by means of finite element simulation: A critical review and
some original developments[J]. Applied Surface Science, 2012, 259: 186-194.
Sakamoto J, Lee Y-S, Cheong S-K. Effect of surface flaw on fatigue strength of
shot-peened medium-carbon steel[J]. Engineering Fracture Mechanics, 2015, 133:
99-111.

Vielma A T, Llaneza V, Belzunce F J. Shot Peening Intensity Optimization to

79



S MW e e VAT

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

Increase the Fatigue Life of a Quenched and Tempered Structural Steel[J].
Procedia Engineering, 2014, 74: 273-278.

Lundberg M, Peng R L, Ahmad M, etc. Influence of Shot Peening Parameters on
Residual Stresses in Flake and Vermicular Cast Irons[J]. Materials Science Forum,
2014, 768-769: 534-541.

Mordyuk B N, Prokopenko G I. Ultrasonic impact peening for the surface
properties’ management[J]. Journal of Sound and Vibration, 2007, 308(3): 855-
866.

Suh C-M, Song G-H, Suh M-S, etc. Fatigue and mechanical characteristics of
nano-structured tool steel by ultrasonic cold forging technology[J]. Materials
Science and Engineering: A, 2007, 443(1): 101-106.

Zhang Q, Duan B, Zhang Z, etc. Effect of ultrasonic shot peening on
microstructure evolution and corrosion resistance of selective laser melted Ti-
6Al1-4V alloy[J]. Journal of Materials Research and Technology, 2021, 11: 1090-
1099.

Zhang X C, Zhang Y K, Lu J Z, etc. Improvement of fatigue life of Ti-6Al-4V
alloy by laser shock peening[J]. Materials Science and Engineering: A, 2010,
527(15): 3411-3415.

Kalentics N, Boillat E, Peyre P, etc. 3D Laser Shock Peening - A new method for
the 3D control of residual stresses in Selective Laser Melting[J]. Materials &
Design, 2017, 130: 350-356.

Kalentics N, Sohrabi N, Tabasi H G, etc. Healing cracks in selective laser melting
by 3D laser shock peening[J]. Additive Manufacturing, 2019, 30: 100881.
Kalentics N, Huang K, Ortega Varela De Seijas M, etc. Laser shock peening: A
promising tool for tailoring metallic microstructures in selective laser melting[J].
Journal of Materials Processing Technology, 2019, 266: 612-618.

LuJ, Lu H, Xu X, etc. High-performance integrated additive manufacturing with

laser shock peening -induced microstructural evolution and improvement in

80



S MW e e VAT

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

mechanical properties of Ti6Al4V alloy components[J]. International Journal of
Machine Tools and Manufacture, 2020, 148: 103475.

Takakuwa O, Nakai M, Narita K, etc. Enhancing the durability of spinal implant
fixture applications made of Ti-6Al-4V ELI by means of cavitation peening[J].
International Journal of Fatigue, 2016, 92: 360-367.

Sonntag R, Reinders J, Gibmeier J, etc. 4 - Fatigue strengthening of an orthopedic
Ti6Al4V alloy: what is the potential of a final shot peening process? [M]//Davim
J P. Biomaterials and Medical Tribology. Woodhead Publishing. 2013: 217-237.
LiuY G, Li M Q, Liu H J. Surface nanocrystallization and gradient structure
developed in the bulk TC4 alloy processed by shot peening[J]. Journal of Alloys
and Compounds, 2016, 685: 186-193.

Uzan N E, Ramati S, Shneck R, etc. On the effect of shot-peening on fatigue
resistance of AlISilOMg specimens fabricated by additive manufacturing using
selective laser melting (AM-SLM)[J]. Additive Manufacturing, 2018, 21: 458-
464.

Xu Z, Dunleavey J, Antar M, etc. The influence of shot peening on the fatigue
response of Ti-6Al-4V surfaces subject to different machining processes[J].
International Journal of Fatigue, 2018, 111: 196-207.

