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ABSTRACT

In this paper, the laser additive structure and properties of Fe313 iron base alloy powder
were studied by using the additive samples of different laser processes on Q235 substrate. In
this paper, the effects of different process parameters, such as power, line scanning speed and
powder delivery amount, on the microstructure and microscopicity of laser enhanced iron
base alloy Fe313 were reviewed. The microstructure morphology and hardness of laser
additive Fe313 were obtained and analyzed. The reasons for the microstructure morphology
and hardness changes were analyzed based on the theory of rapid solidification.

The microstructure of Fe313 prepared by laser additive is mainly dendritic, equiaxed
and eutectic. With layer by layer accumulation during the additive process, the internal
energy increases gradually, making the microstructure gradually coarse from bottom to top.
The microhardness also shows a transition from high to low, and the dendrites show obvious
directionality. There are great differences in the microstructure and properties of Fe313
prepared by different processes. Under the condition of good forming combination, laser
power from low to high, line scanning speed from fast to slow, and powder delivery quantity
from large to small will make the microstructure of Fe313 prepared by laser additive present
a trend from fine to coarse. The microstructure near the fusion line is due to the
accumulation of additive layer. The residual heat caused the tempering effect, which made
the structure near the fusion line thicker than other parts of the same layer. When the number
of layers was lower, the structure of the fusion line at the bottom of the remelted partial
melting pool showed a trend of flat growth. Because of the gradual accumulation of heat, the
temperature difference between the temperature of the higher number and the remelted
temperature decreased, resulting in the structure of the remelted part similar to the thick
dendrite on the top layer. The result is that the fusion line is not obvious. XRD results and
other academic studies show that the dendritic part of the microstructure obtained by laser
additive process of Fe313 powder is mainly the susaturated solid solution of Fe-Cr, and the
eutectic part is the mixture of Cr;Cs, (Fe,Cr);Cs, (Fe,Cr),B and ferritic phase, and the
hardness value is greatly affected by laser process. The hardness varies with the thickness of
the microstructure formed by different laser processes. The overall hardness decreases from
the molten pool along the additive direction, and the hardness of the fused line is lower than

that of other parts.

Key words: Ferrous; Alloy; Microstructure; Properties

II



B B B oo, 1
L T R FR T BB Y oo et e e s e e e e s e e e e es et e e e s e s e s e e eseeseneernnan 1

L2 R R TE FT T X oo e e e e e e e e e s e s e e e s e s e e e e es et e e e s et eer e e eseeseneernnn 2

1.3 B AN I B I IR oo e r e, 2

L 2 S A T d D oo ettt ettt r e, 5

1.5 A S T P S T BT T Z2FE oo, 7

B BT Y B oo ettt e et er s 9
2 S G T Bl oo, 9
2L L T 8 B8 oot e ettt e e et et e es et e e e e et et e e er et enrereenn 9

2L I A B e, 10

2 T T Y oo e e e e e e 10
i T N R T (= ¢ . 12
3.1 Fe313 B a8 S T T oo e, 12
3.2 F3 13 Tl B 0 T 2 oo e e 12
3.3 Fe3 13 Tl B e T e e e 14
AT R S I s ol 15
4.1 Fe3 13 e S Tt oo 15

A I T T R BT oo, 15
A3 IR B A T oo e e, 15

A R T B ] oo e e e, 16
LT S B G T oo 17
5L R T T oottt et ettt et e s et e e anens 17

3 B 2 T e ettt et et r s e 19
5.2 B T oo, 19
52 I 0 T oo ettt ettt ettt e et e erens 29

5.2 3 B A U 2 T oo, 31






TR N BOR K5 2023 AR Bk BTt

F—EF #e
1.1 R EEX

VNS MR TR OUSECOIRTTRIEOR, AT SR FIIR R AL J LK
LT R HED . FE 2R T TR USROG G A 7E 58 A4 R B % L i JE o 7 i A
FEMRKHIPUHN. BOCHEM TZEELHRE. A 3eken. M AOERRRS R, +2
EETAFERE R BEARITHEER. Boun TR EEPEE, Sgn Tk
FEWF AL R IR M kL, BEMRLZ M4 G, M T EgihiE T ZMmE
M L TZ, AT/ NEOGHE M AE 8 0 AR RGN, AL/, X MR
3 T E NSRS E AR

B H4A 4 (Iron base alloys) A& 14 FH & K —FHAE AR, IXFhoA4 Rl A Ja T
e thRe RAF, 7EMGAH. IRE. VAT AN, METa. 8566, 5
MRS SEIRAR, O H A8k SR bk F Pk & S R BT E R, KDY RO)
AL, PrUAGS &t i, +oriEa ) zis FAE R AURM, ) DU H e o
A EE LR TR RIEAT SRS SO EAR 2 BEVELE . i o g
HIAPEHL RO 1T R BT AR B, A SEAR T FU R B 22 MR J2 1 2% O W AE B 7Y
B A2 T o o Y iR PR RE LB R, A BT AT IRAS T AR I 2 A B e B R A, K
TAERAF AL, HHGUE . IR S SR 2 S BORF L, BOLHE A HoR A 258
Py AN BGEm XN FEERAR. SR, BN e E AT SRR B i TR0
BRA SRR HE “ PRIRA” RS, ERUERE RS P IRE 5 a8 & B A GF
IS0, JF HLEGEE R SR b N AR 5 5 SR a0 IeAbh, BEAE X Itk e
PRI AV e SR I AW g =y, AR 20 70 5738 A AR Al 22k — — 7€ EL Aol
BRI WC 5 8RFE & MR35 28 AR A ). SR, XM B Al A R HE 45
PAFR i ) 7792 5 IR 3G 44 50 23 (T 28U, A IR T A B, [l AN A 4K TH AR 58
AR

BEA BRI & A RHE T AU B B 22, el i, T REHi G Bt & <
T OAHEAT W A, SO M FIE SR HRRLR . AR M
Ry RUOEGFE R 7 ATHIRR K, (HBOCHA HE S & A BoE e . PEae LR
SETTHAIAFAEVE 2 W, BRI S SO BOE A PARAER TR RN ). FLER . 2R
SEERIE, BRI S IWOCHE A fIE SR ME DLUCHUS HIHE N AT, R A R . #
ARURABILE RO GG G H 2% Fe313, & FHBOGIETE B SLI0 R BOGI A B 5256 L
MBOCHER ) B R RISBNT, I AFEOC T Z T RHS M REFr =



TR N BOR K5 2023 AR Bk BTt

1. 2BRfIRENX

BRI G SO ARAR . SR aPERE RIUFIURF s 2 s T Dok s, (HAERK
] e =45 e e R AR 7 BB BB AL 5 T AE 52 H AT IO . BOLHE MR LR
BRE AP RCR . MM R R AT S TR S e B R . RIERFERDY
RO T @M IRR IS B 2 5F IR R RHR K T B, TR R i 2 R
SRR AT AT B B AT AR KR B B IX Rk o b T R85 A R O M B2 2
MU TEREN BT, Hm R @ai G, PRIEMESR A, T d &b
78 MOVASY iR

[} b b3 FIALDR 0o il x5 2% AR AT b0 20 ROHE, IOt A4 5ok
AR A TR R AR, W DA R AT — e E AR . SRETIHE
gty bR E A R B ) DUE I OGRS HiliE Rk SL 3.

BB RIS T, SRS & RAFREOCHEM 2B 5 284
AEREAALIEK . BEEWOCHE M T, MR NS E R ZHAR R, XA G AE
WOCHEM BRI & SR B MGG M0 O TE e A SIE, AR T5 AT,
RITHOCIINT Fe313 ARG H AL B I HLWEREARAL LL R AN [F) T2 K00 Fe313 WOGHY
P AL B

1.3 BASMAE S EMRIIR

BRIEESAENBES TR A TR 2 a8 TERE BRIFAIMRE, I ERMA A&
KRR A RE R, MG S AT LS M R e a4 G, IFRA RIFIIME
AR BEERE, 5238 T B0 12 KER, ISR KA SRR A Z Mk
s, HTEE&PEAE. . 8. 850K, FXREE R R R it
DL SE AR RE, T E G RN R AT E TR, IS, BIEHS
X HEM BE SR S, TR LSRR & S R, AR &K &4,
AN R AR

E NS E IS B SRAESE NAEXT MR 0 S5 88 T 1578 Fe313 A &R 2T 7
) 56 HL 2 2 AT 45 B 0 78 2 32 B 5 ) AR AR R A R [B] AR B A A0 A o PR ot B
R E AN E AR, K& Cr e R BRI, BTIRIZEFH Fe J0EM Cr iR A
Tz My C uxRE o tin 7« 300,



DR R FH AR K 2 2023 AR AR Bl it

(o) Z i WC AR PESANSRIEEAE

] 1-1 WC BRI Fo HEHET)2 0 5 Bl 4110
e | T

& i 21 21

L =

2 JZ

N,

i

BeAt, AR IS ARSI 7T R AN i ts 7 iR LB SR I BRAL ) S KRR AR
oA, AHITERIZ I EEINE, 1AM AT 37 5 AL % KN 2 A BB AR 20 AT SE D9 Al /s
¥,

B 1-3 ARG I N &1 Fe3 13 A& EZ AU (a)0A, (b)SA, (c)7A, (d)9A



TR N BOR K5 2023 AR Bk BTt

7000 = 0A & S
.5:“ ‘.'.--.'o.
«7a "
_600 v 9A - .=
’=' ..n-. -
Z 500 .
=
& 400 |
E |
= 300r |
-
200 ‘—3-4(!
100—; 0 1 2 3 4
PO B /mm

B 1-4 ARG B )25 1) Fe313 & < 78 J 10 i fulc g 2 1)

FEMMAERE T, 58T Fe313 WOLHE N L2248, Eik 7 B0t
LPFHL . B BRI IUNRAGR GRS E R, SRR MR
R, BRINIEEIZR SRR RIFa e &, WEE EAHS, EEEE S
ISR A, FR T 04 A PR PR S At 7 SE OO DN, OO A 78 2 AR 2 e i
VEAT S5 TR R A IO AR A AL A 5 T Ak 22 N /N (AR i, % AR I IR S A E A
A, TR T AR R S AR TS0,

{a 1107.63

far

172.5

.Y ﬂum%%%&ﬁhﬁ%
Kl 1-5 2004k J5 178 JZ AN BB ) 2 i 2H 2302

] N 27 2 5 75 BE AN R SRR B N Fe3 14 B R HHAT T B0 5258, 7615 3
WO AL 5 25 A DU B [E B 4> BT 15 H Fe314 WOLIEHM M B T A FTE S A
SRS, RSSO, WOGKM BV Fe314 125 2 A RIZL
PERe B, HIULES BB ECARN, BOCHM Fe3l14 BE 2 ¥ MR RIF, 4
B AP G DL EAN R T RIGH S0 24 rh R T Fe314 5 AN A BEAR G 14 45
St T 23503,



