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Abstract: Surface hardness is an important parameter of shield disc cutter, which will directly affect the service life of the tool,
engineering efficiency and construction cost. Few studies have used data from similar working conditions for microhardness
prediction. Taking special steel for shield disc cutter as an example, laser surface quenching (LSQ) is performed on forged and
spheroidized annealed workpiece ( non-treated workpiece ), quenched and tempered workpiece respectively. A hardening effect
prediction method based on a mapping model for similar working condition is proposed. First, measure the micro-hardness of two

types of workpieces after laser surface quenching to determine the characteristic parameters ( depth, width) of the high-hardness
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zone. The Kriging model between the laser process parameters and the high-hardness zone characteristic parameters of the non-

treated workpiece is established. Then, the mapping model of the laser process parameters on the high-hardness zone characteristic

parameters of quenched and tempered workpiece is established using the least squares method and residual error fitting

compensation. Finally, the leave-one-out method is used to verify the prediction accuracy of the mapping model. The results show

that the mapping model achieves effective prediction on micro-hardness and has better predictions compared with the approximate

model based on single working condition data. The proposed mapping model can make full use of the prior data of two similar working

conditions to achieve effective prediction.

Keywords: mapping model; laser surface quenching; hybrid process; hardening; prediction
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Table 1 Main chemical components of KDCMSYV special steel ( wt. %)

Element C Si Mn P Cr Ti v Mo Fe
Content 0.35~0.48 0.8~1.2 0.7~1.0 <0.03 4.5~5.5 0.5~0. 8 1.1~1.6 1.1~1.8 Bal.
A T TESEBUE IR,
®1080°C, 2h
. 2 EXRBRIZSHMKFESHE
g @550 °C, 5h Table 2 Level and value of process parameters
E in Taguchi experiment
N X Factor level Parameters
Oil atural actor levels —
quenching cooling P/kW S/(mm-s™") D/cm
1 1.4 45 3
. o 2 1.8 50 4
Time
N 3 2.2 55 5
B 1 JEHE BB T 2 4 2.6 60 6

Fig. 1 Shield disc cutter quenching and tempering process
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Fig. 3 Schematic diagram of laser surface quenching
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Fig. 4  Cross-section of laser surface quenching
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Fig. 5 Schematic diagram of laser surface quenching

cross-section and micro-hardness test

TR B T S 3 o o 94 e s — St 5 /N0 )
PRAERYEE — D R Z (8], T A S G ) iR 2
(A7 TR B, AN B 1 B b B o2 H o A RE DX i
PRLIEY, SR A7 {172 X o S 88 DX 300 SR A 6 e A T B
DAMEAE T o £ B2 XA R AR S8 (IR BE TR E ) |, 115
sy (I
H, -H,

L= 0 -, - S (1)
A Hy R T F AR HE Y d5c e — SIS Y
WAIAE R | H, DR /N T AR A B — S 3
0 GURE B H S AR ) B R S o 2 A ik
TR B BT PR S L oA H I s B 5 H,
NS SR A el 1L EOR -

PG 2 TV KRN R R CHTR 5 Sk T A
AR 1 A5 B R Y IR RE TR A AR Il B R
JE, TR A B IRARZH 2L o R KO T 0 &R
HARVE K FLAR | 5 B — B I Y I 8] F f b4
BHFE o3 B IR AL, O HLA Ve A0 R T 5 [ A A
ARl BB RE AR A S [RIR 21 2, OB 3R i
B X BB A T AY KBRS AR v
X — 4P AE 00 B REAE (1 4 J& 2R T E 10K 4H
(1 0 Bk 4t ), DA B A R R Rt o
JEE 110 8 AW fof T S M A B A AR Bl T ok
PV AR A 3R T 7 AR T T IR AT A g B I
TRAL , BE 5 8 PR R v 0 AT A T 2 T E R IR
] I FCAA (g e AT

3 R RCRY AR TS U

3.1 EMEE
3.1.1 3EH 4 (Kriging)

B2 AR W) R v B A A R — Rl s ik
I 8 DLt 357 7 325 o Al T o 0 25 18] /Y 87 7 o3
A7 2R(2) A T IR o AR R AL,
MNA A ZH IR 18],

f(x) =+ "R (y - 10) (2)
A, y BEEWRE m SRS RE, 4 2 R
) PR .
1'R'y
1"R™'1 (3)
b, R MM M, MG R BOE R (4) ], e
R(xi,x/)=exp(—gﬁk\xi—xﬁf\z) (4)
L, R (&, 1)) x' 5 Z A BIHE RS K R
TS R AEEL, 0, RS HL, v, — o, [ 256 k Mk
AR R & R 2Z B REAR 5 22 TR AR RS, 2R(2)
PRI Pt R RS a7, e ™ IR S 2 (R
KR, ATUFRRA.
r'(x)= [R(xx'") ,R(xx*), - R(x,x")]"  (5)
3.1.2 Mm% (RBF)
RBF J—Fh A 2 0B Sf [ B Ak, e
M A% PR EIORE 5 2% B0 s A ) RS A 5 B 2R P ]
RO, LR A% i S R T A AR R

