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Nghién ctru xac dinh hé s lwe can cit ciia thép xam FC25
khi gia cong bang luwdi phay ngon trén may phay CNC

Determining the Cutting Force Coefficients of FC25 grey iron
when machining by a flat-end milling on CNC milling machine

Nguyén Nhu Tfmgl’*, Hoang Tién Dﬁngl, Bui Gia Thinh*?, P Anh Tuin’, Nguyén Quafln4

1Trm‘mg Dai hoc Cong nghiép Ha Noi

*Truwong Pai hoc Hai Phong

3 Truwong Pai hoc Sw pham ky thudt Hung Yén
*Truwong Pai hoc Pham Vin Pong

* Email: tungnn@haui.edu.vn

Tel: +84-437655121-321; Mobile: 0988480490

Tém tit

Tur khoa:
Hé sb luc can cit, Luc cit, Mo
hinh lyc cat, Phay ngén phang

Trong nghién ciru nay, mo hinh tuyén tinh Iyc da duoc phat trién trong
d6 goc xoan cia dao phay da duoc dua vao dé tinh toan h¢ so luc can cit
clia qué trinh phay. Duéi tac dung ciia goc xodn nay, luc cat trong qua
trinh gia cong dwgc xay dung dua trén cac thanh phén Iyc cit tiép tuyén,
xuyén tam va hudng truc. O diéu kién cat o6n dinh, gia tri trung binh cua
lwc cit 1a duoc trién khai 1a mot ham tuyen tinh cua toc do day dao. Va
vi vay, h¢ sb luc can cit duogc thanh 1ap 1a mot ham sb cua luc cit trung
binh, va cac théng s6 hinh hoc ctia dao cat nhu: duong kinh dao, sO rang,
goc xoan . M0 hinh tinh toan h¢ sO lyc can cit nay c6 thé dugc ap dung
v6i mi cap dao cit va vat liéu khac nhau. M6 hinh dy doan luc cit da
dugc kiém tra thanh cong bang thuc nghiém.

Abstract
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In this paper, a linear force model was developed in which the cutter’s
helix angle was incorporated to calculate the cutting force coefficients of
the milling process. Affected by the cutter’s helix angle, all derivations
of cutting forces are directly based on the tangential, radial, and axial
cutting force components. In the developed mathematical model, with
the stable milling condition, the average cutting forces are expressed as a
linear function of the federate. Thus the cutting force coefficient is
formulated by a function of average cutting force and cutter geometry
parameters such as cutter diameter, number of flutes, cutter’s helix angle.
Thiscalculation model of cutting force coefficient can be applied to each
pair of cutter and workpiece. The developed cutting force calculation
model has been successfully verified by both simulation and experiment.
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1. PAT VAN DE

Qué trinh cit kim loai c6 thé dugc phan tich boi qua trinh cét don gian va cit phuc tap.
Tuy nhién, trén thyc té qua trinh cat kim loai hau hét 1a qua trinh cat phurc tap. Tinh chit co hoc
clia qua trinh cit don gian va cét phuc tap dugc nghién ciru ¢ rat nhidu cac nghién ctu nhu
Merchant [1] and Altintas [2].

Theo phuong phap truyén thong, hé sb lyc can cit va hé sb Iuc can cit canh duge xac dinh
va hiéu chinh v&i mdi cap dao va vat lidu cat khac nhau théng qua qua trinh ct thir nghiém.
Céch nay co thé dugc ap dung voi nhiéu qué trinh cit khac nhau nhu: Khoan, tién, phay [2-4].
Cac nghién ctru chi ra rang: C6 hai phuong phap khac nhau trong viéc xac dinh cac hé s6 luc can
cét, phuong phap thir nhit 1a phuong phap tinh truyén tur cit don gian sang cat phuc tap, phuong
phéap thir hai 1a xac dinh tryc tiép tir cac thir nghiém & cat phuc tap. [2].

