CONG NGHE

XAY DUNG MO HINH LUC CAT KHI PHAY BE MAT 3D
BANG DAO PHAY NGON BAU CAU

DEVELOP MODEL OF CUTTING FORCE WHEN MILLING 3D SURFACES BY BALL-END MILL

TOM TAT

Bai bao nay trinh bay mot s6 két qua nghién ctu v& mo hinh hoa luc cat
trong khi gia cong bé mat 3D bang dao phay ngon dau cau. Trong qua trinh gia
cding céc bé mét 3D bang dao phay dau cAu, vi tri tiép xtc clia ludi dao véi bé mét
gia cong thay doi nén tiét dién cat thay ddi lam cho luc cat thay d6i. Bidu nay lam
cho str bién dang clia dao thay ddi va anh hudng truc tiép dén do chinh xéc hinh
hoc cling nhi nham bé mét clia chi tiét gia cong. Trén co so tinh toan duoc tiét
dién cat khi phay da x&c 1ap duoc méi lién hé gitra lc cat vi céc thong s6 cng
nghé nhu chidu sau cat, lvong chay dao cling nhu hinh déng chi tiét gia cong va
vi tri c&t clia ludi cat trén bé mét chi tiét gia cong. Tir do ¢o thé tinh todn duwoc I
Ct & tlng vi tri trén b mét gia cong va dw doan duroc sai s6 kich thudc s& xuét
hién trén bé mét gia cong. Bai bo ciing trinh bay mdt sd két qua thyc nghiém da
tién hanh khi gia cong mét cu dé danh gia cac tinh toan Iy thuyét va dua ra cong
thirc thé hién méi quan hé gitra cac thong s6 trén dén I cat.

Tur khoa: Mét 3D, dao phay dau cau, luc cat, dién tich c&t, md hinh hoa,
lat cat.

ABSTRACT

This paper presented some research results about modeling the cutting
force while milling 3D surfaces by a ball-end mill cutter. During milling of 3D
surfaces by ball-end mill cutter, the contact position of the tool with the
machined surface changes so that the cut section changes making the cutting
force change. This causes the deformation of the tool to change and directly
affect the geometry accuracy as well as the surface roughness of the workpiece.
On the basis of calculating the cutting section when milling has established the
relationship between cutting force and technological parameters such as cutting
depth, feed rate as well as workpiece shape and cutting position of the tool on
the workpiece surface. It is possible to calculate the cutting force at each position
on the machining surface and predict the size error that will appear on the
machining surface. The paper also presented some experimental results
conducted when processing the spherical surface to evaluate theoretical
calculations and formulating a formula to show the relationship between the
above parameters and the cutting force.

Keywords: 3D surface, ball-end mill, cutting force, cutting area, modelling,
cutting step.
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DPau Chi Diing", Trvong Hoanh Son

1. GIOI THIEU

Trong nganh ché tao may, viéc gia cong cac chi tiét co6
bé mit phtc tap (nhw céc chi tiét khudn, mau, céc chi tiét
trong nganh hang khéng, trong dong co,...), dugc lam
bang vat lieu kho gia cong nhw thép hop kim, thép chiu
nhiét, thép da t6i,... ngay cang nhiéu véi yéu cau k¥ thuat
ngay cang cao. Khi gia cong cac bé mat 3D cé bién dang
cong thay d6i s& phai st dung dén dung cu cat la dao phay
dau cau. Voi loai dao nay, tuy thudc vao vi tri ti€p xdc cla
dau dao véi bé méat gia cong ma tiét dién cat, téc do cat,...
s& khac nhau. Diéu nay khién cho Iuc cét lién tuc bién thién,
anh huong rat 16n dén do chinh xac gia cong va chat lwvgng
bé mat. Tim hiu vé luc cét, dd c6 nhidu nha khoa hoc
nghién ctru va dat dwoc mot sd két qua nhat dinh, dién
hinh la céc bai viét [4, 5, 6]. Cac nghién ctru d& cdng b6 cho
thay céc tac gia da danh gia duoc luc c&t khi phay bang dao
phay cau théng qua cac phan tich hinh hoc, théng qua cac
phuong phap hoi quy thwc nghiém,... Tuy nhién, chuva cé
tac gid nao danh gia hét sy anh hudng clia vi tri tiép xUc
gitta dung cu cat voi bé mit gia cong, 1a mot yéu té c6 anh
huéng rat 16n dén lec cit khi phay bé mat 3D bang dao
phay cau. Chinh vi vay can cé nhirng nghién ctru sau hon
dé cb thé danh gia tdng quéat hon céc yéu t6 anh hwdng
dén lyc cat trong qué trinh phay cac bé mét 3D.

