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ABSTRACT

Laser quenching technology is an advanced surface strengthening technology, because its
process is very complex and influenced by many factors, it is difficult to measure its transient
temperature field distribution directly and control and optimise the relevant parameters by
experimental methods. It is also difficult to make a quantitative analysis of the many factors
that affect the depth of the phase hardening zone. With the spread and development of computer
science and technology, it is possible to quantitatively analyse the three main factors affecting
the depth of the phase change hardening zone: defocusing (spot radius) scan speed and power,
with the aid of advanced technology. This project combines the material property simulation
software Jmatpro and the finite element simulation software Abaqus to carry out finite element
simulation analysis of the 45 steel laser quenching process, and on this basis, for the
characteristics of the laboratory Laserline-Ldm3000 semiconductor laser, using the
mathematical model in Matlab to make two corrections to the Gauss heat source, so that the
simulation results are more The simulation results will be more consistent with the
experimental results of laser quenching in this laboratory and improve the accuracy and
reliability of the simulation.

In this project, a three-dimensional finite element analysis model based on the solid-state
three-dimensional transient heat conduction differential equation was developed in an Abaqus-
based environment, using Jmatpro software as an aid to simulate the thermal properties
associated with 45 steel, considering loading conditions close to the actual one, and to simulate
the entire transient temperature field of laser quenching. The regularity of the laser quenching
process is explored by analysing the post-processing temperature field clouds. And using the
depth of the phase hardening zone as an indicator, the results of the Abaqus simulation
calculations were compared with the experimentally obtained depth of the phase hardening
zone, and the two did not match and there was a large error (>10%). Through reasonable
analysis and assumptions, the Abaqus heat source was corrected twice.

The depth of the phase hardening layer after laser quenching is an important indicator of
the quenching effect. The depth of the phase hardening layer is related to the laser power p, the
scanning speed v, the amount of defocusing (spot radius r0) and other process parameters. It is
also related to the laser absorption rate # of the 45 steel surface. The relationship between # and
the combination of p-v, the amount of defocusing and the spot radius r9 was investigated
according to the relevant literature. A Matlab-based mathematical model was developed and
again experimentally verified the high applicability of the modified heat source in the range of
parameter combinations with p from 400 to 600 W, v from 10 to 20 mm/s, defocusing from 0 to
30 mm and without melting of the 45 steel surface. The error does not exceed 10%.

The aim of this topic is to provide a research idea and experimental method to improve the
accuracy of the simulation by combining the material simulation software Abaqus and the
mathematical software Matlab through advanced computer technology to provide a theoretical



basis for the accurate control of the process parameters and the depth of the phase change

hardening zone.

Key words: Laser Quenching; Temperature Field Simulation; Hardened Layer Depth;

Heat Source Correction
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ARSI B AR IR K S 4SK  tRkE, HEUNBR R ARFRER B 1AP, wilE2-3, K2-
4FrN, Horp BAATR N ROIREROGIE, BEES R EA . HAE S (Jmatprott B
AR ) nR2-1Fs



R R FH A5 A K 222023 Je A A Mk B T

K2-3 45808 KZESHL (506%) F2-4 458018 KASHZL (1000£%)

FR2-1 452y

JLR C Cr Cu Mn Ni Si

o /wWt% 0.45 0.25 0.2 0.5 0.2 0.2

232 KESHRHETELXRE

WOE TR K S F B AR O K =S SR RN AREE, 7F
ASEIR A H IS RTIE T, SRS F S EUA A T R 10 X R AR N 5 S Gauss #4
JABIERIBHRREA . MRIEIET R, B34 MU = KA

HEEI~05 A —H. BHIEERNN0, SRR pMEHEE Y, 1F NGauss IR 5
— B IERBARREAR, IRFEBIR Fp-v A Z AR R

WEELI~199 N8 =4, 765 A& N10~30mm. ThF H400~600W . 4713 & & Ny
10~20mny/sI S HTEH P, S REWSLL, Pk B A SR AR m e S 5dH &,
YE N Gauss RS — S IEBARFEAR, A BEBAEH HArZ IR R,

WAE20~23 5 055 = 2. AN 20 S50 X A N BE AL PO HH 420 AN £ (3 3R T 7 AR I AL T
SHM G, SHEAMBIEG ARG R TIRE, #HRZEEI0%Z N, RIFEIEE
PRI AT SR

*2-2 BB HSIRHE

[N TRS B FE R /mm % /W FREE/mm/s AL X VR FE /mm
1 0 400 10 0.257
2 0 400 12 0.204
3 0 450 12 0.306
4 0 450 14 0.297
5 0 500 14 0.313
6 0 500 16 0.148
7 0 550 16 0.210
8 0 550 18 0.237
9 0 600 18 0.303
10 0 600 20 0.205
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F2-3 BT 4H SIS
A B H/mm E/W FARGEE /mm/s B X B /mm

11 10 400 10 0.264
12 10 450 12 0.184
13 10 500 14 0.289
14 20 450 12 0.235
15 20 500 14 0.277
16 20 550 16 0.184
17 30 500 14 0.217
18 30 550 16 0.203
19 30 600 18 0.157

F2-4 = SIEARE
WG 5 B AE H/mm /W L /mm/s AR REALIX R R /mm

20 15 450 12 0.283
21 15 500 14 0.293
22 25 500 14 0.237
23 25 550 16 0.172

R2-5 HEEEIDCRER

R/ mm JePEEAZ/mm
0 2.80
10 3.24
15 3.42
20 3.56
25 3.65
30 3.76

233 FNIEBER TR

AR AT TR DT 145N AE IO G VA KOG R TS B2 R IE IR & 2 7 AR 1 15 IR AH AR, B0V K
JEASINAHZAHAT 0 Mo 4SERBOEIEE K G AN R IR B N FRT 73 A =857

(HRMIELX, nE2-507R, ZIX D RAARA R, AR ATIA800HV L o FHAR
TAE SR KA S = 15%~20%

QX WE2-6fR, EZXWFAREWX, FERBRESD KA, JIREEER
IR BRI, 32 B SR R B R H TR FE 5o, A B S B . Herh

R NARIEERZAR, L AR A D KA.
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G)EARIX, WnE2-4FR, HIE A BRI Z AR B .

¥

K2-5 Fmi#EiL X (1000£F K2-6 ZPEX (500£%5)
2.4 KEINGE

AT FZAA T HOCBE KK A R B O SO RE P R R . i 7K
A JE BIZHEY, SR g A B AARO V JO FRAD Ji5 SRR o 4T ar Bt JF v 58 35 38K
JEVEKSEIRTT 5, 95 VY T GaussTAYR I AZ IE$R AU PT SE RIAa AR .

12
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FB=ZE HT AbaqusHI455NEIZE XA IR THERE
3.1 B KRR Yk 1%

M AT PR & AT, A IR T EE AR 5 2 2 R W3l 70 Do T S EAR LSRR 1Y . T Y
B, R B ECE PR AT AEREA BT 1A, A ]k R O B e HEAT R ) RIS AR
TCINEEERICTTRE, IFEEE T BRI A BR T T AR, Bl JE Wz 07 R 240 B ek
fift, REVTHRITREIES, BIPTE (8 2R s B RO . XX L 73 AT 12 AH S HY BT Y
B, R MR BCE R E, THREE R, TFES R E RS A SGR T AR
KHJ Abaqus A R4S ENEO G K BEAT B BRICEA, SR ATBOGHE KPR B A oL,
CARAAR AL X IR P D9, SR A HERA Ik . I HLds BB A 91 KM RE 47 LA Jmatpro 4K
PHE NGB, THEASINE . LhATE . SR EIYINE, MBS R E IS .

3.1.1 Abaqus B R TT TR R4

Abaqus A2 172 EIE R R G0 m T R — KA BRoc o A, 32 A gt An o3
P 2R 5K 72 T R o3 M 1) AN 22 ) 3L a7 o) i 5 . B R e BRVa N AE 2 A
SRIC Az —, 2N T NUR . R4 RRIR. &, BT TR
F+ H Abaqus B A4 E A X 8] B, 5 i B 4% n) @A R 34T 70 b . 7E 48 FH Abaqusi R 7
TSP AT A PR P AR Y R) L IS H TR B SR, Abaqus i %
£ T 1A R A 1 R S DU, ZE T SR R S AR AR AR 1 L B T AR S S R
A PURIESE St S R M. JF H Abaqusiiy A FhR5F & M RLEE MBI, W] DUSEHILTE
IRERRARL, B TR . IR P4 R R 5

AU G KRB 0T T )& T Bk = 4E e S A 7] 8, W] LU I Abaqus B4k
AT, IS is AT X N B Fortran S TR 7, 5 A0 AT 245 Rk AT 70 b . TR 32 2
B W3- 177«

IJmatproit&4540
e

FortranVEF12
FRS

| |
| |
: |
|
PITEEIESY — WFHEENT JI» ENEE ) IREMRE 4(» Ei3lya)

