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Numerical Investigation of Multi—pass Spot Continual Induction Hardening

ZHU Sheng-xiao*”, QIN Xun-peng*, WANG Zhou', MAO Hua-jie", GAO Kai*
(a. Hubei Key Laboratory of Advanced Technology for Automotive Components, b. School of Materials Science and En-

gineering, Wuhan University of Technology, Wuhan 430070)

Abstract: To realize the surface hardening of complicated components, a numerical model for multi-pass spot continual
induction hardening (MP-SCIH) was built in finite element software ANSYS, based on the nonlinear partial differential
equation for electromagnetic and temperature fields. The overlapping width between adjacent tracks was considered dur-
ing the numerical analysis of MP ~SCIH process and the influence of the overlapping width on temperature distribution
and microstructure transformation was obtained. The numerical results were validated by metallographic analysis. The
results show that if the width of the overlapping region is over a certain value, the austenitic transformation will appear in
the former hardened track when subsequent induction heating is carried out on the next track. Because of the heat accu-
mulation effect in the MP-SCIH process. the complete and the partial anstenitizing depths of the latter track are larger

than those of the former track.
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10

Front view Left view

WXH)} 20 mm X 20 mm X 15 mm,
TERE AL 00 2ok vy, O A R o 2 B R
W SN B DA S SRR . R 25 TS [
TFEORG BE AR 7S TR PR ) o 3 28 A0 B A
o A B A D) R D W AR O A ) 4, T ] 3 B .
F LA v e g o A B B S R RO O T
AR AR EORG  X R )ZE 2 mm PRV B A
AT IR A0 53 (5 5543« H AR TR B # 43 (18 mm) fifi ]

Workniece

Magnetizer

(b) FEM mesh of inductor, magnetizer and workpiece

P 3 AT A A

Fig. 3.  FEM mesh of the model

£ ANSYS(13. 0) H1#E [ solid 117 BT 17
HLG 1 3 M - 156 T solid 90 FAITHEAT I 37 70 M
TS A5 (9 8% 2l 3 BE RN A2 2l e A 110 45 ) 2 e
B] 25 KR SCBL Y BIAE ANSYS B4 oA I A
Mg s L A2 AT AT 5
L SRR AT F R R R T R A A D R 2
I 25 73 BT 1900 By 2% 1 2R AT il BE 37 5K ik SR K i
JE G 0 Wt 19 45 SR R Al IR AT FE R AT M2
T B3 e A 5 B T L A — A T B R U
Bl 15 A 1A R X S S ST A A R O R R AT
X A 3 i A0 R TG 7 300 B AP AN AR 1 IR
GEGAT P T AF BT B 1 X — 725 R
WG A5 - EAT BB AR O W PR 2 BT R DL K HL
Gy A Sy R A . ol TR b — 2B AR R
JFERAEAE R IX — 725 0 i A 1 OF BV 4% 5
A AR 0L B A T R L R RT A O S B T
WL AR RS Bl . BRI E] 25 KB E R/ G
0.05 ) AEA T AR R AT O B0 1 R — 3%



%3

RAT LA 208 Y GRS R g g K BB AU

125

Sei R g i B . Ui RO IR A RS Sl B AR S I [E]
956 28 LR B e SRR ok I8 2 ml LG o i
TFa A 7 o S I 4 1) S A o DT S5 BRAT: B B A 1) B
SR SN VA G B o 3X — O TR 52 2% il D 3%
S Mo ) S YA K BB DR (I T A phe R

ZR5iE

EEBEENE K T LN FEES RO
T D AR ) IR #5 F 2 3 (o) VKA TR
DA B T A g 0 2 B RUSES L R ok A g Y
SR HIK T RSN 28 R E AT T A4
HRATZSHRENER 1R,