Klotz T, Delbergue D, Bocher P, etc. Surface characteristics and fatigue behavior
of shot peened Inconel 718[J]. International Journal of Fatigue, 2018, 110: 10-21.
He Y, Yoo K-B, Ma H, etc. Study of the austenitic stainless steel with gradient
structured surface fabricated via shot peening[J]. Materials Letters, 2018, 215:
187-190.

Damon J, Dietrich S, Vollert F, etc. Process dependent porosity and the influence
of shot peening on porosity morphology regarding selective laser melted
AlSi10Mg parts[J]. Additive Manufacturing, 2018, 20: 77-89.

Deng Z, Ma J, Yin B, etc. Surface characteristics of and in vitro behavior of

osteoblast-like cells on titanium with nanotopography prepared by high-energy

81



S MW e e VAT

shot peening[J]. International Journal of Nanomedicine, 2014, 9(1): 5565-5573.

[99] Luo X, Dang N, Wang X. The effect of laser shock peening, shot peening and
their combination on the microstructure and fatigue properties of Ti-6Al-4V
titanium alloy[J]. International Journal of Fatigue, 2021, 153: 106465.

[100] £2 Fafi, WHAEX, JEEEE, 55 BiRomiext CF53 4N AR BE R L Ae 2 [T].
HUBE TREATEL, 2021, 45(05): 27-33+8.

[101] Yang C, Liu Y G, Shi Y H, etc. Microstructure characterization and tensile
properties of processed TC17 via high energy shot peening[J]. Materials Science
and Engineering: A, 2020, 784: 139298.

[102] Yang J, Yu H, Yin J, etc. Formation and control of martensite in Ti-6Al-4V alloy
produced by selective laser melting[J]. Materials & Design, 2016, 108: 308-318.

[103] Yu H, Li F, Wang Z, etc. Fatigue performances of selective laser melted Ti-6Al-
4V alloy: Influence of surface finishing, hot isostatic pressing and heat
treatments[J]. International Journal of Fatigue, 2019, 120: 175-183.

[104] Sabban R, Bahl S, Chatterjee K, etc. Globularization using heat treatment in
additively manufactured Ti-6Al-4V for high strength and toughness[J]. Acta
Materialia, 2019, 162: 239-254.

[105] Xia Y, Zhang Y, Wu T, etc. Deformation twinning caused by warm rolling and
secondary recrystallization in twin-roll strip casting Fe81Gal9 alloy[J]. Journal
of Alloys and Compounds, 2022, 922: 166039.

[106] Kaschel F R, Vijayaraghavan R K, Shmeliov A, etc. Mechanism of stress
relaxation and phase transformation in additively manufactured Ti-6Al-4V via in
situ high temperature XRD and TEM analyses[J]. Acta Materialia, 2020, 188:
720-732.

[107] Wang Z, Stoica A D, Ma D, etc. Stress relaxation behavior and mechanisms in Ti-
6Al-4V determined via in situ neutron diffraction: Application to additive
manufacturing[J]. Materials Science and Engineering: A, 2017, 707: 585-592.

[108] Meng X-K, Zhou J-Z, Su C, etc. Residual stress relaxation and its effects on the

82



S MW e e VAT

fatigue properties of Ti6Al4V alloy strengthened by warm laser peening[J].
Materials Science and Engineering: A, 2017, 680: 297-304.

[109] Wang Y, Zhang Y, Song G, etc. Effect of shot peening on fatigue crack
propagation of Ti6Al4V[J]. Materials Today Communications, 2020, 25: 101430.

[110] Galarraga H, Warren R J, Lados D A, etc. Effects of heat treatments on
microstructure and properties of Ti-6Al-4V ELI alloy fabricated by electron beam
melting (EBM)[J]. Materials Science and Engineering: A, 2017, 685: 417-428.

[111] Xu S, Zhang H, Xiao N, etc. Mechanisms of macrozone elimination and grain
refinement of near o Ti alloy via the spheroidization of the Widmannstétten
structure[J]. Acta Materialia, 2023, 260: 119339.

[112] Simonelli M, Tse Y'Y, Tuck C. Effect of the build orientation on the mechanical
properties and fracture modes of SLM Ti-6Al-4V[J]. Materials Science and
Engineering: A, 2014, 616: 1-11.