Véi phuong phap xac dinh tryc tiép, c6 hai mé hinh thudng duoc st dung dé tinh toan hé
sO Iy can cat. Mo hinh thir nhat: Hé s Iuc can cit phu thudc vao gia tri trung binh ciia phoi cat
(M5 hinh ham s6 mii ctia hé s6 lyc can cit). M6 hinh nay kha phirc tap trong viéc do va tinh toan
[5, 6]. M6 hinh thi hai: Hé s6 luc can cat khong phu thudc vao gia tri trung binh ctia phoi cét, va
viée xac dinh hé sd luc can cit co thé duoe thuc hién dya trén mdi quan h¢ voi gia tri luc cit
trung binh (M6 hinh tuyén tinh cta lyc cit trung binh) [7, 8]. Tuy nhién, v6i cac nghién ctru di
duogc thue hién trong qua trinh phay, duong nhu goc xodn cta dao cat khong dugce xem xét (hodc
coi nhu khong anh hudng) dén viéc tinh toan hé sb luc can ¢t nén md hinh hé sb luc can cét da
don gian hoa, va mot s6 thanh phﬁn ctia hé sb lyc can cit da bi bo qua.

Nghién ctru nay da dugc thyc hién dé kiém tra vé md hinh tuyén tinh cta gia tri luc cat
trung binh. Tir d6 xac dinh hé so lyc can cat trong qua trinh phay. Bing phuong phap thuc
nghiém tat ca cac hé sb luc can cét duoc duge xac dinh ddng thoi mo hinh toan hoc cua luc cat
ciing duoc kiém tra bang cac két qua thyc nghiém.

2.COSO LY THUYET
2.1. M hinh toan hoc ciia Iye cit khi phay

Qué trinh cit bang dao phay ngon
phing duoc md ta trén hinh 1 va hinh 2.
Goc quay (¢;) cua rang thir j dugce tinh toan
theo cong thirc (1).

$j =1 —(G— Dp, j = 1~N¢ (1)

trong do: ¢p is la bude rang va ¢,la
gdc quay cua rang tha 1.

Axial direction Axial direction

Cutting edge

Feed direction NN A

Khi xem xét su tdc dong cua goc >
xodn, goc tre “¥” ¢ moi chi€u sau cat z , “
dugc tinh theo cong thirc (2). Hinh 1. Cau tao hinh hoc cia dao phay ngon phang
2tanf @
= z
D

Nhu vdy, v6i ring th j, & chidu sdu cit z, vi tri goc quay 1a ¢;(z). vi tri goc quay cua cac
rang dugc tinh theo cong thirc (3) va dugc mo ta trén hinh 2.
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‘. Cutting edges
a
Z

g

20 ey

g ¢(J=2) =
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Hinh 2. Vi tri géc quay cua céc rang

Gia sir ban kinh mili cit gan nhu bang khong, trén mdi phan tir cit, cac luc cit tiép tuyén,
xuyén tdm va doc truc tdc dong trén moi rang dugc tinh todn theo cong thirc (4).
dFy;($,z) = Kee * dz + Ky * hj((2)) * dz
dF.;($,2) = Ky * dz + K¢ * hj(¢;(2)) * dz (4)
dFaj($,2) = Kae * dz + Kac * hj(¢j(2)) * dz
Trong do: K, Kre, Kae, Kie, Kre, Kae 12 cac hé sb luc can cét, bé dﬁy tirc thoi cua phoi
h;(¢;(z)) duoc xac dinh theo cong thirc (5).
h;(d;(2)) = f; sin ¢;(z) (5)
Tir @6, luc cit theo chidu in dao (feed), chidu phap tuyén (normal), va chiéu doc truc
(axial) dugc xac dinh theo cong thirc (6).

dFy; (¢, z) —cos ¢j(z) —sind;(z) 0 dF;(,2)

dFyj($,2) ¢ = [sind;(z) —cosdj(z) 0 |{dFrj($,2) (6)
dF,;(d,z) 0 0 11 \dF,;($,2)
Tong lyc cat trén mdi rang dugc xac dinh theo cong thire (7).
Zj,Z
Fo (02) = Fo(,2) = f dFy($,2), q=fn,a 7)
Zj,l

Khi c6 hai hay nhiéu ring cing tham gia vao qua trinh cat thi luc cat dugce xac dinh theo
cong thirc (8).

N N¢ N
F(d) = ) F(dy), Fa(®) = ) Fuyldy), Fald) = D Foy(y) ®
j=1 j=1 j=1
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2.2. Xac dinh h¢ s6 Iwc can cit khi phay

Luec cét trung binh trén mdi goc quay duoc xac dinh theo cong thirc (9).