JOEDWEIGEERAD (6)
o m R A, BANEL A, R R R
BIRLA T, [ac—x, | IR x 555 0 A RRES «, 2
i) (K FC B 5, T (7)1, o (-) RAERRsL, 7
TR I AR E P L P B SRR BRI WU R R
B TR 2 R PR MR A R 1A
2T LS ok

s - 2=
3.2 BRHHER

R I 25 R , *H Kriging %, V6O 36 1 R

KT EBHONR R BN LIRSS 5
Sk AT T 75 3O 25 1 K 5 T
2 DX 70 (TR TR ) fy (), VR R T4 5
82 IX AL ()

J?QT(x>=a']?NT(x) +B +e(x) (8)
Ko AAMN T A8 AR, e (x) IR RBF
P % 22 SRR, o, B 0 2R /N e S i
SR HRINENT

min. L(a,B) = Z [fAQT(xi) - (a 'fNT(xi) +ﬁ)J

(9)
i, L(a, B) VI PR R R &L, x, JE 98 5 T

PESOCTR T TR K5 | AREAR A, fon(x) WTERE

Q=

(v —x) " (x —x) (7)



94 2 B X W L B

2021 4%

AR S5 oo, ARV T T A e A R X A, m SR AR A A
AN B E WA R A o, BT AL A S IE
B/ s M R AUAR A 55 . FH IR R AE D
Dk R /N 3k, — B 7 &b m
DA Ia) @ AT LA AT 2 (9) i fie £F e 56 2R 4K
a. B,
3.3 EERE

G NS T TR O e S W S T IR
DR T VAR K e B R X245 SR 1) 21 36 500, > Tl i
T ESHCT W BT T A0 3R T VA RS XA
SRa IR, 1B 6 S T4 A i G AR AR A A k1 T

Design of experiment

Results and criteria

L
AR LHEROLRIE K T ZS B SR, If
it IEAS ISR,

AR 2 AT PR T A8 SO 2 A KRR, I
I 0 TR RE 3l S H PR T e B DX
FbRifE, FRBULIR LR

APBR 3BT T RO 3 T A K B R X
IR 28 AR A Kriging AL, AR DI AR A7 55
B XA 28R, O fe /N ok sl sr 2 &R, IR
fif R AR R85, ] RBF AR 5% 225 UEA T P45
Z U, B AT DL T AL MR AR R AR S B

Models construction

Construct the Kriging model based ,

Determine the process

Conduct LSQ experiments and measure
micro-hardness, obtain the results

on the result data for NT workpieces

parameters and ranges |:>

|::> Use the least square method to solve

l

Design the Taguchi experiment |

Determine effective hardening layer
evaluation criteria

the mapping coefficient a and

I Use RBF to fit the residual errors

NS L S afciypry R g

Fig. 6  Flow chart of the mapping model construction method

4 R 55HE

4.1 BRHEE

X T IOGFR IV T 7, AT LAE 8 3G hnom Tk
BOR G AL A TR (58 B2 A BE ) | SR e Al E X R
JEEXE LA 3ok 22 YOG VK SEBUmIR . PR, 8 e
FERETREE Ty ] 053 A SRS i — 22 00 br . AR
P IE AR T, X6 38 A ) AR SR A T

Micro-hardness / um

!
:
6

Fibeitbibetetite

400 1
Depty /200 600

(a) Non-treated workpiece

WOG R TR I T BT Ak B 0 R P B B
SRR B fohr A R -

(1) IIEAIRBE IR 3] B AR RHAZ I SR Acl DAL

(2) Ve HI R R T B FO AR AR I S T

16 A T ESHIHOCRE K S , I 00 5 W Fp T 44
FEAS A SHCT W AhsE B T 25 TR B 7 1) L 44,
B 7 BiR, MAIE 7a BT LIRS E Bl 25 R B 384 T, 3
T8 T A S Fh 28 B, B 2 AT T v Rl R DX
SFRAE 400 HV (] 7a R A1) o G0l 7b s,
DX 383 T A B R S 0, il e B S i A T 1
NUesh, WG B FREE 762 HV (E 7h HK 4
) o

900 o
)
g 800 24
> -6
£ 700 :té
= e
£ 600 4 z
= | &
= L 2
2 500 ;
s et
-2-16

(b) Quenched and tempered workpiece

BT PR T AR R B D5 180 14 AR o0 A

Fig. 7 Micro-hardness distribution of two types of workpieces along the depth direction