[113] Ullah R, Lu J, Sang L, etc. Investigating the microstructural evolution during
deformation of laser additive manufactured Ti-6Al-4V at 400 °C using in-situ
EBSDIJ]. Materials Science and Engineering: A, 2021, 823: 141761.

[114] Ge P, Wang S, Zhang J, etc. Micro-/nanostructures meet anisotropic wetting: from
preparation methods to applications[J]. Materials Horizons, 2020, 7(10): 2566-
2595.

[115] Jothi Prakash C G, Prasanth R. Approaches to design a surface with tunable
wettability: a review on surface properties[J]. Journal of Materials Science, 2021,
56(1): 108-135.

[116] Chu F, Wu X. Fabrication and condensation characteristics of metallic
superhydrophobic surface with hierarchical micro-nano structures[J]. Applied
Surface Science, 2016, 371: 322-328.

[117] Young T. I1I. An essay on the cohesion of fluids[J]. Philosophical transactions of
the royal society of London, 1805, (95): 65-87.

[118] Waugh D G, Lawrence J. On the use of CO2 laser induced surface patterns to
83



S MW e e VAT

modify the wettability of poly(methyl methacrylate) (PMMA)[J]. Optics and
Lasers in Engineering, 2010, 48(6): 707-715.

[119] Rudawska A, Jacniacka E. Analysis for determining surface free energy
uncertainty by the Owen-Wendt method[J]. International Journal of Adhesion and
Adhesives, 2009, 29(4): 451-457.

[120] Fowkes F M. Attractive forces at interfaces[J]. Industrial & Engineering
Chemistry, 1964, 56(12): 40-52.

[121] Shen X, Shukla P, Swanson P, etc. Altering the wetting properties of orthopaedic
titanium alloy (Ti-6Al-7Nb) using laser shock peening[J]. Journal of Alloys and
Compounds, 2019, 801: 327-342.

[122] Acikbas G, Calis Acikbas N. The effect of sintering regime on
superhydrophobicity of silicon nitride modified ceramic surfaces[J]. Journal of
Asian Ceramic Societies, 2021, 9(2): 734-744.

[123] Al-Rugeishi M S, Mohiuddin T, Al-Amri K, etc. Graphene Surface Energy by
Contact Angle Measurements[J]. Arabian Journal for Science and Engineering,
2023, 48(1): 757-762.

[124] Cassie A, Baxter S. Wettability of porous surfaces[J]. Transactions of the Faraday
society, 1944, 40: 546-551.

[125] Tomczynska-Mleko M, Nishinari K, Mleko S, etc. Cold gelation of whey protein
isolate with sugars in an ultrasound environment[J]. Food Hydrocolloids, 2023,
139: 108510.

[126] Di Z, Lu G, Yao Y, etc. Regulating material wettability through surface plastic
deformation post-processing via friction modification[J]. Tribology International,
2024, 198: 109901.

[127] Chen M, Jiang C, Xu Z, etc. Experimental study on macro- and microstress state,
microstructural evolution of austenitic and ferritic steel processed by shot
peening[J]. Surface and Coatings Technology, 2019, 359: 511-519.

[128] Maleki E, Bagherifard S, Unal O, etc. The effects of microstructural and chemical

84



S MW e e VAT

surface gradients on fatigue performance of laser powder bed fusion AISi10Mg[J].
Materials Science and Engineering: A, 2022, 840: 142962.

[129] Chen S-G, Zhang Y-D, Wu Q, etc. Effect of solid-state phase transformation on
residual stress of selective laser melting Ti6Al4V[J]. Materials Science and
Engineering: A, 2021, 819: 141299.

[130] Zhan Y, Xu H, Du W, etc. Research on the influence of heat treatment on residual
stress of TC4 alloy produced by laser additive manufacturing based on laser
ultrasonic technique[J]. Ultrasonics, 2021, 115: 106466.

[131] Liu H, Jiang C, Chen M, etc. Surface layer microstructures and wear properties
modifications of Mg-8Gd-3Y alloy treated by shot peening[J]. Materials
Characterization, 2019, 158: 109952.