( Nf bext¥a Zj2
Fr= o | dryo@n Jao
n bst Zj1
_ Nf bext¥a Zj2
(Fa= o | dro@n Jao ©)
n bst Zj1
_ Nf bext¥a Zj2
F, = 2— f dFa,j((I)(Z)) d(I)
\ T st 71
Theo [8], cac hé sb luc can cit dugc xac dinh theo cong thuc (10).
(K _ C1ch - CZFnc _ C3Ffe - C4Fne
te _cf + cg_ te _cg + cg_
) _ CZch + Canc — C4Ffe + C3Fne (10)
re C? + C2 re C2 + CZ
Fac Fae
K,, = —— K,e =—
k ac C4_ ae CS

Trong d6: Cj, Ca, C3, C4, Cs 1a cac hé s6 duoc xac dinh tir didu kién cat ly thuyét;
Fr, Fre, Fre) Fry Frne» Frer Far Fae Fae 12 cac hé s6 dugc xac dinh dya vao gié tri trung binh cua

lua cat.

3. PHUONG PHAP NGHIEN CUU THU'C NGHIEM

3.1. Qua trinh thuc hién nghién ctiru

Qué trinh nghién ciu

dugc tién hanh gom c6 5 — Xic djnh mién én djnh
. x R . S Mo hinh todn hoc CUTPRO™
budc nhu so do trén hinh 3. O M hinh ligc cdt
b r 1 h-A t h d Fx,Fy, Fz . Burdre 2
woc 1, nien lQl:O'ng p ay IIOC M@ hinh h¢ sb e can cit: {a[mm)], S [v/ph] (mién 6n dinh)
mo phong bang cac hién *}:t 2 B 3
tuong vat Iy va co hoc, khi do N7 — | Cit thirnghigm
luc cat va hé so luc can cat L .
dlI(_)'C md hinh hoa bél’lg cac Tinh hé s6 Iy cin cit ‘] Luc cit thye
ham toan hoc (DPay la budc s ) F.F,F,
nghién ctu ly thuyet). Tu ... - l =
r A 7 \ , Buéc S
budc 2 dén budc 5 la qua N
\ A 7 \ 4 7 dF( de’ Fx’
trinh nghién ctru va danh gia dF, — dF, — F, | [ Sosinh, kiém tra
két qua thuc nghiém. Buédc 2: dF, ) Uk F.FoFy
, . Y A . . Dy doén I at
Xac dinh mién 6n dinh khi — 7

cat. Budc 3: Tién hanh cat thir
nghi¢m véi cac dicu kién cat
cu thé. Budc 4: Tu dir liéu

Hinh 3. Qua trinh thyuc hién nghién ctru
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thuc nghiém, hé s6 luc can cit duge xac dinh, déng thoi luc cat duge du doan thong qua mé hinh
toan hoc. Budce 5: Luc cat thuc va luc cat du doan dugce so sanh dé kiém tra mo hinh.

3.2. Nghién ciru xac dinh diéu kién cit 6n dinh

Pé xac dinh h¢ s6 luc can cit va kiém tra mo hinh toan hoc cua lyc cit, mot loat cac phay
thur nghiém duoc tién hanh. Trong cac thyc nghiém nay, ludi cét bang thep gi6 duoc chon co cac
thong sb: Pudng kinh D = 10 mm, s ring N = 2 ring, gbc xodn [5 30°, goc sau a; = 5°. Vit
lidu gia cong la thép xam FC25, c6 cac thanh phan hoéa hoc dugc thé hién trén bang 1. Vat li¢u c6
cac thong s6 co hoc 1a: M6 dun dan hdi: E = 109,5 GPa, hé sb poat xong p = 0,29. Cac thuc
nghi¢m duogc thuc hién trén trung tadm gia cong CNC 3 truc Tongtai TWV-720A.

