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Abstract: Based on the SimuFact simulation and analysis software, the multi-process of composite forming process for hollow motor shaft
of new energy vehicles was numerically simulated and optimized. The results show that the equivalent plastic strain is mainly concentrated
near the front end of punch, and the material flows along the two axial ends during the hot extrusion forming process. The equivalent plas-
tic strain at the hollow section of motor shaft firstly decreases and then increases along the diameter direction after radial forging, and the
equivalent plastic strain at the step section increases gradually along the diameter direction. The cold radial forging process parameters op-
timized by orthogonal experiment are the relative rotation angle of hammer head of 18°, the hammer head depression amount of 1. 0 mm,
the hammer head die entry angle of 22°, and the billet feeding amount of 1. 0 mm. On this basis, a kind of hollow motor shaft for new en-
ergy vehicles formed by the composite forming of hot extrusion and cold radial forging was successfully developed, and the influences of the
composite forming process on the microstructure and grain refinement of hollow motor shaft were analyzed.

Key words: hollow motor shaft; composite forming; hot extrusion; cold radial forging; equivalent plastic strain

R LR O, T mpLe 7/ IR U 25 M 5 BE RO S VERERY IR T, RIS
I, RN R HO SR B R TR OESMIR LR B EReR A, TE
BB U A ARG B R A S, A2 ) i —

RS EER: 2022-08-19; fEITHEI: 2022-11-29 PR ROE A, il S e SRR J8 7 1) b i 24>
BEEWAE: FRWTAAIRA (2020RC22) 5 FRTE X FHL BRIV ELAR T W) X5 e i R - A T S ST, in T4
; ;ﬁf ﬁ’;’;ﬁ‘” - BATARIFI M BE BRI B b, 50 i) 8 i T
wA. W 1999-) , B Bi+Hi% - . s .
i S (LSRRI G | AP L 7 RO
-mail: 846298093@ qq. com . N g ‘ o N
BREEE. FEW (1976-), B, i+, 2 SR AL 0 &y Eicy) W S SRIM, 2SR EAT R

E-mail: zhouzhiming@ cqut. edu. cn E‘JR#%D@% E/‘J Zl:? m&%*@ ’ ﬁﬂ%ﬁﬁZl‘Eﬂ E/‘JE%&:Q



55 4 3]

WRALARAE . BT REIRIR 425 O WL 52 5 WU T 2B K AL Ak 9

IR, R — AR ) il T X E LR M 1T
A OHHU, B ERIE T 20T 12 O T A 7= RS2y
e/, R R, SRR A LT B AT
SRR 25 B AR SR s I B A U T 2
2L, ZE G RIE T 24854 T U EPIR T 24
FE, . il T AT R e s IR A Sk A 2 20
THBRAALEE; R R, HAuZo™ M R
KERER . D1 PR RO S h R =, 7EW R i
FR RIS PTE R AT RER

FEIET AN 48 1) BB pUE i R rp, MERL 3
Bl LA R SRR I AR 1) 43 A 6 7 i 7 S 2 RE
U o5 M RE LA SO AL 2L | ok RO 4 AT HE Y
mit S RS A BT i AR PR R A 3 B D % A sk
PER AR oA AR H R 2%, B2, FEFA oo ot
ROV it BEHEAT B AL 2 BT, RE A8 1 off b T30 A4 Ak
(R 20 7 ) RS 3 DA R S5 A0 08 1 VL AR A AR S AR
BT L O AR U R T K B
58, BIAN. Zou J S HI RIS HT AR ZK60 -
B AR AR I R 1 o R AEA TR AT, RG
WFIE T AR TE AR B T BE A A W b 110 17 A8 R JEE 4
v, LA b 16 S8 P A8 T AT S GO 4 4 3 AR
Cao X Q %1 i R4 245 5] T 34CrNiMo6 &
ST N I 2, IR TG — WA A B A
454 SimuFact BT, DHoE TRELS RS
B DEM IR AR | AR B, i
BIERGRI RS A, e, RS I T
PIZERAER M, Yang Y 257 5@ i v A B s i T
30SiMn2MoVA i FEAN, B 98 AN [A] T 2 6 34 R
WL SURZUE AR s, I A BRI Bl 43
B T AR I i R R AR A A0 A E R Y R
FRIC T TS — R BIE AR I EL I T 25, 430 T4L
Tl T S8, AL S 8055 45 Tl IR 3% 60 7377 12 104 52 il £
B, IR T /NS ARG 258, PR R 54
FRTTO LA W) G AT, A s 3 1 %) o, P P 4t 1 3
WA ; Yong L 251 45 HY T —Ff i BE AR 45 4% 1) 4 1
TR RIT Tk, WF9E TSk B0 i R 4
BUBRRE 52, 2550 3R 0], e RS540 T BE 5 fRSk
F G, FHEEHA (VAR S N A]; Pachla W
SO B SR I s R A R TN T Ak A 4
bt RSB AR T AT ER G 42 1 4 PERE . R
SR AL RS Wa Y T SR R R X Bk
UBM #5550 53 A7 428 [ s aod i v A4 ek ) v T 97 ‘R
WA, IEXT LA BR T BT s A, B UE T
PP UBM BRI I 5, E— LR TR T 52