TR N BOR K5 2023 AR Bk BTt

- R
i 14

Bl 1-6 NSRS T Fe314/40Cr 454 T SEM(a)(b) A UM (c)(d)= U E

£ 1959 4, [HAMEA 2B A A PIM L ZANEAC RN ) R0 R AL & et AT 1 P RE
W55, UERT T B BRI AR A (R R A RT AR R R A S P AR, IR
JEFR A B TR EamAL S I o [ Ah i o3 23 AT ] 2 R AR R SR R A Bk R
FORE, T R BT TR S SR S, R AR I O K R A R S
Aeo BbJE, SQTMURL S 2 5 i ) RSO B B S PRI ST — A, B H 22N
20k S RORL A J 1) B J R 04,

1991 4, [EAh38 R R AL S N B i i TilFe KA RDEE,  H A 13 0 TR SE
Jear A, UKL AT ¥ TIC UKL 5 36K 45 & RIF IR Ti AT C A LB S5
I TR 7% AR DA K A B AR A ) R A S AT S o R MR AR
BRI > B AR B AT, oA SR AN 2 HE B A (el

1.4 LI H5IRIL

BT 5 MORHERE I L R R E 2 A A B AR, I T E AR A
2o AT LRt [ I R AT fi] B IR, BE A T SRS pR R A mT DUE— 25 W e [
AR BT AT, SR A A R BT R R, SRA TR EE
I9KEh 77, B AEAR 45 fhili A 2 v 1 SE PRI iR (RN BLR ) ki /2 3N
DK W TR, BEARABAR I B R E AR, B < (AR AR SR B Tk
) Sl R IR

Jl o IV AR s A < VRt 1] ) e A A T T R DR D ¥ i 23 RS T 51 RS
VTR LAY, A 75 B VR R ] 5 B8 R A SR UK A v o A i Tl 9B S T 7 R A AR
TP SO0 P TC 51 RS I 78, RO v o Xt ¥4 32 252 3] 5T T 77 1) i Bl B AT

5



TR N BOR K5 2023 AR Bk BTt

YRR BRI B S AT T LR S o 6 ] A A [ T A 2 b, RS IR v, T
o IS 24 R AR SR AR5, bt ah T IE AR EE R BE ™, 2 BBV 57 <7 A
HUEE S AT R s (HA, RS SREE RS, SERATIRERERHE, 40
VERALFRS Y HONS S DR G O B R AN R 3 S S TR 2 (R B A R R 2R, X
RS I AR R I AR B B IR TS rp VB B VR A 1B 00 e 2 J ¥4 R [P I ey 7V
TCER AT C 3 BN S T A VR A SO BE AR AL, 5] B A Rt [ P A T S B ok [ i,
JEE, T LE TR ST ATV P T B A . A A R I A 2 1-1 BEoR

G muCo Ik (1-1)

R De ko

A Go—FHHVEARMIE BB R—FH AR KOE 2/ (nm/s) 5 me—WARZ AR,

Co— &4 PRI DA M9 BLR EU (cm?);
ko—F ¥ iy LR E/ (cm¥/s) .

FHBHEE 25 38 5 IR ERR L G St R (F-F 5 R EAE o/ VR A KB 6 /JR
(AR BRAIG,  fRLIZEMT R A T THD it — MR ot — AR i — S5 i (6 2 . WO & B R R
RO, i (OB AR 5 B I AR AR e A, 7= A T W m HOIELEE B 2 G, {EL LR Ve T 2 R
FEH AN, PG VREIETCT R, BB FAL AT BT T & BE A 45 B Wi 25 45 4 T
[ 3 7 T 5 I vt e A0, R IR I K, IR BEBR EEE RN, VR TR,
AL ZBRAR, ATESRINIR S BEFEROCIE R R, SRR AT AL
A, A CARSZGESEK, IR BCR R PR A7 1 R0 AR AT T it 0
(RAEAR X o 3 [ 5T BRI R TN, SR it 5 A TSR KA AR R T
JEAR, R G AN AT RS, BRI B R A T AR, R
BRI RE R, BRI P R 3 R 3 38 6 LIRS, DN S8 T T2 P B ) S5l R
B

AT A B rh A T R AL AR I AT A ST IR IR T . S — IR
A R, TR R, TR <5 A 2 O RN B, 3G R A AN,
FEAEARBT . M — IR, BB Rms b O BEAl, R4S B AR E &
TCRANA N i, Fo S Al An s RIVAS Sl (K A0 3 AR 2% BT 2 Fefh 45 BT AN AR 0 i o
FE—ANKEAR R A B R 2 B (R 272 1 23 23 AT AN I Rk A B b o Al — IR &
I, AR R AR AT OCRIERS . AR5 R ity AR O
AR B IR AL 2, XTI SR DX I AT o 5% £ T T T2 DR R X ARl A 149 7 A
SRR . ETRIIESE, SARR RS ARG o, DRI RS8O RIE A
DRI XPRGEE H ALK B A AL, TETTR IR 4%, %5 U SR AR AR )2
Gt B, XFELE R IBIIARAR )] IRTE — RGN R b, R

6



TR N BOR K5 2023 AR Bk BTt

HAf g, HE T RGE B e BUER, b as S Et LS I 0 F . DURREE
MBI RN, S d S BRI IR, TR AT R4 &, PRBESE I DLAS B A v i & e
A SRR FE I AL, 7 A FA IR R D A AR O JZ IR AT o SRR T S o 1 — 28 e
=, ISR AEAE M BUE 2Rt . 2R BT B e oL

RSV AR T, FORTL B R X Sk N A% 107 AR 2. 1B
AR, ASAreE it S 8 B 2 AL, R, X AR ) 2%
FOR AT T SRR . B aE S, ST ST KBTI R 2 o ) 3 i T
o SEPs BB SRS, ARELES B A, AR H PR R B Bb b A S L ]
S B, SShREmraiih, KGR TSI . ER AT IFAZ
P ) SRR AT ARE AR N A% o S b, R R R 45 F ORI FRT (0 4
JEA BERSEMATAE, JFRE B AR K. IR+ BUR T 5 R 1 IR By % . 4E
MR RS, BAHR B AR TR B R EE, AR A AR R B
I, 7 T BT MBS AR N [ S R G B I RERRAK, ERE M IRs 71 Fi—
Jit, eI R R T, P AERIEAE, WA RSN H AT R, B
BH 77

1.5 KXMRAETMETZHE

AR BT OB I SE IR R WO I 508 B, OIS A IR A6 FH 2
LAESE . B E =AM RAT, 8 SRS R AR, 4 Fe313 O
M HLA SYERE, ARSI AR LT

LHEBOCHIERE LR S5 ETER Q235 Atk LT RO & HiE sl .

QIEELE M, SHRE S W AT IR, TR SRS 8 =2 5 A o
S RHURT R ( 2 B AT O A S5

3.4l % AR UAE, HEAT BEAE AT AT )2 DL a2 AL 20N 1 265K o e ildr 38 5 45 41
AR AR TR BB A A S AL, AT BRI

4.2 S5 HCE I T H A T B 5 SCRR 70 A RO S 80 N MR ATRL Fe313 1
CAEATR

WOCER X BOCHE M Fe313 SK8a i Z MM BB 24T 7 A4, BUR T )RS
S V) SR T AN 25 i

5 = ERHBOG AL P SR AT S RO, xR T R A DL EEAT A, AR
R B (I SER S HOE T, O R S g AT HE

FE 28 VU B R XRHEOE R S0 06 1R SC 36 2 BodkAT 1 SEIR Rtk RHROLTIR. &
R RL . IR R AR SR IEAT 1SRRI

7



TR N BOR K5 2023 AR Bk BTt

BTN ZEEA L AR PIAH L R LU S A BE DY A = T O AT Fe313
I VPR B AEAN R B T2 B B0 N AR HEAT 1 20 H
BN Ny, RTINS I S BT S B A 45 R AT B4



TR N BOR K5 2023 AR Bk BTt

ETE SSIES
2.1 LR FSHH

2.1.1 K&

ARSI A FEAA R 25 AORHEU . R ) 2% 380 SR 70 A B AR R B A 1) %
BRFRBOCIAE KR, HAIEATIEINL, AR, Wb, BB,

15 il & BT AR, AR S256 3% ] HANSGS-RGO0016-F3K %4 (| 2-1) , %
W& HEBREOER . SRS ASHALEEA . EAHEINTHUR. i R%. A
ARG, RIERGEHN, HAREOLRE H JF 08 E 3 1 LASERLINELDM3000-100 St
ARG RABOGE, ANHINLEE AL S E KUKA 47 KR22 R1610 ZUHLEE A

’ :
| N

K 2-1 WOt &K%

A SIS RE T R OB e DI B R R e AR AL, SR DK7720 PR AE 22 5k
L VIEINL (K 2-2) SHATUIE], IR RSN P T8RE, WiEH P-2G &
AL (& 2-3)



TR N BOR K5 2023 AR Bk BTt

K 2-2 DK 7720 PR 22 B KAEL D) FIHL K 2-3 P-2G G AHIRFEILOLHL

TE SOG4 KT B B A S 06 A F 48 (5] ZEISS %) 3] B 440 B4 Axio Vert. A1 & 2-4
i, BTSN EE, 3% B B AR BT R 3k A 7 A B A

K 2-4 fE[E ZEISS %718 & 440 8% Axio Vert.Al

2.1.2 SEREM R
RSBk A 4 Fe313 W AR A Q235 1R A JEAR, i FH b ifa 28 G il i her F
9200 H (1 Fe313 @b AR, i inag 2-3 Fron it AT oM scls, R AN 99.99%

IDETR

% 2-3 Fe313 My Rl %
JLR C Cr B Si Fe
&' Wt% 0.1 15 1 1 RE

2.2 KWHE

10



TR N BOR K5 2023 AR Bk BTt

AN S BT A T () FA DR 2R AR R SR IO E R SE I I SE IR FE R, R R s R 1
AT A7 G S50, H AR 3R AR B S R 1 Dk TR e A SR B R SE IR S 4, DA
TR AL G A0 0 A oy T 2L & T ALt 9t

VR T I 9  28 AR O M IS BRI A 4 Fe3 13 PIRERE I AR 2100 &
ForERE, BTG RS WA S S AR RO L R A R

SEIGAKHE GB/T 13298-2015 € 4@ ST A4l 23R 56 77¥ ) bt R AT S AR 2 S0 1l 4%
BT A0 2 PRI, K BTGS2 FHASAR R 42 150°C IPASEE R HEAT 15min fEE R,
b J fc 4 [ St GB/T 13298-2015 (&)@ WA 4IR30 7732y AT BBt . T ihidh
Pk B KA E B g AT g ol g ol =Xack FH G A kg AT 484K, %3 & 5s 5 K
eI RS W S APV E =38

B 52 A N 3 FH Sl i e R P2 v AT A I, RS GB/T 4340.1-2009 (<5 J@ A4 K} 4E I
WEFEIRIGZE 1 34 WIS vk Msese ikt AT &, X e 78 A0 0 43 A T S polc il
AT

11



TR N BOR K5 2023 AR Bk BTt

B=F Fe313 HERESLN

3. 1Fe313 Rigla & LI 1H ik

BRI AR AR T R0, BT DA A BB A R DL R L SO 3 AR TR
SRS BT A AR A, AR SRR SR A ) R TR 2R AR ) S g R AT HE A
TESLLG, SO ITIR. LR BRI MR R TR, SRR TS
NS
3.2Fe313 BIERBILR AR

A SEI AR B AR AE GB/T 39253-2020 (3847 il 38 4 J& A4 kL E 17 B TR T 2 809E)
BHATER LA 4 Fe313 HUIBIGE S0, SRU0 R 3 AR Syl AT se i et 3l =4
HZNBOE TR LR, SmE, TEAMEKBEAMM BHA ST A
TESECEREATRL, LIRS WK 3-1 FiR.