2. TINH TOAN LUC CAT KHI GIA CONG BANG DAO PHAY
PAU CAU

Trong qua trinh ct, lvc c&t duoc tinh theo cong thirc
sau [1]:

P=pg (N) 1)

Trong dé:

q: Dién tich tiét dién 1op cat duoc tach ra, n6 phu thudc
vao tirng mo hinh cét cu thé.

p: Lwc cét don vi. p la hdng s6 véi 1 cip dung cu cét va
phoi nhat dinh.

Nhu vay, luc cat P sé ti 1é thuan véi dién tich tiét dién 16p
cat duoc tach ra g. Van dé phan tich, tinh toan luc cét bay
gi0 s& 1a viéc tinh toan dién tich I6p phoi duoc cét ra.

Khi phay mét cau bang dao phay cau, dién tich cat ca
mot lan tién dao dwge mo ta trén hinh 1.



SCIENCE TECHNOLOGY

7

Bé mat chi ti€t
7.

gia cong
Dao phay cau
Dién tich cat

Bé mat chi tiét
gia cong

b, M6 hinh mat cau [m
Hinh 1. M@ hinh hinh hoc phay mét cAu béng dao dau cau
Trong dé:
R: Ban kinh cong bé mat gia cong.
t: Luong du gia céng.
s: Luong dich dao ngang méi lan chuyén dudng chay dao.
r: B&n kinh mi dao.

Bang 1. Tiét dién cat q va lc cat P dy doan khi phay mét céu [i

Dao phay ciu

Nhu vay, tiét dién mat cat tai vi tri tiép xGc cla dao va
chi ti€t gia cong ting v6i goc ¢ duoc tinh toan tng véi cong
thirc sau:

Tiét dién mét cat duoc tinh toan theo cong thire sau [3]:

q = [ 100 = f(0ldx + [°1f () —f(0)ldx  (2)

Trong dé:

f,(x): Phuong trinh dudng ludi cat dung cu & lat cét trudc.

f,(x): Phuong trinh bé mat phoi.

f4(x): Phuong trinh dudng ludi cat dung cu & lat ct hién tai.

Tir cac cong thire (1), (2), cong thire tinh lwc cat khi phay
mét cau bang dao phay dau cau duoc xac dinh nhu sau:

P =p.[[Z°1f,(0) —f2()ldx + [1£,0) —f2(@)ldx]| (3)

Trong dé:

f1(x), f2(x), f5(X): Cac ham phu thudc bién dang bé mét va
cac théng s6 cong nghé.

p: Luc cat don vi, 1a hdng s6 phu thudc vao vat liéu chi
tiét gia cong. Theo céc nha nghién cru vé cét got thi lwc cat
don vi p c6 thé biéu dién gan diing trong méi quan hé vai
dd bén o, cha vat liéu (néu la vat liéu déo) hoac do clirng HB
cla vat liéu (néu 1a vat liéu don). Thic té khi cat voi dao ludi
cat don, tir thuc nghiém va cac tai liéu vé nguyén ly gia
cong vat liéu thi [1]:

+p =(2,5-45)c, dbi voi vat liéu déo.

+p =(0,5-1,0)HB ddi v&i vat liéu don.

