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FESE M S (b 4 S SE BRATS AFF5

w2

(W) s, & BRARHE S — BEELAR 3 1) Rk (H
AR MateRett, (1 B, FLIE DL R B RRERHEN S &8 F
X DAR R B LRI A AR £ im0 L (Selective Laser
Melting, SLM) fRATLLSEHl i E. mfEE. mERENERE
AR — AR, I AR R R R — FhoE BN LR . AL LLEE
BT BRAG 245 1) v BROE B AR SR A A5k IR, FRE 1 /N R
WYL RO BUE T 22U e B 7T . BT AN 2
AHTHUAS I R AT -

B, JTRE T AR Pk FEIEROCIE RO T 2T 78 . PR
e BUR L 1AV BT, X EE b 1 AN RO G F 3
BOCDIZ T /NGB BURE . Jethne, Sa ALk
MEFBG 0 7 AsdE . O R SO TR A
FERHR. BRI AR RS BE AR, BRI R PR, BOtE R
N 800mm/s #2151 Fl| 900mmy/s; HHOGHARIE R AR LGN, BT
AT RRL, IS B R 5 RIS S ITE ARSI E G . I
JGIIEE M 300W SE N E] 400W B, 4l WRAFE AR RS IR dfokn &
Wb, HALBR AN SO SR B R b s[RI A3 A I806 Th 2 4 i
B — & BUA I fob KT AR RO, T EROAT B | — Bt — o
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PORAE T BEIGILR, aR AR REW: PLEOGTIE 400W,
WO A 900mm/s. FOGIAF I 0.07mm A B 0.025mm
N T2, AT TR R RIS 97.2% )40 W ilhe, B il hs 52
X 413.6 HV+5, PUEMEIA 1255.28MPa, 5E50 5% 74 Lt
REA W R T,

Fk, JFRE 7k EOCE IS AR Fr Bk FOE LT 5T
IR TR R AERIE AN SR AR E - 3R )
IS R T ZSHEIAILECSF R, & BRI aE W S A 8 H 3
BRACIIG « FLBR AR BTSSR T ZH AN BEA o 35 RO o S 4
RERPBEL BB L ESH, B AIE MO L 23500 BB 1]
FARKAER, ARX % BEAN ) 24 ML AR 2 2 5

e, TR I FEEO A A B He ) #4355 15 (Hot Isostatic
Pressing, HIP) J5AbFRWFFL . BP0 A BOE A8 R (1 41 2RI
735V RE B S S AR B A ) L 220N 05 R R BOR A0 2 S B
FHIRI . IR (1) SINEERE R AL 5 2045 URE A X 35
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STUDY ON THE PREPARATION OF PURE TUNGSTEN
BULK MATERIALS BY SELECTIVE LASER MELTING

ABSTRACT

Tungsten is the preferred material for the manufacture of the first
wall component of the fusion reactor because of the high melting point.
However, due to its high hardness and brittleness, tungsten alloy parts
with curved surface, hole groove and complex flow channel
characteristics are difficult to be prepared by conventional processing
technology. Selective Laser Melting (SLM) technology can realize the
one-time forming of metal parts with high quality, high precision and
high complexity, which is a new processing technology that has
developed rapidly in recent years. The high sphericity and fluidity pure
tungsten powder used as raw material was prepared by plasma
spheroidization process, and the SLM forming process optimization and
microstructure and properties of small size tungsten block investigation
were carried out in this paper. The specific research contents and
achievements are as follows :

Firstly, the optimization of SLM forming process of pure W blocks
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was studied. The morphology, density and mechanical properties of
small-sized tungsten blocks under different laser scanning speeds and
laser powers were analyzed by technical indicators like surface
morphology, density and mechanical properties tests. Besides, the internal
relationship between scanning speed, laser power and microstructure,
mechanical properties of W blocks was analyzed combined with
microstructure characterization methods. The results show that the grain
size and defects are significantly reduced with the laser scanning rate
increases from 800 mm/s to 900 mm/s. When the laser scanning rate
continues to increase, the metal powder in the molten pool is prone to
defects such as incomplete fusion and discontinuous melting due to the
short heating time. When the laser power increases from 300W to 400W,
the larger grains in the pure W sample gradually decrease, and the defects
such as pores and microcracks are obviously reduced. At the same time, it
was found that when the laser power increased to a certain value, the
grain size became coarse, mainly because the re-melting phenomenon
occurred in the upper layer of the molten pool after secondary heating, so
that the grains grew again. The results show that the laser power is 400W,
the laser scanning speed is 900mm/s, the laser scanning spacing is
0.07mm and the powder thickness is 0.025mm. The pure W sample with
a density of 97.2 % is obtained. The microhardness is 413.6+5HYV, and the

compressive strength is 1255.28MPa, which is significantly improved
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compared with the traditional preparation method.

In addition, the type and formation mechanism of defects in SLM
process were studied. The results show that due to the irregular sphericity
of the powder, the instability of the forming environment, the
non-uniformity of the surface stress and the mismatch of the process
parameters, the defects such as spheroidization, pores and microcracks in
the forming pure W block have a significant effect on the microstructure
and properties. The experimental results show that by changing the
process parameters, that is, selective the appropriate laser process
parameters has a great effect on the suppression of defects, and the
relative density and mechanical properties are significantly improved.

Finally, the hot isostatic pressing post-treatment of SLM-formed
tungsten block was studied. Under the optimal process parameters, the
effects of HIP treatment on the microstructure and mechanical properties
of SLM-formed pure W samples were studied. The results show that: (1)
After hot isostatic pressing treatment, the relative density of pure tungsten
samples increased from 97.2 % to 98.8 %, which was mainly due to the
change of grains inside the samples after hot isostatic pressing treatment,
the decrease of internal pores and microcracks, and the increase of
relative density. The grain morphology of the pure tungsten sample
treated by hot isostatic pressing is equiaxed in both directions of the

longitudinal and transverse sections of the grains. This is due to the high

VI
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temperature and high pressure during the hot isostatic pressing process,
which provides sufficient driving force for the recrystallization and
isotropic growth of the grains inside the sample. (2) After HIP treatment,
the microhardness of SLM-formed tungsten bulk increased from
413.6x5HV to 433.6+5HV; the ultimate compressive strength increased
from 1255.28MPa to 1528.83MPa, which was mainly due to the
disappearance or reduction of defects such as pores or microcracks in
pure W samples after HIP treatment, and the relative density of the
samples was improved. HIP treatment can effectively release the residual
stress in the sample before treatment and improve the toughness of the
material. The results show that the microstructure of the pure W test
block prepared by SLM is changed after heat treatment by HIP
technology, which causes the density and mechanical properties to be

significantly improved and enhanced.

KEY WORDS: Pure tungsten, Selective Laser Melting, Hot Isostatic

Pressing, Density, Microstructure, Mechanical properties
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1.1 518

AR SR A H PR el de s ], bR g S b bl b FR) A e s BASK: o
WE LG 4 7 AR 3 (Additive manufacturing, AM)$AAE P 1) 25K 3
SO, AR T BRI SR SR BT E AR, AM BRI R R e etk
HIRT R RE ROAR 2 —, R AFE G RIS G B TT I, FEMUSHR . BEITAEY).
[ By TV A SR S5 AT R ) W20, SR i S Gl 4 T VA A L, AM
PR BA e il PUE A BRSO ] 2 /N AN 1 0 B O i
SR, U B BT P R KRR AR, A R B2 A A5 R 1) SR AR A g T R A
Rz,

G JE WM G RA A — P LI = 44T ENHR, el &R AN R
R, DR & )77 O g = e . )@ A I T2 R R B TR,
(BAE AR 77 i) i S S W T ER . B R IR R (Powder Bed Fusion, PBF)
RIE [ REE VTR AR (Directed Energy Deposition, DED) W LZ&FEE. 1
WL i 2 1) 4 JE B A I R4 . For, Ry AR PR R AR DA B O e 45
(selective laser sintering, SLS) AR @EHEMEFOGIA (Selective Laser Melting,
SLM) e ARFN T % [X 454k (Electron Beam Melting, EBM) $i R g A,
R 2 i S )i B AR AT ) B B A o 4RI, KT o) % v A SR I A RLR
FH kB WO I81E (selective laser melting, SLM) AR & —NFRAEKI T E. X F
MNEEBIGW)IN S, HE s s W RiR A (DBTT) , f&4 EEARHT
HiE EER B ARG S (PM)  KIESEE R4S (SPS) AL AHTTIE(CVD)
ST U518, B T A R I AR AR A A T e, (L 2
FEPEZBIR KPR o XF T 136 B A RS AR 500, g 2l . FLIA S Rr ik
ZERI AR, DAMEAR G4 A LASE I . SLM BR DR B R #5231 F A,
ARG JE L . B RS RE B s ) v R e B 2 R SR TR &R R A
SR, B LER & B AR B AR 2 IZ R
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PRI, SR SLM BiA AL = Sl il & S 4k T — Bl i sk 1845, T30
SLM i AE M 4 8 ST B
1.2 $589 1 BE