% 3-1 BOLKE LIS

Y WOLIIE (W) EH&E (rad/min) LEHHREE (mm/s)

1 1100 1.5 8
2 1300 1.5 8
3 1500 1.5 8
4 1700 1.5 8
5 1900 1.5 8
6 1100 25 8
7 1300 2.5 8
8 1500 2.5 8
9 1700 2.5 8
10 1900 2.5 8
11 1100 3.5 8
12 1300 3.5 8
13 1500 3.5 8
14 1700 3.5 8
15 1900 3.5 8
16 1100 1.5 6
17 1300 1.5 6

12



TR N BOR K5 2023 AR Bk BTt

18 1500 1.5 6

B3 3-1 WOLIRE K S8

I BoLThE (W) ##r & (rad/min) LAHAMEE (mm/s)
19 1700 1.5 6
20 1900 1.5 6
21 1100 2.5 6
22 1300 2.5 6
23 1500 2.5 6
24 1700 2.5 6
25 1900 2.5 6
26 1100 3.5 6
27 1300 3.5 6
28 1500 3.5 6
29 1700 3.5 6
30 1900 3.5 6
31 1100 1.5 4
32 1300 1.5 4
33 1500 1.5 4
34 1700 1.5 4
35 1900 1.5 4
36 1100 25 4
37 1300 2.5 4
38 1500 2.5 4
39 1700 2.5 4
40 1900 2.5 4
41 1100 3.5 4
42 1300 3.5 4
43 1500 3.5 4

44 1700 35 4

13



TR N BOR K5 2023 AR Bk BTt

45 1900 3.5 4

3.3Fe313 BB B SLIGEER

FALTE YA 7 S ) R A LA B 3-1 BT, BT LATE TR AR Th &N 1100W i,
X 8N 2.5rad/min A1 3.5rad/min B S258 203 BT LI A, 1 4 EOCThZE N 1300W
DL TR E= A

B 3-1 BB HOL I SR R R O

2 W2 TSR, A S i ) RO R B, S IR 1300W B, IERELE 2.5~
3.5rad/min Z [A] ) SCEGAH I OB I 00 AN RIF, R -T2 RERS Hh AR 22 RIS BRIk o 7
D2 R 1500W FirE T2 1700W X RL1E ¥y &4 3.5rad/min 2645 # E28 8mm/s 5K
I AR T AR 1300W BE NP1, A4 &R0 RURLA AR )30y 1700W 1 1900W
(IR SEERZH, A7 R IR LRGN R . HEOETIZ R 1900W WA T2 LA
BOGTHE Y 1700W 34853 24 4mmy/s 1 FTA L5604, 1578 508 P 25 ILEBUR I e,
Hodr 1900W FHHETE N 4mm/s 3% &84 2rad/min K S256 4 i o™ 8, v il i AN E
TEHREAEHHIIIEM TZ . MECCIIEAN 1700W F#5#E N 6mm/s. 8mm/s i%
¥y &N 1.5rad/min. 2.5rad/min FJ¥0G T E SR RIEIEE, WRCE T HH & E
B8 FE AR G T oA Th 2 1) S50 i T OGS4
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BINE  Fe313 HtiifsCis

4. 1Fe313 By &4 sLadis it

it EH PR A 78 SIS0 1R 45 R 0] DA A8 b4 A RO BT ER 1400~1900W, 18K & 1.5~
3.5rad/min. ZHEREEE 4~8mm/s G 2 NISTERECHIL, THIIZE 1700W. Xk &
1.5rad/min. 2.5rad/min Z&93H 3 6mm/s. Smm/s I [ T. 2 250 p il 15 78 i AU 20 R B
RGO MU A SEIRE LG Y R BESO DI 2 . R RS . 38 2R IEAT OB
MR AR RS . RIGM I FEAR T R i 7 S s LN E R, WM GRS
HERA R 23 TT 2, MOge F A 400 300°C TRAAGEAT 5 AR IESE #4358 7 (AR 2 « RIASTA]
T2 AR I = B S5 A AH [F O TR 38 4 1 R 75 B 2 WO R RIIE 0 254, BT
DR TSR E 4 BB N MERITIEF RS, ERXKIEASRGEHATRE, N
TR IR, ARSI AT A ZH3 N 16 )2 .
4.2 BN ET =15
BEXTIOGIE T B TE SIS AT TS 21 0 25 S g Y 5 1 2 000 B AT B DR 3R A
HlSLE . LIS ENEK 4-1 i, A SCKEEOGIIZAE 1400~ 1900W i [H] P &5 Ik 7 5
100W BOLTh AT 5 .
K 4-1 BOLTI AR &S T 240
REEgRS BOLIE (W) &k E (rad/min) LR (mm/s)

1 1400 3 6
2 1500 3 6
3 1600 3 6
4 1700 3 6
5 1800 3 6

MBI 7 5 T8 S8 B0k 2R 41 4 0 BE R R e B, 4 R B R Ak Al HL B3RS
(SR B6 4 ¥ B 52, H5 B E N 6mm/s Al 3rad/min, S EAR GB/T 39253-2020 (44
Hili & BRI E M RERE TR L 2HNEY) BIARHERE T S 4 1] 4%

4.3 EHBTEGH
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BRI B BRI S0 P15 1) () 45 SR ade FH R B0 1) 2 5000 R AT B R R AR = A
SUEG . SIS S HUNER 42 s, ARSCHIER B AE 1.5 ~3.5rad/min 5 B & KO
0.5rad/min 1E 87 1 AT A5

42 Bk EA RS T M
95 BotThE (W) %M & (rad/min) LAAMEE (mm/s)

6 1700 1.5 6
7 1700 2 6
8 1700 2.5 6
4 1700 3 6
9 1700 3.5 6

MO 15 78 B S0 PR O T R AN R, 4 R T RCR i H TSRS
SEIGH VB S8y, S E A 1700W F1 6mm/s, HKHE E bR GB/T 39253-2020 (34744
G4 EM R E M REETUAR T ETEY AIbRE AT B A4 1) 4% .

4. 4 Z3PeRETERIT

G Stof 28 1 1 0 P BTS2 T A 1) PR 8 Rk FH R BT I S B GE B T R R AR
FEHSRE . RIS AR 4-3 PR, ASCR ATl BEAE 4~ 8mm/s i FH A BRI
Imm/s 38 T8 B 3E4T 06

R 4-3 R AR B S0 T2
U5 WOtTh®R (W) E¥&E (rad/min) EHHREE (mm/s)

10 1700 3 4
11 1700 3 5
4 1700 3 6
12 1700 3 7
13 1700 3 8

MNBOHE 7 T8 LB BRI O Dy 3 AR M L, M R ity LB R 8L
KU BB S, KL BN 1700W A1 3rad/min, #HE AR GB/T 39253-2020 (1444
il < AR E T REBEUAR T2V ) RO HEREAT R A4 1 4%
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BHE SRERSHH

5.1 ZMAEL
A FH HE A B I IR 2 W A3 SR 25 R Tt AT I 3 15 Hseifrh, A2 IR H NI
AU OLN, IR EBCRKUAL HBUTRE I, £355FF M, BT, REHFE
NI I G GO IT 2™ A SR R ) 23 Ja SR 22 IRAN TR E (1 T A AT il e 14,
B 2R IAE 300°CHITIIN T Fe313 WOt il s M R 4f, 4l 5-1 o

Y

ry

K] 5-1 Fe313 Mot 1644 1) %

K M I R AT N (J 5-2) A3 BUANE L2 MM m R SE g, sk
5-1. 5-2. 5-3, [&5-3. 54, 5-5,

K 5-2 Fe313 SO HE M 22 Ao R4
F 5-1 WL Th =R HAR B S0 WO S R 72 0 B

5 IhER (W) EHE(rad/min)  FHEHEE (mm/s)  &EF (mm) %E (mm)

1 1400 3 6 14.9 4.3
2 1500 3 6 15.1 4.7
3 1600 3 6 15.5 4.9
4 1700 3 6 16 5

5 1800 3 6 16.2 5.2

17



TR N BOR K5 2023 AR Bk BTt

10 1 L

1400 1500

1
1600 1700 1800
#OLhE W)

1400

1500 1600

#OLhE W)

Bl 5-3 WOt T SR B S AR e B P B0 43 AT
R 5-2 iEKyE AR SR WO LA BURE R L

1700 1800

s IhE (W) IEME(rad/min)  FHHEEE (mm/s) &E (mm) B (mm)
6 1700 1.5 6 15.1 4
7 1700 2 6 15.3 4.1
8 1700 2.5 6 15.4 4.5
4 1700 3 6 16 5
9 1700 3.5 6 16.5 5.4
15 6
6} el
= "t 531
Al l
v > 2 : 2 2
2B (rad/nin) 2B (rad/nin)
Bl 5-4 ¥y B FAR B S0 A v E T B R 40
F 5-3 B A TH R B AR B SISO GG A AR 5 I AR
s THE (W) IEE (rad/min)  FHF#EEE (mm/s)  &E (mm) B % (mm)
10 1700 3 4 16.2 5.3
11 1700 3 5 16.1 5.2
4 1700 3 6 16 5
12 1700 3 7 15.5 4.9

18
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13 1700 3 8 14.8 4.6

4 6 8 : 4 6 8
L (m/s) L (m/s)