[132] Ganesh B K C, Sha W, Ramanaiah N, etc. Effect of shotpeening on sliding wear
and tensile behavior of titanium implant alloys[J]. Materials & Design (1980-
2015), 2014, 56: 480-486.

[133] Bagherifard S, Beretta N, Monti S, etc. On the fatigue strength enhancement of
additive manufactured AlSil0Mg parts by mechanical and thermal post-
processing[J]. Materials & Design, 2018, 145: 28-41.

[134] Lesyk D A, Martinez S, Mordyuk B N, etc. Post-processing of the Inconel 718
alloy parts fabricated by selective laser melting: Effects of mechanical surface
treatments on surface topography, porosity, hardness and residual stress[J].
Surface and Coatings Technology, 2020, 381: 125136.

[135] Bagherifard S, Hickey D J, Fintova S, etc. Effects of nanofeatures induced by
severe shot peening (SSP) on mechanical, corrosion and cytocompatibility
properties of magnesium alloy AZ31[J]. Acta Biomaterialia, 2018, 66: 93-108.

[136] Tiwari A, Mishra A K, Kumar A. Influence of scan strategies on wear and
tribological performance of Ti-6Al-4V alloy processed by laser powder bed
additive manufacturing process[J]. Wear, 2025, 562-563: 205654.

[137] Kan W H, Bhatia V, Dolman K, etc. A study on novel AISI 304 stainless steel

85



S MW e e VAT

matrix composites reinforced with (Nb0.75,Ti0.25)C[J]. Wear, 2018, 398-399:
220-226.

[138] Zhan K, Wu Y, Li J, etc. Investigation on surface layer characteristics of shot
peened graphene reinforced Al composite by X-ray diffraction method[J].
Applied Surface Science, 2018, 435: 1257-1264.

[139] Wu Z, Xing Y, Huang P, etc. Tribological properties of dimple-textured titanium
alloys under dry sliding contact[J]. Surface and Coatings Technology, 2017, 309:
21-28.

[140] Kong M, Zang T, Wang Z, etc. A study on the tribological behavior of AZ31
magnesium alloy sheets processed by temperature-assisted ultrasonic shot
peening[J]. Journal of Materials Research and Technology, 2023, 27: 1223-1241.

[141] Dotta A L B, Costa C A, Farias M C M. Tribological behavior of alumina obtained
by low-pressure injection molding using factorial design[J]. Tribology
International, 2017, 114: 208-220.

[142] Singla A K, Banerjee M, Sharma A, etc. Selective laser melting of Ti6A14V alloy:
Process parameters, defects and post-treatments[J]. Journal of Manufacturing
Processes, 2021, 64: 161-187.

[143] Onder S, Saklakoglu N, Sever A. Selective laser melting of Ti6A14V alloy: Effect
of post-processing on fatigue life, residual stress, microstructure, microhardness
and surface roughness[J]. Materials Characterization, 2023, 196: 112571.

[144] Bagherifard S, Ghelichi R, Guagliano M. Numerical and experimental analysis
of surface roughness generated by shot peening[J]. Applied Surface Science,
2012, 258(18): 6831-6840.

[145] Li J K, Mei Y, Duo W, etc. An analysis of stress concentrations caused by shot
peening and its application in predicting fatigue strength [J]. Fatigue & Fracture
of Engineering Materials & Structures, 1992, 15(12): 1271-1279.

[146] Wang X, Xu C, Zhai A, etc. Effect of surface stress concentration control and

surface material strengthening on the fatigue performance of shot-peened single-

86



S MW e e VAT

crystal superalloy[J]. Journal of Alloys and Compounds, 2023, 933: 167796.

[147] Unal O, Maleki E, Karademir I, etc. Effects of conventional shot peening, severe
shot peening, re-shot peening and precised grinding operations on fatigue
performance of AISI 1050 railway axle steel[J]. International Journal of Fatigue,
2022, 155: 106613.

[148] Yao C, Wu D, Ma L, etc. Surface integrity evolution and fatigue evaluation after
milling mode, shot-peening and polishing mode for TB6 titanium alloy[J].
Applied Surface Science, 2016, 387: 1257-1264.