BERAEE

FRRETE — Rl

KE3-1 AbaqustEfliife

3.1.2 Jmatpro3X {4 K 45 =
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Jmatprof £ 72 H Sente Software /A F] B K& 1) — 3K H T 4 J@ FA A BRA AN B T R A2E
TR ZRENE, Tmatpro®fF T DL Z Mbr R REBEAT THEL, EZEThREEIHHEAR T

(DB EHERE: Jmatpron] ATRINAT K J1# MBI a2t s
JE. AR TR BYENAR, R PS5 A, PUEIK R

Q)< B AR AL BB, Tmatpro 7] LATIIN <5 J8 1 RHE Fi ik B v () 2H 232854 A
PEREAEAL, WA Ak Bk IERREE, PORHE SR gh e . AR AZE G A A

GYIRALM R T A AL T2 Imatpron] PAFS Bl ik i1 il 5 510 H 2R . b s
N5 TTE, AR T AL 3 T2 (RIS ak AT DA A B A sk R o A IS TR] L IRE
2 BN ZE AN ] K SR A E S

BT A SCHE TR0 G2 4580, —FiE DL rh a1 A] DU Jmatpro 4k} H 454
B AT A OO MERE CRRE. V3R, ) T, R WK 2-1. Jmatprotlh 545
WIS R KT, AR INE S S HPEIR AR ) AR R 1t
RE-il 2 -7 Z [ Y pR Rk 3, BiE MR R 2 0, DURE VA A&, IS %
NNAR B AT KA -

3.2 BRTTIRME RSB HHE
3.2.1 Bt KRR RIIEER

H BTIOG R K g5 HS D0 B PR MO YRR IR FE T IR AN R T DGR, 1 XU BR SR AR 7Y
AT EET . EROGEKRZ HIECOMOL A ™, FlanCO,-ULRIOBOL#: . [k
WRZ MM =T (Gauss) 73 BRI ECKF IR G T XN A RE R L ADIRAS o [RGB ALV
KL FEF, HTREES MY, SR KELE P OXIBE LR EMER R, 2/
VR 2 ) AT SRR TR o R ORI R BAE [ D BE ) H Atk b 2 B B 3R
e, HAMThREEE A, PO X 5% XEMEREZRARK™ . T H
TEOUR, SETERIEN AR R By s, O 5aRMHREERTE/D, HEaHE
K T2, AT DA OB K R & .

S % RO 25 A Laserline-Ldm3000F SR OGS . ARIEHOG S BLIH 45 H HE &
R, WP REBUATE G, B Gauss P E B I PGSR o p B T S0 R ASLAD 25
RIUELE RAT, W FRH Gauss B E N PERIAL,  SEIRgh o SHUE RAFERR BN,
Ui W v 30 R I A 58 4 SR B S O A VIR A . R N S I R AT AR IR, ARG
REFFGERIEEIR . ZE T NWAESAEARTE3 AT R TR .

322 MBI ITE

FE Abaqus BT RHHOGE KA IR 0 B b 75 R T AP RLE P, D T IR S B
R, WU Imatpro X A XT 45 ) e i AT BT &, R B g — ik e
ANAbaqus™'. 7EImatproft B2 “General Steel ™ ” EFE “45” i NASEAM B RS>, % oC
R BN E3-2fR, MR —EK2-1.
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FEile Material Types Options Utilities

Help

n e o General Steel
2 &
Al 0.0 Thermodynamic Propartiss: | Step Temperature ” Step Concentration |
Cr 025 I Profile ” Single I
Cu 0.2
Co 0.0
Win 05 Solidification: | Pnases and Propenies
o 0.0
Nb 0.0 Therme-Physioal Properiiss: | Extended Gansral ” Dynamio. |
Ni 0.2
5 ool | stacking Fautt Energy H Mirictie: Patnaa bility I
Si 0.2
Ta 0.0 Mechanical Properties: | Jominy Hardenability ” High Temperature Strength I
Ti 0.0 | Flow Stress Analysis ” Fatigue Related I
\a 0o
m 0.0 | Tempered Marensite
B 0o
(53 0.45 Phase transformation: l TTT/CCT Diagiams ” Quench Properties |
N 0.0 | Welding Cysle ” Martensite I
P 0.0 | ‘ I
Energy Changes Simultaneous Precipitation
s 0.0 gy g | P
| Reaustenitisation l‘ TTA Diagram I
| Transformation Plasticity ” Advanced CCT I
| TTP of M(C,H)
Data Export: | Heat Treatment Data ” FORGE by Transwalor I
| DEFORM Forming I‘ Simutact.forming I
| DEFORM-HT ” Simufactpremap |
— Others: | Carburisation
Reset ‘

K3-2  Jmatprod SEHEL 7 H A

bE 5383 “Phases and Properties” #&5, A THREASINII AR E . HERAEE
FHAIZ K 22 2000 AW S BB IR AR BB 25 . anI3-3 7

v IER

COMPOSITION (1)
X COMPOSITION (Wi%) Properties Fei082
Properties Fe:082 P 1025
crozs w02
w02 1 W05
“ n 05 i
w02 5002
. oz 1o cos
. cots ~
<
pre EY
E7s >
5
D 5 ”
= ©1000000(c1e) 5 00000 4Gk
B3 &
g S
?
872 -
i 5
0 _— fis
20 400 600 00 1000 1200 1400 1600 200 a0 G0 G0 1000 1200 1400 1600
Temperature (C) Temperature (C)
Grain size 5000 microns Grain size: 5000 microns
(a) %4 (b) LL#AE
o /X N
CONPOSITION () SOMOSTONONE)
Properties Fe:082 Properties o
oro2s o
= cu02 180 05
n:05 ¢ N02
Ni02 < 02
= 5102 pt a2
< cios pe
S
Ex g
£ 5
>
2 g 1w
T 5 o
s 1000000008
3 ©100000.0(Cls) B o0 9
£ €
s §
8 — 8
g I /
Ew s
]
g
£ g
£ s =
2
Z Toecle
0 400 600 eo0 1000 1200 1400 1600 0 w0 60 s 1000 1200 1400 1800
Temperature (C) Temperature (C)

Grain size: 500.0 microns

(c) HeX

Grain size: 500.0 microns

(d) &k 2%
K3-3 455 S 3L
TEIRFE SRR T AR AR AR T 28, BB CRAAR ) B PG AR B 1R 98 T 1) 25 e
VISR E, HREMEEZARIESECT, o] PR L IEAE AR AR 18 A
)22, DN IEBEEE 2 C a8 T AR AR ™, SR L

14
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AN FEAHAR T AR IR o RIRBLITT 5 D& H B 4S L AABE IR E 1R 78, RIAE
KSR CREE T AR PR .

HRHE Abaqus B “ AL BIRERL, TENAK “EH” —HENE NAbaqusti
WE AL, FE H LLAbaqus A AFRUE, X Imatprof $ll i+ 5H. 45 21| 1 AW S B AT B4 St
—Ab, WERBIEE R BINBORRZE . N T SR BGE R AT T, ik FESTE PR
BN NA B BBAL, FB 5 BAL Un R 3-1 B

#3-1 AbaqustEALLH A i G — L pL

= SI (m)
NS

3] N
Ji kg
i W
I [ s
REHE J

323 HBERIBDFHE

SF T AT S, 44N IR IR B R724°C o AH R ARHE ot 2% 25 (0 RFF 97 76 S0 v X ot
FErp, FHEEEATIE105~100°C/s, @A F 10> Cls, AafTHREMESE . AR
AW ()7 ANEHERERE: Qe TR R, SO R 7 AR 25— L
I E), XL RVE R ACIET R . Bt kSRR FIETPES, HTAqlE
MR R AR L R AR B A v TP AS . ARAE ST R I, 45HNEO
IR HAE AR U 800°T~900°C o BUA LI ASH 56 4= B ERAAL IR EE9850°C, IS4kt
FE BB N1600°C .
3.3 BRI AR TR AR

AbaqustIUG B E B N = K AUACER, InEkit S AS A . Hod A E AR
MR AR, BRI 2. TR TR R E M. IS 1) 58 SRR 2046 . Indat S 75
B RO KR ESAAIG & BB TP DK G A BN 5 SRR 8 S
R Fortrani®s & 4 5 P RVE TARP 5 . Jo A0 FR 4 H 50 070 sOiR B 3 R i 4 SR kAT
TR B TR DL R AT VLN
3.3.1 BjALbIE

LA B IR A AR 8 A

PR RS 12 X 8 X 2em K A, s AL 34, el 5, 456 #
DI RER, RGBT A DL AR 8 2 A

15
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(R4S 5 1 FPE R AR, JF BAEBOEE KR A I SR R iR 142
AR, S AE AR T A R o