SIRES (W) FHAR A HOGIR AT 2 0R100, 54 T A% RE . BR AT
BT A AT 20221, — b AR ) TRV ok ) R R o T A R, LA TR SR KT
JEE . RERITEREA A R AR B P, B B e A TR L AR R L
RS e L S W TIE R TR A 8 G o Sl 1] [ =R S A B = D VAR E i)
Sy,
1.2.1 $8894938 . (LR

B LR AER 1-1 fis. B2 —MEEoR, WELRFTE W,
IR R8N 74, ETER AR HAESS S AR VIB k. 85(W)HI4L 218 5 LA
FOE, Feal PRt e, £ IRARKP WA Z AL, B2 A BN E T
JE5d e (W) BT BT I PR AR R, T DA 1 T T e A 0 L o) B 260,
B BATAR S IR L, CERRS IR R T R R R R I L P 2R, BB SR 2
BRI, HAS RAASEAIRE A . TRk, B A T 17 45 B 1 (0 A

2 1-1 Bk A

BRI R B
B 19.35 g/cm?
J& 3422+10°C
b 5660 °C~6000 °C
JEE IR 5 = 183.85 g/mol
FE A 4 35.3 kJ/mol
TR 806.7 kJ/mol
LA 24.27 J-mol!-K-!
Wy IR & 411 GPa

&%
A 173 Wem™ K !
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1.2.2 81 F 4R

PRy SRR 1-20 $9 R —ME SR, AN EME S A
12 PR A I AR, B TR, IS TS e R LA
R EE T, 40 W S BHO PR ARV LR, X RE A DAE N R] 1)
R R BRI AR AN G 4 . T spthd, 4l W SRl BRIt e R, {3
FoA—FE AR B RE, B LR WA SRR AR N,
B iR, P AR RS .

® 12 YRR RHE Y 1ok

PEgE HiE
Y [ 3430 MPa
A PO i 2570 MPa
SRR 300~500 GPa
PR 1600 MPa
i 5 5 800~1300 MPa
Ik AR 2 200~500 °C

1.3 IEEE MBI (selective laser melting)

HeREEBOEIEL (Selective Laser Melting) $% AR, fai#k SLM HiR. &5 i
{8 ¥ Fraunhofer Institute of Laser Technology H/f 7Tt 1 56 H2 i, /&5 T ot sb K
RAPRHA = 4EFTED (3D 4TED) HR. BBk R RN 2, SR )5
WOLTHRAE = 453 18] M A . R SLM B BB I3 80 4EAR 3. W3R B,
SLM AR FE2 K Tl E A, JUHZ A T RS MR ZABIR L,
H T AR PR, o3 R 0 R B 3 o A 72 . 2000 4 52 2010 4, SLM BEARTF
UETE T RLREY:, SR SE 2 R0E . B i i 2 AR DU R T S FE K, ]
I, $EmARRRE T, J A HliE SAS . W Caravella llaria?75¢ AFIH SLM .22
BN )46 CuCrZr FEAF R R RIS HEAT 7 SEg o i, EORRRRE B3 AR
TEOL S, AN 302 B 06 6 PR 1838 3 10 21 & o R 5 28 T Bl 1O R T
TEREAT LA, 45 AR WOOGIEX R i & 1 s R E AR & ST =T
HB. 2010 254, SLM HARSIZ MAEFTEHAR . K4 BI7 MR AAN L

3



TR R 2 A8 S

P A5 F AN IS0, ] 1-1(a) Bk & @M. [AIES, SLM BEA IETE A ilid J5 7
A ) A PR R AR, W 1-1(b)ER A & T E. (HEREERA B2
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13 AR RIE IR T BRI 2 i AT R

IR s &R AR
e BRI RRREE. SMEEEAM
ol SLS HiA
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S Oin SLM H A Bad. mEEeE. BEd. NEws
CoCrtMo &4+ TiAl &4 . &R, BiEs

BT EBM # AR

&5

‘\‘-—-‘ -

B 1-1 SLM BRI 5 K () Bk & e 50 1A (b) B i s e 1 132

SLM L2 R H/R WA 1-2 Prox, BT ZRE BRI, BRI
Jeas =AU, AR T SRS TR REAT ) Fr . DI . AR
K53 AL T T 1837 2 ) RSO AL, A5 5080 Bl K o A B (10 AR 22 S) S E O
BT F, SRS ARIE D) A A A s O AR R PO, (R R A IR R HIA L,
MR R . By RFER— R )E, & s AR TR AR,
RELH B AL BT — AR JE, Bk RGU syl SR HROCREREZ . Wk
iR, BRI, RELE DAL ST A H a8 LA R i
— N ER . NPT S R A R R, A= TR R
W HIFECN 7D ARG, 75 ZIN AR L LA (A IR AR, X B — 2
Mg & tha — R A,
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WHFC T IO G R & 1 A Re MO A 2L, I SLM il 4% 10 &
S MRHE S ) ) 46 07 12 B B B R 2 235 S AV = LR B . AljazBP715E N
WL T ES O HE G S(WHA)TE SLM il £ 4 IR e 20, I WAL il
FOECE AN W ARE R SR 422 2 i e B 2 R AR A o AR AL, Il id i 24 (Y 5 Ab ¥ T



LRI R A A 183

AR HEARAOHLIIARL, IR T O U i it kl, JHtERE S 4
¥ AR 164:(UTS N 850 £ 21 MPa KN 10.2 + 1.0 %)4 =) WHAs 4. £
E AN, WAEARDERBRN SLM BEARMEAT T KEH T Wenl¥1%5 \ilid SLM +
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L4 EFEMESCE R A SR RHR

H T4 B A B A s R G 1, 4l W= AR 5 3 B 4% T 2R I 4 A
BARBEPMN T, B4 W FIIEH I FERERE ™ . AR R, TR RTER
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(B AL T VAT 4 GEH K 8 M R E AR PM 4% o AP
R R RURGE A4 5, WREAE R AR SRAEAR . PR ZE R0 o & o DL A
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PRSI . HAT, MMEIERARTEE N CEIET B, BT RAITERIE . MR
R FH 26 v 1038 F R S5 00 R, Bl ORI T 3 BT Bk o (IR B MR IRO I A (SLM)
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RIS, {6 SLM MUY o JH 2847155 NI R4l Wk FEEBOG I ol L
AR ER, FIREOEEM R ER RN, FFR T 40 W OB A BOLIE -t
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RAURRE T ERIGHLE, $EH A 7RSS BRI, DA R B AR 0 A X IO B R
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b V2 AL NSRRI IAEAE . JUHEXT SLM BRI FE (1) T ol & 4H
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S R )™ H RS [ R SUBR B (R A7 1E o 4558  (Hot Isostatic Pressing, HIP)
BARREEM RGN —F Sz T2, LR —MERR. 5E T At
TEM), ZHARTE NG A T 2(SLM B, Aels st SLM BB 1k
BeaANdE i SLM BUBAF SR G PERE . PV EROR B R H I DRe 2 vT LU bR & B %
PRI FLIR ERIG, (EFRE0% B i

W AN 2 52 6 SLM B J5 K A HIP £ R AR 5 AL BE 5 VA F i % .
Kone¢nal %55 NAETFT SLM Ti6AI4V 1IN K N4 GG IR AL BR S, 453
FTENZSI 1300MPa | %2 1000 MPa, {HORHRFESE S 11, SLi0 4 BB RFEt
PR A SR AR R P 1 R . M ZRCIAERT SLM S CLF-1 X414 I MERERE 5T
I, RIUEN AR RS, [ESE RSO P PTh RN 693.7MPa, #4E
F AR FE DU R P10y 771MPa, A B b Eitkae. SSI0R, #AEH T
KPR JE AT B I FLIR R Bl b R R PR AT PR RE A T — E IR
H RSB TR BRI TCL & & I S0t G F R R I, b H 5
TATER T [ Bt hi s B 11 1365MPa T F£ 2] 1180MPa, i ~F-47 4T ENJ7 18] I Btz o
JEHEI A\ 887MPa #2153 1060MPa, Ut I #Ab B 5 X1 1) 70 A PR Re A B S 3 e