B 5-5 e ok P B A R SO 4 A v B R a1

A LA SIS R PR LAl SR RO TR . RRIEE RS B A SR, B
BTG 00 v B S FE RS e K, AR SEBR AR PR H A R IE — E BCARRS BRI VERE B SR A R
B B A SR i T A RCR B R, RO T 23N 24 s 1 AR AL ox
SEAF ) v AN JE A — E AR F SN, SO D) FR e L AL T AR R AR R bk
AL B 2 W R Rl , R 4E A =

o=c9 (1-bT) (5.1)
FaveeF b——H5 A R AL H L
oo—— & AT NI IR R T K J 1
T— i A BN

BRI EAE , 5IR BSOS L, IR R R Ol T H AR T 5K T8
%, TSR TP B <5 & VB0 58 5 T B R B B R B A T30, T B A e d 40k 52 ) S PR AE
PR B ESREEOCTI WA E A E R RCR

5.2 MMLBR 1R

5.2.1 £tHBLE 7
FEE5 BB SIS AR A, JEb 5 M 45 2 A O SR B 5-6 o
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. o 7 i =, P v
Gl DT =

K 5-6 WOLIIZE 1700W 2 H5HE FE 6mm/s 1258 & 3rad/min T 280G i RE
b HHapt e A HEUESE (B A 8 50X, E B A 100X)

FEJE R B A & e BB I &, UONTERIA T AR B 45 dav03Y],  ERSR IR
FEARAK, BOCERBEHR R &, EMCRHIRZEE T SRS SE N, R R
i, AR G AR SR R AR/, HRAE PR RS BEAE, 6/ vr LR T
TIIK, BB VARSI B, B R SR AR R, A S MR T
PR, AERE AT, BOLIRER MR TR S BURER D, R
/Ny G TR T R AR N v L 1A N T TR R 6 /JR I LA BB B )N »
RN Al Fe313 sh g 2 Moty , ARG EITER B ME s AR, 3R Em
T TC AR e VBB e ] D AR, e sl AR R T e 3 K T AR ] BAR i, Ryt
P YN, AT S 250 BT Tt ) AP A et AT R S 1 0 BN B 5-7 o, HEL

IR BN R 2BV B B S G405 2R, ERGH E I A 4L

&y

-

e
|

Gk B
=

i

2

5 A -
H

i

s
54

MRk

=

5

m

Kl 5-7 WORIHE 1700W £2 34 5E
AR SRS E GBCRAEECN 500X)

BEE PG (R PG N, RS e B, RS AR B IR N, TR
FEBTIR/AN, 2 s DRI B B AR A I 0, 405 B R I K, L BRSBTS,
BUREAR BB B i JZ T e A BRI B S 00, OF BAE )R 5 R Z RN BL T B
REEL, HRSRZEZHHERIERES, ARG RE AR HHEM, b
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HMENRFEHH M, AR EXE RS, AERARSMET, i TS
M Pl 2 DN 2R IR I 1) TR B i T AR A A, (RN 2 St i AL A5 A K & 3-8

RIS s 1l

K 5-8 BOGIIE 1700W L HE B 6mm/s 15K & 3rad/min T 2806t RE
AFEALE AL L E (A RE 12 500X, B RNE 8 EE4 500X, C RN 16 2 500X)

— UK R R BRI BIESRST — M2, — kKR i ESUE T E L
B AL RS — g WE EIEH, A FEIEOGDh 2GR RE — b S K 58 LL T
HEENER 5-4. K 5-9 Frox, B AT LUE ML E HH 02 1 — O a5 L i EU A
LA TR )Z B — R S K e LU B LU, TS0 Dh 38k e 0 T 2T i 4 23— IR d
KB LA ERAE » 0% T 2 N HOE TR 1400W 168 & 3rad/min B8 6mm/s (3G 44
EFE— A A E K L B Bk i, HO3B 1 R — I B K etk 17.71, A
LULRB K.

K 5-4 WOLT)A BAR B SIS OB A A B K TR LR T R A5 R
o BpE: EHE HiEE (mm/s) 1 EESE 8 EEME 16 EEAWME

5 (W) (rad/min) K3 K KL
1 1400 3 6 17.71 10.73 5.32
2 1500 3 6 16.56 9.83 5.23
3 1600 3 6 15.43 8.77 5.17
4 1700 3 6 14.72 8.56 5.02
5 1800 3 6 14.64 7.98 4.73
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A

#r11

A A

- IR

e BEFIME

A 16/ H|

L
1400

1
1600

BWoLTE )

K 5-9 WOt AR B SRR

1800

T B L it 23 A ]

o AN [F) 16K B () G AR — IR K B B T B LU B n 3R 5-5 181 5-10 B, AL

P rh ] DU H 88 BBl 1) T 2 B A — IR K B e th i, (HIEE S5 06T
RLZHMBAEX ORI, 380 B SLI AL — OB B K 58 EE AR IR I WO D R A2
YR, XU AR B0 Th R, 168 B AR TR S B A RO B2 i B0

A J

4|

7w o

BWOE T2 NEOETE 1700W 2K & 3.5rad/min 2833358 & 6mm/s 138 RE

—IRBR K TE LU B B A g, LB 1 R — OB B T BN 15.32.

R 5-5 15Ky AR R SR WO LA R B B K T8 U B T R AR

98 IR (W) EH P#HEE (mm/s) 1 EESE SEESE 16 EHSE
= (rad/min) K5 b Kot Kot
6 1700 1.5 6 13.22 7.64 4.52
7 1700 2 6 14.12 7.92 4.63
8 1700 2.5 6 15.22 8.33 4.86
4 1700 3 6 14.72 8.56 5.02
9 1700 3.5 6 15.32 8.73 5.22
18
Bl
:k‘ 11 |
i’_;}
oz 10
o
b

& A

1 I 1 L 1 1 L 1 L 1 1 1
1.4 1.6 1.8 2.0 2.2 2.4 26 2.8 3.0 3.2 3.4 3.6

EHrE (rad/min)
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B 5-10 380 i B AR R SO0 S B K 58 b a2 1

X AN [R) e 42143k 2 PR B A — R B K B L BT R R ik 5-6. B 5-11 BT,
A AR BN — R AR KT LU 2 5 OB D 2R R A B E, X R RN A 2 i
LI RRAR, S0 SR T AR Z OB e BB A8, ReERIOE 2, SiEE
TR AR E AL ALV R REAR R B 0 T 20N B ThER 1700W &6 &
3rad/min A 8mmy/s I AR — R S B K e LU LU (e 28 ik ey, HBR 1 R
) — IR it B K B L ATk 18.56.
42 5-6 LR B B AR B LI WOG IR B B RO B 4 R

i )& EH EEEprYES | EEaE  SENME 16 EHaE
= (W) (rad/min) (mm/s) K55 L K55 L K55 L
10 1700 3 4 14.13 7.53 4.72
11 1700 3 5 16.33 8.34 4.94
4 1700 3 6 14.72 8.56 5.02
12 1700 3 7 17.64 9.22 5.21
13 1700 3 8 18.56 10.87 5.44
% w RGN |
1r o SRR |
16 A 16|
o
B2
S‘d 11
#r
oE 10 [
ﬁ l) = P
8r ° L3
AL e

I
4 8

ff.ﬁ-ff]fb?ﬂﬁf?i (mm/s)
Bl 5-11 S d 4ok i o A o S ARt S K 0 B 25 0 A IS

AR PRI R, SRR A B S ANR A R e, B RER,
PP JNR ARG, BEE V& SR LN ER, b T 45T R E R, TR
SURIET, TIAERRZ HH DL B S B 9 S il i LR, i 5-12, &1 5-13
A PR BRI, AR R I s BT R A, KGR ORI
Wt fEd, RESIFE MR TR, RERZRAC, REHRERX,
25 IR AR /N, TN ES AR AR, JRERREE N, SRR, Bk R E T BT A
AR TTRA I
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K 5-12 BOGIHZE 1700W 253 B 6mm/s 8 & 3rad/min T 2 EOG AR FE
HEM MR AR IS GIORREECA 200X)

e =]
/ Zhh

Kl 5-13 BORTEE 1700W LA 6mm/s 36K & 3rad/min T ZH06 MR
WM TGHASUESE (A 4 50X, B 100X)

TERRJZ I 6 42 R 1 SR AR T 2 HR (1R 2 IS AR TS SE IR, LR A
T8 2R A 20 b — BT K, BT AR & 2R P (R 21 23 22 LU R 2 () oAt 4
ZUHR—L, FINEBOCMEREFZS5EZ B T HEBWEIFISR, E5EHE
U, b — 2 B304 O 3 S 35— 2 0 & B K — e A8 A,
FIATR I RMK SR v Fe313, AT LA ZAAH R IF AR R A B 1784k, RA RG24 1
—E R L TP AE K RS BEE MR AT, MEIRETIR R, PR
Sk N, i 5-13 FRTE (15, 16) EHRBHAE 5-14 ArosiH B RE 4 2%
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Kl 5-14 BOGTHE 1700W 2434855 B 6mm/s iEH & 3rad/min T 250G FHR AL
3ZE5 4 BEREELALIESE GICKMEECH 200X

B 5-15 NI X IR 125 16 JZXT L], B oS e I aa i B 208
BOIR BB B A LT HEIR ISR 2, 45 5 3 750 BUIE B SRS N EAT O 44 Fe314
ML G, DN Fe313 BrR iy h a8 1 19610 B 7R, £ A Al ke[ fe
F, B AEBP IR, BEE B S o R BB B MR AR, B JeERAE
WP AR S 4R, IR RN R, JRRILAS SR ARG, (A S AR PR
KAV, AR QG 1A, IR AR RN, T3 4
BEE A L R AR, I GUEH LT HEIREC AN R ok, R AR IR ELR ) Ji A ] g
FEBEE WO RIBEAT T BRI & ) — B (B BEOZ AT G K, JE i TR
AR, SRR I HERUE SCREHEAR, e N A e, IR L 4R 4Rz B
AR NIE IR

S 7 — '.." “ Ve o ] 9__“_‘
Kl 5-15 BOGIThHZE 1700W 263948538 5 6mm/s 1K) & 3rad/min T ZH0OG R FE
12558 16 EHAEIX LR GRORMEECH 500X)

WG E AR GB/T14999.7-2010 =i & S F4 10 iR« — AL &t 1A PERH S22 Gl 424 )
SEJTER) FERE T E R R RO AT Fe3 13 RFEREAT — B f T 28 1R BRI 52, 52
36 R 353 L 500 A5 S R R AT 0 A i 5, A BIBGEM IR ZAHL (B 12, 2
JERE A )« MR EHLS (B8R FIEAHLD UULLTZEAHL (515 2. 3
16 AL FATH . a5k 5-7
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K 5-19 WotTh R pAR &