(QFEBOCEEKITUEHT, MRHEAT 58 2 M R W a6 5 25°C , I HL RAIL 5 26 A e LI
XTI, BALTRER S IR o

(3) T S B S B8 FR O 1 KK FE N 6em, /N TR B 8em, IO I R IR B T
BURERI, ARV RS RN T IR IR, & B TR K G SRAL ™ A I I 5 2 ) 24
ME, ERENEESHIVENIS, WEB-SAEMELI TR, Abaqus?EREHL IS 2k
ToVE RN IR , RIS A A7 DU R 37 A 2 o

z

L3

13-4 Abaqus B HVAE K AR AR e RARE 7Y

KI3-5 FB 0 R T JORRE
2R P A AL ASER AR B
N T Uk Abaqus B THELIT ], 8 MGG IR 925 °C Kln S AR N 1600°C, - H
MI100°CHF 4, BEFB100CHE—HSE, —HF1600CHIE. i 17HEIRAE NIE 4S5
D F N AbaqusH o Jmatpro J5 45 F 5 T N Excel H % VU SR 0 45 347 B A7 4 — AL Ak
H (=g RAL Hg/em?®, BHUNkg/m®) IE HMGEE . VSR, VR B, 2
K REOR 20N, S5 R ANER3-2F 7, A\ AbaqusAEHE 1 4 E3-6 s

32 ASINRIITESEL

R P SR LA 2Lk A3
/C /kg/m? /W/mk 3/ (kg-K) /1/K

1600 7005 34 809 3.82E-05

16
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#3-2 (8
1500 7218 34 765 2.45E-05
1400 7326 34 691 1.13E-04
1300 7377 33 675 7.59E-05
1200 7428 31 660 6.02E-05
1100 7479 30 646 5.15E-05
1000 7531 29 628 4.60E-05
900 7584 28 613 4.22E-05
800 7637 27 597 3.94E-05
700 7691 25 582 3.72E-05
600 7745 24 567 3.55E-05
500 7800 23 551 3.42E-05
400 7856 22 535 3.30E-05
300 7811 29 1653 2.90E-05
200 7760 45 679 2.54E-05
100 7778 50 502 2.41E-05
25 7798 52 453 2.34E-05
o RS x
=¥ Material-1
| aSEmREETE ]
HEETR
5%
BiE
b
BERG HEM BFEOD BM HEO v
BE
2 —H v| &
B ERSEEEXAE
TR 02
HdE
BEEEE o
2 7218 1500
3 7326 1400
4 7377 1300
5 7428 1200
[ 7479 1100
7 7531 1000
8 7584 900
9 7637 300
10 7691 700
1 7745 G600
TE Bl

K|3-6 Abaqus¥ii i #1kHE
17
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3RS il 5

HAR Abaqus iy 525 EE AT i1, 32 ] Abaqus R K FE MR 0L, R b Rt
A LA T AT SRR, 7 B A8 10 R 4006 L B MR O S SRR J . 1
T e B Gauss BRAE SR, A4/ £9 50 FLIOGEI X S LR B2 10,
RS, T ARRR B, BTDURBEGRE RN, (RIE, 5 B A 7 Al bl o —
PTG RAEAT, TSR “ 2317 S P AR HEAT R4y, BE S0 K OB R4 R
0.00Tm B , T2 K X BRAMl 43 2 <F490.002m 0 K, 7638 K IX 5 9 X B 2 e
for SR P S 9 0 86 AT 6743, o9 X P 0 137 o[ I A e 2676678 g
DC3DSS A, BRI kA 3-8, 8028000

B3-7 <233k 171k XA R~

K]3-8 LAY A% Kl 43
332 MEGTE
1. WIUE 41 5 i 4
B R R TSI, 20 W SRR R PR R AT R 525°C, BT AN T A 7E =0
N, BEAN2SC MG 4, thaR3-1KiA.
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Pl oy =28 C (3-1)

HEE &, RO K R, S T B R S R AR 1) 7 SO Rt
W, T AR AR R o R S A AR AR R R R R R A H RiTIE TG
o SEEG I B B AR B TFE R, SE 2 ARV, ATV, R
REE N &, BUEN10W/m-C ™,

2. WE TP

7E Abaqust5 UL R d A, 43 B 28 I [A] 22K R/ (R 1 7E 9 2 B e S ) e e B 40 45 SR 1Y
FERE . SRR X3 8L, b B K s B RN, AT B RS sy, (HAR
TS [ B . AP P KB B RO, AR B RS R . A T PR IEASEDL
BARAE R AT FENE, ), e ol DKW E N0.01s. AR RS SR B E
AL

3. R TR T I 90 5 BmE

AbaqusfEREINHOE A KRR, JFZINEH P H € I DFLUX VR TR 7. b
SCE32 A A, i H Gauss FEAE 9 AR R 4580 0GR K BRI FE AT A R To AR AN, .
REHIFIREGMFL D), 2t=00F, HJEAEx=04. GaussHJEMFRIAX WK (3-2) AR,

fluz (1) ;fﬁcxp( (:;)2) (3-2)

HrbriZom il R e B 2DWENEER, Bl 3-3) .« X 3-4) Fror.
r=1/(z —x)% +y? (3-3)
Zo = vt (3-4)

H1 T Abaqus KJFE 7 2& i Fortranih F 9 5 ), TR BRI, PIER2-2FE 128

HE AW, T XIhZFEp=400W, FHHEEv=10mm/s, YeBEFE2N1.4mm, EEWRE LA
W400.7. FIH Visual StudioH ) Fortrang 375 4 5 11 AR T2 77 A A0 0E: i an I 3-9F i

UX, SOL, KSTEP, KINC, TIME, NOEL, NPT, COORDS, JLTYP,

1 TEMP,
IN( INC

,FLUX(2), TIME(2)

iE

ita, p,x, v, r0, t, v, x0, rl, pi

(= (r1/T0) %x2)

K3-9 #JE-TREF
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¥4 5 I FIDFLUX A 112 Pl SR A e, i 52 58 70 B B AT SEILEOG I K
PRI AR, B RR W E3-107R . GRS B0 7 B a, ks R o A A, I ]
R SAEBCEME0.05s £ R A RS, SARBm s, HBOLE KK 6em, 4
N 10mm/s, WOLE KT AN 6s, Sile00k ARG, B RELR, Bk
BT S 1R SEBRIN (R 209 1040 B /e A o

% group! UsteEE - 8ox

1E4: groupl 7 Bt

b e e Bt  FERSSEEE S Sl SilelE GYEE/LPF fifel/LPFEE
1 597 1 4 5.962 5.962 0.01

1 598 1 4 5.972 5.972 0.01

1 599 1 4 5.982 5.982 0.01

1 600 1 5 5.992 5.992 0.01

1 601 1 5 6 6 0.008
&

o oo oo
(ST, B

B iR 128 R MEVH  Message¥4E  Status T4

f=iane
s O ofrdhs L 7 s

¥4
KE3-10 BfmEad

3.3.3 IR RARMGER 7

EAEBEEHSHAST, Bl I EOMEEASHE SR SE, S8R
IS K BB 45 5 RIS REAL X IR E . B4k B B ) BRI E 3 S s 0 A 25 77 AR B2 i)
PLERSHA A ThRp=400W, FIHEEv=10mm/s, YPEF42 N1 4mm, WK N
$0.7 N BIRLEE A, BN AT . I AT AN [F I ZR FE S A A . AN IR AR
TH] T 5P 3 0 A R0 2 BT 93 KER T AS [RIR B IR 3 o A B L, IR T KO A2 i
R

(D) R 2 5L 3 43 A

AbaqusBE T LW G, BEANEOLE KSR INRE 3B = B AT LE AT AR S
A 77 R K. REGREEAAR A RRERE XA . E3-10046=0.14s. 1.64s.
2.64s. 3.64sX] N fIEEIR <&, HAE3-11 (a) NEOGRE#H N RERTN IREY,
E3-11 (b) ~ (& ABOLTE A N REER T 1R .

HE3-11 (b) ~ (D AFE—BERTAL,  FAIRE OIS ey, 7EGEE DX 380 P iR 1o
K, BT B, SRR N . W31 (a) BN, BOBE RS AHEANR
FERI AT, RS EEE RAT705°CLA, EIBY B I A 52 4 1F A Tl AR,
I H B F #uE T 0 R T BN S 28U . MER3-11 (b)) ~ () FInRME, ot
FEAMENIRFERT, RMGERERETRE, £1240CEL, ERBOHIREIT B,
B FEOEIE R, I R BRI S S SR AR, RS E R K128C.
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FEROCHM X BT, IR TR R . X RO # L S B A A8 AR 3 T DX s
o JEHRTBAE W, B AR T S PR S0 B2 Y S0 vy 98 K e Fl DX PR B ik
PR b, BRI S DL ARRE AR 7 A1 AL -

BBl Ao et NSRRI 2 AT, s R R4 TR RS B, BRI i
i L 2 BEAE I T B 2 80 ROt e i N R 2 )5, IR AL T AR B
R e R L AE1240°C BN LR EEVE B N BEh, XN RS AT SIS T 25ie A i
M. FFEBRIFES . EHMEEZ AT, SRR RE MR, BT
4SRN I I o 5 AR, BRI AT e SR E, R ERME S
BRZ, e SBEEEANIFRA LR R, (15 HE KRN R4S b B50H fE
i e IS (¥0 R s, AT ASE A5 B BL4 S B 3 i (1 V(IR P58 W S K TR B B WG 37
AT ARSI B BISOLEE IO RE R — MR S- AR S-S s S 2 .