Bang 1. Thanh phan hoéa hoc cua thép xam FC25

Thanh phén (%)
C Mn Si P S Fe
Min 2,44 0,39 1,83 0,15 -
Max 3,02 0,52 2,03 0,30 0,15 Balance

Mot hé thong tich hop gdom co dau do gia téc (ENDEVCO-25B-10668), dau do luc
(KISTLER-9722A2000), hop xir ly dir liéu (NI 9234), va phin mém CUTPROTM duoc sir dung
dé phan tich va xac dinh mién 6n dinh cho qué trinh gia cong phay. Hé thong nay dugc md ta cu
thé trén hinh 4.

a. Dao cit b. Paudo giatdc c¢. Pau do lyc
d. Hop xur ly dit liéu  e. My tinh va phan mém

Hinh 4. Thiét 1ap thi nghiém xac dinh mién 6n dinh

3.3. Phwong phap va thiét bi do lic cit

H¢ thong bao gom dau do lyc (type XYZ FORCE SENSOR, model 624-120-5KN), hop xit
1y dir liéu va mdt may tinh dugc stir dung d€ do luc cat. Chi tiét ctia hé thong dugc thé hién trén
hinh 5.
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a. May CNC b. Daocat c.Phoi d. Dﬁu do lyc
e. By xtr ly dir liéu f. May tinh va phan mém

Hinh 5. Thiét lap thi nghiém do lyc cat trong qua trinh phay
V&i mdi chiéu siu cit, qua trinh cit duge thue hién trén mdi dd an dao khac nhau. Tdc do
quay cua truc chinh dugc gilt nguyén trong cac thir nghi€ém cat. Cac thong so cu thé cia dicu

kién cit duoc thé hién trén bang 2.

Bing 2. Piéu kién cét thir nghiém

TT Kiéu phay a [mm] |Téc d9 truc chinh [rpm] D6 an dao [mm/ring]
1 Phay nghich (1/2) 0,5 1000 0,05
2 Phay nghich (1/2) 0,5 1000 0,10
3 Phay nghich (1/2) 0,5 1000 0,15
4 Phay thuan (1/2) 0,5 1000 0,05
5 Phay thuan (1/2) 0,5 1000 0,10
6 Phay thuan (1/2) 0,5 1000 0,15
7 Phay ranh 1,0 1000 0,05
8 Phay ranh 1,0 1000 0,10
9 Phay ranh 1,0 1000 0,15

4. KET QUA VA THAO LUAN
4.1. Két qua xic dinh mién 6n dinh cho qui trinh phay

Tur cac két qua do ham truyén phan hdi (FRF - frequency response function) ciia may phay
tai vi tri mili cit. Mién cét 6n dinh khi phay bang dao phay ngon phang dugc phan tich va biéu
dién trén hinh 6. Trong d6: Mién 6n dinh 13 mién c6 mau xanh, mién mat 6n dinh 1a mién bén
ngoai cua mau xanh.

Nhitng két qua phan tich chi ra ring qua trinh gia cong s& 6n dinh voi chidu sau cit nho
hon 2 mm véi toe dd vong quay truc chinh khéc nhau. Va nhu vay, vi¢c lua chon diéu kién cat
dé xac dinh hé sd lyc can cit nhu ¢ bang 2 1 dam bao duoc diéu kién cit 6n dinh.
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Stabdty Lobes (Anahticad) O

a Stability Lobes (Analytical)

Unstable

Depth of cut [mm|

sonce [N o EEID ceze ISR

B Oepth of Cut Ug
a. Budi @6 mién 6n dinh b. Cat thir cac diém 6n dinh ~ c. Kiém tra d6 nham tai diém 6n dinh
Hinh 6. Mién phay 6n dinh khi phay biang dao phay ngén phing

4.2. M6 hinh tuyén tinh ciia lyc cit trung binh va d$ in dao

Mbi quan hé giira luc cit trung binh va d6 an dao mdi ring dwoc phdn tich va mé ta trén
hinh 7.

Linear force model (Half-up) Linear force model (Half-down)
“ ——Fx[N] =B=Fy[N] —#-FN] —Linear(Fx[N])) ——Linear(Fy[N]) —— Linear(Fz[N]) FN] —8-Fy[N] —FoN] — Linear (R[N — Linear(Fy[N) — Linear (FeND
10 . ; .
20 T T y=18283x+8,6222
.
i y=84.393x+51864 30 ; R
R#=0.9998
= z
zo s 20 i
i & y=77.173x+0.5864
-10 + + A R#=0927
e y=45047x- 13129 §r P2 Tt
2 Ri=09231 s 10 :
& I Z
g
z y=-20539%-9.5538 —_— . .
30 Ri=0.9955 o j 7= Kzz::;:Jolz
- E———
40
-10
50 0.04 0.06 008 0.1 012 0.14 016
004 0.06 008 0.1 0.12 014 016
Feed per flute [mm/flute] Feed per flute [mm/flute]
Linear foerce model (Slotting)
—4—Fx[N] == Fy[N] —s—Fz[N] —— Linear(Fx[N]) —— Linear(Fy[N]) —— Linear (Fz[N])
140
120 | ¥=662.14x+24.113
R:= 09988
100
80
Z 60
g
& 0
Ef 20 -
5, y=-131.25x - 5.0089
Z R=09994
20
40
y=-26542x-16.756
e 7 Ri= 09936
80
004 006 008 01 012 014 0.16
Feed per flute [mm/flute]

