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Grinding Force Modeling of Two-Dimensional Ultrasonic
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Abstract: Based on the study of the motion characteristics of a single abrasive particle under
two-dimensional ultrasonic vibration, the average chip thickness was determined according to the
principle of constant volume. Based on the geometric shape of the abrasive grain and the elastic
recovery rate of the material, the chip deformation force model is derived. According to the
friction force from the elastic contact between the abrasive particles and the workpiece and the
chip outflow, the friction model is established. Considering the impact of high frequency
vibration on the total grinding force, the impact force model is obtained. Combining the chip
deformation force, friction force and impact force model, the grinding force model of
two-dimensional ultrasonic grinding is obtained. Through the experimental study of
two-dimensional ultrasonic grinding of alumina ceramic materials, the constants in the model are
determined, and the rationality of the grinding force model is verified. The results show that the
average errors between the experimental values and the theoretical values of the normal force and
the tangential force are 11.09% and 8. 07%, respectively, and the maximum error does not
exceed 20%. Thus, the model has a predictive effect.

Key words: grinding force; ultrasonic vibration; kinematic characteristics; grinding force model;
alumina ceramics
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Fig. 5 Schematic diagram of the single abrasive cutting workpiece
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P B 45 A TR R S S ) R A AR
Y )
o m, n Ry 5 APRHE fil 2 18 A4 40 BRI AR P
LEPSIES TSI 8
Kumar % 8F 58 & 90 1 768 A5 IS 7EHT T
PSR RS 8 20 49 AR 18] F) PR 452 01 B S8 0/ ) 5 BB ik 4
S — 20 0 P B ) o AR ) R A R ARG AT
S3HT A5 R P IR Bl RE A8 M R AT BE 52 R BOT
H AR5 8 75 iR i AT 26 O, AT REAIR 1 FR
PEAEE T 7 A B ) ) .l T R R I Y 5
P, JC kB HE T R 5 R B T SRR Y A
SCTE % 3 R 1) 1) P 45 R BORE il B 5 AIB IE FR 8L
Je , DUJ A P S ) I B 48 2R B
_ kmv d,

= +kn. (28)

2.5 mHAh

e T AR R E 4 75 i sh A T LR
Bl X 35k 1) S5 ol M AR Bl e B Rb R T
AN A ) e & e CIRU L s I I I | [ RE L
F 30N

M . .
F. = —{Alwsm[a)(t+AZ)] —Ala)sm(a)t)} ~ MA, w*cos(wt),

At

(29)

F,= %{Aza)sin[w(t+m)+ ¢] — A, wsin(wt + ¢)} ~—MA,w’sin(w?).

2.6 EHINGZEERE
TR S B RD RS 5 Tk X R S
55 H A8 RN, N
N, =N,b. (30)

A, Lo b 5 TR AR Al K 1=
(apds)l/Z'

PG, ] At A 7 S )4 S 1) )
T



1140 A K FIR(A AFFRR) % 45 %
31 33
2d2 2d2
Fum No fut fuet fu) + Fo =K, 25 1 K205 1M o cosoo,
I I (31)
) 2d2 2d2
P No futfoutfud) 4 Fo =K 205 L K 2205 4 Moo sinor.
KKK K KR E R, S SERBdi i e o,
V3FEDb . N3ImFb 49D 3
B . V3 knbb . . o 3.
K = 2c o o+ ac sin 2a (smﬂcosﬁ+tanﬂ) + 3C (1 smﬂ) ;
V3 kmF.b ,
K2=Tcposm2a(smﬂcos,8+tanﬁ);
V3 Fb V3 knFb .| 4yknE’b 2
B . V3 knkb . . AyknE’b (o . 7.
,= C sin2a + ac  sina (s1n,8cosﬂ+tanﬁ)+ Yo (1 s1n/>’) ;
V3 kmFb .| ykmE"b 3
- P o3 . . 2
K,= 16Cp, sin oz(smﬂcos/;’ﬂanﬁ) + 3Cp, (1 sm,B) .
3 RS R B I R S R RWEMH
. Table 1 Experimental conditions
Bk .
ZH Hfe
3.1 SIH&EH AR fTkHz 19.7
kA S I T AR AR o ) R RO B AR A PR IR A/pm 0,1,2,3,4,5,6
HEAT T A AR S 0 S e D 7 e s 10.15.20.25.30.35_40

BEH MR A AL A P B AP R R AR 125 mm
N 42 32 mm , 400" & ki ; 55 ] 77 09 9 & BE Kistler
9119AA2 7 = fa] | J34 , [A]—Z B0 &2 I 3 R B

v,/(mm-min™") 300,600,900,1200,1500,1800,2 100

PEHIRIE a /wm 10,15,20,25,30,35,40

SEPHEAE A B LAE . S AR 1 R
8} v=30 m/s,a,=10 pm,v,=900 mm/min,
A=6 pm B T3 a1 Bl s .