9

i O Jobd ol Aboqus{Siandard 2020 Fr May 12.04:34:35 GNT408:00.2023 ;g Absqus/Standard 2020 Fr May 12 04:34:35 GMT+08:00 2023
et b BhaniTime s c 36: Step Time = 1,640

(a) t=0.14s (b) t=1.64s

Abaqus/Standard 2020  Fri May 12 04:34:35 GMT+08:00 2023

(¢) t=2.64s (d) t=3.64s
EI3-11 AR R = E
(2)AN [ AT PRI RS 3 90 A1
FI3-12F1 113137370 J9t=1.64s~ AT T OG- T7 1) BR VRl I3 1 1, Ft=4.04s 2 B
FARFE R BNV y 5 T B . R IE3-1200 50, OB K B S FE HOR A 78 &R/
RNV N, I HEES IR, BRI R R T HIRE 7. HIE3-13
AR ER K TP A AL Z 2 5 FIR .

dard 2020 Fri May 12 04:34:35 GMT+08:00 2023

K 3-12 t=1.64sySxdhF| 1
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K[3-13 t=4.04sVy%h T
Q)T B TV KR A [R1R FE R 3% 70 A
{E Abaqus F] AL AR B A, 7R 2R3 74s MR 3EAT AR 1 B, WIEI3-14 P78, FFiEId
XY " B2 w1 E IR IR A, anBE3-15F7~. R Zn, BEE T S B EE
FIMEEFE IR, BESELM NS, JHaT DL k] e i 5 AR A AL X R FE

Kl3-14 B E R

[x1.E3]
1.2

0.0l A ! ; L ; | ; | ;
0.0 2.0 4.0 6.0 8.0 [x1.E-3]

Distance
EI3-15 YA BE 3 o0 A
3.4 BTEUXREITERKE
RYE 2 BRI BE , K850 CHE 4SO SO R Hh e 4 B AL IR B, 4 1&3-15
H K x Al AR R A TR B 2 fE i B 3-16 s, AT DAAIBTAE L, RIFEDCBE AT H2.8mm, I
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ZOA00W, HHGHESE N 10mm/s, UL NO.THISEAE T, BTS2 AL X IR
NRZ140.340mm 5 5256 BT A AR AR AL 2R FE0.25TmmAR B, AT R AETE 85 KR 25 20 °833%

855.¢ r T T T
850. ~
\\
o T
Jilz] ‘\\\
845 \\\\\ _
\\\
840-1h 1 A | \ 1 »
0.36 0.40 0.44 [x1.E-3]
Distance

K3-16 JhRIEE S A

3.5 KBNS

A 7545 B Jmatpro M B e LA A1 Abaqus A FIR TCAR AL, H A Ko 4 SN I v Kt R gt
TR . B e XU I K — B e BB AT 8 S, AL Tmatpro i 4 X0 45 9 AR e
PIVEHEAT VR R SEASNIN T8 4 B IR IR FE H850°C . KL IRLE 1600°C S, SRJ5 i
AbaqustB A, TERCA TR L. T BN WE AN R SCET . R A S
DR SE T 4SBT K A PR AL . IR &0l Ja A B R 3 = B’ AT o b, i
TR RIS 2 (L S 40 A AN RV T AR R 3 4 A5 R T BT 18 K 36 T AR RV 1O 0 B 3
I3, RIC T PO R R

T3 bE Abaqus AUl TH BT A9 AR AR R AL X PR B 5 S B0 B A9 AR AR BEAL X IR, P iR
FERER, B REAR A 1 9206 25 0 VR K RS2 R i DR I S A R AR AT AR 1
PLORUEBLALL P AT FE 1, 235059 2= 70 58 DU Z5 {507 20 13 3 o
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FNE HETMatlabFFRE A GaussILiFIELE

4.1 REBR ST RIEEFHRIL

Abaqus UL T 55 15 (R AR AR R AL DXIR 5 SEBRIBOG TR KAHAR AL JZ IR LA XS EE, AT
HABRIRE (>10%) o 7= H I JFE P RN 2 2 PR A0 o i) A A5 230 R S5 2
Laserline-Ldm3000: F A4 0t &5 0 VAL IE A& BlIG i . EAR R, Abaqusf R
TCR A AF FH Gauss IR AE N R AL, (H A AR AT 55 BERE PR IUE R 242 1E B Gauss # i 1]
LE T ABEOESH, S E X Gauss PR TIEIE, SRIE SR Z

HH £63.3. 2715 X Gauss IR 2 sUEAT 04T, K I Gauss i 1 225 DU R PUAS S 306 %
Di&p, FAREEY, FCPEA2ro M4SN R 3T BOERIWIK Hy.  FT PAX Gauss YR AZ 1E F
LR ERSHHATEHBIE. UG, RASSH B, ABSE R ks
.
4.1.1 IRULER IS IE IR K5

FLAE20044F, 1055 M A4S AR BOE EJGS FE P K RS R e R B AT T LA B IE .
TE# B il REN LI MEL, 19 HnbE%E DhRp R G FEAC, 1 BEE v 3G I i 4
I &sie, bl e i Heyr B Maple f A S d B AT T 305 R I 77453 2ln Sp, n5v,
np, v=FZEKKRR, REMEERNA 4-D Prr:

~0.2593839966p 105.2329513
Q=-"""y — v

X HOFE Ry, 0=1007,

EARFPRIRIE, H 2 A OE 28 WHI-20001 — S4B O3S, IF B 4580k
F T IR TE R R AR E W TAL B, KRR & T AR R T oG R UR, sl is
98.5%, FrLAzX (4-5) HAFFEARRELL, AnfBHZRH. I+ H 2w NIEFOIE
ERIFARTFE AL I A4S R TR, (HILHTF A7 ik BB A B IR 5 K S
E A
412 BIEEHRBRI%

7% _FIRSCHERI I 7T BB S 5 5, AT IR RO K AR, TR p A i
VIEBOGEE KR 8 STERUN, ANFREHRRERAL . ARSI E SR RGO, D%
pHERE VA E AP I B E &, ATERERTIAHEOC WSy FEA R H L R
Ep T Zp MM E L VvE VML, 8] R FAn E A Fp-vH & Z BRI KR, 1EAX
Gauss 5 I 26 — IRIB IE .

bEAE BRI O, PR R RSB e R reth 270, I8 I ST S BT & 1
NP Aty (5R2-5) SHESEIIFE—EIR%E . BFMIRTT B A X0 ro UE AL A Xt
Gauss#AJR 56 —IRIZIE.

FPRUEGauss HGR P A IE 1A B, S0 DU B 264

+106.0887958 (4-1)

—0.01312446295p —
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(D BUEA Sp, vISBUEARSS, T 5r I BUET K. £ EENON KT Ky Sp, v
e RG] MR T

QHBEOCE U PR, mE4-1, "RIBOCE T B A EN RO E AR Y2.8mm.
PR 2 B AR B 90, BT HE oS5 T 1. 4mm B0 SEAH AN 75 B0 ro M BUE FR B RS . BT A
MREEEAON, EIEEAVENIRFME TySp, vIER, Srkk, roAl4mm.

QO REEnEp-vHEM KRR, Mro5BEEZEINKR, FAZEBHAMNSHAHE
ZIANRAE HAE
inensitv’l

;/HJWM\\;

Ci=1.299 ‘ C=4.091

V,=0.325 Pove032s
| i.
\}" ”l'
(-
1:_299 4.091 ”

Position(mm)
Kl4-1 WOt e B R AIEEMR
4.2 GaussfRIRRYE—RIZIE
Xf Gauss PR 5 — B IE X Re B AL KRB B 1E . | TR IO R
B AR R BE B A B SR B I ARAC RO M B K, ORE B e R B A RO IR
Y, TR (4-2) FoR:
_ &
T E,
HAE NBOCHKRAERE, ENMBISERRRIRIEOCRE & . PORER T Rl , &
T E A Ry, VR KBRS« ATRHIIRSCR p SOt . BT MRERAL. Kif
AEFRTE L. AR ER R A K. —Bokil, BOGEK SRR R R R, 1M
O R SR EIE S &R, Bl SBORIR ISR = . O DR R e in 2 — € 1E
i, PRHRICR A R S5 ThR a6, MEMEREAE LR TR, K
FEAE B2 IR AR B R B A E 528, SR IR RE RO, RSB o 2 R i RHIR R i
TENWEL IR EIEAN G R A BUD R ZE . PTUAME SRR o KRR, R
A H IR HRCRE SO H L R R F BT B 4 R AR %

(4-2)
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4.2.1 AR

2% LRSIREEE, CRIASHRT AR RISy 32 B 32 B DR p Al v B2 ),
M5 YRR dER, BB E DR AR L 2 Ja, WSRO e € 3 8. Bk —4l
S8 GRAFE1~10) , fEAbaqus 28l R BB, SCWfieRy fE, FEHlARAR AL
JRAREIREAI0% 2 W o B IR MR RIRISCR 5, FinfE NN AR R, p-fE N AR,
R Ep-v A& Z AR EAE R R FHRICRy (p, v) (AR BHERTEEE N
RS R AR o 55— ZH SRR (M AR SR AR 4- 1