[149] Chen Z, Cao S, Wu X, etc. Surface roughness and fatigue properties of selective
laser melted Ti-6Al-4V alloy[M]. Additive Manufacturing for the Aerospace
Industry. Elsevier. 2019: 283-299.

[150] Bagherifard S, Guagliano M. Fatigue behavior of a low-alloy steel with
nanostructured surface obtained by severe shot peening[J]. Engineering Fracture
Mechanics, 2012, 81: 56-68.

[151] Fan K, Liu D, Liu Y, etc. Competitive effect of residual stress and surface
roughness on the fatigue life of shot peened S42200 steel at room and elevated
temperature[J]. Tribology International, 2023, 183: 108422.

[152] Benedetti M, Fontanari V, Bandini M, etc. Low- and high-cycle fatigue resistance
of Ti-6Al-4V ELI additively manufactured via selective laser melting: Mean
stress and defect sensitivity[J]. International Journal of Fatigue, 2018, 107: 96-
109.

[153] Goodman J. Mechanics applied to engineering [M]. Longmans, Green, 1919.

[154] Starker P, Wohlfahrt H, Macherauch E. Subsurface crack initiation during fatigue
as a result of residual stresses[J]. Fatigue & Fracture of Engineering Materials &
Structures, 1979, 1(3): 319-327.

[155] Chen M, Xing S, Liu H, etc. Determination of surface mechanical property and
residual stress stability for shot-peened SAF2507 duplex stainless steel by in situ

X-ray diffraction stress analysis[J]. Journal of Materials Research and

87



S MW N R DA

Technology, 2020, 9(4): 7644-7654.

[156] Dalaei K, Karlsson B, Svensson L E. Stability of shot peening induced residual
stresses and their influence on fatigue lifetime[J]. Materials Science and
Engineering: A, 2011, 528(3): 1008-1015.

[157] Hayama M, Kikuchi S, Tsukahara M, etc. Estimation of residual stress relaxation
in low alloy steel with different hardness during fatigue by in situ X-ray
measurement|[J]. International Journal of Fatigue, 2024, 178: 107989.

[158] Xu C, Wang X, Geng Y, etc. Effect of shot peening on the surface integrity and
fatigue property of gear steel 16Cr3NiWMoVNbBE at room temperature[J].
International Journal of Fatigue, 2023, 172: 107668.

[159] Maleki E, Bagherifard S, Razavi N, etc. Fatigue behaviour of notched laser
powder bed fusion AISilOMg after thermal and mechanical surface post-
processing[J]. Materials Science and Engineering: A, 2022, 829: 142145.

[160] Kempen K, Thijs L, Van Humbeeck J, etc. Mechanical Properties of AISi10Mg
Produced by Selective Laser Melting[J]. Physics Procedia, 2012, 39: 439-446.

[161] Maleki E, Bagherifard S, Heydari Astaraee A, etc. Application of gradient severe
shot peening as a novel mechanical surface treatment on fatigue behavior of
additively manufactured AISi10Mg[J]. Materials Science and Engineering: A,
2023, 881: 145397.

88



S MW N R DA

[1]

[2]

[3]

[4]

BOER Lt F AR & RFAIL X H R

Chen M, Deng W, Liu H, etc. Enhancement of fatigue properties of selective laser
melting fabricated TC4 alloy by multiple shot peening treatments [J]. International
Journal of Fatigue, 2024, 182: 108215.

Deng W, Xing S, Chen M. Effect of annealing treatments on microstructure, tensile
and wear properties of cold-rolled FeCoCrNiMn high entropy alloy [J]. Journal of
Materials Research and Technology, 2023, 27: 3849-59.

Chen M, Deng W, Wang M, etc. Discontinuous yielding with remarkable Liiders
deformation in a duplex stainless steel during tensile deformation at 77 K [J].
Materials Science and Engineering: A, 2023, 875: 145095.

Zhao Y, Yue Y, Deng W, etc. Effects of post-heat treatments on the microstructure
and mechanical properties of Ti-6Al-4V alloy fabricated by selective laser

melting[J]. Journal of Materials Research and Technology, 2024, 33: 1155-1164.