(A~E N 1400~1800W L.ZEA4L, JAMEECHN 500X)

R 57 WOt ThA BATE LIS WO A BURE — OB R I EE TS 45 2R

SO B RS /2 b AL S SR H

5 oz R EREpUIES 1. 22 8. 9lZEFH 15, 16 21y
(W) (rad/min) (mm/s) [E)#E (mm) [A]#E (mm) [E]FE (mm)
1 1400 3 6 0.0102 0.0207 0.0296
2 1500 3 0.0114 0.0223 0.0342
3 1600 3 6 0.0126 0.0243 0.0349
4 1700 3 6 0.0130 0.0255 0.0356
5 1800 3 6 0.0147 0.0263 0.0398
o e
L o il £ *
| & FOLIHE 1800V :
_ /_,'J
Eo0 ~ =
&
: ==
5 :
',LISU.UZ

Kl 5-16 O DA B AR B SIS SO MR — OB R 45 2R 234 B

0.01 F
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K] 5-20 &K B AR B SIS WO AR L 28 S B A B A B S % L I
(A~E N 1.5~3.5rad/min T. 2284k, BOREHCN 500X)
K 5-8 XN B PRAR B SISO IE AR — ORL S R PR O B g

W5 IFE i A 1. 227 8. 9EFI 15, 16 EFH
(W) (rad/min) (mm/s) [ (mm) [EFE (mm) [EFE (mm)
6 1700 1.5 6 0.0149 0.0269 0.0403
7 1700 2 6 0.0144 0.0262 0.0392
8 1700 2.5 6 0.0132 0.0256 0.0366
4 1700 3 6 0.0130 0.0255 0.0356
9 1700 3.5 6 0.0128 0.0255 0.0351

= XKy R brad/min
o i%¥ Borad/min
004 la— jEHR2. Srad/min
v iE#E3rad/min
+ iEPELS. Brad/min

— WAk IEF:EE (mm)

=]
=)
X}

0.01

P 5-17 36K B B A2 B S AR OGP BURE — KB i TR B 45 R A
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a (P e
Bl 5-21 224140 5 B AR B SIS WOR G M AR 26 ) UZE A B A 2H U 350 LE 1A
(A~E 7 4~8mm/s [ 27814k, RN 500X

R 5-9 LRI PR AR B SIS PO BE M R — OB S TRIEE T B g R

5 DPR(W) B HfEE 1. 2 2P 8. 9EETFY 15, 16 2

(rad/min) (mm/s) [E]FE (mm) [E]FE (mm) [EFE (mm)
10 1700 3 4 0.0152 0.0273 0.0412
11 1700 3 5 0.0131 0.0263 0.0372
4 1700 3 6 0.0130 0.0255 0.0356
12 1700 3 7 0.0128 0.0253 0.0344
13 1700 3 8 0.0104 0.0216 0.0324
- pr 171 m#lﬁ4m/s
& ER R/ 5 7 ) /,.:
2 e
Eom /;/ o ’//
o =
ﬁ 0.02 /:;f/ "
! I’/:;"g{}
=
0.01 F L 4
0 5 1‘0 15
=514

P 5-18 Zd i 5 842 B S AR OGS A B RE — DB i [T B 45 S 0 A
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gh6 DL EEE S A o] DABR St — B A B0 ~1 35 TR RS2 W06 D 2R A0 4 41 ok P 5
WAVEE R, I o RO T 2 ) 7 v AP 82 1 okt B ) PRI — IR i ) ST 3 TR BRI T AR K, 3
A 0523 B A 5 — VA SE IR T B 5-19 1 5-20 T, M08 20 B el 06 Th 2 3
THE BRI B (&0 T B, B AR RE R 2, REEEURRIE, WMWK
RE T, RARHLRR, ik &R B SR E XM &4 1.5rad/min Al 2rad/min
) — YA it B B P AR A A b T At = 2 SR BQ H SR i), ik | 7E 2.5~3.5rad/min
Z AV, — YR i B BRI TR K2Rk, Il 5-21 o, H e Al BE 2 R s R B A
SHEEMARER S ERBREZ GV E R, 11252 2 )R & R HERR AL
L) 3ok AR ) T BOX 7 1 i R 2

5.2. 2 Y85 4h

K] 5-22 4 Fe313 HOGIEM iAFE XRD /04T, il XRD 45 R M1 Jade brifE = LL XS
AI 1 Fe313 BOGIEM 45 2 (AR 32 B R L 7 5 H4f Fe-Cr [E V444 . CriCs. (Fe,Cr)7Css
(Fe,Cr).B, ez, BAZRMESE NIE MM %5 &1 1478 Fe313 & iR 21T M)
SEIG FT AR EDS 23 HrU0LL & 58 753 500 Fe3 14 O R i 20 23R PE RERIE 58 BT 45 21 1 45 18
ISR LEA3 H, Fe313 M R BOGH A T2 Fr s 2 B 23 vh Ho v K 5 358 73 2205 Fe-Cr
RS A [ A, fEEEREDE AR, ROARIR FERRAR, YR A BT AL B I R ik B AT
A EIRY B, [T A AR ST AL RO BRI 1 3R A R (AL 28, 7 R ST
a iz AR, B0 AT EDS 45 RIOH HLE K& Cr s # 1 Fe-Cr-C [EE 4, IAN[EJ7 )
PRGN, Ak M I8 TR R T AR, (R AR e T i, Tl P ) PRI
AR AW 28 AT, 456 Fe313 1878 /=LA H) EDS 25 853 # Fe Al Cr (1)
JRFH NG CIRF2Z R 7: 3, OB T BOAE 2 I(Fe,Cr),Cs SLdnt b, S8R
AL LY, XRD Frf3 (1) CoCs AT RERAEAESL 1, W&l 5-24 . R
R B eE IS T20K, B nREFIMMRAH A IS4, EEEAITHE S, 5 Fe
JEF A Cr JE 1 R A SN e 14 5 AU AH (Fe,Cr)oB A3 5] 0 A 45 e i L 412 i3,
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m (Fe,Cr)

e Cr,C,
g * (Fe,Cr),C,
=1 4 (FeCr):B

Intensity

u(211)

K] 5-23 Fe313 Y478 2T AN SEM 224 0% 35 & [10]
% 5-10 Fe313 W78 )2 AN HL EDS 45 51100

B C O Si Cr Fe
JLHR
wt% at% wt% at% wt% at% wt% at% wt% at%
A 4.80 18.87 0 0 0 0 8.95 8.13 86.26 73.00
B 6.87 25.09 0 0 1.24 1.93 12.91 10.09 78.99 62.08

ﬁgﬁ (Fe-Cr)
s

HREA

K] 5-24 WOLThE 1700W L3 H5E 5 6mm/s 158 & 3rad/min 1.2 Fe313 WOLIE R FE
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HERF AR 8 R BUR SR A

5.2. 3 EMIA B IFEE D

fHE GB/T 4340.1-2009 4@ A4 8L 4 [CRE B BR3050 1 34 3G 775D 1 B ik
FERCIMFRAE, S 100gf FIARATREIE B 2mm 34T — B IR, AR EOE TR
AR R SR an ] 5-25 P, BB R AL, BEESEM I ERZEZSm, R
R — N S ML HR A 1) 20 S5 P KAk R IE D T BRI, 55— S R0 B 4T
FERARIBEELL b, Fe313 ¥R S8R Q235 JEk4s &, MM S Sl FE K T HAh&E 75
ZEEF 53 IMEE RS 5.2.1 H5rHr, HIEREZ SRR ETHERR R S AR, A #
HR W AERWHEIN, B A R B N, A A E M LR, MEEN
) A% 5, DT 5 35 2H 2342 I 500 i g [ (10t S AR, e 258 A T N s ) e
FEAS RO T 2R AR T A 2 I SRR A I A AH [F], ThEEN 1400W .
1500W~ 1600W. 1700W. 1800W [¥]-F-33 & fhif & 73 o8 624HV. 612HV. 604HV,
603HV. 588HV U] 5-26 fir, FEEHOCIIZRI T E, XS N IERF )-F 35 8 it 5 5
R, WOLDIZRBACE, #MAREAL, MM AR ES S DIEMEIR, 5
JEEEME R G BRI A E A B AR B, AR, abkigni, AERERE T,
BEE AN [F LB A R Dh 2T i, AESE M R o R AR Z T I Re B 2, TAE R
EEEDR RS, SRR, (IR R

WYL THEE1800W
BOCThELT00W
WO TIER 1600W
WYL THEE 15000
BOCThE 14000

700 [

¢4 ponm

4 ¢
ill@r
[ ]

2]

=

(=]

»e
»e
-

Iy

AR (HY)
| Ibév

500 |-

o4 ¢

400 1 i 1 i 1 n
0 5 10 15
FEEILC SEPE 2 (um)

Kl 5-25 WOt D2 5 B SOOI A4 BURE SR AR 32 45 21
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640 |
624
620 H
612
— 604 603
600 [
W 588
%( 580 [
_:EE
I 560 |
"
B
540 H
520 H
500 1 1 1 1 1
1400 1500 1600 1700 1800
WothE (W)

K 5-26 06 Dh A HAR B S UG WO G AT URE-- 2 B AR
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As an advanced additive manufacturing technology, laser cladding has become a research hotspot in the
field of material surface modification and green remanufacturing. The quality of the cladding layer
directly depends on the choice of process parameters. This paper optimized the process parameters by
Taguchi-grey correlation method. The orthogonal experiment of 25 groups was designed by Taguchi
method, the cladding width, cladding height and dilution rate were selected as the response targets.
Contour plot, surface plot and the analysis of varance (ANOVA) lor signal to noise ratio (SMNR) of the
response targets can obtain the influence trend and magnitude of the process parameters on the geomet-
ric characteristics, combined with the grey relational theory, three response targets were transformed
into single grey relational grade {GRG] value, which was quantified to optimize the process parameters
for maximum cladding width, minimum cladding height and proper dilution rate. Then validation exper-
iment was conducted to verify the improvement of the response targets. Finally, it was found that the
three response targets were improved as expectation, and the optimized cladding layer has obvious
advantages over those of other cladding layers in morphology and microstructure, which verified the fea-
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Parameter optimization
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sibility of Taguchi-grey relational method.

@ 2018 Elsevier Ltd. All rights reserved.

1. Intreduction

Laser cladding is known as a type of surface modification tech-
nology, it forms a metallurgical bonding coating on the base sur-
face by adding material to the surface of a part’s surface and
using high energy laser beam to fuse the powder together with
the thin layer of the substrate surface |[1-3|. It has become a hot
topic in the material surface modification due to the metallurgical
combination with the substrate, and it is widely used in fields of
aerospace, automobile industry, petroleum and chemical industry
etc.