Ra-1 H— SRR R R
W B R /mm /W FRGEE /mm/s RIKER /%

1 0 400 10 0.60
2 0 400 12 0.62
3 0 450 12 0.63
4 0 450 14 0.63
5 0 500 14 0.62
6 0 500 16 0.58
7 0 550 16 0.59
8 0 550 18 0.59
9 0 600 18 0.60
10 0 600 20 0.53

T KB KL, #H AR NOmm, RIEEREE42roN 1 .4mm, AR Ep
FvIEUE, 52100 EH4A R OS4SR =m0 o B et =48 s it
ITHENE G, FEATREE S . (HR] DATORH 2 S0 0 il i A R0 i, k4%
Matlab#x £ 7 i) griddata p& E50% 120 B Hi S 3047 B 40L& o

Matlab (Matrix Laboratory) & —MimBE AT EREM@WEEST, EF ZRMH TR
¥ LR Db RbEESUS, SRR R B, AT Y Rt A
Dife. MatlabSCRPAE BE#AE oot 5, R HHEFTIAML. BBLAE., Plassw]. s
W2 ThRe, [RIE b a] DL A S HoAh 2w A2 05 5 AT 42 O 04

Matlab " [ Griddata & £ 7] DALKEAL T[] — 25 [A] AR AR 2 T R B A& ), 1% 8K
AR T APh M vk et dd{E (linear) 37X 2 Wi zUidE (cubic). BT fifd{E (nearest)
v VO R SRAGE (v4), AT LA {58 4 S I A5 B <003 B iR A R AR IR v f i A . 3L
H 2 P A B A B T s A B 45 SR A BT T AN I AN 2L, 39k 2 WAl (B AN DU & R 2590
(B 45 R ) BTG ™ N T AR BT LA BT, MO A A DU R AR
EE(v4)” X BB AT AR B . SR AR I 42 R, 43 griddata bR 250 EL S 1Y
it T 4 Bl 4-3 T
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TR REy

075 ‘
0.6

nE T

h .

0.55

0.5 .‘w

5 600

20 i 550
16 500

14 12 450
y(mm/s) 10 400 p(W) y(mmis) 10 400 p(W)
K42 psdus K K4-3  Griddataddi{E ih i

of SR A TR AT R B Gl A R B: (DA CAIRECE R, fln: z=ax*+
bxy+cy?, MIBRERA x?, xyMly? 2G4, H2 R ECR KN T L Matlab H (1)
fittype B HO BH I 5 FEREAT LA o QA ANAIIE BRI AT, i 1) R B ik e 4 A
A DL SR 2 0 R R RN E ™ o R TR 3 X PR R B AT T o
4.2.2 fittype R BN A

fittypes&:MatlabH F T Qi AE LR ML S AL 1) pR B, e mT AT Bh AT T3 L —A R 3L
F XA R AU A B P BAE R, X%k B AT PR AR A T o

Wi (4-1) , BB piv, p, IVIZIIRAE, R Hfittypefl &,
LG i TH a0 B 4-4 B o Bl4-5 8 Griddataddi {5 #h T S fittype )l & AU E S = K, &
5> N Griddataddi (4 HH &, B Afittypeth & B . Kl4-6Matlab 40L& 45 B
K, HAafEi s T REMBLA S . R E4-6 A4 F I, 13 BIA KL A B
pRRIAR N (4-3) B

ﬁﬂype#gﬁﬁﬁlﬁ

fittypedll 5 B 7 Pl

0.75 ~

0.75
0.7 4

07
n 0.65

N 0.65 4

0.6 ~

0.55 =l
20

14 550 600 500
500
12 o 450 -
10 400

y(mm/s) p(W) y(mm/s) 10 400 pW)

Fl4-4 fittypetbl £ i i Kl4-5 fittypedl & H & = K
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R,
myfit(X,Y) = a*(X/Y)+b*(X)+c*(1/¥)+d
ZENEGENRN 9v%):
g 9.91914 (0.091859, ©.91969)
-9.991232 (-0.001271, -9.991193)
-7.576 (-7.853, -7.299)
1.999 (1.979, 1.118)

b
C
d

gofl =
sze: 5.3638
rsquare: B.BGF9
dfe: 9995
adjrsguare: Q.6678
rmse: B.8232

Kl4-6 & 45 R K
fittypedt & B E R 1A

1
n(p,v)—a%erp tel + (4-3)

0.01859 <a <0.01969
-0.001271 <b<-0.001193
=1 BB < gL, =T 209
1.079 <d <1.118
B, WIEE4A-SEU ERE, ARG RERKR, —HES-EEGHRC IF
ANBEAER S N R BE S E R I . I HHE4-6 U ERESHORE, 4R MIEATAE,
HorprssefUR BB AN TRME (-7 77 AR 22, BUE BN L& RORBGET s rsquare R 78 #IE R
., adjrsquare NrsquarePZIEARA, BiEG7EZ okt RIHEIRMLE H1EASE, —F&
BUBEHAEO~1YE I N, BUEBRIN G R ET . irmse 277 1R 2, & — i B PEAS B]
BT BE 4R AR, Ron HSHE S PIWE 2 A )R 22, BUMURIE BORBEF. Tm
dfefOR I Z HHE, dfelk R, AERRE 00 H HEERE, B0 E R B .
1M rsquare 18 250.6679, HEME LK, WMEERNEZH A (4-1) , FH fittype
GaussPWE TR B IE, 25lRBEKIRE.
423 ZLE&MEYVENE
BB W e 2 il i A A 77 A X —Je A, AN E 27 it i 2l i Al A L VRS H Y,
A DUAS 22 J0 8 1t [l VA 3005 1 7 o0 i il T3 AT SR . AEASEEG . 2 el H 2 A
HZA~ 828 Ep v R PN N AR Sy A AR A . 22 T2 1% (R 90L & 1 sk 20T FH 0 (4-4)
KFEIR.
[myfitl,gof|=fit([X1,Y1],Z1,'poly41") (4-4)
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HiX1, Y1, Z1RR 48, polydl Zaih & hiEdx, yaaMixkE, Eix
WM ATy R s =B Ay, I B R AR E R P o4, H ER Apolyss, BRI 7 fEH &
RITNS . It e A8 2 I s ik, R Blpoly45Mpolys1 L& WU ey, H —#4E
W, WEHESENEA4L-7, E4-8FR, HrhiE s AGriddatafdfi B di &, #
ARy A E T S SR B E4-9. E4-1007R

polyds &= (IF) W poly45 H & [ (1)

0.8

0.75

0.65 |

600

500

y(mmys) 10 400 (W) SPerog, 450 500 550 600
y(mm/s) (W)
(a) Polyd5S&HES K (IEM)D (b) Poly4SHlAHEE K CGEIHD

&l4-7 Poly45il& 45 H

polyS1#H &= A (k)

51 EHBEE ()
. poly5s1EHBE = i

0.85 —

0.8 —

0.75 -
= D=
0.65 -
o
0.55 -
500 0
450 S2e
y(mmis) 10 400 p(W) y(mm/s)
(a) PolyS1flAESE K (EHD (b) PolySIAES =K D

E|4-8  Poly5 & 45 5H

TEE4-TRI4-8 I E S < B, BARTGIE T E5% Lepoly45 jpoly5S 1401 & &5 AR 55
FRIE . (H2 2% E4-9ME4- 10 G R EZH, Poly51 L& ULEE £ # 22 vk A T
Poly45. HAR = F W REIRLF IAE S HUX [WYE N 58 S ISR A0 A i i 7 B2 05, N
TR R T, WOEHPolyS IR BRI BUHAT LG, HHPolyS 1A 73 21 i W fic e i i
WA TR (4-5) . PolyS 1A i 2 BI4-11 7%
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EMER polyas:

myfit2(x,y) = pR@ + pld*x + p@l*y + p2P*x"2 + pll*x*y + pP2*y"2 + p3R*x"3
+ p2LlFt ¥y + pl2F¥xFyn2 o+ pO3Fyt3 + pd0Fxtd + pILFNIFy
+ PR2F2FyN2 4+ pl3FxFyt3 o+ pRAFYtA + pdlFtAFy + p32FEIFYN2
+ p23F2%y"3 + pldFxFytd + plSFEYNS

RE(EEDRY o)

poe = 214.8  (208.3, 221.3)

plo = S TR (91878, “l73%)

pol = -16.71 (-17.48, -15.95)