89



S MW N R DA

SO

= HAT AR R FIEXBOR S H, B RE BT ARG 5 R
P AR, A8 P2 SCRRR B2 (1 T 28 5 e 0 32 PR A K - 5215 RMFE 5], i KA
17, AT R S T IH AR A AT R AT AEENEIR, AR R K
il

BB R R TR 20T . R ITI B0 T R, BAF LU 58 i
el F AU SC BT TS B AR, St an St Lot 5 TV S i,
A IRAIRHE Z B8 BN FE S SCRE BN SE % o BRE T ™8 1 2 RS AR 75 B9 A%
Wk 71, RS TAFAA T 22 S RS .

AN EIERIEE N e idt A =2 AR Bl B I AR 2 > AR 125
TRMTET, B AEA S R T 45+ 3 Bh i oAb =2 i o

U R« R TCSKEFIN bl s T SR de T e ARt AT th i di 3 S 3 . SRk e
o= A AR AR A 5 SCRF, SRRE IE N SGE BRI R LE3RARHTT AR
HFEE 2R BRI AREL RN, K2 &R BESEEANT LRH
B, R ARER . TSI

o, BRI SR N FEBR BRI SR AN, R ARIT I %, k3K
REN IOV JE R 58 BRI SR 52 22 1

90



	摘 要
	ABSTRACT
	第1章 绪论
	1.1 引言
	1.2 钛合金概述
	1.2.1 钛及钛合金
	1.2.2 TC4微观组织特征

	1.3 SLM成形技术
	1.3.1 SLM技术及原理
	1.3.2 SLM成形TC4合金进展

	1.4 SLM成形TC4合金的后处理
	1.4.1 热等静压
	1.4.2 热处理
	1.4.3 表面强化处理

	1.5 研究意义与内容

	第2章 实验材料及方法
	2.1 技术路线
	2.2 实验材料
	2.3 实验方法
	2.3.1 热处理工艺
	2.3.2 表面喷丸处理

	2.4 微观组织结构分析
	2.4.1 金相分析
	2.4.2 XRD分析
	2.4.3 EBSD组织分析
	2.4.4 TEM组织分析

	2.5 表面粗糙度测试及形貌观察
	2.6 表面润湿性测试
	2.7 残余应力测试
	2.8 力学性能测试
	2.8.1 显微硬度测试
	2.8.2 拉伸性能试验
	2.8.3 磨损性能试验
	2.8.4 疲劳性能试验


	第3章 热处理对SLM成形TC4合金微观组织和力学性能的影响
	3.1 引言
	3.2 热处理对SLM成形TC4合金微观组织影响
	3.3 热处理对SLM成形TC4合金残余应力的影响
	3.4 热处理对SLM成形TC4合金力学性能的影响
	3.4.1 显微硬度
	3.4.2 拉伸性能

	3.5 本章小结

	第4章 喷丸处理对SLM成形TC4合金表面特性的影响
	4.1 引言
	4.2 TC4合金喷丸表面特征
	4.2.1 表面形貌分析
	4.2.2 表面粗糙度分析
	4.2.3 表面润湿性评估

	4.3 喷丸变形层组织结构
	4.3.1 喷丸表层金相组织
	4.3.2 喷丸表面物相组成
	4.3.3 喷丸表层微观结构特征

	4.4 SLM成形TC4合金喷丸残余应力
	4.5 本章小结

	第5章 喷丸处理对SLM成形TC4合金力学性能的影响
	5.1 引言
	5.2 喷丸强化层显微硬度
	5.3 喷丸处理对SLM成形TC4合金耐磨性能的影响
	5.3.1 摩擦性能
	5.3.2 磨损机理分析

	5.4 喷丸处理对SLM成形TC4合金疲劳性能的影响
	5.4.1 疲劳性能
	5.4.2 疲劳机理分析

	5.5 本章小结

	第6章 结论与展望
	6.1 本文结论
	6.2 研究展望

	参考文献
	攻读硕士学位期间发表的学位论文目录
	致 谢