B7 IERE
Fig. 7 Experimental device
(a)—% LR ; (b)—HbE;
(o) — M R A=A I A

EREAFIN

Y EAIF/N

-20 1 1 1

3.082 3.382 3.682

t/s
B8 EHINES
Fig. 8 Grinding force signals
(a) =L 555 (o) —UImJif5Es.

3.982



% 8

I B i 5 AR B YR S A B B ) 69 BB ) AR 1141

3.2 BEHINERHE

R 512 56 &85 SR, 9k B 3 4 5 98 B4 10 A 5K
(31) Hfr, BIVAT A5 21 B i) g A5 78 v (R A OC R 28,
K=1.35x10°,K,=3.82,K,=4.74x10*, K,=1.96.

B2 E K ~K AR (31) R 2 EEH] it
BAKN

3
2

1o —

3
atd
sl ’— + MA, @’ coswt,
UVSV

3
2d
F=135x10°2%

382~
lu +3.

sV

303
veaid? 5.
+1.96 / +MA,w*sinwt.
A%

sV u v sv

s
s

1
di

v
3
ap
v

F=4.47x10° VWI

25
—a— FILIAH
20 L~ F.ERME
— F,iyﬁ{ﬁ
—— Fﬂyﬁﬁ

15

10
Sl /

(@

B SN

300 600 900 1200 1500 1800 2100
v,/(mm +min™")

50

— Fg@ﬁﬁ
40 —* F.E®BME
—t— Fé‘g%ﬁ
—v— FIE

30

BEH S1/N

20

0} /

5 10 15 20 25 30 35 40
BRI Ea,/pm

3.3 EHINREMIIE

S A1 S5 20 235 SR R0 B I 7 B XRT LA HY
S 5 R A TR E B AN W] T2 S 808 (i
AERXT LRI, WK 9 Frs

H & 9a m] W, vk 1) 71 U] Sy BERE v, 3SR
TTHE . AR 2 v, B8/ IN s e DX B v
L) LLEBVE J B 07 Al 25 B B H 0 /0 s A W3
Kovy,, BEARL I S s U7 ) B B 72 K, AR XGT B ) 4 P
ARSI, S AR B e DI A U 22 B 1
He B i As R, an i 10 Fir s, v, #1200 mm/min 34
22 100 mm/min FiJ, 11T 2% 1 DS PE B 24 7= A 1)
MG IEAR A, B LS Il 7 2 a3

35
—a— FARAE
30 | —e— F HiBE
— F,iyﬁ{ﬁ
25 | —v— FE{E
20
15+
10 N
R OB G i
10 15 20 25 30 35 40
v/(m-s™)
32
—e— F,HfHE
24 —— FEW{H
16 M
8 ———
(d)
0

AT YR IBA/pm

B9 XBESELERARSHENLE
Fig. 9 Comparison of experimental and theoretical values with different parameters
(a)—Ffl TAFUE2 B AR s (b)—FERMAE LR AL ; (o) —RHEEHITREE AL 1L s (d)—RflE H fRiE A2 1L

E10 AEIEHHEEETHRELIRE
Fig 10 Surface morphology at different workpiece

feed rates

(a)—wv,=1 200 mm/min; (b)—v,=2 100 mm/min.

FTIET 9b n] L JE Hi) 3 B v, B3 K s/
H T BRSBTS
TF1] PAY S 1 2 10 2 5 ) gl 25 R0 i 4 i
L B S D) B T2 JEE A2 /1 5 [ K v, 22 5 BU I
Al DX A vl T4 1 4 B A T ) BT
FIPE, B U I ) R R

i 9c nT UL, % 1) F1 VD 1) F1 BTG a, (3
KA BT R K 2 a, BN R S
P U 1 PR A 10k 38 M B 2 7 A i S A 1, A A
B e 14 25 B 07 S LUSB PRI Oy 2, B ) T B0 5



1142 FAKFFHR(A A FR)

% 45 %

NWTHE K a,, BRI DD RERE S, i i 26
T 2R 75 3 SRR T A e v R, 4
B 117, a, 1 25 pm 35 28 40 pum, H IR TR Y
PR T 2L, SRR K R R S A O L IR 2 5 Y
S BB KRR 2, IR AR, BT LB
HI 1 & I

20pm,

11 FEBHRETHRERRE
Surface morphology with different grinding

Fig. 11

depths
(a)—a,=25 pm; (b)—a,=40 pm.