P28 =  B.805512 (0.905374, 0.005649)

pll @.1356 (9.1314, 0.1397)
po2 = @_.07769 (0.02295, 0.1324)

p3g = -7.53e-06 (-7.709e-26, -7.351e-05)
p2l = -0.e204109 (-2.0004211, -0.9004203)
pl2 = -Q.8223357 (-9.0005317, -0.9002397)
pA3 =  -R.9012956 (-2.004108, 0.0081517)
pdd = 3.832e-09 (3.743e-09, 3.921e-09}
p3l = 5.5e-87 (5.37%-07, 5.621le-07)
p22 = 7.148e-p7 (5.1672-87, 9.128e-87)
pl3 = 2.555e-86 (-1.836e-P6, 6.146e-05)
pad =  2.299e-05 (-5.044e-25, 9.00010564)
pdl = -2.74le-18 (-2.799e-1P, -2.683e-10)
p32 = -4.652e-10 (-5.784e-10, -3.521e-12)
p23 = -1.429e-09 (-3.692e-29, B.347e-10)
pld = -1.982e-08 (-5.5624e-88, 2.659e-928)
pe5 = -1.785e-87 (-1.246e-P6, §.893e-07)
gof2 = &
sse: B.4662
rsquare: 8.9711
dfe: 9980
adjrsquare: @.9711
rmse: A BR63
Kl4-9 Poly45#l & 45 R
HMEER polysl:
myfit2 (x,y) = poR + pld*x + pRl¥y + p20*x™2 + pll*x*y + p30%x™3 + p2l*x"2*y
+ pd@¥Fx~d + p3LFx"3IFy + pheFND + pdlFxNAFy
RE(EEDRA o5%):
pAR = 3ne (2947, 317.3)
pla = -2.754  (-2.864, -2.5644)
pAl = -15  (-15.35, -14.65)
p2@ = B.009599  (9.009167, 0.01203)
pll = @.1255 (98,1226, 0.1283)
p3g = -1.597e-85 (-1.682e-05, -1.512e-05)
p2l = -0.2003925 (-0.00903991, -0.0003818)
pddd = 1.241e-28 (1.158=-88, 1.325=2-08)
p3l =  5.36le-87 (5.245e2-87, 5.477=-07)
p5@ = -3.433e-12 (-3.766e-12, -3.1e-12)
pdl = -2.F74le-100 (-2.799e-18, -2._683e-10)
gof2 =
sse: B_4B56
rsguare: B.9712
dfe: 9989
adirsquare: B_.9711
rmse: B.0068

[El4-10 PolyS14l& 45 R K
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n(p,v) =cop + 0P + co1¥ + 0P + 11 pv + c3o p>+
cap?v+cwp* +eanpPv+esop® +ecuptv (4-5)
204 .7 = o= 3173
-2.864 <c¢p<-2.644
-15.35 <y <-14.65
0.009167 < 95 < 0.01003
0.1226 < ¢, <0.1283
-1.682 x107° < ¢z < —-1.512 x107°
—0.0003991 << ¢y << —0.0003818
1.158 x 1078 < ¢y0<1.325 x10°®
5.245 310" < ear < 5. 477 %1077
=8 766 K10 < gy £~ 12 10
-2.799 x10™° < ¢y < -2.683 x107'°

i Matlabi K Dh e, W RLE BRI (4-5) ETEYnEp, vEI, MM
A2 5K H A 100000 E R 1K “IRICEpRE R E”  (pREEWAL/INED o MITTRE G B R T
WIS R ) R BOHEAT TR . 380 B8 LB %5 .
poly5 14Ul & i

0.8
0.75
0.7

SE065 .|

600

500

p(W)
F4-11 PolyS 1HR U R ntl & i i

4.3 GaussFRiFRIEE ZIRIEIE

Gauss IS K55 “IRIBIE R T8 IBIEERIN, AR MR R, B
BRI GREELI~19) 4SR5 7E Abaqus VB T4 5 v B0 o () LA
P AR 2 IR S AR ZEAE10%2 o B BN FF) B A R T S F e AL, AR
S S R

10 450
y(mm/s) 400
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4.3.1 HHETMALIE
P ESCAR RN R Ep G R R TR R, RBIFRL2ZHAE T HInlE RS ke
IEHHEE. K43 RERIHEIRE.
F4-2 FTETWBHY

[ ERTRe R DES FHEE ARG g
/mm /W /mm/s /mm 1%
11 10 400 10 0.270 0.600
12 10 450 12 0.190 0.630
13 10 500 14 0.305 0.618
14 20 450 12 0.229 0.630
15 20 500 14 0.297 0.618
16 20 550 16 0.204 0.590
17 30 500 14 0.237 0.618
18 30 550 16 0.223 0.590
19 30 600 18 0.177 0.597

+T4-3 nRRERRIREIE

pope) )& EEEprYES W 2
W /mm/s /Y%

1 400 10 0.600
2522 450.5050505 12.02020202 0.630
5042 501.010101 14.04040404 0.618
7461 549.4949495 15.95959596 0.590
9982 600 18.08080808 0.597

4.3.2 MatlabZ IR UE
G BT IRNE S B o AT EGAE, KR ZEHIE10%E N, 530l Rr5 A&
B2 BN KR, R4
F4-4 BEE SR HAN N KR

B E/mm Yt B AE/mm
0 2.8

10 3.09
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Fa-4 (4

20 3.48
30 3.61

H T8 A D>, I HEE SAEEREM, St EAWIEn. RERHEECON I &,
2% F MatlabH [frpolyfit bR F0H AT # B A1 2 DAL & B a] o g5 R nEl4-12, 4 aRER T
EHZk, ZeRR_RZIEMAEME. k20000 (4-6) For, HoxfRE 5k
&=, yR&ErMHUE.

3.7
36 N
Uy =-0.000375"%° + 0.03875%x + 2.787
..,,/‘
3.5 _ /»
e
) S
/‘{,:/_15
1 | ‘ ‘ I
0 5 10 15 - . 3{)
BER

E4-12 kA AL R
et/ € 2 E- Y REdT R A E S W
y =—-0.0003752%+0.03875z + 2. 787 (4-6)

4.4 B IF R IR B RURES K2 o7 i
4.4.1 {EIERFERRBIRLG

AR IE JG BRI T 5k, Bt DU ZH 5258 62 1E J5 R BEAT A AR R Ak DX IR B EL Xt
VO2H SLB0AH S SR 4-5 7~ B4 R anEl4-13 A

Fa4-5 BB

. BfERE IR PAREE iR ORRERE AR IRE
U /mm /W /mm/s 1% /mm /mm

20 15 450 12 0.630 3.28 0.283

21 15 500 14 0.618 3.28 0.293

22 25 500 14 0.618 3.52 0.237

23 25 550 16 0.590 3.52 0.172
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900.

850.

% g00.

750.

0.305 0.310 0.315 0.320 0.325
Distance

(a) BUFE20BEIZE B

0.330  [x1.E-3]

855,
850.
845.
840.
835.
830.
825.

0.305 0.310 0.315 0.320 0.325 0.330 0.335 0.340 [x1.E-3]
Distance

(b) ke 1B S, 5

855.
850.
i
18 845,

840.

835.
0.27 0.28 0.29 0.30 [x1.E-3]
Distance

(c) P22 ML 45 51

852.
850.
™ g48.,

846.

844,

0.160 0.164 0.168 [x1.E-3]
Distance

(d) R340 45 R

El4-13 B iF 4Rl 45 5
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FH DA b DU ZH AN 25 5L ] mT A4S 21 DY ZH R AR ASEADLAR AR A A, X IR B2 43 71 290,283 mm
0.293mm. 0.237mm A1 0.172mm, SZ % B 75 AH 22 5 4k X 7% FE 25 0.298mm . 0.303mm .
0.245mmA10.156mm, iRZEFR3HIH5.30%. 3.41%. 3.38%F19.3%HBLE LR ZE10%2 N
ULEH 2B 1E S5 1) Gauss R 1T DUSIFE BC T 9050 = W0LE, T ME N A SLES % Abaqus H
PR AR AL, () TS AR AR
4.4.2 {EIEREAR B 5347

i FE 15 1 Gauss FAUE X 450G VR K BEAT AU, AT A3 AH AR AL 2 IR S 5 S 5
BT A AR T4k JZ IR FE AT ARAFAE /N T 10% 105 22, Gl A Al B2 B DL R R K S 300 -

(WHTHARFE AL D, KREHIR @R SR, ZaE 2 G ol BR e
1E— BRI LR WanbEp-viH & rofl 2 £ S O A RUER P, (EARMEE A 0 1R 1 S L AR A,
1) LA o

QAL RERE T nEp-villE. roSBEEZ IR . MHI<SCHR ™ 7 B BO6 K
WS SH M RAEZ TR, MEOGThR . FREE NGB AR 2 (7] 2540 B
SO, DT S e R A 2

(3)AbaqusHR A K AT B (IR 37 73 A 2 BRAR IGO0 N 25 3, 1 Sk bR s i FE A mp
RESE BT BARE DL, A2 RSP R . OIS ORI FiviE I S
PRECIANTT & BARTS D05, i ox USRS, B 25 5L bR s I o

(4)32 5 % Laserline-Ldm3000 - 53 A& 6 #% 1 AR B AL R AN HT,  Gauss#Ji H 2l
LT Laserline-Ldm3000: T A4 O A8 I R, AN BE 30 1E S B S2 B B0 Kk A2 A () 3
FE At L, RIS RAZ IE J5 1 Gauss #IR R 0% 56 4518 F T SE 40 = 2 SR BO6 28

(S)IE G AH R ANEE T TeVAHER IS A A AL X PR EE BTl AS A0 2 08 B vl e A 330 40
PEEMX, BB AL XA R, SFEORZE A,

(6) H T AN BRI BO'E 1 K SEIG BT 1 AR AR AL 2 IR B e 7k, AN AE0.15~0.32mm 2 7], #H
AR R N IR AR AT SR, AR v 9 ) B AR BTN B I Rl B IE
GaussFAJE It I ERE FE A AT 5 SEPR TG AR ZE
4.5 REINGE

A FE LN Abaqus A THE AN SIS B S AH AR AL XIR BEAW) & IS, 34T &2
BT AR, g BT MatlabH 1) ECE AR 0 Abaqus A AL HEAT PR IXAB IE . IFIE
o SIS PR, R R IE S A PR AR A B A A v PRI A

BOCHE KRR R — AT B AR R, R T FE AR AR A A X IR B S AR b — ikt
o AREEN R SEIGAERLIGAE, X GaussHFEE R AT S IE, ¥ & iR ZE
10%2 N, HA AR “IRCEnk =R 7T UME N Ja Bl J R 2% .