B AR 1) BB SRR B R

SR, HATR TEAMIETZ (RS EMR 1
i) APRUE R AT, AR A O T 2% =
O FL ML Y B A AR R W 25 D T B IS A, I HL
PATE BAIF 5500 AN A8 1] e di T 3 R AT AR AL, 0BT
ZBE T A RN T S S AR S AR 3 AT Y R
AR SO A3 O H LA AR T A8 A28 1o R 3 14 RS P
W ARPATRAERA 0T, RGP TE T FRHE
FE AL AR AR B J7 ) FOAF OBV AR oA, LS
L TR 250 LA B RO 2, oA 20 Ak 1Y
SR, DU st e WU 9 A 7= B 5 0

1 RN Z R LR T3

23 DB LA AR N 45 X, 18 1a 2SO EHL
MWEABIE TR RER, k4 4HT)p, TIF
1. BEHKEHN 160 mm, EEHN P60 mm 1R IE
SR, I B AR ERRHI R ZR 980 C JE it
TSN T, —WMm TR L sh B S a0 B, #f
FERE GBS BEME d, = P30 mm, 250 BAME d, =
@60 mm, N d,=P30 mm, FIELL A=4, TJF2;
BT BUE G R 28 BRSO Bt AT
BRI T, 25 0BMR B 3 4T,
BATHHESL TR 1.0 mm, & A=
1.05, Zad 3 AT 148 Bk Ja 25 O B I AME
d,=®60 mm JF/NE d, = D54 mm, T 0BHRE
MRS B A N, TS OB N A, T
3. BMBIRREEIAT 10 T4, B0 T2
KTFHEEN 1.0 mm, #HiEk A=1.05, &4 10T
B E, GMBIIMER/NE dy =P34 mm,
WRI/NE dg = P18 mm, TJ¥ 4: BREMEERS,
XA LML EA TR K A BE LAV BR AR A ), B
Je, A AEEIN T 2SO LA B = R B i

R T TS AN B 5 R TR R A R AR 3 A7 1
P T M4EE B, TR ERE TR, T aE
LA HTAT SimuFact #4722 TF B BUE RIS HT
Kl 1b A IAET R BUE S R BB AY s AR Y
WIMATR EE 8 200 °C, HORHE ) 0 T B % Ry
980 °C, ML 100 mm - s~ B9 R A M, B
B B L 25 S A SimuFact B9 42 [n] #1855
Yo, Bl 1e B m i o BBy #E 50
BHIVIER TR EBEE N 25 °C, B ITE 1e Fim HAR
J7 1) LhRE 435 1200 SRR THORE, fl Sk A 84T
—RERHTHE 2 mm, HESLAA X AIEE N 180, R



ko R

5 48

10 it
160
R ML
HHB EDB
TF1 \;F&/E{' —— ] ¥}
Nl
Vi
IR A : <
) g
aME
p <
R 17724, o - = ~}
7 P, —
TR4s €2 7= g
@)
/ F \ ' MHEER T
L okt i
(b)
FRHER 77 1) AT 1 -
— — L AT R
1 /
©

B 1 a8 TR
(a) BIET)F  (b) BIFIETZ (o) BREMBETZ
Fig. 1  Principle diagrams of composite forming process
(a) Forming processes  (b) Hot extrusion process

(¢) Cold radial forging process
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Fig. 2 Distributions of equivalent plastic strain and flow velocity in axial direction of material during hot extrusion process

(a) Punch down 60 mm, equivalent plastic strain

(¢) Punch down 180 mm, equivalent plastic strain

(b) Punch down 60 mm, flow velocity in axial direction

(d) Punch down 180 mm, flow velocity in axial direction



55 4 3]

WRALARAE . BT REIRIR 425 O WL 52 5 WU T 2B K AL Ak 11

2 % A e O = S | [ DRI B AT
20 mm - s~ W 2¢ F7R, T 180 mm A #AF
JETIPESH, Mt B i RSB PE RN S R 2. 76, TER
Bz BN B BRSO N AR, IFIR EAR
D5 [ ANEEE /N, R, BTG R R i BT
980 C AT, MiR FASIE MK & AL sh & 450,
MLV SRR () SRR PE N AR . W 2d B, AR
TR 180 mm B AOEHE AR ) T i g, HORBFES OB
A Hl 1) 37 S 29 100 mm - 57, SR R
(AL shd 43T, T VI o ELAR BN, 5
I T A St 4R el 1) 9 2 SR H] 400 mm - 87
Ak X A A el o) O B R A AT R , FAEE R E
AR RRETE BB A AR ML Y R R 4E R IE
BrE AL BB, TRl R B H 250 B
2.2 AEEBISEEMERS ST