VOGO TR AR J s
PRI, REAS AR Jo T4 AR 06 3R 1 R BN se
o 5E R A B Be AR AR A B Tt — 2
GRE TR AT €t (AN T E S R AT ¢ e



54

GV, A L T A T 0 I SRR i ) 7 0 9 B O e R T R K R S T S A B 95

P 8 735l il TAF (NT) B TR (QT)
T TAREOLFR A K (NT+LSQ) 98 it T #0ER
TR K (QT+LSQ) PUFIFE i i XRD AT i ik, =
AU AT S0k H a-Fe, X QT+LSQ,NT+
LSQ QT NT PUAAE (1) 2 06 42 58 AT 1158 FWHM
B354 0.76.0.60.,0.55.0. 46, #4E Scherrer 23
20T AT LA Y SO ok S R R A B B
rRLAAR AP o DRI, 38738 T2 SR FH 90 o Ak 3
OGRS Re (8 T A4 A9 b SR B2 A5 3] b 2 42
15 VAL T T R O R VAR K, AR T ) Je F
B ] A5 Bk — 2D B4

30 40 50 60 70 80 90
20/ (%)

K8 A[E L ZAHS T4 XRD A E
Fig. 8 XRD diffraction patterns of workpieces

with different process

4.2 RBIHE

R0 T Pt 2% P K 25 R )
WOL T 22805 b B IX R AE S 800 6 RBRL, 5
F Kriging HA ) = ZEEIUNE 9 iR, o] B FR R

W ASE(P,S,D) flf B (D, W) Z [8] 1 ¢
. LIS R B2 ORI K T A SR A
ARy HA 485 SR AR I & A 2R AL
S VA Kriging *ﬁ;—ﬂfmd(x) ﬂlf!\rrw(x) s F*
H(8) M iHOE T2 2805 8 5 T A4 s 1 5 [X
BRI o (x) o SRJE, R (9) RS B 5
MG 25 o 1 B, BLAM, RFH RBF Xf4%% () #f
AT BURTHR A 3 A0 T 0 i B A 0 ] 2655 0
Fora(x) =0.594 3 +f i(x) +252.722 3 + £,(x) ;
For(2)=0.444 2 +f ( (x) +1953.994 4 + & (x)
(10)

sore ¥ LS
— R, fona () Ff g () 5350 R 98 B T 43806 2% 1
9 ) ﬁ’ VK I T B XA TR R G5 R R £ (x) AN
£ Fan ) SRR AR HO R T I 1 B E X
E i, A HOVREE FIFEFE R 5, (x) 0 &, (x) ¥5 4 % Fil RBF
ﬁ LA IR 5% 2% R
ORI e A
j\ 4.3 IS ERIEIE
s A A RS 3 0 16 41T 2 I 1945 5 %Al Randi

PRIESBEMLIERE 5 455 (2.6.10. 11,15 41) , R
— KX 5 AI AR R IR AR | o B R UCHS: 5
2H 5 TP Y — A5 AU R AR v 25 B ARy ik
R OBFIR Y 15 DRI A VIR AR, 43
ST 8 T A g S DX R R B B AT T, O
5 SLBR a2 R T X H, g5 R AN 10 s, Hid
EV AR 5l B, MP SR 52 H 0430 oL T 900 B 55
A Ffr PO A A, SK R AXUAE T B — 80t 26 T 1
KR IE R T 1Y Kriging B8 4T FON (B0

&3

HARAEFNEZRRBETZSHRER

Table 3 Process parameters and results of Taguchi experiment of laser surface quenching

Non-treated workpiece

Quenched and tempered workpiece

No. P §/(mm-s™) D7em Depth/mm Width/mm Depth/mm Width/mm
1 1.4 45 4 341.31 2 180. 85 516.99 3 089. 84
2 1.8 45 5 282.07 1 488.93 555. 60 3212.20
3 2.2 45 6 438.63 2 971.37 613.07 4 046. 85
4 2.6 45 3 505. 67 2 650. 36 193. 44 3 176. 50
5 1.4 50 5 173.52 1 320. 65 160. 60 1 849. 30
6 1.8 50 4 318.55 2 423.00 380. 62 2 961. 05
7 2.2 50 3 507. 36 2 660. 82 659. 93 2 629.55
8 2.6 50 6 402. 53 3 254.08 568. 66 4 588.41
9 1.4 55 [§ 0. 00 0. 00 132.92 2 018.53
10 1.8 55 3 383.47 2524.79 611.31 2 719. 85
11 2.2 55 4 182. 47 2 361.24 634. 81 3519.31
12 2.6 55 5 423.15 3227.01 460. 59 3 784.56
13 1.4 60 3 314.07 2 285.95 497.30 2 016. 47
14 1.8 60 6 0. 00 0. 00 330.23 2 628. 85
15 2.2 60 5 335.70 2 799. 66 414.17 2 331.81
16 2.6 60 4 194. 37 2 147.85 167. 50 1926.53
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Table 4 Comparison of the relative error between the
similar working condition mapping model and

the single Kriging model

RE of MP/% RE of SK/%
No- Depth Width Depth Width
2 3.64 4.62 27.65 1.54
6 3.9 19. 82 50.75 27.14
10 10.96 27.16 41.73 6.77
1 5.39 1.39 12.83 29.32
15 10. 11 21.45 39. 15 38.46
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