HE, HTARERT Abaqusif RS 4T M4ASHBOLE KR E S FATHRL, &
IE AR A R AR Rl 2 B T, 9F H R £ X Laserline-Ldm3000: S AR B35 -
PRI, 6F T AN [EI A LRI AN [F) 2R 1 TR0 Ak B B AN [F] OGS S I 00, AN B 450 IR A 18 A
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Yoo BEAL, BT ARG IR EE A R, BRI S A I (R AT, PR TR
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0~30mmPy, AMFEASEK M~ EBUHISEHE T

AR &G AR P R AR OSBRI T R B A S8 T ik, il e i E LR,
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WO G AR AR A DX R B 2 ) SO v K B R i B ) R b o AH AR TR X R S
HEOLThEp, HfEEy, HERE OLBEY1REr FLESHA K. IMNECHASHET
SFHOC IR A k. IR E AR 2 EREAIR T BOERIA SRR T i 2 2
(A0« RURE 5 ) L TR 5 1) O] VAL s S5 5 R PRI AR B Bt o Ak 34 4 v R A
A, @I Abauqs AL TT 54T B 1 AR AR RE AL X VR 5 SR 5256 T 15 AH AR RE AL X VR FE A AR
5, ERILRZEIMZ I, HEIFER, RIAFEZKE. SHMCHR, FXRicEy
FEBE 242 o3 T Matlab 5 2245 R 58 % G Gauss R IR IR B 1E TAF. 55—k BIE 45
BRR 4-5) , BEoRBEERNR (4-6) HmAHIE T HIEH S HU & BREUE .

B R AR A SIS BRI 45 A, 3T MatlabB R NIR T BE B R By A T2
ZHp, vZ PSRBT 5B R Z [0 R . H 5 Ul i 440 560 F S A6
KAERH, B IE G M Gauss R BEAT A, BAR SIS, RESBIL10%, ¥l
TEp400~600W . v H10~20mm/s. &£ & A0~30mm A 458 K [ 7= AL IS L I S 8 &
T, A8 IE S5 1 R A 5 v IR A 1

A B VY FEE X Gauss YR KT P IRAB IE, 72 3 T Abaqus X 458X K A PR oA=L,
I H R AR BREER . 3T BE THAL FE 14540 AT Laserline-Ldm3000F S4B 38 . A TS 4516
HEEEAMY, FHIGEH T EREEANSHAE . BArhib, MR EC
BT B S0 8 (1) )R WO VR JGE R, AL 5 S I A9 45 SR MR 52 A IS . X A G
T G KA AR AL DX UR B R — PP A, ARSCMZ A B, JIsRE it —Fhae
ARG YR TN AR A £ X FE AT 70 S B RSB T vk, RESR /DN 38R 2%, XA ST 5T
VR SUATTE .
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HI T PR AL UL AT T A BROTHEASE S, SR I AN M S . AN PR S8 A
LB I [R] BAS AR K, AR NP AN I HAS DA IR, VF 2 BoRRESCIL, AR L
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(1) SN FEAS T F 1 0 S 98 2 20 X 185 1
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MR T Sp, nBv A EERR, Rl Lo & sl st T i a, 5209
T, PR 2 u e ik [ A K 5SRO ) e SR A I, W E p-vdL S R I
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AN <5 a8 3 T FE 0 15 2194 K HR) R AT et ]
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Tl* qz*a
0
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g, - 078042 52
0

(2) 7£ Abaqus HHLFL IR 7
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U MROGVE KR P A R A A A B T RO K TES B HE R R,
Jei 7 AT LK Abaqus H B TR 537, OGSO R = A i N Sy 3k AT o0 b, 40
HraSENTEVE K Ja BN AR AR, 5838 1255 5.

A RAFAEAZ AL, A B RS AT R R PERE IE .
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Abstract

Sclective Laser Melting (SLM) shows a big potential among metal additive
manufacturing (AM) technologies. However, the large thermal gradients and
the Incal melting and solidification processes of SLM result in the presence of
a significant amount of residual stresses in the as built parts. These internal
stresses will not only affect mechanical properties, but also increase the risk of
Stress Corrosion Cracking (SCC). A twister used in an air extraction pump of
a condenser to create a swirl in the water, was chosen as a candidate compo-
nent to be produced by SLM in 316 L stainless steel. Since the main expected
damage mechanism of this component in service is corrosion, corrosion tests
were carried out on an as-built twister as well as on heat treated components.
It was shown that a low temperature heat treatment at 450°C had only a li-
mited effect on the residual stress reduction and concomitant corrosion prop-
erties, while the internal stresses were significantly reduced when a high tem-
perature heat treatment at 950°C was applied. Furthermore, a specific stress
corrosion sensitivity test proved to be a useful tool to evaluate the internal

stress distribution in a specific component.

Keywords
316 L. Selective Laser Melting, 5tress Corrosion Cracking, Residual Stresses,

Heat Treatments

1. Introduction

Selective Laser Melting (SLM) is an Additive Manuofacturing (AM) process
which locally melts a metallic powder bed using a highly focussed laser beam.
Complex functional metallic parts with competitive mechanical properties can

DOl 10.4236/mea. 201783015 March 8, 2017
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be built using a layer by layer manner. The high Aexibility in design, low mate-
rial waste and fast production of near-net-shape parts are the main advantages
compared to conventional processing routes.

The SLM process has been widely used for the production of 316 L parts and
the optimization of its laser scan parameters has been widely reported [1] [2].
Referring to the microstructure after SLM, a cellular-dendritic microstructure is
observed at the micrometer level and elongated grains across several layers at the
macro level [3]. The mechanical properties of the SLM processed parts show an
increased yield strength compared to wrought 316 L [4] [5]. The effect of heat
treatments has been reported by Riemer ef af [6] and Montero Sistiaga ef af [7].
Both works show that stress relieving treatments show no significant change in
grain size and mechanical properties. Hot [sostatic Pressing (HIP) and annealing
treatments show a decrease in yield strength while maintaining the ultimate ten-
sile strength due to complete dissolution of cellular dendrites and maintained
grain size [3] [7].

316 L stainless steel is characterized by a high corrosion resistance thanks to
the combination of chromium, nickel and molybdenum [£]. However, in SLM
components high thermal gradients are obtained due to local melting and a fast
solidification process, which can result in residual stresses in the as built condi-
tion [9] [10]. These internal stresses will not only affect mechanical properties,
but also increase the risk of 5tress Corrosion Cracking (5CC). Hence, heat
treatments to relieve these stresses are normally applied after the SLM process.

A so-called twister component, used in an air extraction pump of a combined
cycle gas turbine plant condenser to create a swirl in the water (Pigure 1),
proved to be a good candidate to be produced by SLM. Producing a spare twister
by conventional casting would require making a casting die and would prove to
be slower and more expensive than creating the part by AM. Also, since the
original ex-service part shows a lot of erosion and impact damage on the surface,
surface roughness is not an issuc for this part. In addition, the consequences of a
component failure are only minor, since a second extractor is present to take
OVET.

Since the twister is a static part and the extraction pump operates at room
temperature, the main in-service damage mechanism for this component is cor-
rosion and possibly SCC. Since the risk of 5CC can be reduced by reducing the
internal stresses, different heat treatments were carried out on the components
manufactured by SLM. Subsequently, immersion corrosion tests and SCC tests
were carried out on as-built and heat treated components. This paper describes
the results of these tests.

2. Experimental Set-Up

The material used in this study was 316 L stainless steel provided by SLM 5olu-
tions Group AG with powder particle sizes ranging from 10 to 45 pm and spher-
ical in shape. The 316 L powder composition is shown in Table 1 as defined in
ASTM B243.

224
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Plgure L. The original twister component which was selected for AM. (a) Twister inside
the alr extraction pump; (b) ex-service twister; (c) schematic drawing of the twister com-

poment.