H 1 9d ] D, BE ] ) Bl A B3 RS
PR Ry AN W48 K A A1 ol BP0 19 070 ) 2 ae 4 B
BN, B A A ) TR R R /DN | I R A7 1 ) B ) g
/I 5 [T BTG A A T B R 55 T A ) R 4 R B,
T AT R 45 T, DR s A ) (W )y 3
TR

FH PO R D, , A 75 5 ) 48 40 B 2 A e
) P ) g S E S AR AT B RE T 2 3800
AR AR ) v B — 2. SeAh, iR 12 T
Y1) 7 9 52 50 A8 5 PRS2 B8] (4 F 35 4 X 158 2%
43 54 11.09% A1 8.07%, 1% 22 e KA /N T 20%,
FE UV X8R P, GIE BH 2R S R s B )
Hil AR T AT

20
N F, ElF
151
N
H
® 10
®
X
5 -
oy b
5 10 15 20 25

47
E12 FEmAJEAEEENEREENRERE
Fig. 12 Comparison of relative errors between
experimental and theoretical values of
normal force and tangential force

8 e T T R L K UL 0 T
78 R 2 5 A 1 AT « (D 2 57 45 A B

AT TR BAR AL RO BB RN R AL , I HLAE A e A
BT B) HRO HEAT TR BE . @ TSR
P E A 52 R A 8y 91 0 LA A AT 4 B 25
WER B AEHT T4 L&k, &
BB S WA 7 A= I 22 . 7R SEBREE I T
AR, AR TR RE A Z A o 22 Bl B
K5 TAFR B B R AR AR AL, A AR OCHY
SRR R A TR0 B IR B 2 A R 2
X 377 A R . (@) P TSI B B e R v A
VI8 Joik s BIHE A7 fERDHE 5 b s it
AUl a2 5 EHI, SR E R SR .

4 4 ik

1) FEFARFURAS B & 4808 B R, I
LB B A IS T G2, 4 ) A R T S 1 1Y
V1B AR 1 R Sy AR 5 2 3] v A9 U sl ip =
Az 0 e VR TG VB 1 07 B4 5 e, T AR A 2
8 AT ks I AERY DT Ny T A 7 S
LR A

2) il SEIRIE A Y R B I ) Rl DR
242 T R P I I ) 38 T 0N, B T 4 R
JEE RIS ) % B ) MG T B R, S (E S AR R A
BAHKE T. 2 S50 2 b 3 —3; vk m J1 Ul
F1 052K E 5 BRI AE 2 8] Y S 2815 22 43 3 A
11.09% F18.07% , 12 2= e KAEL AR HH 20% , JIr i A
RUEA TR

S Lk

[1] MaLJ,Gong Y D, Chen X H, et al. Surface roughness
model in experiment of grinding engineering glass-ceramics
[J].Proceedings of the Institution of Mechanical Engineers,
Part B: Journal of Engineering Manufacture,2014,228( 12):
1563-1569.

(2] Uhpis, 22000 MRS RHUBON 3 RS B2 A6E Y 4 4
FEHERE[T]. P EBLR TR, 2022,33(7) : 757-768.

(Ma Lian-jie, Li Hong-shuang. Research progresses on
surface roughness model of brittle material machining [J].
China Mechanical Engineering,2022,33(7):757-768.)

[3] LiHB,Chen T,Duan Z Y,et al.A grinding force model in
two-dimensional ultrasonic-assisted grinding of silicon
carbide [J]. Journal of Materials Processing Technology,
2022,304:117568.

[ 4] HeY H, Zhou Q, Zhou J J, et al. Comprehensive modeling
approach of axial ultrasonic vibration grinding force [J].
Journal of Central South University,2016,23(3):562-569.

[ 5] Wang H, Pei Z J, Cong W L.A feeding-directional cutting
force model for end surface grinding of CFRP composites
using rotary ultrasonic machining with elliptical ultrasonic
vibration [J]. International Journal of Machine Tools and
Manufacture,2020,152:103540.

(F#HF119271)