FIRR I IAGE#F S (HIP) FRME B FEIEEOEIE (SLM) BUE 5 AR PR
Jiik, TR BB A GUE I J1 e v e A B B GE A B E R T T E N Ak
X SLM 4L W A ELR SR VE A 5 B N A8 D, ASCRAAE W
EHE BTN 5, 45 SLM BB 4L W SURFE I 2R M Re i 2 5 HIP T 2005
XF EEWEFE, SR SLM SR XS 4l W Bl #EAT o, JEx Headt AT HIP T2 )5 Ab 3.
X SLM i A afi W= A 19 2 SR $ P e A AL, Pl HR 4056 228 TR Ak 4
1.6 AXHREMNEENX

H A 3= 2L H 58 AISi10Mg. TC4. AEMN. HE IR GE. CoCr &5 R
AT IR B WO CIE BRI T, e & R A A2 4 W AR SLM BoA il
B INER TR, A Tail W BRR ) BRI SR, 7R — ek 5 1 40
A1l U 7 SR A3 e v 5 — BE AT RL AN i 2% 2 8000 B R BER R . JF HAEfL St
Jrik g b, BTG, SRR SR RS R R ST, T KK PR
TEM 2. SLM FAR R B FK i Kk i —Fh & @ g MR, en]



R RER 2 2 18 3

CAE BRI 4 “ — AR SORET I m b, Bt DAL S 0 0 07 i AR ) 6 B 85
MOEHRZ R SLM H A SRl 4 1 .
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B2E XRMBEMRGE

2.1 MIRABE R

1. EEHFR A

(1 BEFEEHOCIE L (SLM)FA R & 28 W AR B OB AL

ML, AT R R B OB L BOR B %% 48 W PR B i &
2, HiX LA SEE B2, DR S R R 72 B Se e K S80I B Py st
FIT ) 4 AR R 00 25 B EAT A 9T, 7E UL BEA A0 SR S B0 B BT I R84 52 1
BEAT T IR T -

(2) SLM Jiji i F2 s e bfs 2o L 3

SLM Bk #8 R SR ST LB 3 0 18 SLM % 4l W U i A N
YRS BRE IR R B, ARIE AR SLM JRIEAT PN 1A G BB R T O LB R F
i T BUHATH 7R .

(3) #EEH R (HIP)FUE A0 Ak BG4 B 1) 5 il

AR (HIP) 3505 10 AL BRG] % BE (0 S 3 220 b HIP BU% AL B AT JS, BX
ZRE L WO SRIHLAR M RE R SZBGXT EE, WRE SLM Sl E b RHE S HIP Bk
BN R RE L ZSH.

2. WHITERLL

A SLM SIEHA, HF el W sE A & HIP A3 5% 5 . R
S\ WO L T 5 VERE RIS, PR Z B BV ORI A A ) 4% X 4 R
MIRr AT, T W 2-1 B R 70 % 25 -

&
p=y
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TR TAR R L 2218 3
)

\ 4
( T2 5H0R # )
(TR, RS R . G E R . iR A1

v
BRI 5T B
GBI . BB R DU 20

y
(j L 5 ‘)
y
Cfm%%ngéﬁg>

A 4

( HIP4L )

K 2-1 DR 7T B 28

=

¥

\

2.2 SIaMRY

ARSI A 45 8 T BRI A SR 99.9% 4l W R R, BT % KSR
R PR 7 SR JER S 35 . it an & 2-2 s Sigma300 B 23 37 & it 3
e, WS TRRIES, 4 WA NI R, REOEHE. LREM
TR R, i 2-1 (b) Fizr. @it M9alvern Instruments A4
KIENE, RFAFRVEEN 15-53um, E/RILHE 5.24s/50g, MR 10.84g/cm® IR 5L
ZE 12.74g/em?, L EEHEIGIIE TP R A E AR FLIR R . AR
R, MARBIEEABRZER, G590 b, o I 2 6 A B &
HZ BRI ESR SR . MARMEBEMETLER (%) FIFE2-1H.

K] 2-2 4l Wk R IE &R SEM K

12
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# 2-1.W 22 s> (wit%)

JLR C 0) Cu Fe Mo Ni Si W

wt% 0.005 0.006 <0.010 <0.010 <0.010 <0.005 <0.010 Bal

FEIERSEIG AT, Kk KB T 100°C R 45 2 /N, DAFRRAERY KGR RS, Bk K imsh it
KATEN B H
23 LWIE
2.3.1 HRFTENR &

A SELS AR FH AL 5 0 = 4R A PR 2 7] 24E 77 1) EP-M260 <53 J& 3D 4T ENAL
NS, BT IRBEEBOCE SRR M Hl &, ZRABER T KA
1060~1090nm(IV ZLHOGER)HT S00W KA GBI EOLE, WKl 2-3
Ne FESHETT RS AEOOEEE: FRGIERE; BOLHRROGE: B2 E
JEIXTE]; FEARCRAGIR L, 3% 2-2 P A& EE AT S H8EEH . SLM T

JE B LB — E A

SN1d-3

|09ZI-d3

RpP——

AIRTRER

K 2-3 EP-M260 & J& 3D 4T EN % %

13



74 MREVNCS TR S A

2 2-2 EP-M260 %% 1) 3 B2 50T 15 F

FEHSH Hf va
Botoh= K 500 W
BoLkK 1060~1090 nm
BOLLHE EAE 70 -100 pm
WO <8 m/s
ik SR 20 -120 pm
BEAR I IR B B 2000
= INI VI 260%260x350 mm

232 #AEFHE (HIP) &&

SLM JiJ% 45 1) B0 b B2 £ R F DO 1T 25 T )1 P8 AL 28 A B 2 =) A2 77 1)
RDJ500/1500-200.2000(1400) #4555 WL 25 (W] 2-4)0 %1504 F 2 HAFFf R 3%
B HTRG. ARG MEBRN RS AHRG. ESRGHINARFEH
o BRI R LEIIFE A 1200W. KM ERE AR 0.5 . em LAEE Ik
200MPa Flix 5 TAEIRE 2000°C %, iZE&1ESH 99.99% M 2@ <A E T,
T T i E B AT A ) e 1600 5% G FE(<S Th) A I Te], EESHON A% 4% 1
TR, SRS, PRI, AR A
*WWWfWJ"WWwy i’ IR

B 2-4 AN HR IR B S d2 ) 5
233 EFTIREE

FKHTHER Ny 1400W . 55 B A RT+10-200°C ] DZF-6050 355 T8 % 4 %F
aif Wk RIFEAT T8, &R IZEN 0.56Kw FIRFR L4 6 X 102Pa » m’/s

14



G TR AR - 247 1 5L

K ZXZ-4 g iy NEZ R, e 2-5 Fios.

h K 2-5 DZF-6050 E%Hﬁé&%
2.4 LW FHE

AR SR FH T SO 48 R S5 S 1 BR AL ) 4 IO ARRORE 2 W oK BEAT S R i 1) ]
#o BIARBIHIES A 2-2 Fros.

AT 2l WARBEE R ZEI KN 1060~1090nm(IV Z 0% 83) T S00W 7K ¥
ARG b, RGBT 80 1 m IYGLFHOL IR il & 175y EP-M260 (1]
)8 3D TR Bl & 1o AR S T AR 0 R A Sl U A o,
PR P9 U R RIS R (0 S SOR I R SLML il 4 20 W SR (1 iR 5 &, LA
DRAEAR P 25 S8 BN T 0.05%

IR FE I B O I A ] 5 48 W BGRFEBOE T 22800 % . R
S OWLH SR ) SRR 2, SR 22 ARG K 7 V20 SLM . il #6480 W R R i
ITHREF 3. FAAZHOR B WK 2-3. R BFT ENFEBGRE Y 160°, & FRIK) FilA
A BT 5 m s R B T, OGN IX ST T . T3 5), AT 5
ai W HU R S R, B B T 2 W B R R SORIER G AR, 4
HIp2e e (ARG &, LA gl EEEA R IR A A, 8L
ZOME PRI AN £ P R PR O T ARIEFT BT, A SR AR AT 2 (R Tie e M
FE3E 0 90°, W& 2-6 A BRI SenE,  DAORIEFT BN &

15
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#* 2-3 SLM il & FEdh S HOR E

