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Abstract

To investigate the influence of the matching between tempering pretreatment and induction harden-
ing processes on the microstructure and hardness distribution of the hardened layer in 40CrNiMo
steel, a composite heat treatment experiment was designed under combinations of three tempering
temperatures (550, 600, 650°C) and two induction working currents (1.3, 1.5 kA). Optical micros-
copy (OM), scanning electron microscopy (SEM), and a Vickers hardness tester were utilized to an-
alyze the microstructural evolution and hardness gradient characteristics of the hardened layer.
The results indicate that the tempering temperature determines the size and distribution state of
carbides in the original tempered sorbite. Tempering at 600°C results in a uniform and fine carbide
structure, providing an ideal starting point for subsequent induction heating. When the induction
working current is increased from 1.3 KA to 1.5 KA, the depth of the hardened layer increases, the
hardness gradient slows down, and the change in surface hardness is significantly influenced by the
tempering temperature. When the tempering temperature is 600°C and the working induction cur-
rent is 1.5 KA, the surface hardness after composite quenching reaches 60.2 HRC, with a hardened
layer depth of 0.96 mm and a hardness gradient of 32.4 HRC/mm, representing the optimal match-
ing of microstructure, hardness, and gradient.
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FEREH i LEBISE LA T, TRERE T MR EORR M B A& m iR . i Bk, [ i e B
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[11-[3]o AsE— PRI ARG TTEENE, SAEATE SR R E EAu[4]-[6]. RIEMEBOAR[7]-[9] LI AEEE T
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2.1. REHH

WIEA BN 40CrNiMo &4, SRBHAREL 22 R In 2 1 PR, K JEAEDIN T ©20 mm x 150 mm
(A T

Table 1. Chemical composition of 40CrNiMo steel (wt.%)
2 1. 40CrNiMo $HEIILZ R 55 (wt. %)

JLE C Si Mn P S Cr Ni Cu Mo Ti Fe
HE 0.40 0.24 0.67 0.015  0.002 0.74 1.37 0.04 0.18 0.025 RE

22. ANETE

RUREIIL R 6 ESGHRBIETZ, S5NE 2 iR, BT ZBEWT:

1) VABTTRALER: K AFE I 850°CLRIE 1 h, I, BlJE 70 7E 550°C 600°C. 650°CIEIK 2h, T4,

2) SRR KA GP-40A RN %, INEESTE] 5s, St TAEHR 259 1.3 kA F 1.5
KA, ARG H G LRI L= I E SRR B

3) R E K B SEAE 200C MEIRFIK 1h, =4

Table 2. Design of quenching and tempering/induction compound hardening process

2. WR/RNESERXIZRIT

T KGR C VR[] K B/ °C TAE KA
1 850 550 1.3
2 850 550 15
3 850 600 13
4 850 600 L5
5 850 650 1.3
6 850 650 L5

2.3. TSR

1) &AL M REELHTEE. WtE, 4% BRI AR M, KRG B (OM) I 22 i3 g
JZH L, B LA FBR (SEM) 23 BT SO AR ALE

2) TEEEMAR: eI, RIS ERAT AN 0.5 kg, BEIRFERIE 0.05 mm ALFFARVEAE [H 1A A L 0.05
mm SIS, AT TR o A 2R

3) B R JZ IR FE I T« DA R T 55 B AR P 1 80%A4b i)l BL P 25 (J5 2 LA SHD Rom)TENE
AL JZ VR
3. HAZR S
3.1. ARFEREMELR

1 AR EEAEAS R B T 18 R AL B ) S A4 2R
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(a) 550°C (b) 600°C (c) 650°C

Figure 1. Microstructure of different quenching and tempering pretreatments

1. NENERFAL RN EMER

22 850°CIHIE + AR B KGR EALFE R, 40CrNiMo 4R G 2H 23 S AR i [a] K R Ak . Bl 0] iR
IFEFH(550°C — 650°C), IRFFFAAA LA R E 2R, ALY R . 550°CE KIS, A/ N IRTRE
YREU AT E R AR EAR s 600°C [BI KBS, JCRITREY B8 n, ARy R ig B8, A AnfiiEiy 2 650°C
[ K, BRGNS TEAZ SR, 5Bk R R IR I 28 s A R M R R, BRI = A — e RS
IR, PRARAIEE R B . IX— RA LA 52 f5 SRR F2 o B IR DB 5 KR, NG 4
R Z BN K IRAEA R L ST 55, 0 B PR Ik R = AR EE LR