Rl HEREUNIZSH

Process parameters of the multi—pass spot con-

3

Table 1

tinual induction hardening

120

il

T ST 2 T R X SR R Bl R P K
R AN [ A T B 008 X T IR R S Y S L
T 3 A & v AT b, B
BN [] D 5 s AN AR A2 2 2 s I S
07 TAEROI A IR AT K . 18] 4 O ZE IR
[IFAY LSRR W -NE PRS- 03 B AN B I /S e
UYL 2 A X & XL o —TE L
W THEMEEX @A NE -HEXOZD,
BERZES ZHEMNEEXGHANE “—EEKX
(OZ2) , BERCT AR AUl o 28 B sl
WFFERS B - LUV, 25 90 B A B 1E 0 % I T A 3%
i1 PO gL W7z 3 J5 [0 BEFa 20 mm BEI— 5,
FERAEPIEM LG . Hop P6 gy TIEPUE IR
WLPIZ A =TEBBE YIS kL. N T o B & A iE IR
B A EL 5 R 3 B T = 38 B vh B
9 P3.P9 Ml P15 s M HEFEXT R 5 04 P3,
P9 P15 A3 JIr 76 1 #8011 A9 7 T 18T $E UK 3 i 7E
AB.C X 3 4 Z R AF T B9 I 18] i B2 il £k 4n
K6 s

OZ: Overlapped zone

(b) Observation points

4 T 3% AL B IX R 55 7R BB (Unit: mm)

Fig. 4 Schematic diagrams of the heat—treated area and the positions of observation points

Group I/A f/kHz wv/(m«s ') Overlap/mm
A 1 800 30 0.02 5.2
B 1 800 30 0.02 2.8
C 1 800 30 0.02 0.4
PO P P2 P3 P4 P5
e
Pi2 P13 P14 P15 Pl6 P17
X
}\4 180
Y
(a) Heat-treated area
7/ : Inductor
1N |
[ | P9, PI5
N |
i I .
LX L1 L2 L3
K5 s P3.P9 I P15 fir £ K48 7 s = A
Fig. 5 Schematic diagram of the selected points P3, P9

and P13 on cross section

FEE 6 1, AISI 1045 89 Acl 3K 740 C,
Ac3 J R 800 C ., oy PR AL A% I ¥ ) 3 B Oy
200 C/s Mg AB.C 41Hh <l LLE 1L 78
L WGE L Sl N T K 5 #E e, P3LPY A P15
AT I R N A I 42200 R T TR T s Y R
JO7 8 A o R 3 ORI 5 A S SO0 A G b B U
N 0L 3 30 e K 5 i A U I A 1) S T I
TFUR RS T B e A B KGR » T4 3 i ik
T3 AR A 3] [ AR B 7 7 T RE (M) DL 11
SR =l e e T R LR A A 24
Bl 6Ca) (b) (o) Al 15, Bl 45 B & X3 i/ (A 4



126 2 B X W & B 2015 4E
1000 X 525 P S 4 L EG AR s L LA 0 K T
ool A G A I 5L 4 0 B T A S 7 45—

o b B K S TR 55— AR K (OZ 1) 22 3 4

P 600—‘\\ FRAR L 2 DA K v i [ k3R B AR s 7 A7 58 = 38 Jk

g R K I L P31 35 85 AL EE 29 490 C ik 5

£ 400F R 1] 2 T BE DR T AR 4 4L 45 L 4 — TR IX

= COZ1) A2 117 K 8 KI5 5 HE 20 0 I o ke 2

: e T K22 B A R ] T ES R 4140, 45— A X
0 (O0Z2) A3z 3| — W [al K0 K 6 (a) i LA
Time /s P9 f7E Il K B i R R E T 782 CL i F

(a) Group A, ove(r(l)a\;;/ X?;i;;t:vn:n adjacent tracks T P3 )‘5\ %*ﬁ\ ] KR, B P9 ) “j_:—l; \{é\ {I] ik TE @jﬁ
T T B M A5 I 0 B BB T4 —

Hooo NIE B X (OZ2) BNk Z AT R AR IR A 414
wol2 (Y2 (N [ - M 6Cb) BT LAt ¥ 7 45 96 2. 8 mm

o P B L P35 — VA T T A ) T 9 I R

B 60T, B 7 [ K28 B PR 4 45 55 = Ok Tl A 1% 1

RS P S L O O A M WA

= Y SRR B PO A FUE - Y I R

= 0| FEITOR A A2 (K R A 4150, T 6 (o)

SN AT i 24 7 A FEJE K 0. 4 mm i, P3 £ P9
02 4 6 8 10 12 14 16 18 ALERZE b A 78 B KR R 414
Time / s —SEBE TRl 2R A OZ1 — i X 8