Fefdm's  WokDhz/  BfidER/ BREEE BPRERY B

(W) (mm/s) (mm) (mm)
#1 400 1100 0.07 0.025 1
#2 400 1000 0.07 0.025 1
#3 400 900 0.07 0.025 1
#4 400 800 0.07 0.025 1
#5 450 1100 0.07 0.025 1
#6 400 1100 0.07 0.025 1
#7 350 1100 0.07 0.025 1
#8 300 1100 0.07 0.025 1
#9 400 1100 0.07 0.015 1
#10 400 1100 0.07 0.020 1
#11 400 1100 0.07 0.025 1
#12 400 1100 0.07 0.030 1
#13 400 1100 0.06 0.025 1
#14 400 1100 0.07 0.025 1
#15 400 1100 0.08 0.025 1
#16 400 1100 0.09 0.025 1
17 400 1100 0.04 0.025 1
*h 18 400 1100 0.05 0.025 1

VE: RIS 17 ARKE LSRN .
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n+2

n+1

V4
y
R L@"oo «

2-6 3N

HIP AR AL B R ) EP-M260 AL 1% £ PO I AL R B & i 4 8 MRS
10mmx10mm=10mm 2645 75 8, A FRORA LA, #l% 7 6 MR N
¢6mm*9mm 28 W AR T R4t ge i, sSevan’l 2-7 fos. N 7RG EA
PREEME RO AR J 2R, S5 R AT SLM UYL 28 (1 sE e 4l
HAET 22808 R 99.999% 1 s 48 SAE AR, PARIEAS NI & &
/NT0.05%, BEBUREEBEN 160 °C, BOLThZE 400 W, I E 900 mm/s,
FEEE 0.07mm, HAEFE 0.025mm, WOLKIFM AL K BRI HNE, AT
JEZ A —A 90° e L I i . SLM BUBAS B4R 1L 8 NO HIP #£44.

@1 ol T
' "
T eew

Kl 2-7 SLM LZ#I&MFEAT:  (a) Bk (b) 8B
KH RDJ500/1500-200.2000(1400) 3! #A & ## B ML (W1 2-5) &%) SLM %
T2 W BRI G R 3R 47 IS5 5 J5 A0 B, HIP L 256 MU T 0 S A0 A0 ) B
HTZ2%, Bk HIP TZ22%08: HFE 1580°C, 77 180MPa, i€ [A]
3h JEREE N HRAE, RPSMANRAR S S0l AT R #3115 2

17
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AR IC N HIPed FEAF.
2.5 EFEMHSCE R ATIRIEIE

16 F I B OB IS AL (SLM)H AR il 45 4l W R E 253 =AM BB FTEHT
A IEZUIT EIFIE BEAE i o

(1) fTEDHT#E#

T EVHT R AE G 22 64T B ERR IR AT KPR, 22 5 BRI 1 22 256 56 il
J&, Beibid I K ST AR AR AT ENEESCR T AT, DRAUEST BVEARCR TS
o fTENRT T A& 7 LA (A =99.999%) , fRIEFT ENRLFEAENE A FEm A
TEH G SAE R SR, B7 1B BHE BB R A A AR 2 4T B RO AR I R &
SRIG X FT BN AL AT MR AL 2R, 1 Jeilid CATIA BPR2 1% S50 75 BT ENRE
A, SRFE ETHENLTL A Bt b, AR S0 B /5 AUy J5 R AT AR
VI, SNEEIE U B3N FT BN A T A 9T B & 58 A B 1 kAT A B R
SR U B AN BT B & T BRI 4%

(2) fTEPISHE

ATAHES TAE SSRGS, FHBHTENR & RIAH RS, WAL RS, R
SRR R G R RGS BRI RS, NIERAT B TR & . Hoh
AR A 2R 8 Hh FEAGR L P R T 2 AR VA 4R AR DU T AT B, T RN LA 1 S
¥, WiEosThER . PR . FIREER R R R SRS S B R A
WA AT VB . AR BRI S SHERR 58 42 S5 IR A 4 Bk 3 200ppm
BRI S B RO B I RT3 06 8% TR FTENRE /7 o ZE4T BRI R A A
R T7 7, anE] 2-8 BiaR, BB ARSI 2E WA J5UR AR V& AN R BRI X
f,  RENE S BT B ORI R

___________________

y X N
1 ) \
| ‘ |ooooooooooD !
1 Vy (0000000000 :
1
| R |
1 1
1 1
1 v L 1
I // \\ |
| e N 1
>y )
AL RAIEL L,

———————————————————

K 2-8 WX R A
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74 MREVNCS TR S A

(3) JHEHEFE
TTENSERE, KRR SRR RS, FHHRT], IBEZ MR, AR
H ARV EN K JE U B, By LT ED SRR B I B I 224, 2 1B 1k
WO FE AR T, S5 e R SR 3R T 2 AR IR R . Jld o K AR 2R DRI T
SLM il #& I SIEREAE, A TEK CEEEHERE W TR A7 % . SLM il %4 W
FEm S AR B 2-9 Frs .

Kl 2-9 SLM ffill %46 W df i 72

2.6 FRAEMK
2.6.1 XFRMFRIE

£ SLM LZEUE G, AfH KA UIRIRATE il AT EEAR BRI ROk, A
AT AR BRI 2%, ST 2 T 240#. 3204, 400#. 600#. 800#. 100041 2000#
MR ARHEAT R IHTBE , FERA 0.5um 9 SO B I AFHEAT LI, B &R
JRIE RN )5, FRAEIEE R 2 T8 B A S IR IR . Bl 5 11
FEi# T NaOH:K3[Fe(CN)s:HO (HCEE A 1:1:10) AU EEAT I dt,  JE3 bt 1) Ay
15~20s, J63 sl oy A ot 26 T S B0 HE 3 50 SO R o] FVEDRS VS PR BT, SR ALS N
Olympus BX51M 624 S CAnl&l 2-10 Frs ) GG il S rRECE3EAT 2 20 2

19



P 2-10 Olympus BXS51M -5 ) 5% 2 B sk

2.6.2 R F RS EST B FOTH R

ﬁ o NRTRAEER RRETIARY

B 2-11 Sigma300 M52 =] i 7 HE 3 A M A4 L 1 B el

20
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FAERE: 5 1] % 1 77 V2 A0 A SE B RE T IR VB AR ), ER e R A R i
20V . HLUE T B O 3mA/em [ U7 VE XA S EEAT R bl AR VRCR FHIR N
100g-L-1.5% 1] NaOH 7KI& AT FALZE B 0l SR & 70 FEa Rk S AR f T B
BB 2-11 Bos) , BEEER A A=, 89554 Sigma300 ISR & KK I
AT WS N34T EBSD 701, 3R45H EBSD Jsldn ¥ 218 1d Channel 5 i fF
BEAT AL B ) . EBSD [l 2 £ B0 55 . H P KO 500nm A X 45
400pumx300pm. FFXHAFER T AL Z e R AT /00, &R A @ P R 5
il L S U I 1 FL VA R T CEAT
2.6.3 ¥

X B R AT S (XRD)ZLE 40kV F1 40mA 261F K, 7E 20~90°f) 205G [ iy, LB
£ 0.02°00) H ARE Z A (1) B « Wi 55 « h7 L Hi(Gaku-SmartLabse)ft: Cuk of& 5 T
BT TEAFSHUT B RERAEEH A SLM il 4l Wik .

2.7 MEREMIA
2.7.1 BUEENK

B BRI 3D FTEN i & S A A% I E B Re TR bn 2 —, HIEBEROLIE
AR FBE =2 (Volumetric Energy Density, VED) % VIMI5%, FE-SU% FERE A
RE B2 B R SE T B, Rixn A 2.1 o

=/ 2.1)

A P WOLTHR, S: 4REE; D: HHEEE; V. #otiEiESR; VED:
AR R T
KR Y58 bilg EAPACER A BR 2 7 AR 7= (1) TA1003 % FEAX CUn & 2-12).
I BIE F J5 10 BT R A HE KV R B R A A TE WA = AR 7 D I R, d
S E YR BAER A R HEK E R E R, 19 085 0% EEAATR, it E Sk
I HE 5 42 B FERE Al K% BE R LUAE,  AATTTAS BP0 R B0 BE o 3X A S0 15 8508
JERBUP RN A T I I S R R Z e S g 45 R, HEZ &S
AE A SLM il # 11 BT 5 e b 43 T U TR AR /N I /INBEREAT 0% B Dl &= 560
FOARE B RTINS, I P P AT IR e AT, DLIGE S 3 T A6 4 S AL
X B LA RIS, BT HORAE AR A R 2.2 Fis:

>t
pa
H

&
=
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mops

Py —m)p, (2.2)