It is one of the most important and commeon technologies to
realize remanufacturing of surface repair, it has outstanding
advantages in the surface repair of parts [4-6), which can make
the cladding layer of components with better performance, make
it more wear resistance, high temperature resistance and corrosion
resistance. Nowadays, the growing popularity of laser cladding
technology provides an effective solution for the remanufacturing
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of machine tool parts, which can effectively solve the problem of
high energy consumption, serious environmental pollution and
low repair rate of parts. Based on the remanufacturing of linear
guide of CNC machine tool [7], it not enly avoids waste but also
saves manufacturing costs.

The purpose of laser cladding is to improve the performance of
the substrate, and the quality of the cladding layer is affected by
the selection of process parameters directly. At present, there are
many methods to optimize the process parameters, such as
Taguchi method, response surface methodology, mathematical
statistics, artificial neural network and so on [8-11]. Peng et al.
[12] compared the wear resistance of 316 stainless steel powder
after adding the same mass fraction of TiC, WC and TiN powder
by gas shielded welding, the process parameter combination to
hardness maximization was obtained through the ANOVA of SNR
of single response target (coating hardness). Riquelme et al. [13]
cladded composite coating on aluminum alloy matrix in order to
maximize the cladding width and height, minimize the penetration
depth, it was found that the process parameters that affect geo-
metrical features were different by means of SNR analysis, and
the optimum parameters combination was obtained with the opti-
mization conditions of the maximum aspect ratio, and minimum
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defect rate finally. So it is very easy to optimize the single response
target by using ANOVA, but it is difficult to use the Taguchi method
to optimize the multi-objective parameters | 14|, some scholars
have realized the multi-response and multi-parameter by combin-
ing Taguchi method with grey relational analysis method. Shi et al.
|15] improved the roughness and hardness in the dry-milling mag-
nesium alloy, the ANOVA was used to find the parameters which
played a major role in response target, the grey correlation analysis
was used to obtain the best milling process to meet targets
response, the experimental results of optimal parameters showed
that there was a considerable improvement in surface roughness
and micro-hardness. Dhas & Satheesh |16] used the Taguchi-Grey
correlation analysis method for obtaining the best welding param-
eters for the pressure vessel, the influence of parameters on the
geometrical characteristics of welding was studied by 27 orthogo-
nal experiments, and the optimum parameters combination was
obtained through the response plot of grey relational grade.
Farahmand et al. [17] used the central composite design (CCD) to
design the experiment, used the response surface method to opti-
mize the laser cladding process parameters with multi-parameter
and multi-response. However, the disadvantage of this method is
that the surface plot will appear to be climbing all the time if the
initial parameter selection is irrational, it will be regarded as fail-
ure in this parameter selection and another retest is reguired.
Erfanmanesh et al. | 18] used empirical data statistical methods
to optimize the laser cladding process parameters, each response
target was represented by a regression mathematical model in
the same graph, and the optimal parameters were selected by
the range interval. The disadvantage of this method is that the
error of the fitted curve is large if the data is irregular, or it cannot
even be represented in the same coordinate system. Gao et al. [9]
used Kriging model and genetic algorithm (GA) to optimize the
parameters after design of experimental {DOE) in order to obtain
the parameters of hybrid laser-arc welding. However, this method
uses a large amount of data for training and a few data for verifica-
tion, and requires repeated calculation. The disadvantage of this
method is that there are large errors when the number of experi-
mental groups is small. In contrast, the Taguchi-grey correlation
method can be used to optimize the required relatively reliable
process parameters at one time.

In this study, the optimal parameter combination of laser clad-
ding was optimized based on Taguchi-grey correlation analysis,
and multi-parameter optimization under multi- response was real-
ized. The common material of linear guide (555) was used as the
substrate, Fe313 was chosen as the cladding powder. The cladding
width, cladding height and dilution rate were selected as the
response targets, the SNR of three response targets was analyzed
by ANOVA. The influence trend and order of each factor on the
response target were analyzed respectively. The Taguchi merthod
combined with grey relational analysis can transform multi-
response targets into a single grey correlation degree to find the
optimal combination of process parameters for the maximum clad-
ding width, minimum cladding height and proper dilution rate.
Finally, final experiment was used to verify the prediction of the
grey correlation degree and the improvement of the response
targets.

2. Material and methods
2_1. Experiment condition

The laser cladding device that used for experiment is composed
of the laser head, 6-axis KUKA robot, powder feeder, laser genera-

tor, water cooler, robot control system, and laser control cabinet.
The rated power of Germany IPG YLR-500 fiber laser with a wave-

Fig. 1. Laser cladding system experimental device.

length of 1070 nm is 500 W, and the laser head adopts coaxial noz-
zle, the schematic view of laser cladding experiment device is
shown in Fig. 1.

22, Material and procedure

Quality carbon steel 555C was selected as substrate with a
dimension of 120 x 80 x 12 mm®. The powder was iron-based
self-fluxing powder Fe313 [19.20| whose shape is nearly sphere
with a size of 100-270 screen mesh, as shown in Fig. 2. Their
chemical compositions are shown in Table 1. The upper surface
of the substrates was ground on grinding machine, and then wiped
clean with absolute ethanol. The powders were dried at 100 °C for
4 h.

After programming through offline programming software
Robot Art, the single-track experiment of laser cladding was depos-
ited on the already prepared substrate, each track is 40 mm in
length and the distance between each other is 4.5 mm, the plate
was cut into pieces on the wire cut electrical discharge machining,
then they were ground with different types of sandpaper from
coarse to fine in turn and polished through diamond paste, cor-
roded with 4% nitric acid alcohol solution, and then measured
the geometry with a laser scanning confocal microscopy.

2.3. Design of experiment

Taguchi method provides an effective method to design the
experiment, it can help minimize the number of it [ 1521}, three
main factors that primarily influence the heat and mass transfer,
cladding geometry characteristics, microstructure were consid-
ered. The laser spot diameter (D) is 1.045mm, the three

Fig. 2. The morphology of the powder Fe313.
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Table 1
Chemical composition of the substrate and powder.
Compositions {wr.E) & S Cr Ni B Mn Cu P 5 Fe
S5EL 0.52-058 0.15-035 <02 <02 - 0609 <3 <003 <0.035 -
Fe313 0.1-0.2 1.0-15 14-18 20-25 10-20 02-05 - - - Bal.
parameters and their values were presented with five levels in 260
Table 2, and the parameter combinations were shown in Table 3. i
_ 220
3. Results and discussion é’ 00
3.1. Experiment results o 180
160
During the experiment, it could be found that the actual power i
is not consistent with the setting power, and it can’t get the
amount of powder per unit time directly because what can be 120 R TR TR TR R
adjusted is the speed of powder disk, so it should be transferred - : o il e - :
by weighing the powder that blows for a minute. The transition Disk speed (r/min)

diagrams of them are shown in Figs. 3 and 4 respectively, it can
be seen that both have a good stability, and the actual power val-
ues and powder feeding rates (mg/s) will be used in subsequent
calculations.

Table 2
Facvors and their levels.
Factoas Level 1 Lewel2 Level 3 Leveld Level 5
Laser power P (W) 250 300 350 400 450
Scanning speed S (mm(s}) 3 4 5 B 7
Powder feeding rate 050 065 [ E=lx] a5 110
F (r/min)
Table 3
Orthogonal arrays L35(5*) of Taguchi experiments,
NO. P(W} S5(mmfs) F(rjmin) NO. P{W] S({mmfs) F{r/min}
1 150 3 0.50 14 350 -] 050
2 250 4 0.65 15 350 ki 065
3 250 5 0.80 16 400 3 095
4 50 & 0.95 17 400 4 1.10
5 250 7 1.10 18 400 5 0.50
B 300 3 .65 19 400 [ (il
7 300 4 080 20 400 7 i)
B 300 5 0.95 21 450 ] 110
b 300 G 1.10 22 450 4 050
14 300 7 0.50 23 450 5 065
1 150 3 080 24 450 [ 080
12 350 4 0.95 25 450 7 095
13 350 5 110
380
360
= 0
= 320
E 300
= 280
E 2600
5 240
< 220
200
250 300 350 400 450
Setting Power (W)

Flg. 3. Transition diagram about actual power and setting power.

Fig. 4. Transition diagram about F and powder disk speed.

Fiz. 5 shows the typical geometry characteristics of single-track
crass-section, including the cladding width (W), cladding height
(H), cladding depth (h), cladding angle (8, and 6), cladding area
(A} molten area (A, ). Morphology of the single-track experiment
is shown in Fig. 6. After taking cross-section photos with 3D mea-
suring laser microscope (Olympus OLS4100), it can get these geo-
metric dimensions which are listed in Table 4, and Fig. 7 shows
the laser track cross-section map that was consisted of 25 tracks
in the same proportion, each row had the same P value and differ-
ent F/5 values from small to large, and the red numbers below each
track were their F/S values which represented the amount of pow-
der delivered per unit length, it can be found that the molten pools
in the upper right part of the figure were very small or almost
absent, and no good metallurgical bonding was formed, this will
result in insufficient bonding strength and further affect the form-
ing quality, and it can qualitatively conclude that cross-section
cladding area increased with the increase of F/S value, and the

g =

X

Cladding—7 =

Substrate~

Fig. 6. Morphology of single-track experiment.
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Table 4

Raw data abowt geometry dimensions of single-track.
NO W (um} H {um) I (um) B (7} By (7} A (um*) A, (um?®)
1 730,03 51006 14.18 91.64 7189 31432519 1756.94
2 T46.37 32650 B2 111.65 114.86 18160217 1255.49
3 BO7.06 363.97 666 11099 11374 17725076 1066.72
4 71912 25441 1840 12592 12153 127907 495 2368.70
5 B34.83 25090 2589 12813 15021 137087.05 467315
[ 1045.46 5B1.82 30.70 4864 26.80 50526472 70919
7 946.16 41250 5143 127.43 102.07 3M588.57 16305.47
1 B93.00 JBL6E B6.54 114.47 105.12 241752.03 2B032.54
9 E16.68 285.00 2534 109.17 129.12 173193.75 24348.61
1] 79751 200083 100.83 114.66 12981 161293.06 20465238
i1 121250 Ga45.03 8876 45.49 3118 B17326.56 31825.00
12 993.75 52085 136.46 BE.83 72 A3BT2E.13 56533.20
13 99397 437.50 12605 11911 11159 317539.06 STET 144
14 1104.47 JEE24 13530 118.056 127.10 359558.82 SE179.07
15 1013.67 218638 155.69 139.32 130.17 182306.30 GEG15.70
16 134449 TH07 13750 114.27 7938 TaB4D4 98 6788194
17 124377 638,70 167,50 3920 BG40 B25057.81 TEE28.13
18 118626 50501 160,00 39.52 59.25 45189688 B9475.00
19 1090.92 3M15 192005 106.61 120,02 313034.61 105787.71
20 1027.09 2BEAB 23854 128.35 13171 20285482 12607747
21 155958 962 50 12031 11529 108.52 B5TTE3.20 BATIETT
22 127127 655.04 20252 105.08 75.68 BOR5ME.44 130310.94
23 123762 526.25 22753 101.83 120.80 A8B562.50 16371250
24 1140091 42626 266000 114.00 107.45 238050.19 118693.18
25 112515 395.53 19776 11155 116.46 33348399 12295325

Flg 7. Cladding layer cross-section map for P and F/S.

depth of the substrate melt area was dramatically affected by laser
POWer.