Trong d6, gia tri hé s nhd dung khi cat voi chiéu day
cat a lon va nguoc lai.

cong thic (3) 1a céng thirc téng quat biéu dién madi
quan hé gitra lvc cat vai cac thong s6 cong nghé clia qua
trinh cat got. Trong céng thirc ndy cac gia tri ban kinh cong
cla bé mét R, ban kinh mi dao r, buéc dich dao ngang s va
lvgng du gia cdng t la cac tham sé. Vi vay, gia st khi gia
cdng mat cau voi cac diéu kién nhu sau:

- Ban kinh cau: R = 15 mm.

] t=0,2 t=03
G‘(’g)‘f’ s=0,06mm s=0,1mm s=0,15mm s=0,06mm s=0,1mm s=0,15mm
qmm’) | PN) | gmm) | P(N) | g(mm) | P(N) |qmm)| PN) |qmm) | PN) |qg{mm)| PN

0 0,008 1,800 0,015 3,624 0,023 5,424 0,011 2,736 0,023 5,448 0,033 7,968
10 0,008 1,848 0,015 3,672 0,023 5,520 0,012 2,76 0,023 5,544 0,035 8,304
20 0,008 1,920 0,016 3,864 0,024 5,784 0,012 2,904 0,024 5,808 0,036 8,683
30 0,009 2,088 0,018 4,200 0,026 6,288 0,013 3,144 0,026 6,288 0,039 9,408
40 0,010 2,376 0,020 4,752 0,030 7128 0,015 3,552 0,030 7,104 0,044 10,632
50 0,012 2,832 0,024 5,664 0,035 8,49 0,018 4,224 0,035 8,448 0,053 12,624
60 0,015 3,648 0,030 7,29 0,046 10,992 0,023 5,424 0,046 10,944 0,067 16,128
70 0,022 5,352 0,045 10,800 0,068 16,296 0,033 7,8% 0,065 15,624 0,097 23,16
80 0,045 10,872 0,094 22,656 0,147 35,376 0,063 15,096 0,121 29,016 0,175 41,904
920 0,200 48,072 0,264 63,456 0,300 72,024 0,308 73,944 0,417 100,032 0,487 116,38
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Bang 2. Tiét dién cat q va lirc cat P dy doan khi phay mét céu [6m

o t=0,2 t=0,3
%?)‘P $=0,05mm $=0,1mm s=0,15mm $=0,05mm $=0,1mm s=0,15mm
qmm)| PMN) [gqmm)| PN) [gmm)]| PN) |qmm)| P(N) |qmm’)| P(N) |qgmm)| PN
0 0,015 3,624 0,030 7,200 0,045 10,704 0,022 5,352 0,045 10,680 0,067 16,032
10 | 0,015 3,624 0,030 7,248 0,045 10,896 0,023 5424 0,045 10,872 0,068 16,296
20 | 0,016 3,792 0,032 7,584 0,048 11,424 0,024 5,688 0,048 11,400 0,071 17,088
30 | 0017 4,128 0,034 8,232 0,052 12,432 0,026 6,192 0,052 12,384 0,078 18,600
40 | 0,019 4,656 0,039 9,288 0,059 14,088 0,029 7,008 0,058 14,016 0,088 21,072
50 | 0,023 5,544 0046 | 11016 | 0,070 16,872 0,035 8,352 0,070 16,776 0,105 25,248
60 | 0,030 7,080 0059 | 14040 | 0,091 21,912 0,045 10,776 0,091 21,720 0,137 32,832
70 | 0,043 10,248 0,084 | 20,040 | 0138 33,072 0,066 15,936 0,135 32,496 0,207 49,776
80 | 0,079 19,056 0148 | 35472 | 029 70,080 0,140 33,672 0,316 75,888 0,537 128,920
9% | 0137 32,880 0369 | 88464 | 0419 100,560 0427 | 102456 | 0577 138,576 0,675 161,952
- Vat liéu chi tiét; thép C45 co do cirng, tvong deong voi = 120 T ———
lyc cat don vi 1a 240N/mm? = 100 | o~ Khis=0.1 >
< 2 " N Lz , ~: o —wv—- Khis=0.15 ‘o
- Dung cu cat: Dao phay ngén dau cau cé ban kinh mdi € 8o -
daor=5mm. 60 |
- Lugng dv giacdng: t =0,2 va 0,3 mm.
40 A
- Bwéc tién dao ngang: s =0,05; 0,1 va 0,15 mm.
thi luc cat tai cac vi tri gia cong tng vai cac goc ¢ co thé 2]
duwoc tinh toan dwa theo cong thic (3) khi st dung phan 24
mém tinh toan Maple va dugc chi ra trong cac bang 1 va 2. : T
N , sy e A N , 5 N L, < 0 10 20 30 40 50 60 70 80 90 100
Tl cac gid tri liét ké trong cac bang 1 va 2 ta c6 lyc cat ’ ; e 5 opomm e gh
P A - e am aps L Goéce twong ng vi tri gia cdng cua ludi cat @()
dy doan sé phu thudc vao goc ¢ nhu cac doé thi hinh 2, 3. .
. Bl a.Khit=0,2mm
Cgi —e— Khis=0.05 > = 180
T o " S 160 ey ~
-—- is=0. ' = is=0.
o § 140 —¥—- Khis=0.15 ,//
- = 120 A
100
80 A
60 A
40 A
20 j
0
0 10 20 30 40 50 60 80 90 100