(b) Group B, OWAT=2.8 mm 2057 B 35 1 K B B L 5 B B 1AL B X B4

1000 REE ok SRR A . £ AB.CX 3 HS A&
w00l P L B4R FR 7 AR B RO B0 . P15 £ K

o R 9 T R AR L4

S 600 T AT 420 U A 2 R 2 O K o A

2 R J7 I E R LB A ALBLC i 3

B 00T SET P3.POPLS 45 B 2 BRI 7 1) 145

~—wk PR SR 4 G 0. 2 mm 26— 2, 35 9 ) L 47

S ) S A% 5 6L I ) 25 b Hh 2k, A 1&1 7.8 9 TR

0 2 4 6 8 10 12 14 16 18
Time /s

(¢) Group C, OWAT=0.4 mm

Bl 6 2520 S AN BT 8 A5 i A] — TR it 4R
Fig. 6 Temperature—time curves of the selected points

(P3, P9 and P15) under different process conditions

>BH>C 4D . A/ — B HU I 557 FE — T8 A
T AR R W AR N TR KO B A, JE — T Ll A2
i — 18 P TG B 2 BRI, B 6 () AT LR
WM ES RN 5.2 mm B, —E PO Y
P3 f 8 — Wyl R BRIk B 1 752 CL T
AISI 1045 401 Acl 3B, BRI 78 It A5 38 14

Hrp  Blnth 2 A BB TR KRR )Z 0~
1. 6 mongh & s A4 I ) RS 26 R RIBE 0. 2 mm,

B 7 02 A LR By ) b 45 A B[R] R R AR
feh 2k, 18 8 o B ZH TR 5 ) b A& i 1) I 0] i B2
M2k, 1589 & C T T In) b 4% a0 I (] i 32 it
2. W 3HEATLUE . 5 — 18 A L ET— 8 7 A
[ R B 25 A 1 o v iR BE A AN TR R B 1 T e L X
H T A S AR e AR T N A e R 2
Jo — B K AL D A T PR A L A A
TREETT 0] b I B A B2 0 /)N 52 4n B IRIR AL TR B
Ch1D) AR 73 B QAR AL B B2 (h2) A A [ 72 32 11 3
Jme & 7 ATRD, BRI 0. 8 mm Ab 1) f e ik FE



5% 33

R L AF . 2l U o8 S B s g X R U 127

224 816 C,1.0 mm MR EIREA Ny 772 C,
1.2 mm AR EEZ S 731 'C . S TAGE
SE4 B IGIR AR R Chl) R3S 40 B8 EC A Ak 3R
(h2) AN 15 i 52 L 32 A O IX 38 P S 2P T B [
BFIA Rt Ac3 il Acl R BERF &4 T 58 2 IR
PR AL T 43 B G AL U AR 5 B4 45 SR AE A S
BT — 38 0 2 I8 4 B IR IR AL TR 2
0. 87 mm, #B4r BICIRLIRE L 1. 16 mm, [A]
FEAT4E A B.C3 41 4 JH .0 26 X 8L h1 A1 h2 3%
R 2 Bis,

1000

3
(=3
(=]
-

|

|

(=)

(=3

(=
T

S

(=3

(=
T

Temperature / °C

%3

(=3

(=]
T

0 2 4 6 8 10 12 14 16 18
Time /s

(a) Points along Z-axis under point P3
1000

800

600

400

Temperature / C

200

0 2 4 6 8 10 12 14 16 18
Time / s

(b) Points along Z-axis under point P9
1000

800
600

400¢.

Temperature / °C

2007

0 2 4 6 8 10 12 14 16 18
Time /s

(c) Points along Z-axis under point P15

K7 A BTy b R R) - R
Fig. 7 Temperature - time curves of the selected points

along Z-axis in group A (DS: Distance from the surface)

1 000

800
600

400

Temperature / °C

200 |

L L L

0O 2 4 6 8 10 12 14 16 18
Time / s

(a) Points along Z-axis under point P3
1 000

DS=0 mm
800

600

400 |

Temperature / °C

200 |

\
PR S IR SN ST R RN R R

0 2 4 6 8 10 12 14 16 18
Time /s

(b) Points along Z-axis under point P9
1000

800
600

400 |

Temperature / °C

200

0 2 4 6 8 10 12 14 16 18
Time /s

(c) Points along Z-axis under point P15
B8 B ZALIREETT ] b 4% s i I ] - B il £k
Fig. 8 Temperature—time curves of the selected points

along Z-axis in group B (DS: Distance from the surface)