3.2. EARNENERAMAR

AL AL IS, %I 2 T2 AT RIERIE K, I RHGIRE KA. ANF T 225
THRRZEESHMHARA RN EEZR, W 2~E 7 Fiw.
(1) 550°C 1 5 T Ak 3

(a) KZ (b) WPEE (c) O

Figure 2. Microstructure of 550°C tempering + 1.3 kA induction hardening
B 2.550CEIK + 1.3 kA BRRz i N R iELR

(a) RJE (b) LWEE (c) &

Figure 3. Microstructure of 550°C tempering + 1.5 kA induction hardening
B 3.550CEIR + 1.5 kA BRELF A RIMESN
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(2) 600°C 1 i Pl Ak 22

(a) RJE (b) SR (c) &8

Figure 4. Microstructure of 600°C tempering + 1.3 kA induction hardening
[ 4. 600°CEIR + 1.3 kA RERLZE K R

(a) K2 (b) LWEZ (c) T

Figure 5. Microstructure of 600°C tempering + 1.5 kA induction hardening
5.600°CEIK + 1.5 kA RERI %K B

(3) 650°C 1 i T kb 2

(a) RJE (b) LIEE (c) &

Figure 6. Microstructure of 650°C tempering + 1.3 kA induction hardening
6.650°CEIN + 1.3 kA BRI K BHHLAR

(a) RJE (b) TLIEE (c) &

Figure 7. Microstructure of 650°C tempering + 1.5 kA induction hardening
7.650°CEIX + 1.5 kA BXEL K BHHLAR
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R R WO S0 AT, TR 1K OS85 IR o B A . TAR R (A s AL R it 7 T 2
() B TEAZ AL S0 SRR, 22 1A B AL B FL R R 1 FRARAR AR SR Al

3.3. BIEBRDH

3.3.1. AREUGEEXTEAR R0 (EE L{ERR)

[i] 5 BN, TAE HLJA A (1.3 kA 8K 1.5 kA), I 2~1& 7 AT L, 15 (9] kIR B IR (550°C), R R ZH 2]
HHRRALIDERAN /N . o A ERER B . 7R NN ARG FE A, 4/ PR AL 7 B EAR AL T I A SR B, DR ER AR Rl 43
W5, AHGHRE D RS EN. k2, 650°CH KA, HALIBAYERATS S, Rk

B ETCRIRFERMRAIR K, PEEE T D 8 RIS GRACD IR S A3 5] B IRIRZH 2R, B AR
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3.3.2. BRI {EEEAExt2H R AR (EE E R E AR )

FET8] 8 PR R JGRE R, BN TAE R 1.3 kA B8 1.5 kA, In#cd Bk, g iRt o
FNAAIS TR, v TAR R (L5 KA) N BRIRIAALR BETE 73, BRACY) & G oc sk IR I S e, R
Ty (AR SR, e B B0 AR A A S 0 o IR FELARE (1.3 KAYET, I #Ael B2 AR X 0 2%, B9 A TR WA
Ly IR S A, 22 AT e LR AR (D IR S KA + RIEBRALYD) . X T 550°C ol K FiAL2E,
R TAR R 2 S ERACYIE A, 0T 650°C (Bl K FALEE, R A R IR T M AR 2 BR AL P AL AL RO AN R

AR

3.3.3. B XELEHE

U XA T 58 A VR 2 5 AR [ K R IR R A 2 ], HHE 2 BB 0 A . 3R Wik O
YRR 2% S IR REALE) —~ B IR + UK + RIFRFEMIR S X~ [BLRR AR GO . 7R R R K FA
Wi [X 30 G (SR, INFREAL T Acl~Ac3 ZIA], KAEANTERR KM, WHEERY K& 55 RIE
PREHL, BRI/ ERRE. SR E SR TR, A B Z R . R B R,
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HHE]; 1 650°C Bk FAL LG, JEAAALRAL, HIFEX EERE AR, 5 HIRE K. TAERA
FLRAR R, I XHRTE, INFRIREEIIN, R A AR L .