XF: mo FTFE, m AREPRZEBAKZEE (1g/emd) ; 40 W IRIFRHES

fEPw 5 19.35 g/em3.,

2.7.2 JIEMEEMIR

& 2-12 BUEHLER VH-3100 %4 {2 i 4 (G A% A 1t
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TR R 2 A8 S

AR B I A IR LA BR 2 R DHV-1000Z 7Y S5 A 4 PR FE A3 (U
K] 2-12 Fr7m)ill & 10X 10 X 300GF il N7, PRFFIFA] 15s, A8 R It 4l
20 AN AT R B () R A o LAE R 0.5 =2 KON R, B 000 1) T ¥ 1
AU I R KRR T T BB F O S AT A .
R4 v 4 R E MTS AR, 8955 MTS809 1) /7 el b AT it
(Il 2-14) o ZEEAEK K F19 100KN . AR IR SR 56 W8 1 S 508 K 46 %
0.0035m/s (FWATHRHEN GB/T7314-2017) , JEAEMFNFEMIRFE, BEE 6mm, &
Omm, 1Kl 2-15 . FEMRHT BT FE & P 3 25 75 51 8 O 8 DR-ATE 7 i KL 5 —
B, R SERRE

@. 1_

e

B 2-15 JR4isEieke i Rt n B (fz: mm)
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74 MREVNCS TR S A

£ 3T EFEMHCEEC R AR RN T ZS88E

AERE & RS T RA BRI R RIS IEABOR R 58 B SR =, T2
FLH T BT . EFERN A AU MR LSS0, B N R AR E (i
[ b A% S0 (ITERD A PR RE K RTINS ) i (70 =5 B AL (PFMD (1Y
— A RREEREA R, A2 Tl ) S,

T2l W AR B s (- e e AR TR, R A e B E OIS AL BOAR i) %4
W BN TR SR 2 Tk i ARG & (PMD  KAESE B T fAkedt (SPS).
WHESAHTUR (CVD)  #EEERE (HIP) FE S5 k0% AR 04,
W ERORPR A P AR, B A% ST RORTE R — IR R I R 2 AR B B4
PRl R FH e A WO B I A BOR ) 25 2 W A B 9 B B
3.1 AR RS A e BV B K AR M RERV IR
3.1.1 REMFSHEENHR

Bl 3-1 AFEFHEE T SLM BB R H LS
(a) 800mm/s; (b) 900mm/s; (c¢) 1000mm/s; (d) 1100mm/s.
EHAN T ESHARRIZAT, B SRR TR G &R #1~#4, ST
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BoOtDh X SLM b4l W AR RS SE BT 75t . SLM 2l Wik
BbESLE SEM R IR S, Wil 3-1 B M AR L Z2 84N R OB 2 N AR
PRI R TG, AEREAR T LT B I A (R 4 /N SURL RS R 72 B R BRI I 5%
HI AT AT 2-1 AT, WOGRE &% R SO R e A T2 28—
FAFTRUR G, BRI RHE R UG T, BORRE R R B K. WK 3-1
(a) FHiti, SLM il K4l W BAEFOGH#IE 20y 800mmy/s I, R BEAOL
W, (HFLIARGURZ, MO HEREZR N 900 mmy/s B, & IFEAER TR
SERE, FLIR LT AEEAE], FEH BB 3-1 (b) FroRfEadibh, X2 FNE
RO G 4 1 e 2 5 BUG T A5 BRI 1] BE K, A7 4t B 25 ) 52 31 Jo) LU R s
(RIS, AT -3 BRI R AR Bl RT AN AR, AT 5 R FEARFLIR AR SO 1
MO 900mmy/s B, M 3-1(c)F(d) FT LA H L SURIFLIA 3 fin
T XA G RO R AR A AR R B R TR, A R R G
FEARWAE] R SRR R R, AN E S B EGR F I, T
BT RS LIRS 7 A

18.9
18.82
2,
18.8 |
mE 18.69
% 18.7 .
*
18.6 |
18.55,
¢
18‘5 1 1 1 1
800 900 1000 1100
V/(mm/s)

B 3-2 B FEBE IO 153 A0 A A i £
AT 5 3 E R B A WOG D) 400W . A E EE 0.07mm . By 4K )R B2
0.025mm 26, ARBOGIRE A XS SLM ol Wil HL s B e . %
FEREBOCHfE R AR I 3-2 PR, SIS RER, 40 W BUSEEAE R
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JEHHIEE 900 mm/s FIIEHL T, HLECE EHUE LM T2 SEAZMIE N T2
IONIIR

ikl 3-2 fiow, SLM il % BUBAE W ARKEFE A RO N s E A
W22 . OB ZE A 800mmy/s T3] 900mmy/s I, a2 F A
F] 18.82g/cm3; FIGHIFEIEE M 900mm/s FHZE 1100mm/s [ FE R, 30 Bt
JRRI 18.82g/cm? B# 2 18.64g/cm’. X 2[R NTE SLM i FEH, OGRS RE &1
ORISR R 52 2 T B 5 ) B oy b PR TR J R [ i A o 7 FAR S BRI 564 T
52 v (A R T DA 5 SO (1 e it A BRI ), PTRE 2xr AR D 1 AR S A b
OARLE S A, SRR BRI BB . E SRR R, A el et
BUR FE PP E ARG o AR AR S, s R K, TR BEud 2
[ #uE SANE S AR, (A RO L X I N ) R 4t il R sE N 2%, W]
RE2x P A BRI AL, AT TS0 L T P
3.1.2 WMBLRSHE S

EHAL T ZSEAEREI T, HA 2.1 FAT0T LS ROk e 2% B R
SEAHH AR I TR, O R 0 KN B R it 5 R RS R,
TS BORE B R B e B 3-3 A RISOR R T 4l W HURE AR KPR
4 AH B

M 3-3 Ay DU S 3 B & WO RE R MR, WS HOE 110 SR R
B, FLIR AR SUZ WS 2 . WOt 3 18 FE (laser scanning speed) & TR AEPI K
R AT R RE S FE B . 78 SLM il 4648 WU fi, o4
R EE o AR (T JR K /N T R P AR B o S REAE S WOk A et i 3ok 2 PP
LR/ IR AR HR 1 [ 39 P RN 4R Ak AL ) o

M 3-3 i Ay U SR BAS [ O R T b R AR, BT — L8
RIS ERRLAL, B — Lol /N SR AR o K bR kL 10 7 A2 2 o T4t
B PR R A S M A2 2 000 S [ T it A 7 e e P e ] 2 P 220 5 1) oo 5 1] -3 35
AR L AR, TR BRI R, i 3-3 (a) I (b) e A%
T 800mny/s B, fAL RE B K T ROB R E L 900mmys B ) i ohL RS, IR
RIS A1 P (A W ok AT S it J LU T s 5 08 [ T 2 A1, AT 5
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BURAZ B TT A AR KR BRI ZR, RSN TT A, SRJETE LB
FIURL, XA E)2 PEBTE AL 1o 0GR KT 900mmy/s 1N, Hi - SLM il
B2l W B AR o R R R R PTG S B B IR, TR RRIR 7 . RS A
R TIE RV ALIR B (200°C~400°C) FP= A, 3w IO 1
B B0 R R TEA I AR = i R AR S e SR LI, i 3-3 (b)
(c) A (d) &

Kl 3-3 ANFEHOGIHE AN SLM BSR4 W /KPR 1 oW 4121

(a) 800mm/s; (b) 900mm/s; (¢) 1000mm/s; (d) 1100mm/s.

