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Tab.1 Parameters of the crystal plasticity constitutive material
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Tab.2 Chemical composition of the 12Cr2Ni4A

JLE C Mn Si S P Cr Ni
‘ 0.1~ | 0.3~ | 0.17~ < < 1.25~ | 3.25~

21 1/ %
0.15] 0.6 | 0.37 |0.015/0.025| 1.75 3.75
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Tab.3 Characteristic parameters of gears
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parameters

MEHITREEH S pm BN E 15 wm B, REFEAR
JE 0 7 W R A sl N (B ) 2 X AR ), R AR
R U GR A E5 11 PA 55 BR J0 AR AR 3R R T 5 R AR A
5, M El g5 R 7 B YR A
1 000 r/min #& FF % 2 000 r/min B, FR 4TI 708 {E 78
SR/ B, U B R %) 2k R R R TR 5 A
5 RBARRLN 5 24 3E 45 R 500 mm/min 35 11 &
1 500 mm/min B}, 3R IR A R ) IR(E IS K, R W
SR AR FH R ] T A A, RO R RS A S
TR R G AR ERZE . LIRS 505
bR M —,

14 BT 7R o 68 75 ik 201 B HI 5 CG 78 B8 W B2 R
10 wm, WS A 1500 t/min, PEZEEEE A 1 000 mm/
min, FFAEIRIE RS wm, B R 20 kHz 2500 F (1)
BRI TTZBE AR . P E 5ige th & 2 ) T
1 2% T 5 R L 7 )2 1) R S 0 T s a1 e e e
1389 UVAG R KRR RN J1-328. 37 MPa, 1jj
ELTRN A F7-248. 14 MPa; FEIEEE M, R4 N
JIFE 50 wm BT C U0 0 808, IR IR BAIOK - 4
A XRD 3% J2 31 bR 20 155 1) 43 B BRI, Pl i b 34
il Ry 3 R 0 T DX T] AR AR S R R AR
Ao BARMIT, SRR A5 TR 0 oy
SEIAS MR, I LN T 0 B 2 B 3 1Y)
TR BE R/ N T 2%, I e Ae e 16 O fi Y
o XA R R, B E IR B 2E AR
HEBMHEARE, RECRERARE R, R, &
B 7 R Bl R 22 W R AR PR IR, A
RZE SRR EERTY, T8 R A TR AR
P2 J2 IV 7 R T8 U R 5 D) gt R Ay S ) R A TR
07 I SR B, S EOE R E MR AL 5 B
A, HE T EEYEASE RN LR

RIS 507 EAE I B 2R 18 10 pom PIFR AR 7 1SF-1
RN 22. 3% FEUREE L, BRI G AR 7 51
B UVAG Fe K48 %R 22 4 102. 79 MPa, SFI4a%F 15 2%
A 78.69 MPa; CG H¢ K 48 Xf % 2% 4 122. 14 MPa,
- 2 4 K15 2% g 85. 48 MPa, {HASIE B2, il
TE 0~30 pom ¥R B 3 [l N A8 T 00 3% 22 388/, (BAE 30~
100 pm )2 X 1R 22 B 5k, B ET 556
()46 J3E 22 Sl T BAR B 30~100 pm IR )2 X35 R0
H o, UVAG 7E 50 wm ¥ B &b (09 5% 45 B0k
-42. 68 MPa, IMiiXI{EC T 0. J5E 55Kk
VIR IR IZERAA N JJH R L ] R T i T
FVrER . TFEUWHNE, BERBRIEE LR
AR Ao A v 2 P B — e R B 1% I R s
i, R T E 2T T 2, KR T
B, FIEBIA G R EE HNTE T R



10 Ak 1ERh

TIE JT AR RS B A IV ) A s A5 ) N
TEPRUERT IR T2 56— Syl $2 T, Rk ab B2
AT Y, EH AT RE X TR R R A% N ) 2 X {R A Ok —
SERM . R, I I ZEAE 50 wm 247 B “ %0
07 HYBEBCE N BRAR Ny “FRAR I ) B s B BRI F
FAZ A M B R 7, AR S T SRR R
IO

100 —
0 -
£ -100
=
R -200F
E
i‘ﬁ =300
—400 + — 'fﬁﬁ -UVAG |
—— {5 -UVAG
-500 Lu . . . .
0 20 40 60 80 100
RIE /um
(a) UVAG
100 —
0F
<
=W
= -loof
3
2l 00 F
&
&
=300 — fli& -CG 1
—— R4 -CG
—4 L L " L L
0 0 20 40 60 80 100
RFE /um
(b) CG

El14 iBRERTE L5 R RN KIE
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direction
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Fig. 16 Residual stress in the x-direction
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Fig. 17 Distribution of three types of residual stresses along the

depth direction
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Calculation and test verification of residual stress in ultrasonic vibration-assisted

grinding of aerospace gears based on crystal plasticity finite element model
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(4. AECC Zhongchuan Machinery Co., Ltd., Changsha 410200, China)

Abstract: [Objective] Aerospace gears have strict requirements for surface integrity. Ultrasonic vibration-assisted grinding
(UVAG) can enhance the residual compressive stress and fatigue resistance of gear surfaces, but the thermal-mechanical-
microplastic coupling mechanism remains to be further clarified. Therefore, a crystal plasticity finite element model (CPFEM)
considering both ultrasonic vibration and thermal-mechanical coupling was established to predict the residual stress on the gear
surface and reveal the ultrasonic control mechanism. [Methods] A gear surface following coordinate system and grinding contact
geometry were constructed, and models for friction attenuation, tangential grinding force, and transient heat flow under UVAG
conditions were derived. The ultrasonic softening term and temperature softening term were introduced into the CPFEM, and the
material parameters of 12Cr2Ni4A alloy steel were calibrated to establish a surface/depth dual-scale polycrystalline model.
Simulations under different grinding parameters and conditions were conducted in the Abaqus-UMAT framework. An UVAG
test platform was built, and the grinding temperature rise was verified by embedded thermocouples. The residual stress on the
gear surface and at different depths was measured by the X-ray diffraction (XRD) layer-by-layer peeling method to validate the
model. [Results] Under the reference condition, the model predicts a peak residual compressive stress of approximately
-369 MPa on the gear surface and about —50 MPa at 100 um, with a deviation from the XRD measurement of no more than
20%. Under different conditions, the average verification error of the surface is approximately 21%, and the trend of the
simulated values is consistent with the test values. Compared with conventional grinding, the peak residual compressive stress
under UVAG conditions increases by 20%-30%, and the effective depth of action increases by about 50%. The results show that
UVAG can reduce the average Taylor factor and increase the slip activity by suppressing frictional heating and promoting multi-
slip coordination and dislocation proliferation, thereby reconstructing the cross-scale stress field. The established model can be
used for residual stress prediction and process parameter optimization of UVAG in aerospace gears.

Key words: Acrospace gear; Crystal plasticity finite element model; Ultrasonic vibration-assisted grinding; Thermal-

mechanical coupling; Residual stress (Znd. R LAF)