32, Contour plot and surface plot

In order to obtain an intuitive understanding of the influence of
process parameters on cladding geometry . the contour and surface
plots [22 23| which were fitted through 25 groups of experimental
data (red dots in figure) were made, powder distribution density
(1), cladding angle (#) and dilution rate {n) are calculated by Eqgs.
(1), (2} {3) respectively.

F
-5 M
0= {00+ 00)/2 (2
n 1—?&:“ 3

The effect of laser power [P} and powder distribution density (1)
on cladding width can be found in Figs. & and 9. The cladding width
can be increased with the increasing of P and I respectively. It is not
difficult to understand that when the density of the powder is con-
stant, the greater the laser power is, the more the powder that can
melt in the unit time, the extra powder which haven’t been melted
is blown away, so the greater the melting width is. When the laser
power is constant and within the range of power that can be
melted, the larger the powder distribution density is, the more
the amount of powder is melted per unit area, and the greater
the cladding width is. Obviously, the influence of laser power on
cladding width is more significant than that of powder distribution
density.

The effect of laser power [P) and powder distribution density (1)
on cladding height can be found in Figs. 10 and 11. From the two
figures, it can be seen that the cladding height is positively related
to P and I, when I is constant, the greater P is, the more energy can
melt the rebounded powder in a short time, thus increasing the
height of the cladding layer. When P is constant, the greater I is,
the greater the amount of powder sprayed per unit area, the less
laser energy is wasted, and the more molten powder increases
the cladding height. The influence of laser power and powder

20 o 10 50 {1 n Rl
FADS) (g™

Fig. 8. Contour plot of W about [ and 1.
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60
FAD.SY (a2

Fig. 10. Contour plot of H about P and 1.

Eﬂ-c\l-h‘_\_—‘_—j_\-:—\-“—\-;-.__,ﬁ
Py B gy oY

Fig. 11. Surface Plot of H about P and L

distribution density on cladding height is obvious from the trend of
change.

The effect of laser power (P) and powder distribution density (1)
on dilution rate can be found in Figs. 12 and 13, It is noticeable that
the dilution rate increases with the increase of laser power and
decreases with the increase of powder distribution density. This
observation can be explained: When powder distribution density
is constant, the required laser power that melts powder per unit
time is constant, the greater the laser power is, the more energy
that powder hasn't absorbed leaves, there is more energy to form

w 50 (1]
FADLS dmugfmm™2)

Flg. 12. Contour plot of i about P and L

Fig 13. Surface Plot of ) about P and L

the molten pool, it's remaining power creates deeper molten pool,
so the greater dilution rate is; when laser power is constant, the
amount of powder that molten by laser energy per unit time is con-
stant, the remaining energy to form molten pool per unit time
decreases when powder distribution density increases, it means
that more powder needs to be melted by the laser, and the laser
energy to form a deeper molten pool is reduced, therefore, the dilu-
tion rate decreases. The influence of laser power and powder distri-
bution density on dilution rate is obvious from the trend of change.

The effect of scanning speed () and P|F on cladding angle can
be found in Figs. 14 and 15. It can be found that the cladding angle
increases with the increase of scanning speed slowly, the cladding

B Uil

Fig 14. Contour plot of @ about 5 and PJF.
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angle is lower than 110° when the scanning speed is less than 5
mmys. It is known as that the smaller cladding angle is more liable
to cause overlapping blind zones when multi-track cladding
occurs. In order to better forming quality, the cladding angle needs
e to be larger than 110°, so the scanning speed is greater than or
1m0 equal to 5 mm/s. The cladding angle is almost completely depen-
S dent on the scanning speed obviously, once the speed is smaller
*; 50 than 5 mm/s, the molten metal will flow downwards, and the for-
s mation of the small cladding angle will be adverse to the quality of
50 the cladding.
25
30 T 3.3. ANOVA using Taguchi method
The Taguchi method defined SNR as a measurement to evaluate
process robustness. According to the goal of the research, SNR can
be divided into the larger the better (LTB), the smaller the better
(STB), and the nominal the better (NTB) (14,1521}, Eq. {4} repre-
P 1%, aokace phat ol bt 3.4 BIE: sents their expressions for calculating SNR respectively. In the
research, the cladding width (W), cladding height (h), and dilution
rate (n) are chosen as response targets, it is desirable to have a
e wider cladding width and lower cladding height, so as to reduce
5 I . defects when the deposited tracks are overlapped, in order to avoid
Eafoubaterl diharkony ke (At SR O Tesptioe L energy waste caused by excessive dilution rate and poor metallur-
NO. dilution rate [n) 5/N w SN SN 4 gical combination caused by too small dilution, we selected 30% as
1 08T 57.267 -54.152 10713 the target value of the dilution rate [24,25). The calculated dilution
2 0.69% 57.459 -50.280 10659 rate (1) and the SNR of the three response targets are listed in
3 0.50% 56.865 -51.221 10633 Table 5
4 1.82% 57.136 —48.111 11.000 i
5 330% 58.432 —47.990 11469 i
8 1502 B0.386 -55.195 10404 -10 iﬂ‘g[:izm FJ' L8
7 5.08% 59.519 -52308 12.069 i n 2
8 1039% 59,018 51857 14151 5/N = § —101log{z 30, v7) T8 4
g 1233% 58241 —49.097 15.053 i 2
10 15.45% 58035 _40273 16.741 -10 Iag{;g,u 1% —m) J NTB
11 A.50% B1574 —56.192 12,007 : il
12 11.41% 50046 54334 14617 The ANOVA can study which parameters have a significant
13 1537% 50.991 ~52.820 16,695 effect on geometric characteristics, and the SNR response table
14 13493% 60.863 ~51.782 15878 and the SNR response graph can be obtained by Minitab software,
:: :B;‘ :g;;f ';?;;? ?;ﬁg the SNR response table can show which facter has a great effect on
7 10.05% 61895 _sgin7 14994 the response targets and whether effect is large/small or have no
18 16.53% 61.484 _&4 066 17.411 effect, the optimum process parameters can be obtained at the
19 25 26% B0.756 ~51.507 26481 highest value from the SNR response graph.
;E :m* :223242: -;g;;; f;ﬁg The ANOVA of the cladding width is shown in Table 6, line 3-7.
o 1631 P 56335 17973 According to the F distribution tableFnq(3,5)=3.62, Fons(3.5)=
23 25 10% B1.852 _84.424 95.194 5.41. Fam(3.5)=12.01; F{P] > Fou(3.5). so the laser power has an
24 33.19% B1.145 —52593 29933 extremely significant effect on the cladding width; Faa(3.5)<F
5 26.84% 61.024 -51.944 0279 (5} < Fos(3,5), so the scanning speed has a significant effect on
the cladding width; F(F) < Fp.1(3,5), the influence of powder feeding
Table &
ANV A for cladding width (W), Cladding height [(H), Dilution rate (nL
Source Laser power (P) Scanning speed (5) Powder feeding rate (F) Residual Error Total
DE 4 1 4 12 24
Cladding width (W) Seq 58 BEGA413 154,574 23512 94,317 1,158817
Adj MS 221,603 38,643 5878 TBED
F 2819 492 075
P 0000 0014 0578
Contriburion B3.27% 14.52% 221%
Cladding height {H) Seq 58 194,329 458,650 29204 33,056 715239
Adj MS 48,582 114,662 7301 2755
F 17.64 41.62 265
P 00a 0.000 0.085
Contribution 2B.A9% 6723% A28%
Dilution rate (1} Seq 55 0140781 0093181 004687 0027554 0276213
Adj M5 0035195 0023295 0003674 0002296
F 15.33 1015 160
P 0000 0001 0.237
Contribution S6.62% 3747% 5.91%
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rate on the cladding width isn't obvious which the main reason is
that the powder from the nozzle isn't all molten on the substrate, a
part of which absorbs laser energy is melted to form the cladding,
another rebounds after hitting the substrate. F(P)>FS) > FF),
according to the theory of ANOVA, it shows that the cladding width
is mainly affected by P, and 5 less affected. The contribution rate of
P, S, F to the cladding width is 83.27%, 14.52% and 2.21%
respectively.

According to the SNR of the cladding width in Table 5, it is easy
to get SMR response table of the cladding width, as shown in the 2-
4 column of Table 7, the rank of the process parameters that affects
the cladding width is P, 5, F. This is consistent with the effect on the
cladding width in the ANOVA. The main effects plot for SNR of the
cladding width is shown in Fig. 16. It can be seen that the SNR of
the cladding width increases steeply with laser power, it decreases
gently with the scanning speed, and the powder feeding rate fluc-
tuates within a small range near the average, it shows that it has
little effect on the cladding width, it can be seen that the influence
degree of the parameter on the cladding width from the main
effects plot, and in order to get the maximum cladding width indi-
vidually, it can select PS51Fa.

The ANOVA of the cladding height is shown in line 8-12, Table 6.
F(P) & F(S) > Fy,(3,5), so both P and 5 have an extremely signifi-
cant effect on the cladding height; F(F) < F,,(3,5), so the effect of
powder feeding rate on the cladding width isn't obvious. F(S) > F

Table 7
Response table for signal to noise ratios of W, H, n.

(P) > F(F), in order to get the smaller cladding width, it shows that
the influencing order of the cladding width about the three process
parameters is 5, P, and R. The contribution rate of P, 5 and F to the
cladding height is 28.49%, 67.23% and 4.28% respectively. Accord-
ing to the SNR of the cladding height in Table 5, it is easy to get
SNR response table of the cladding width, as shown in the 5-7 col-
umn of Table 7, the rank of the process parameters that affects the
cladding width is S, P, and F. This is consistent with the effect of the
three on cladding height in the ANOVA. The main effects plot for
SNR of the cladding height is shown in Fig. 17. It can be seen from
the change trend in the figure, the SNR of the cladding height
decreases gently with the laser power, it increases more steeply
with the scanning speed, and it fluctuates within a small range
near the average, it shows that it has little effect on the cladding
height. In order to get the mimimum cladding height individually,
it can select P155F2 from the main effects plot for SMNR of the clad-
ding height.