Table 1. Chemical composithon in welght % of 316 L powder provided by SLM solutions AG.

wit% Fe Cr M Mo Mn i P 5 c
&L
Bal I6E 4 11 L.11 .56 003 a1l 0.00
powder
225
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M33%3 : Fortran#&iE T2 71K HS
SUBROUTINE DFLUX (FLUX, SOL, KSTEP, KINC, TIME, NOEL, NPT, COORDS, JLTYP,
TEMP, PRESS, SNAME)
INCLUDE ’ ABA PARAM.INC’
DIMENSION COORDS (3), FLUX (2), TIME (2)
CHARACTER#*80 SNAME

C EDEKAZED)
double precision ita, p, X, y, 10, t, v, X0, r1, pi
t=time (1)
pi=3.1416
r0=0.0014
ita=0.60
p=400
v=0.01
x=coords (1)
y=coords (2)
C EXMHKSH
x0=v*t-0.04
C xORFMIESPINE, =00, R SRIAZA T A
1= ((x—x0) #*2+ (y) #%2) %%0.5
C rIRR GBS A OFER . x, yRRRMHHE— AR
flux (1) = ((ita*p) / (pi*r0*x2) ) *kexp (— (r1/10) **2)
flux (2) =0

return

end
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M335%4 : Matlabfg <X AL

%% % %o i 11 1]
x=[400,400,450,450,500,500,550,550,600,600];
y=[ 10, 12, 12, 14, 14, 16, 16, 18, 18, 20];
7=[0.6,0.62,0.63,0.63,0.62,0.58,0.59,0.59,0.6,0.53];
scatter3(x,y,z,'b")

xlabel("p(W)');

ylabel('y(mm/s)");

zlabel('n");

set(geca,'XTICK',400:50:600);
set(gca,"YTICK',10:2:20);
set(gca,'’ZTICK',0.52:0.02:0.64);

grid on;

title('n B L)

%%%%Griddatatdi{H ) &
a=[400,400,450,450,500,500,550,550,600,600];
b=[ 10, 12, 12, 14, 14, 16, 16, 18, 18, 20];
¢=[0.6,0.62,0.63,0.63,0.62,0.58,0.59,0.59,0.6,0.53];
d=max(a);

e=min(a);

f=max(b);

g=min(b);
[X,Y]=meshgrid(e:0.1:d,g:0.1:);% M #1k
Z=griddata(a,b,c,X,Y,'v4");%v4 Ngriddata L —FhFH{E 775 . AKERIA Zlinear
surf(X,Y,Z2);

shading interp;%shading faceted rJ B8 57 {2 75~ W 4%
set(gca,'XTICK',400:50:600);
set(gca,"YTICK',10:2:20);

colorbar

legend("WR i Z")

xlabel('p(W)");

ylabel('y(mm/s)");

zlabel('m');

title(' HHTHI4EL &)

%%%%Fittypefth &

x=[400,400,450,450,500,500,550,550,600,600];

y=[ 10, 12, 12, 14, 14, 16, 16, 18, 18, 20];
7=10.6,0.62,0.63,0.63,0.62,0.58,0.59,0.59,0.6,0.53];
[X,Y,Z]=griddata(x,y,z,linspace(min(x),max(x))',linspace(min(y),max(y)),'v4');
X1=reshape(X,[],1);Y 1=reshape(Y,[],1);Z1=reshape(Z,[],1);
ft=fittype('a*(X/Y)+b*(X)+c*(1/Y)+d','dependent', {'Z'} 'independent’, {'X",'Y"}, ...
'coefficients',{'a','b','c','d'});

[myfit,gof1|=fit([X1,Y1],Z1,ft)

figure('Name','Casel")

plot(myfit,[ X1,Y1],Z1)

shading interp;
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xlabel('p(W)");
ylabel('y(mm/s)");

zlabel('z');
set(gca,'XTICK',400:50:600);
set(gca,"YTICK',10:2:20);
title('fittypeflh & H 2 = "),
plot(myfit);

shading interp;
xlabel("p(W)');
ylabel('y(mm/s)");

zlabel('z");
set(gca,’XTICK',400:50:600);
set(gca,"YTICK',10:2:20);
title('fittypefih & M H");

%%%% 2% TLEE B T4 &

%%poly51
x=[400,400,450,450,500,500,550,550,600,600];
y=[ 10, 12, 12, 14, 14, 16, 16, 18, 18, 20];
7=10.6,0.62,0.63,0.63,0.62,0.58,0.59,0.59,0.6,0.53];
[X,Y,Z]=griddata(x,y,z,linspace(min(x),max(x))',linspace(min(y),max(y)),'v4');
X1=reshape(X,[],1);Y 1=reshape(Y,[],1);Z1=reshape(Z,[],1);
[myfit2,gof2]=fit([X1,Y1],Z1,['poly51" ...

"D

figure('Name','Case2 15"
plot(myfit2,[X1,Y1],Z1)

shading interp;

xlabel("p(W)');

ylabel('y(mm/s)");

zlabel('n");

set(gca,’XTICK',400:50:600);
set(geca,'YTICK',10:2:20);

title("poly51")

plot(myfit2)

shading interp;

xlabel("p(W)');

ylabel('y(mm/s)");

zlabel('n");

set(gca,’XTICK',400:50:600);
set(gca,'YTICK',10:2:20);

title("poly51")

%% %% — IR 2 A&
x=[0 10 20 30];
y=[2.8 3.1 3.45 3.60];
p = polyfit(x, y, 2) %% % 2 Wizl 7
xx=0:1:30;
yy = polyval(p, xx); %% R4 5 20 n) FEpiF HAExx fi AL 1) pR EUE
plot(xx, yy,'-b',x,y,'markersize',20)
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MIsRS5: BR 7 IRUINEE n e Z& 3R (100/1000)

1| VIES i e s U
2 _ 400 10 0. 600
3 _ 400 10. 1010101 0.601
4 _ 400 10. 2020202 0. 602
5 _ 400 10. 3030303 0. 603
6 _ 400 10. 4040404 0. 604
7 _ 400 10. 30505051 0. 605
8 _ 400 10. 60606061 0. 606
9 _ 400 10. 70707071 0. 607
10 _ 400 10. 50808081 0. 608
1 _ 400 10. 90909091 0. 609
12 _ 400 11. 01010101 0.610
13 _ 400 11.:131111111 0.611
14 _ 400 128212121 0.612
15 _ 400 1. 31313131 0.613
16 _ 400 11.41414141 0.614
17 _ 400 11. 515156152 0.616
18 _ 400 11. 61616162 0.617
19 _ 400 i s G g 0.618
20 _ 400 11. 81818182 0.618
21 _ 400 11.91919192 0.619
22 _ 400 12. 02020202 0. 620
23 _ 400 1212121212 0.621
24 _ 400 12222222272 0.622
25 _ 400 12. 32323232 . 6272
26 400 12. 424242473 0.623
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27 |
28 |
29
30 |

31

32 |

33

34 |
35 |
36 |
37 |
38 |

39

40 |

41

42
43 |
44
45

46

47 |

48

49 |

50

51 |

400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400

12,
12,
12.
12,
12,
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
14.
14.
14.
14.
14.
14.
14.
14.
14.
14.

02525253
62626263
72727273
82828283
92929293
03030303
13131313
23232323
33333333
43434343
53535354
63636364
73737374
£3838384
93939394
04040404
14141414
24242424
34343434
44444444
04045455
64646465
74747475
84848485
94949495

55
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. 623
. 624
. 624
. 625
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. 625
. 626
. 626
. 626
. 626
. 627
. 627
. 627
. 627
. 628
. 628
. 628
. 628
. 628
. 628
. 628
. 628
. 628
. 628
. 628
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52 |

53

54 |
55 |

56

57 |
58 |

59

60 |

61

62 |
63
64
65
66

67

68

69

70
71 |
72 |

73

74 |

75

76

400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400

15.
15.
15.
15.
15.
15.
15.
15.
19.
15.
16.
16.
16.
16.
16.
16.
16.
16.
16.
. 96969697
7. 07070707
R VANA Y
AR
7.37373737
. 47474747

05050505
15151015
20292525
393923535
45454545

80858286
95959596
06060606
16161616
26262626
36363636
46464646
26265627
66666667
76767677
868686387
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77 | 400 17. 57575758 0. 626
78 400 17. 67676768 0. 625
79 | 400 17. 7777778 0. 625
80 400 17. 87878788 0. 625
81 | 400 17. 97979798 0. 625
82 400 18. 08080808 0. 625
83 400 18. 18181818 0. 624
84 400 18. 28282828 0. 624
85 400 18. 38383838 0. 624
86 400 18. 48484848 0. 623
87 | 400 18. 58585859 0. 623
88 400 18. 63686369 0. 623
89 400 18. 78787879 0. 623
90 | 400 18. 88888889 0. 622
91 400 18. 98989899 0. 622
92 400 19. 09090909 0. 622
93 400 19. 19191919 0. 621
94 400 19. 29292929 0. 621
95 400 19. 39393939 0. 621
96 | 400 19. 49494949 0. 620
97 | 400 19. 5959596 0. 620
98 400 19. 6969697 0. 620
99 400 19. 7979798 0.619
100 400 19. 8989899 0.619
101 400 20 0. 618
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