140

Lwe cat Q(N)

80 A

120 A

100 -

Géc twong trng vi tri gia céng cua luwdi cét )

a. Khit=0,2mm

—e— Khis=0.05
<o Khis=0.1
—w¥—- Khis=0.15

0 10 20

30

40 50 60

80 90 100

Godc twong tng vi tri gia céng cla ludi cat (p(o)

b. Khit=0,3mm

Hinh 2. Dir doan mdi quan hé giita g6c ¢ va luc cét khi phay mat cau [oi
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Goc twong rng vi tri gia céng cla ludi cat )
b. Khit=0,3mm

Hinh 3. Dir doan mdi quan hé giita g6c ¢ va luc cét khi phay mat cau 1m

Nhu vay, theo cong thic (3), (4) va do thi hinh 2, 3 ¢c6
thé dé dang nhan thdy tiét dién cét va luc cat ting theo
ham s& mii khi géc ¢ tang. Piéu d6 cé nghia la lvc cat Ion
nhét duoc du béo 1a khi & nhitng vi tri 1an cat cudi cing khi
phay mat cau loi.
3. THUC NGHIEM DANH GIA BO CHINH XAC CUA MO
HINH TINH LUC CAT DA BUQC THIET LAP
3.1. Thiét bi thi nghiém

- May gia cong: Thuc nghiém duoc tién hanh trén may
phay CNC HS Super MC 500, tai Trung tam dao tao ky thuét
HaUl-Foxconn, Treong Bai hoc Cong nghiép Ha Ndi (hinh 4).
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Dit liéu thu dwgc sau khi Scan 3D dwgc dua vao phan
mém GOM Inspect dé so sanh ban Scan 3D bé mét da gia
c6ng v6i bé mét chuan (theo ban veé thiét ké) (hinh 8).

Hinh 4. My phay CNC HS Super MC500

- Dung cu cét: s dung dao phay ngén dau cau GS Mill
2GSR5 ¢6 ban kinh dau dao r = 5mm ctia hdng Nachi - Nhat
Ban (hinh 5).

MACHI ‘GS mMiLL 2GSR5 LISTosts (a1
25X 15X100X10 AR ao27.