The AMOVA of the dilution rate is shown in line 13-17, Table 6.
F(P) > Fg,(3.5) P has an extremely significant effect on the dilu-
tion rate; Fyns{3.5)<FS) < Fam(3.5). s0 § has a significant effect
on it; F(F) < Fy,(3,5), so the influence of powder feeding rate on
it isn't obvious. F(P)=> F(S)> HF), it shows that the influencing
order of the dilution rate about the three process parameters is
P, 5 and F. The contribution rate of the three to the dilution rate
is 56.62%, 37.47% and 5.91% respectively. According to SNR of

Level Cladding width (W) Cladding height {H} Dilution rate {1}
P 5 F E 5 F P 5 F
1 5743 61.15 50.95 -50.35 -56.51 -53.12 5.447 6.045 T.802
2 50.04 GOL18 60.11 -51.53 -53.87 -52.13 6,892 6.001 10576
3 6052 5584 5089 -5285 -5284 -52219 9.072 8.508 B623
4 61.39 58.63 50,94 -53.62 -50.62 -52.66 9316 9.835 8333
5 61.99 56.57 G483 -54.99 —49.50 ~53.14 11.722 11160 7115
Delta 456 158 [1X:0] A B4 T.02 m 6275 5115 3461
Rank 1 2 3 2 1 3 1 ] 3
[ 5 F
62 -
-
3 6] - e .\
w \-_ __'__‘
e 60 -~ —— - e = —
- Te——
Z 59 e
P
S84 -
'/ T T T T
194 7T W0 322 365 3 L ] ) 7 132.3 1632 1942 2303 2607
Flg16. Main effects plot for SNR of the cladding width.
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Flg17. Main effects plot for SHR of the cladding height.
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dilution rate in Table 5, it is easy to get SNR response table of dilu-
tion rate, as shown in the 8-10 column of Table 7, the rank of the
process parameters affects dilution rate is P, S, F. This is consistent
with the effect of the three on dilution rate in the ANOVA The
main effects plot for SNR of the dilution rate is shown in Fig. 18,
It can be seen that the SNR of the dilution rate increases steeply
with the laser power, it increases gently with the scanning speed,
and it fluctuates near the average, it shows that it has little effect
on the dilution rate. In order to get the proper dilution rate individ-
ually, it can select P555F2 from the main effects plot for SNR of the
dilution rate.

3.4 Optimization of multi-response targets based on grey relational
theory

The ANOVA based on Taguchi method is suitable for the case of
single-target optimization, and has some difficulties when facing
multi-targets | 14), from Figs. 16- 18, it can't select parameters that
satisfy three response target characteristics. Taguchi method com-
bined with grey relational theory can solve complex multi-
response problems effectively: it offers an efficient solution to
multi-response, multi-parameter optimization problems. The opti-
mization problem of multiple process parameters is transformed
into the optimized grey correlation degree, and the optimum
parameters combination which has considered the cladding width,
cladding height and dilution rate is obtained. Grey relational the-
ory includes three steps | 14,21,26]: normalizing of the SNR, calcu-
lating grey relation coefficient, calculating grey relation grade
(GRG).

Firstly, experiment data needs to be normalized range from 0 to
1 owing to the existence of multi-scales for different response val-
ues. The cladding width (W), cladding height (H}, dilution rate {n)
follows the LTB, STB, NTB respectively, the normalization
[14.21,26] is defined by Eq. (5).

yyi ki —mim y k)
e LTB
Xy = | e T8 )

x|y ik} ok —

ki—alk)| NTE

[k —ar k| —min, K-k

where x;(k) is the normalized value for i** experiment, y,(k) is SNR
data for i*" experiment in Table 5, and a(k) is the target value of y;
(k)

Then, the grey cormelation coefficient of the three process
parameters can be obtained by the Eq. (6) [14.21,26), it presents
the relationship between actual normalized SNR and ideal values,

min|x° — xi(k)] + Emax|x® — xi(k)|

Eilk) =
Silk) [0 — x; (k)| + Emaxija® — x;(k)]

16)

where x{' is the ideal normalized SNR for the i'*" experiment and is
equal to 1 in this case. { is the distinguishing coefficient which is
defined in the range 0 < [ < 1,.was taken as 0.5 in this study.

Finally, the GRG that considers the combination of the SNR of
three response targets (W, H, n) can be calculated by Eq. (7)
[14.21.26].

> &k (7)
k=1

where n is the number of the response targets, n is equal 3 in this
research.

According to the three steps of grey correlation analysis, calcu-
lated data can be shown in Table 8, and the ANOVA of GRG is
shown in Table 5. From the F distribution table, Fy,(1.5)=4.06,
Fogsl 1.5} =661, Fopi(1,5)= 16.26: F(S)& F(P) > Fam(15), so scan-
ning speed and laser power have an especially significant effect
on grey relational grade; F(F) < Fy,(1,5), so the influence of powder
feeding rate on grey relational grade isn’t obvious. F(S) > K P) > F[F),
it shows that the influencing order of GRC on the three parameters
is 5, P, and F. The contribution rate of P, S and F to the cladding
height is 33.46% 58.78% and 4.05% respectively. Response for
means of GRG is shown in Table 10. The main effects plot for means
of GRG is shown in Fiz. 19, It can be seen that the optimal process
parameters combination were P555F2, namely, P is 365 W (setting
power is 450W), S is 7mmy/s, F is 163.167 mgfs (powder disk
speed is 0.65r/min}.

= -

{{ e

4. Verification experiment

Since the levels of the optimal parameters combination which
obtained from the main effects plot of GRG aren't in the L25 exper-
imental table designed by Taguchi method, it is necessary to verify
it by extra experiment. The predicted grey correlation grade can be
calculated as Eq. (8). |14,21.26]

Te= --"J + Z{?I i -;':] (8)
i=1

where 7, is the predicted GRG. 7, is the total mean value of GRG, 7,
is mean of the GRG at the i*" optimal level

The experimental verification table is shown in Table 11, the
three response targets have been improved as expected after opti-
mization, the cladding width increased from 1104.47 pm to
1107629 pm, the cladding height decreased from 38824 um
to 276.736 um, and the dilution rate increased from 13.93% to
38.65%. At the same time. the GRG value is improved by
0.153282, and the predicted GRC value [0.686237) of the optimal
parameter combination can be well coincided with the experimen-
tal value (0.701267).

As shown in Fig. 20{a), it can be found that the entire cladding
layer has no pores and cracks, and the cladding layer under the
above optimized parameters has formed a good metallurgy com-
bination with the substrate. Fiz 20{b) shows the upper
microstructure of the cladding layer, it's the equiaxed dendrite
which is solidified when it has not yet nucleated to become big-
ger, and it's finer than the other parts due to the high cooling
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Fig. 18. Main effects plot for SNR of the dilution rate.
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Fig. 20. Micrographs of different zones in oprimized cladding layer. (a) Morphology of single-track cress-section. (b) The upper microstructure of the cladding layer. () The
left microstructure of the cladding layer d The bottom microstructure of the cladding layer.
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Fig. 21. Micrographs of different zones in NOG cladding layer. (a) Morphology of single-track cross-section. (b} The upper micrestructure of the cladding layer. (c) The left
microstructure of the cladding layer. (d) The bottom microstructure of the dadding layer.

this process parameter (P: 300 W S: 3 mm/s F: 0.65 r/min), and it
can be seen that there isn't enough energy to melt the powder
within unit time and unit distance, and the formed molten pool
is too small to allow heat to dissipate before it solidifies, finally
there are fine equiaxed grains instead of columnar crystals that
shown in Fig. 21(d). At the top of the cladding layer, there are some
primary free dendrites, as shown in Fig. 21(b). There is an area poor
metallurgical bonding between the cladding layer and the sub-
strate, the melted metal liquid flows toward the outermost part
of the molten pool, gradually solidifies during it flows, then a
region that don't bond to the substrate is formed, as shown in
Fig. 21(c), the overlap blind zone will be formed when the cladding
layer is lapped, which is unfavorable to the forming quality
extremely.

The microstructure of the N0O.9 cladding layer is shown in
Fig. 22, In this process parameters (P: 300 W §: 6 mm/s F: 1.1 «¢f
min), the scanning speed and feeding rate are larger, and the laser
power is smaller, the final cladding layer has a width of only 0.817
mm, it is smaller than the measured diameter of laser spot (1.045
mm), it can be concluded that this is caused by too small energy
density and too much feeding powder, which will cause more over-
lap times in the unit area and increase the probability of the gen-
eration of overlap defects, and at the same time, it causes the
lower utilization rate of powder, it can be seen that there are some
pores in the upper zone of the cladding layer in Fig. 22(b). There-
fore, in order to get better geometry and forming quality, the clad-
ding layer whose parameters have been optimized has obvious
advantages over those of the NO.6 and NO.9 cladding layers,
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Fig. 22. Micrographs of different zomes in NO.9 cladding layer. (a) Morphology of single-track cross-section. (b) The upper microstructure of the cadding layer. (<) The lefc
microstructure of the cladding layer. (d) The botrom micrestructure of the cladding layer.

5. Conclusions

In this paper, the multi-objective optimization of laser cladding
process parameters is carried out combining Taguchi and gray cor-
relation theory. Based on the above research, the following conclu-
sions can be concluded:

{1) Contours and surface plots intuitively reflected the influence
berween process parameters and response targets, and
ANOVA of SNR showed that the cladding width depended
on the laser power mainly, the cladding height and dilution
rate mainly depended on the laser power and scanning
speed, the effect of powder feeding rate on cladding width,
cladding height and dilution rate wasn't obvious.

(2) Combined with the grey correlation theory, the three
response targets (the cladding width, cladding height, and
dilution rate) were transformed into a single GRG to evalu-
ate comprehensively, The optimal process parameters com-
bination for maximum cladding width, minimum cladding
height and proper dilution rate was obtained from the main
effects plot of GRG, namely, laser power, scanning speed and
powder feeding rate was about 365 W (setting power is 450
W), 7mm/s, 163.167 mg/s (powder feeding rate is 0651/
min) respectively.

(3) Finally, the optimized parameter combination was verified
by experiment which ensured the robustness of the opti-
mized results, it can be found that the three response targets
were improved as expectation, the grey relational grade
value was improved by 0.153282. There were no defects
(pores and cracks) in the entire cladding layer of the opti-
mized cladding layer. The optimized cladding layer has obvi-
ous advantages over those of the NOG and NO.9 cladding
layers in morphology and microstructure obviously. It can

be proved that the Taguchi-grey relational method is an
effective solution to optimize the process parameters of
laser cladding with multi-response targets.
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