HE 2~ 7 0l i, T2 13 T2 6, LU BRI A« L IEB6 BE SRR B R A B 3 5 4k,
TEAH RN, TAE IR T, B TR T s, RN R A5 590 — B A 1 AR i
#. 600 CIFR X M T 2(TE 3. 3RS TS RIKHL, X 5HEREH MR KK
Y ZURNIE T B A ) RT3 DA G o FEAR R AR ERIR A2 R, 1.5 kA TARHR(LZ 2. 4. 6)L 1.3kA
TAEHR(LZ 1. 33 574 T M RMAL, & LAERR R E S HGE R 7] KA. %1
LT, T2 4(600°C + 1.5 kA)RILH B AE: I ZURFIE——15 IR AR 40/ . 35920, TEM B Rk
VIS SR, X A R BRI FR A T 2 SR

4. BESHEFER S
4.1. TEE T THHHE
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Figure 8. Hardness curve from surface to core of the specimen under different processes
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Figure 9. SEM images of the hardened layer depth of some specimens
9. MR FEWLER SEM

4.2. WEFHES AT

4.2.1. F—ARTALCERE T BB LR RS EFE

1) FEFURE 550°CHF: T2 1 (1.3kA)FI T2 2 (1.5 kA)H TAEHL R K 15.4%0, REERE{LZ 1R SHD
40 13.3% (0.60 — 0.68 mm), FEEEAE R 16.6% (50 — 41.7 HRC/mm), FHEEIRTF 4.5% (59.9 —
62.6 HRC). b iRgs R BALEMCIIIEE T, $8 N T A FE i R I 25 505 MG A 2 (0 55 23 A 350 50
A1 kKA) T, MIGEEARR, MU R Bl BB s 5 (~770°C), SRIRIRFEE R, #EHEd
EWRE, SBOEWZEER. SEXRAE . Y TERRETE 1L.SKA K, REGEEZRERMN, Mk ik
R RS, ERIRESSIR, PBIERERIN. R, EREMmAGE R TR, ] SR
KK, AR, RIEER S, X NG, R R K.

2) W 600°CH: T2 3(1.3kA)EITZ 4 (1.5kA)EALZ 1 SHD B 17.1% (0.82 — 0.96 mm),
TR BE T % 26.4% (44.0 — 32.4 HRC/mm), K I [#AIC 3.5% (62.4 — 60.2 HRC). AHELT 550°C )5
H, 600°C BT T LAE X SHD FIARE I G mE R, HTZ 4 3/45 1 EARMER R 22 )% . 600°C
JRIRAFII SR M, BRACRHE R IREU AT, X R SUR BN A BEAR T A, BRI BE R TR AL 2
B IR TEAZ 21, XREAEPUE NI N AWM, PRIEBRBII S #. M TAERRCA 1.3 kA (L2 3)i,
BANALMRE, ERBATIEAL . BESE “IUER” RIMREE SRR R, S B2 00 5 IR
B, LUEDXUCRE, BAEEMNR(44.0). IXERE T A4 T1Z 3 1) SHD (0.82 mm) KT L2 2 (0.68 mm), {HfH
FEHIFEA4.0 > 41.7). B TAEERIRTTE 1.5 kA (T HNF, RERRERMIEEZEN “FER” , &
B R OETE G R HR R . BRI e 7 HI95T, K E AT AR S Ak . R, i X 3 0
B, MEREERAFERE R 32.4 HRC/mm, NATIREEEE —FRANIRT 1.2 6). 600°CHEE 1.5kA & LAEH7HE
AR RN, RS ‘R + PR MG
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3) PEFURE 650°CHf: T2 3 (1.3kA)EITZ 4 (1.5 kAL E SHD #7111 10.0% (1.00 — 1.10 mm),
R R B 19.9% (28.7 — 23.0 HRC/mm), KT 0.3% (57.3 — 57.5 HRC). 650°CIF AL T,
PI4L T 21 SHD %5t 0.95 mm, FEEHE 550°CH1 600°C 4L H V2%, (HR MM HEAC. S ET =R
RSB AIRAG TR BRSSO, MHACZHZUE B SR A, ARIRIR PR K [ IR B A0 40 Jo R TR ol s okt
X, JEiB Acs FEAK, FITIRJE R IR, Bk, RO AR A3 kA) L AESRAF LR SHD (1.00 mm).
5k [RIET, FAGZH 2R R R A8, SRRV AN 76 4, VK S B IRMSBORRLAL, SR THIRE B T B
T HISEBR, X ATIREE, Kb B (E (28.7, 23.0) )M EL T 4 (32.4) K. X B 75 E ke
T2 5 R 6 HIBREELL T2 4 BEP2%, (HIX /& DR T A 5 AN 2R 04 AR I, BRI PR A BB SE
TFLR AR, RO A SIS BRIE Sy 52 . M TAERIRIES 2 1L.5KA (T2 )i, #BiEist—2m
%, SHD 1k 1.10 mm, FAEEFFZ 23.0 HRC/mm. (HERMAIEEEL T2 4 K, 650°C 5T nf 3545 i RREAL =R
FISPRRRRE, (HERTNERE 5 HRMAFRRE N %