Hinh 8. Phan mém GOM Inspect so sanh bé mét gia cong v6i b& mat chudn
- Mau cét: Phoi thép C45 da duoc gia cong thd va gia
cdng ban tinh tao hinh ddm bao dd chinh xac vé lvgng du

Hinh 5. Dao phay cau GS Mill 2GSR5
- Thiét bi do:

_+Dolyc cat sir dung luc ké do lyc cat 3 thanh phan clia  gia cong, chuén gia cong va chuén do Irong. Yéu cau gia
hang Kisler - Thuy Sy tai Khoa Co khi, Truong Bai hoc Cong  ¢c6ng mat cau dat kich thudc va chat lvong bé mét theo ban

nghiép Ha Noi (hinh 6). vé (hinh 9).
4 capteurs Couche d'isolation R15%® R15
thermique
./l-\ Fy
Fx Fz
Plaque .
supénieure
Fiche de
21 3
46 \ 46
a. Mau phay cau Ioi b. Mau phay cau Iom
Hinh 6. Luc ké clia hang Kisler-Thuy Sj Hinh 9. Ban v& méu thuc nghiém
+ Po bé mét sau khi gia cong: St dung may Scan 3D Théng s6 hinh hoc ctia phéi da duoc lya chon theo gia
ATOS Triple Scan ctia hang ATOS - Btrc (hinh 7). thuyét duva ra trong phan 3.1, ché do cét duoc lya chon

theo bang khuyén nghi clia nha san xuét dung cu dva trén
co s& do clrng clia vat liéu gia cong.

- T6c dd quay truc chinh: n = 3200 vong/phut.

- Budc ti€én dao: F = 700 mm/pht.
3.2. K&t qua thuc nghiém

K&t qua do dwoc thu thap va xi ly bang phan mém
DaisyLab. Luc cat duoc thu thap di liéu cda 3 thanh phan
Hinh 7. My Scan 3D ATOS Triple Scan Py, Py, Pz. Hinh 10, 11 1& mdt s6 hinh &nh thu dwgc khi do.
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Hinh 10. Luc c&t do dwoc khi phay mét céu I6i vdi lrong du t = 0,2, birée dich
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Hinh 11 Luc At do duoc khi phay mat cau 16m véi luong du t = 0,2, budc
dich dao ngang s =0,1va & gc ¢ = 80°

Luc cat tdng P s& duoc tinh toan theo cong thirc (4):

P =./P¢ +P} +P} 4)

TU nhitng két qua thu duoc, qua qua trinh phan tich
danh gia tir két qua khi phay loat nhiéu mau cét. Céac gia tri
trung binh clia cac thanh phan lyc cat va lyc cat téng theo
géc ¢ duoc cho & bang 3.

Bang 3. Luc cét do dwroc khi phay mét céu véi: t =0,2mm, s= 0,Imm.

Goc Khi phay mat cau loi Khi phay mat cau I16m

o| P | P | P | P | p || P

(08 ) ) A O )

0 | -2470 | 0,610 [-9,080| 9,430]-10,520| 11,900 |-8,430 | 17,982
10 | -3,730 | 1,010 |-8,990| 9,785|-12,580| 12,890 |-8,270| 19,819
20 | -4,480 | 1,560 |-9,070 | 10,236|-14,980| 16,680 | -8,480 | 23,969
30 | -7,550 | 2,400 |-9,020 | 12,005|-15,640| 19,040 |-8,330 | 26,010
40 |-11,250| 3,150 |-8,860 | 14,662 |-20,790| 22,240 | -8,360 | 31,571
50 |-12,080| 4,930 |-9,100 | 15,907|-22,990| 24,180 | -8,460 | 34,421
60 |-13,340| 5,130 |-9,030 | 16,985|-26,860 | 26,100 | -8,410 | 38,385
70 |-18,610| 8,070 |-8,980 | 25,764|-30,570| 29,720 | -8,440 | 43,463
80 |-28,720| 14,230 |-9,080 | 33,387-35,210 36,030 |-8,390 | 51,071
90 |-61,450| 17,454 |-9,150 | 64,533|-60,510| 49,610 | -8,480 | 86,247
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Tl bang s6 liéu trén bang 1, 2 va 3, xay dung duoc do
thi xac dinh anh hudng clia géc ¢ dén luc cét thuc té. Luc
cét nay duoc so sanh véi luc cat dy doan trén ly thuyét & do
thi hinh 12.