FEZS OB AR I i TP, 2R 2
DB AR S N B B B AR I SR, 3K AR AR
ISR Y FEEE X . BB BE 1R, MR AR
BOOEE, TESERAS D BRI i S BUT G, Pt
BB A e, 250 BEAR 1) BB I A A5 il T
RS AN 3a FoR, 45 3 AT 4 A m i
2 OB IIMAIINE d54 mm, JEUSEIAREK, BT
OB M BE B E AN, R DB N AR
W, A BRASIMEASIE A/ N AN R, FEZed
HEL AR T 2 5, PR T RE WA . B 3c
R Ba I a AL Y A SRR 1N AR U AR T 1)
AR ZR , FE25 0 B 2R 1 1 S s M M N AR R
B B S E TRT I 28 3, S 0 v oy A S RS
W/NEHRM R, B 3c T, w, 2z Al n 0 FRRTE
FLE a 0 EREIRANER . TRl AR 3 S DI
s R, R SESOB RN AR R R SRR
AT DIAA S IR R AG AR T X Fe 287 i A fal X
TESLL e MEREA B BB, AT ST ERUE, ¥
P EB o AR P R sh ML Ao & 2, il 3b
FirR, TEERSK A m R T SR AL RIE R T, Aok
Wil PRl , I ARk A S A0 I 21 R B K
TR ) 220t ) B T

WE 4a iR, BT EMBIRE R B E TF A%
BN, BB L B m AR T S AR S AME
B, e KSR N AR 3,22 HEME 5. 49,
IFEEEPTEMBSNRE, B 4c IE 4a PAE
b AT Ah 11 25 255 0 1 7 A VR AR T I I AR Ak il 42
B 5 I A/ TP P, A A N AR T T N
WE 4b s, I G B B AR ) B A 15 B

2 I R 2 BHEIEIRALEa

3.22 -~

2.90 — [\(
i = O -~ O

1.97 e

1.65
1.34
1.03
0.72
0.40
0.09

LE=Es====241

FRIB MR

1.0

BB 41 2R TH ) BE S /mm
©
3 280 Beis i e i R 45 A A
(a) SERCBYERNIZE MG (b) BORHR ShE 54
() A7 a AT A A S5 380H A N A T A ) R 8 A T 2%
Fig. 3  Simulation results of radial forging process for hollow section
(a) Distribution of equivalent plastic strain ~ (b) Distribution of material
flow velocity ~ (c¢) Equivalent plastic strain change curve of

section in position a along diameter direction
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Fig. 4  Simulation results of radial forging process for step section
(a) Distribution of equivalent plastic strain  (b) Distribution of material
flow velocity

(¢) Equivalent plastic strain change curve of section in

position b along diameter direction
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Table 1 Factors and levels of orthogonal experiment

K%
RF
A/(°) B/mm C/(°) D/mm
1 12 0.5 18 1.0
2 18 1.0 20 1.5
3 24 1.5 22 2.0

3.2 EXKWERSM

IEAR SR A LE RN 2 iR, £ 3 WIERELK
g, Hp, KA ARFRZKEREFE R T Bk
RN ) Z S BT &R A, R fds X1 AR
KFERH1THBPAFRKE X (X=A, B, C, D), X2
X3 [FBE, RAWMZEM, EF—FZER 3 KFH
PEBE K B/ N KSE A, DT AT DA o 72 [ — A
RTIMRLTZES8, EEENRZEE R 8K,
RIZHEXLE R, Hk, nT DR &
PIZE Y R B 2 PR 2850 45 S5 i 1) R, e
W R AR ) o AR, SRS & D 15¢
Wik, Ak AR C AR, RIE K EH
T/NEN PRkt T2 7% A,B,C,D, , FE2M Ak
PrEfN M HEZE R, BEL T EE B MWK
(1, AR4E K {fm/NE, PLkih 2075 A,B,C,D, .
P IEAS SRR A5 5 DAY 25 O A A 1E 28 S 6 v
LS RIEAR—L, R, HESk AR C X RSN
71 o (eI ART] 200, T ERES R D X Eck
RN T o R, R BT EE N AR
AN, L, ZEFBRER R T Z %R A,B,C,D,,
RVRRES AR 5% £ 2 180, Sk FRAE R 1.0 mm, fi
Sk R 220 RALES N 1.0 mm,

K2 EXTHRER
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Fig. 5 Hollow motor shaft
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Fig. 6 Micromorphologies in different positions of hollow motor shaft

(a) Position a, arean  (b) Position a, area z

(c¢) Position a, areaw  (d) Position b, arean  (e) Position b, area z

(f) Position b, area w
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Fig. 7 Micromorphology of hollow motor shaft
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