4.2.2. [E—RRE TAEE R TAEERE AR ERREEFE

1) BN TAEEFA 1.3 KA B, BEVHFURE FHE (550 — 600 — 650°C), fH{k /24 SHD F i1 111(0.60
— 0.82 — 1.00 mm), A% FERR T B R FE(50.0 — 44.0 — 28.7 HRC/mm), R IHRERE S TH G B R
Wa JE AR RAL R AS . SSOCHT, BRALADGE /N TR B I r B e U A R IR AR v, Al 4 44 7 3 i #44 fe
B, IRZ MRS SHD A5k, BREERE; 600°CHY, RRAGANIE 5 BRI B f v B 238 R SR RIR 1
TERE, BRACIVARREN )1 R BRI 5) S5 SHD B4, BEEE R ;. 650°CIN, Bk ke Ak, i PH 22 FAIS
BB JRIR FE RGO, R A7 o] Bl e T DX PRAEC R 0 Acs MR BE 2k, W] A B IR AR 24k, SHD fE i — 238 .
B P2% . 4 TAEHRAS N, PRt 20 SUR SETHIR BRI G B0 P P 2 FE I £ 2 4R . 7E 1.3 KA K
TAEH RN, S PR A v A G N SHD H FRRBARE, (HERTHAEFEAE 600°C i, 650°CHZHLUH
AT T B

2) SRR TAEHR 1.5 KA I, B R TR B A2 2 B2 SHD L35 1(0.68 — 0.96 — 1.10 mm),
s JEE A5 i B R B8(41.7 — 32.4 — 23.0 HRC/mm). {E 1.5kA & LAEHIR N, Frf IR X R SHD &
BIR TR TAE AL, SR/ NTAR TAE AL, SUflm TAE iRt 17 & TR T sz 7 1k .
M 550 — 600°C, SHD HilfiF 41.2% (0.68 — 0.96), HfEE £ 22.3% (41.7 — 32.4). M 600 — 650°C, SHD
MR 14.6% (0.96 — 1.10), FAEEFEIE 29.0% (32.4 — 23.0) = LAEEL R, 185 L RE G A 20 A () S i 5
PPERESR LA T, 600°C L3I, 1 3 1hI A FEE ME B2 () S AL 75 ME g

5. &g

1) 85 B R 0o AR 2 2R 5 R 3 A P 4 S B T e, 7 A RN, TAE rEL AR, B TR SR
M 550°CTHE 650°C, TEALZIREEH 0.60 mm (1.3 kKA)AT 0.68 mm (1.5 kA)73HIH# 2 1.00 mm A1 1.10 mm,
Xof ISR FEE A 5 AL 50.0 HRC/mm A 41.7 HRC/mm 437 f% %2 28.7 HRC/mm 1 23.0 HRC/mm, =il [A] K 531
IR PIRE AL FEAS 1 ARk el BH 2388 K7 IR S AR R IR o

2) LA IO 3R R R ()4 52 8 i A IR i 29, SIS 550°CHY, H i iR
AN 59.9 HRC F+ 28 62.6 HRC; T 7E 650°C Y44 T, [Al— M IRIGIE{UERE M 57.3 HRC 7t &2
57.5 HRC; 4HZ R YTE S MR~ 56 5 78 70 VS Al T s 51 B, TR Ak B A A DU IR ] 37 b 0T il 1)
YER R

3) 600°CHIRE 1.5 kA & HIRA G HEREILE R, 1% L& FRIEWFD RGNS, RIEHAL
Wb, X TERE T, RIAEEE(60.2 HRC) S 4L 2R BE(0.96 mm) W F] R 4F, A BE## FE(32.4 HRC/mm)
&

S
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