H T ABLC X 3 41 T2/ X Ho Uik 1y
WA R TN 2 FT LA L3 HB R
AT R —EHE h1 R h2 R 58 2 — 2L
TE 22 36 Y% 25 7% 8l O P S B v AR AR il
TR E L 5 — B A F AT — 8 59 h1 F1 h2 I8
JEHRAT — 5 T2 JE 1) 30 5 B A T B DX A9 8/
IR RO 5 L A AVBLC X 3 LAY —IE
ZOE 5T A B IR TR R A B PR b TR BE A
U/ o I 7~ 9 Al AR TR B 5 1] b 4% A



128 2 B X W L B 2015 4F
1000 K10 fros #8315 15 80 & S50 & 80
w L A 11 B
B NI 10 AT LA Hy o P3 gt 7 B 4 31 1 4141
B 600 o PR B AR L B R IR 1 B Ak 4148 Bl T A
e MBI AL U A . W 11 () ~ (D &1L 7E T
E FERE 9 5.2 mm B (A 1) . P3 A [ KR B 1A
200 ] KJE R AL ZL, Hoh ik D Rk £ IR, PO sl
‘ BRI VAR B T FR AR 4145 24 7 B 6 B 5
07T a6 s 10 12 14 16 18 2.8 mm (B 4D P3 £ I kR S R A Tk
(a) Points alongT;-I:x;ssunder point P3 (Eé‘iﬂéﬂ P9 )ﬁﬂ\] @J(%? Eiﬁi %ﬂ@i%%{ﬁs%éﬁ
1000 YU M 7E B T A 55 0.4 mm B (C 41D, P3
wol A \—Ds0mm 88, 1 K E A I8 K T P AR 4 440, PO Sl
e bag I I ¢ FG MR At 0 (G PRIR A 4181, A 11 ()
B 600 ~@OHHLTE AB.C X 3 SR T PL5 A
E ol 3490 2 U P SEL 8L (R T 52 0 0 2 K 5
5 |3 F A ] A O BE 1 58 06 1 I 401 480 7 S B K /s
200 15 DT RIS 2 5. G A A SR T L4
sJ -~ L SRS R A G R T RIS .C 4
072 4 6 8 10 12 14 16 18 SHMT P3 A BT 0 A T R R 414, X R
e i 6] i E 3 4 B 45 L T 0 0
1000 I P4 il 2 5 2 0 4 e [0 L E R e i)
- FY S 7 5 8 ek — 5 PR 00 [0 o L
v R 5 SR 1] 11 A B 7 o 1m0 B I 4 L A
£ 600 3 R 25 5 A el R e B O
E W5 5o I 69 A1, I — 36— 9 ] K
5 | ] HA 1~2 5. P3 S — M4 4R H 100% 5%
200 PREELL 76 A S B LS BAIE T 58 8 7 AR 1Y
' I ¢ R 75« AR 1 B ) P g % 2 T 4 4

0 2 4 6 8§ 10 12 14 16 18
Time / s

(c) Points along Z-axis under point P15
B9 C UL EEJr ) 145 s i B Ia] — 3 B2 ith 2%
Fig.9 Temperature - time curves of selected points a-

long Z-axis in group C (DS: Distance from the surface)

F4 & 20 2 2 DR T A 7 114 e 5 % 0 R
PRI A — 3 O A BT 4 T AT 3R IR A A IX
SRR 22 KR Ty IR R 72, b1 TR B B Sl 10020 T %
PRBEAEJZ TR b IRIE S h2 PRI =2 1) Y DX B 3
P B RARFIBOE R IR G418, X P55k
TSRS T A 4 5 M F o [ KL R [ e i
AR AN [] A LR B X 2 7 A A [] ) (] e 2L 2
H T B RS B R de R 1 SRR
B3 S A SRR P3P A P15
SRS A RN 28 A A BE AT A 2 A G A 4L 4L

A B ABUAE RS S 45 R AW 5 7 C SR
ZEAET S AR P3G T R K A RCR L H
Hi T ST L, (8] RN TE A) AR B I

K10 #AbIRRT AIST 1045 49 i1 45 HH 4141
Microstructure of the AISI 1045 steel before

Fig. 10

heat treatment



%3

RAT LA 208 Y GRS R g g K BB AU 129

®2 ABCZHSHTREROCLERIBTEEBRMEMARE (h1) AR5 B KELRE (h2)
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