Bl 3-4 R T EIRAE W OB AR AU RO i3 % N 1) XRD Bl . B Ay
AT R A UAMTEHE, 2502 (1100« (2000« (211) AT (2200 , FF
E4i W FRHEJCPDS -K#0040806) 1) E A 40037 75 (BCC) did b8 5 44 BT S 1 - SLM
ali W AT S Ve B 2 BE R RHES B BT S 0 5 LR 22 #8230 AR Debyr-Scherrer
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p- K4 (3.1)
Bcosd

K v Scherrer # %0, K=0.89; —f K BT 1 NE; B NSEIURE 5 AT 0%
T AE T SRR R T A NI (rad) JE5 AN X SR AP K:(0.154056 nm);
Dy diohE T LT i 1 AP 5 5 S SRALT RO R /N, AR e Aok g U R BRTE

MR IR A2, Ui AT SR e PR 2 B 5 ok RO AIATT S A s DDA G, SE /NG
Ut P VRS SE ORI B T TRI PR . SLML #3177 G e o 7% 3 W HL LA S /NI A7 5 £
B, dnSE RN, — i T SLM B 7E SR R R R 2 4k AL 5
—J7TH, HTAAERRRR LR, IR T kg R AR

bee W phase(ICCD#4-0806)
w(110)
V=1100mm/s A w(200) W(ZAll) w(220)
V=1000mm/s k R N N
~
= V=900mm/ A
8 mm/s A A A
z
W
|
Q
<
=
V=800mm/
mm/s A A
powders l 1 l N
M 1 M 1 M 1 M 1 " 1 M 1 M
20 30 40 50 60 70 80 90

26(deg.)
B 3-4 JRARSE WO AR RIS A8 #5585 R #9 XRD i
3.1.3 NWEMRERFI
3-5 SR TANFRIBOCHRBE SRR SLM S 4l W BRI R sz, FE R
B 2 2 AN SLM. Ab B FR) 20 W it FR /K P THD AT 00 B0 o R o ) 2 R T 44
391.2~413.6HV+5, HH#0bi#HE A 0y 900mm/s F1 1000mmy/s i 5 f il )52 25
i 400HV. &4k Kia4 (PM) BUKIESER Fhedd (SPS) il MaALL,
SLM #ill # FRIES A A1 1) S AR REE 35 T K 16061, S [ Ry SLME il 46 4l W F A2 b pAy 5
BT (R AR I g0 S AU B 2 7= AR — SE R SE A . BT SLM il % T 72 2 PR
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FARIRE [ PR A, A BRI SRR B AT AT DA BURMOW A R S5 R AR TR AL AR HERR, TR
TP A% N A3 2 3 SSORE AP 1) T R 8 11 AR B SR SR T A8, 33 1 52 i S AR 2
RAR N ST AN TE A AN R, FEBAT KA PRIl SR SURNAE B0 A B e i) 1
G, SLM NI & BRI B AR B 7 AT RE 2 3 B0 B o A o Aol 58 3 53

500
413.6 408.8
= T 3958
== :
/;/ 7 /
2 7/
7 7/
0 o0 7 7
= 7 7 7
N % ////
i 7
t%‘(200 -
100 |
7
7 7
4
0
800 900 1000 1100
EZ/(mm/s)

] 3-5 R RSO AR 0 SLM AL W R (S0 i
B 3-6 om | AN ENSOGHHE % N SLM RIB4E W IR PR3 T 5 7 s 45
J1-NAE . A 4G LU0 IAE S A A N AT, RO RE 2 900mny/s
ISP A P B e v FEAR PR PR 58 5 A 1255.28MPa, [ 45 JiE IR S 77 1194.83MPa.
FEFAFEH S 800mmy/s I T H 5 B FRAIK, LA B 47t 1 o P AR R 4 T IR 2 7 43 3]
N 1173.35MPa i1 1096.81MPa. 454 & 3-3 FR 44l BAAH XS % FE 45—, SLM
& 7 S gl 4% 777k (ST (CVD) (¥ 780MPa. K AESE B T4
(SPS) [£] 980 MPa M AE4k3 A4 (PMD [ 1000~1200MPal62-641f 47 [ 55 F& AH
b, EEELF, RISt LR, SLM & —Fhal ik B AR
Real W BRI AT 7

29



R RER 2 2 18 3

1400

1252282 1225.469 1199 202
1200 | 1173.352 ;

1000

800 |-

600 |-

PLERE (MPa)

400 |-

200 |-

2 2 2 2

800 900 1000 1100

HiEE (nm/s)
(a) PRPRPTE50EE

1400

1200 |-

1000 |-

800 -

600 -

M. 77 (MPa)

400 -

—— 800mm/s

200 — 900mm/s

—— 1000mm/s

—— 1100mm/s
L

0 L 1 L ] L

0.00 0.03 0.06 0.09 0.12 0.15 0.18

M (%)
(b) JE4EN 3-[N AR 2
Kl 3-6 ANFEIWOEIHE RN SLM BUBAL W AR IR IRGTE R (a) FUBL IR 46 N /- R A%
fth £&(b)
3.2 FEThERXT SLM p a5 AR 4R 4 RES2 M)
321 REMHSHEE
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I RO D A 4 R S ~#8 (FEfL#e Figl AR —2%0 , HAMm T2
SEABRIEMT, W T AFEOCTIR T4 W BEE R ISR A5 . SLM
AL WARELEE 7 SEM RTINS, Wil 3-7 fias.

K 3-7 ANATIER T SLM RIEAS HI R TH 50 -
(a) 300W; (b) 350W; (c) 400W; (d) 450W.

AT 2-1 FTE1, WOGRER T B SEOCIRBIEL R, AHREHMSER
ARHIEIL R o« MBI R BN, WOt B R TE R R, fEEOEThE N 300W
i, Wl 3-7 (a) FRRIAGHE, A2 /NSRS TERIH,  [FI i H K&
ARG K 3-7 (o) B, FLBRELuRD, ArEEER. KW T
B WOCTNFRMIEI, BRI RO, R st e e Ik,
RPN

OB TH IR F] 4S0W B, FF TR K H BV 22 B TR 2R T R 240 /NUR
HALTAAM PSSRk, X8 BT SLM AR R — i 4 J8 0 AR 7R HO6 R A
N PCE S B E M RAR, WOLThRAERMSE— €& T, BT Re 3
WAL RE B K, WD 5 S0 e A AN [ 1 R R A, T 76 2 T T B 22 /)
FORL. FLIR IR AL

AT F B AR RO R 28 1100 mmy/s. FH#E 2N 0.07mm F4H
B JE L 0.025mm 56 AF N, AREOGTI N SLM BB AL W HLEUE 15200 .
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K 3-3 R [ RS RO DI R KA 2L, g0 45 R B AL T ZS M RF A
BHIFAETS, BEROCTIRBAR, 2 W Bl 807 R EUE A

18.7
18.64
— 182
18.6 | /
18.49
185 pe
£ 184
=
183
182 |
*
18.16
18.1 1 L L 1
300 350 400 450

Power/W

&1 3-8 B B SO DA I AL 28

ML 3-8 7T LA H SLM AL W HURE (¥ S0 R BE WO Tl 2 14 18 K 12
B BRI 300W B4l W HUERE 130 R 18.16g/cm?,  BEE BOLD)
R F) 400W I, 4 W BRI BUR EIA B 18.64g/em?,  TAERUG IR FF
G NF] 450W I, 4 W HEURE I BRSO R, X2 B TR AR S HOR AR
FITEOL T, 40 W OB AR e S B B WOG DI 13 I, (s H4l Wk R 43 2058 A
SO IIIEA, R Re A b PO A R T, TR s 2l W AR B i B AR E L),
FHE, W ORI g Bt 2 BB WO D3 R B, AT 91 S TR B8 FE 1
PEAEK
3.2.2 WMBRSHE S

NP 3-9 WOEIEE A 1100 mm/s, BOETHE S 518 300W.350W . 400W
A 450W I, SLM HUEZE W A S AHE e AR A0 2.1 7T AL oD
TN R 5% B RCIE LU AE FAl T2 28— AN, WokDh g, ok
BE T2 St BE 30, A PO RIS B AR R BB 2 3K, 38 RO R 4
MR

MBOCINRACT 400W B, ME 3-9 (a) « (b) Al (o) HrfLAMEE], H
FETE B A 58 BN T B MO R BE - (0.07mm) , FH—IEE
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MR FAN Ty — B I B e i &, BIEEA R e s & 1 X ik X
Gy DX RAE B e R B o A T R v A 19 21 R 78 i A A AR B 2 il
P AR QAL AN R AU SR e, TSI SO R, 802l W REE A 1
TR

HOCTI AR RN, RS RS g ok, BAEKTTRAERR T A B
PR . XA ONAE SLM il 1 A v BB SO D R g st b — 2 B R
MR A T O, A SRR AR, JF Hi T & ITENiF i Rk
F 0 P Ae JE A R 1) 3 A AR BB RISS), i AAESOG I T [R AE v A e [ i RE v,
RLAE SRR, A d R AR KT [ 5 At 2 5 e LA S REHs B S K, IR IR L
() AN R R I BHEST H 25, T AORT BE B 1) Az e,

5 3-9 ARG T SLM RILA W /K TR o0 21 24
(a) 300W; (b) 350W; (c) 400W; (d) 450W.