70

—@— Ly thuyét
—CO— Thwe nghiém

Lwc céat Q (N)
w » o ()]
o o o o

N
o
L

10

0 = T T T T v T T T T
0 10 20 30 40 50 60 70 80 90 100
Géc twong trng vi tri gia cong cua ludi cat cp(o)
a. Khi phay mat cu [0

100

—@— Ly thuyét
—O— Thuwe nghiém

80 -

Lwe cét Q (N)

60 -

40 -

20

0+ T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Gée twong &ng vi tri gia céng clia lwdi cit @(0)
b. Khi phay mét cau Iom

Hinh 12. So sénh lirc c&t trén Iy thuyét va luc cat thuc khi t = 0,2mm va
s =0,Imm

Trén hinh 12, nhan thay lvc cat thuc té do dugc kha phu
hop vai luc cét duoc tinh toan theo ly thuyét.

Luc cat dvoc dy doan theo ly thuyét cling nhu luc cét
thuc té c6 su thay déi lén bt dau tir khi goc ¢ ting dén 60°
va tidng cang nhanh khi géc ¢ cang Ién. Biéu nay cé thé du
doan duoc sai s6 kich thuéc gia cdng trén bé mat chi tiét sé
ting nhanh bat dau tir géc ¢ dat khoang 60° va sai s6 lon
nhat sé & goc ¢ = 90°.

Luc cat sé gay ra bién dang dung cu cét dan dén sai s6
hinh hoc bé mat gia cong. Su thay déi lvc cét theo géc ¢ ¢6
thé cho ta di doan sai s6 hinh hoc bé mét cling sé thay doi
twong ng theo goc ¢. Nghia 1a & géc ¢ 16n thi luc cat lon
va s& dan dén sai s6 hinh hoc bé mét cling s& lon. Két qua
so sanh bé mét gia cong voi bé mat chudn bang phan mém
Gom Inspect cling cho thay diéu nay (hinh 13 ava b)
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b. So sanh bé mat cau 1om
Hinh 13. So sanh b& mét gia cong (dir liéu Scan 3D be mét gia cong) véi be
mat chudn (ban vé thiét ké) bang phan mém Gom Inspect
4. KET LUAN

Tl nhitng két qua trén, mot so két luan sau dwgc rat ra la;

- Nghién ctru da xay dung dwoc md hinh tinh toan luc
cat phu thudc vao thdng s6 hinh hoc clia bé mét gia cong,
dung cu cat va mét s6 théng s6 cong nghé nhu luvgng duw
gia cong, buéc dich dao ngang.

- Céc s0 liéu nghién ctru thye nghiém cho thay su chinh
xéc clia mé hinh Iyc cit da xay dwng, con mot sé sai lech vé
gia tri gitra thuc nghiém va mo hinh ly thuyét cé thé duoc
giai thich bai khi cat thuc té, ngoai si anh hudng clia cac
thong s dugc tinh toan thi lwc ct con chiu sy anh huéng
cla céac thong s6 ngau nhién khong thé kiém soéat duoc
nhu: do cling vitng cla hé théng cdng nghé, sy khdng
dong déu vé tinh chat cla vat liéu gia cong,... Tuy nhién,
dang anh hudng cha vi tri tiép xuc clia dung cu cat véi bé
mét gia cong (thé hién bdi goc ¢) tai luc cat la dang nhw
mé hinh tinh toan.

- T md hinh lwc cét cling da dy doan duoc cac sai s6
xudt hién tai cac vi tri gia cong va két qua thuc nghiém
cling da cho thay sw ding d&n clia cac dv doan nay.
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