Bl 3-10 A JEERAE Wk R AR FEEOGE DI T XRD B . M ] 0 A
WEEEA (1100« (200) (211> Al (220) DUAMTEFIE, FEREFFA4E W bR
#E (JCPDS -£#0040806) E A KLALTT (bee) @t &EHMIATHIE . AN FEBOGET)
Al WS AR R WA FEOG A HE A T XRD B — PR E T SLM
T2l W RIAT S U6 B 5 LU A RS R IR AT S 0 i EL el e 2 8h. H 3.1 A, AR
AT R SR BE 5 R RO ANAT S A % UIAR G, UEMITE SLM. SR 85 ) 4 1 2 v
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A2 AL SRR R AR AR N AT B BT diis R AW, R A TR A2 RS B L 1
BB Fi4h, 54 SLM # &R T ERAREATHIE, 25T HibGE
TEERSNA T AT AL E

W(110) bee W phase(ICCD#4-0806)
w(211)
_ ‘W(200) W(220)
P=450W JL A A
[y
=
\f', P=400W J l A “
s
~—)
‘7
=
W
=
=
P=350W { A A A
P=300W A N A
Powders l | l e
1 : 1 . 1 . 1 . 1 . 1

20 30 40 50 60 70 80 92
20(deg.)

K 3-10 JsgRal Wk R AU B0 D% R ¥ XRD K%

3.2.3 N1FMEERIEZN

500

400 |-

100 | '/ﬁké
//

300 350 400 450

e

B 3-11 AHEBOEDIERS SLM SRIL4E W) 5 (i
ARG NS SLM OB 46 W R AR B2 s ] 3-11 fra,  FL R il
JEdE N SLM AL 4L WA S A BT I . B ER, BROLTIEN
400W B, FLRAE AR (395.8HV£5) o Fifi 5 0 Th 2 ) i4CAR S AR 58 () 5
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B2 S, XSS BCE AR 8 B0 = 2] 450W L
b, HR AT TR . I BOX A EE R IR A S T 3.1.3 B PR
RN AR, BGOSR I RSB . DU F T, BotTh=
SROtRE R RIE . SO RGN, BOG AR T EE 5 R
R PR P Y VAN IS N T 1 € A A

1400

1155202 1185125
1200 | 1103285 = -

105167 / / /
1000 | /

R E (WPa)

400 |
200 |
72 . 7
300 350 400 450
D/
()PuEsRE
1400
1200 e ﬂ
1000

——300%
3300
200 ——A00RY
—— 4500
u = i 1 i 1 M 1 i 1 i 1 M 1 i 1 i 1
po0 002 004 006 008 010 012 014 0.l

STLNL Y
(D) R4 B 3-8 A% 25
Bl 3-12 AL IR T SLM BB WA BR 0 55 B () PG S R 46 B 77- 838 i 28 (b)

35



74 MREVNCS TR S A

AFEBOCTIZ T SLM 28 W AR BR 5t 2 B R 4 5 /- AR 2,
B 3-12 Fiom o ACRE il 1) R 4 S0 3 78 = IR AR AF N IEAT IR, 7EMOGTIER Y 400W
I A 0 B0 e, AR BR B s 3R R 1199.20MPa 1 46 8 Ik B2 77 K
1124.38MPa. 7EFHI3 224 300W I 51 s 5 B eI, FL AR B 47 s i B A0 PR 447 e il
% 343508 1031.67MPa I 808.09MPa. HH AT TH A 2-1 FATA ki, FEE G
RPN B RE R 2 B2 LT, 4l WM AT B 78 20 B fo £k 1l 46 FROARE A
X B o v, R o e B 0 B R R I B . (R — s ot Re
R R S AR P B (U FLIR AN SIS ) B bR S AR K T it
J 5 RT BEEAEG

Bl 3-13 BohIhE N 400W B SR 2T 25
K 3-13 SR IR IEEBOLThE A 400W Wi SEM B F . MBI H AT DL H
FLIAAER S GRIE, 1X 2 S BRI — KR B o 5] L5 3] B AT R AR
Ao AW RIEE SN A FEE, Mtk B RRE LB . BT s AR
B ARG, FEURYE R AR (8] A BB, 2GR T A AL
Ao AW ER RN, HERAGR R T, B LU R4 T RERZ AN
Ko
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3.3 Hith TZESHX SLM #l| Z 4 s AR & E A A2 i 5=
2 3-2 BERHO#16 BUR L AT # 3

FE b gn HEEE (glem?) ABLh
#9 18.16 1
#10 18.72 1
#11 18.64 1
#12 18.58 1
#13 18.65 1
#14 18.64 1
#15 18.56 1
#16 18.37 1

* 33 (bR L ESH

FER s BotrhZ, kR, JEEEE, ERER O BXNEE

(W) (mm/s) (mm) (mm) (g/em?)
17 400 1100 0.04 0.025 /
18 400 1100 0.05 0.025 17.83

FEHADSHON B AR TR, 5 R WE 3-2 FivR. £ gn 5H9~#12
FEAE— B WORTHER . SR L SRR 5 T, B0 B AR (s,
R BT 0.030mm FFEE] 0.015mm I, Ho SR EUE B B 56 THE BRI s,
MRS 0.020mm B, BUREER K (18.62g/cm®) o FEfdw'5#13~#16 2
FE—EWOCTIR . SRR . B SRS T, BB 4 1) 2R AR AR Ak T D45 1)
BURTE R, AR R B A R R BE D L P A RSN, VLR T2 S
B A BB S, FAARLREEIE, £ 3-3 bl SLM &4 W Hy
T8 S563K 3-2 A, BUE BRI R R BIA 3 — & % AN
HUH TR WEEASSZIGRE RIS M BOR FEE TR, MBokTIE: 400W. H#H
fE: 900mm/s. FHHAIFE: 0.07mm FEHKYJEFE: 0.025mm I, FH% (A 5K
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(18.82g/cm?) &

B 3-14 SLM il % ¥4l ﬁ%#u%ﬁé ”

K] 3-14 /2 SLM il f)2E W Be 8, BT S#1. #6. #11. #14 T
SHONF 8, BT FATED—/MREdL . 4a'5th 17 BRSO 400W; FHHE
fE: 1100mm/s; F%lMEEE: 0.04mm; FPHEE: 0.025mm B, EHl& HFE S E
RIS RE IR, T B A& 4 & TR 08K, Fig & 7T Bl L2 24
IX A BT AR A FIE 5 72 o AR g I B » A5 —Fhmits mat R, L
FIEE AR AT e AE AN RR e 1, N SR Re B R R BT R, T e S B0
RIR AN S I A AR, AT 7= A R TR R B B KN R 4k 24T B AT DL
A BT EN L2280 IRAPRHR I A AR I, Seysi bR T (1 F
Rt R

N T DR U X RS R R, SRR AT R A R, s
RAnKE 3-15 Frow, AT B AR IZZH0N )4 HORE 3R T 2 A BB O 4.69wt.%) .
FEETZZHA K, MEHOCTREREA R, R EHE AR E AT ) &
BHA, EIRBEEOE RS, RBOE R &, b R RS
HREIE RS, ARENE, Wi SERTER RS B m: SRR
FERA I, B PO HRH B[] 1) B B 54, G SRAE ) i AR rh oG R Rk

38



TR R 2 A8 S

R, BOtREE R RERA A I R 5N, FEGA S BRI, R
FE S, WOtREE ] REE K [ S AU, NS B S B . B
FJR A #R G EAE SLM il 2528 W BB RE b & 8 WOR Th Sk, 1 SUR IR
T [R5k 7 3G K168, fEAS AL T — RIS AR I I I R AE B — )=, A& i
A, HLEEROR, ANRER e BIT B AL

W SRz EER

r 1 |l

e

B 3-15 FEM#1T7 RHAE S =

Fig. 3-15 Surface oxygen content of sample # 17

3.4 KRB

AREEEPF T SLM B4l W SR L2280t o R RE R v A
JETHE P X IR A ) R RE BRI, R R RS R T

(1) 83 SOOI R RO DI R 8 T IR0 SR AL W R
PRBER P L E S5 BOLIhR 400W. BOLHFEEZE 900mm/s. FOLF ]
P 0.07mm. iR E R 0.025mm. fEi% TS N RFENEUE . fEisE
18.82g/cm® (97.2%)

(2) EEHBRENLZESHT, G TEIOEERE, AEFLIRMMERL
SRR B S0 I SLM Al W A R SRAR 1A 2 v i S ARORE Rk 2
413.6HV=5 A LA (TR SR IA 3] 1255.28MPa, 545 45 (1)) 4% 77 A0 EL v g
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A BRI o A R 48 W RS R A B S (R TR MG 1k B 2R L
B

(3) HBREOGIREE R 800mm/s 1 H] 900mm/s I, Ak R HERAR /),
BB SR MO R R R A SIE e, TR R, SRR R S
PHUERIE G WIEAELLSFEREG . JBOGTIR 300W S INE] 400W i, 26 W ik
FE O R 1) S oRLZ g b 5 24k, B FLRR AN TR S0 b B S gk 2>
(7 I B 24 W0 T 2 14 0 21— 5 BUE N Aok R AR AR, EZPUATE E— 2
W2 — UMK T BRI, A SRR K

(4 ERAFFOCHRIE SR BOLTIFEME W R AR XRD Kl ] %,
P B T AT SR 1 Ao A% IS, AR HE Debyr-Scherrer 24 XUHT 41,
1175 e 1 5 5 oA RS AT S £ B R O, 18 A S U 1) 7 A = 26 4 7 T
IR R —J7 I B T-40 W AR LE SLM BB R oA 802 I 4RAk SokL i) 7= 2
o7 7 BT 2R N AR BRI AR AR R AT T R AR T b M A

(5) @A AR, A T ZSH0T DAL SLM il & 28 W ik
AR B i R 0 P BRI — AT 280 7512 o K TOURIE AR A M A 4 70 16 1 325 v ) 2
FHAAHHT IR LA
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4 F EFEECE R AR PRI AHIE

4.1 BACIR BN =5 SHH

RO (SLM) 2 — M EZEIEBIEIHOR, £ SLM Eid
FEFFERIC I GO AR AT RER AR BOE I M SEIE, ik 4-1 Pros, & fb
HOLIRIREE o XM ERALBLR 2 51 S 2 S0 2 TR P2 00 vy s UM RE T o 58 1)
[l N AP 22 52 35 IS AN 7 TG BRAL HEAT 73 SERE R I LB, 28 ] STk 1e9-72)
AR ERACBL SR A AL T LRSS LU R A5 . (1) RISk A (2) BRIl
RE B2 L0 A AN ST RO CIRAT 9. NI EEEA X 5 £ SLM U
LR PR B JE ERLRT T 81 £ 705

(1) &gk Ay

WO MR TN , =Rt E RO R SRR R, R s, £
A RE T, TR R BRI MR R AL, IR REIRD RIS
FRIHS B, AT 8 T SRAS S A R s PE AT AT i e b, A HAE S i h SRS BB 30 7)
SEOR L R BRI 5K 77 AR A T s Pl 4-2 P 11 < s YR8 T 4 Jre A 0w ¥
TRaPEZE, it 5K T RS ARG BRI B 5 R BRI . AR T R,
R AL RWBGRG AL b — SRR T RR i I, FLIRIE 05 [ - IRl R R T 5K /786, -1
)RR THT 5K /186, R-"IH) IR TR 5K /185 Z B 5% 2200 F

Opg — Oy =0 -COSH (4.

H cosOfEA T 1 FI-1 2 [A],

LIEE A ORR /N, IR P AR A R R s Iz, TR A ORI I 1t
FRE, MR A 0=180°M B 22, TCIRSE AP AR RIS . A T HRIIEA
@), 246=0° Bc B /NS, 6 AT LS 21 d /N R 5K 7 10 R 17
TR, ISR (R T K iR . IR BRI R TR 77, R A7 AL
AR IR, TR - A ke, A TR N R R S AR T
Joi s A B AR LA 0, R IETSK T2 g0y, 72 SLM. il 8 3 2 oo o A0 ) V0
FREETE 4 56 A e, AR SRS R A A T R R ek, AN /D BRAG I 52 1) HH B,
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HAR kAt AR Tk s, AR e | ok i, ARk
T/, A ERAEELR .

K] 4-1 SLM Bl i “akik” B4

OGs
<€

6GL

P 4-2 < J VR AR THT B R AT N

(2) R A& A A

HHOCRAETR S M RER TN, TR AR RO R SR %, O REE
FERPRLE ] ) 73 AT T BEANI 5] o IXBRANES 57 (1) BE B 2 i 7011 2 3 B30 T 2 T ) it
JEAREIL], NI SHEERCIL SR . Wang! 715 N XHEOE B 2 B0 BRACBL R K 520
BEAT AT S KB, O T ES BRI R A B B sgm, H2&&Ehm R
A5 7 AR T AR

BWOCTIARBURR;, PR RA R AN AR B, BOVEOGRE &%
B, @M ARRBER DS, BB RE R I R0 . 7258 —TEROLRERIE
B E, BRI, 5 EROER AR IER A R B,
FEER R KA A, o MR R oD, DR
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MAREFROCHRIER TITHR . B, RERERERAR, W2 2eEA
VR AR T T i o vk, < J VAT 5 i OB A A XA 32 2R T, T
AN VB0 it b R R TS, B2 RIS BRI R . 5 —T7 1,
JEE TR 384 ITHE 8 B 04 B 8, XA HE T O B RER AT N BELAS T EAT N,
AN T BRACE G s T PR OG22, R ) (IS RS A FE LR .
Kt TR 22 52 BIMIE TS0, 25 5 R AETEARAZ A o TR U 2 A BRI B
Wz, WS R R H K F1 A AN o £ AN S AR R, R 5
SATHUNTEOL N & BERE, Pl e HI R E BRI R .

2% BT RIEREIE O L 22806 B Tk b 5o e e BRI R H B,
BT3RS S A 0 BB 5 B AN A R LR R B A . 538h, WanglTEE Al 5k
KAEH, 5AMNHAR AR L, BB R LR 5 BOELLMIE L, RIS
AR 20800, Ut IR AR PR AN R DU £ s T 3 A 0 2 0 R A IR R 1 77 AR A AR RS
4.2 FLBRS TSI ARANIE
4.2.1 FLBRRZAGHLEE

RETZALBR (TRIFRRLAL) RBBIE IR, PIIA Jeom, ROFHRFALR, W
AFAE R EARIBAL AL WK (A 4-3 Fion) , RIS AR R R S A —
AT SO A A, B ™ HE 0 SLM il 454l W SR o it &2 A R .

FLBRITE A B AR R, — 2 A 1) 4 PR R v JEs Ak A R fR AP AR AN 4
o R ESALNTE R Hil#& I SLM SZ e % @I ER], il & it 1) sh 2 %
B, 77 AL Marangoni RN, AEORA SR AE SR ZIRITRANE - . iR s %
Marangoni R )3 7754 FIFEMAAR R, 58 ZH ) Marangoni 2808 23 {3 S AA7E it [ 1)
it O BALRR, AT IS e NS B2 R BRI Gl 2 3 B AL IR
JER. 16 SLM il &4l W i FErhr, A5 A0 I B 4 BT (] 2 86.3ps, T € ] B[]
U 46ps,  [EALI TR 9 B 18] ) — 2, i e 1 AR 56 iedr i R i [ 44 1)
s Ak, RS SR R AR IR B2 B, ™ TP A A W R R O A
PR [0 HT B 5 o WORAME 58 23T T — E 3R R Z AR, 5 350Z A FLRR T
78, G EGT R SEM BRI A (LES =% SEM B R, Il RTEOL T
228, AT LIS B ] FLRR AR I 7 S M RERE IR ) H )
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K 4-3 RIGALAE W ok R0k

422 SELFRHIHIE

£ SLM Jli 4l W B it f i th 4 AR —RhALER, BT RS8N, A5
BOABENL, TEAR REICBMAIE T, 2 T USR8 A A Ui R ke, RIFR
NSFLEREG, BILE VRO (SLMD SRR H WL —FhikFE . & 4-4
EIRHIE SLM Bt al W HUA <AL

ALY T B A TS 42 8 v B I R AR R R RV RE IR A SR A7)
BT SLM 2= E B it #2, &2 Z (AR AT REFE HR T M s AL, s
TR B R ZAVERE . AL T TR 6 2 T 26

P,>P, (4.2)

Horp POSREL N AR 75 Po RIS ALK KISMBE 77 7£ SLM BiAR
FECEFTENSE B L2 EAVF 2 BRI R, 1X e i 2 2 R A A 1P
T, 4IRS R T IT B 58 URAE 1) — 2, W SR J2 2 Ta) Rk AR A 78 40 #5- 1f
AT, Sias U NS RIMTT, XSS b T 25 B i Bsea S
AR, DRIE, 2RI R T AT B 56 5 B I o PR VA A S AR B,
L P1>Po #5 J5 JEBCE K<L

e O HR AT U — 3 & B R, (ERINAA — 5 TR e B 728
X &R AR A AR R SR ), WA )& TAEANWIEEAT, WA TE
PR AR A AL, AT O R AR AT, IREEROEI L2234
SHFARILITERG, A BRI EE AR . FR RS S E B L, A
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