Hinh 7. Méi quan hé giira luc cit trung binh va d6 an dao

Két qua phan tich chi ra ring, trén tat ca cac chidu: Tiép tuyén, xuyén tdm va doc truc, gia
tri tuyét di cua luc cit trung binh ting khi d6 dn dao mdi ring ting. Ngodi ra, trén tit ca cic
chiéu lyc cit trung binh c6 thé phan tich thinh mot ham tuyén tinh d6i voi d6 dn dao mdi ring
nhu duge thé hién bang phwong trinh todn hoc nhu trén hinh 7.
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4.3. Két qua xac dinh hé s6 lwe cin cit trong qua trinh phay

Str dung cong cu Fitting cua phin mém MATLABTM va cong cu tuyén tinh, ham tuyén
tinh gilra lu:c cét trung bmh va do an dao dugc xac dinh. Sau do, st dung cong thuc (10), g1a tri
cta cac h¢ 5O lyc can cit dugc tinh toan va tong hop trén bang 3. Bang phuong phép nay, tat ca
sau hé sd luc cat déu duogc xac dinh.

Bang 3. Két qua xac dinh h¢ s6 luc can cat

H¢ 6 lue can cit H¢ s6 luc canh
Nhom [N/mm?] [N/mm]
Kitc Kre Kac Kte Kre Kae
I | Phaynghich (12) | 1224813 | 865182 | 275,248 | 45899 | 15,054 | -5452
2 | Phaythuan (12) | 1384,610 | 282901 | -144,666 | 28,193 | 26073 | -2,990
3 Cét ranh 1324712 | 531,013 | -206626 | 36315 | 28478 | -5200
4 | Giawitrungbinh | 1311378 | 559699 | -208,847 | 36,802 | 23202 | -4,547
s | Vormdwaetdol | sea6i0 | sesis2 | 275248 | 45899 | 28478 | -5.452

Heé s6 Iuc can cat duoc xac dinh véi cac kiéu phay khac nhau la: phay thuén, phay nghich
va phay rinh. Két qua chi ra rang gia tri hé sé luc can cit dugc xac dinh dbi véi cac kiéu phay
khac nhau la khiac nhau. Nguyén nhén cua sy khac nhau nay 1a do qua trinh thuc nghiém chiu
anh huong cua mét sb yéu tb khong thé diéu khién duoc nhu: rung dong, do bién dang cua dao
cét, nhiét do, ma sat, do khong déng nhit cta vat liéu,... Két qua tinh toédn cling chi ra r:;ing, gia
tri tuyét dbi cua hé sb luc can cit 16n hon nhiéu 1an so v&i hé s6 luc canh. Vi vay, thanh phﬁn
quan trong trong tinh toan lyc cit chinh 13 hé sd luc can cét, trong mot s0 nghién ctru dé thuan
tién cho qua trinh tinh todn, nguoi ta cod thé bo qua sy anh hudng ctua hé s6 luc canh dén luc cét.

4.4. Két qua so sanh, kiém tra giira mé hinh 1y thuyét va két qua thye nghiém

Str dung céc két qua hé¢ s6 luc can cit d3 duoc tinh toan trén bang 3, cac luc cit duoge tinh
toan, du doan va duge so sanh véi két qua lyc cit d3 do duoc. Cac két qua du doan va so sanh
duoc md ta trén hinh 8. Két qua so sanh chi ra r:;ing, c6 sy khac nhau gitra Kkét qua dy doan lyc
ct va luc ct thyc, nhung su khac nhau nay tuong ddi nhé. Nguyén nhan cua sy khac nhau nay
c6 thé 13 tir sy anh huong cua nhiéu, rung dong, do khong déng déu cua do cung vat liéu,..
Nhirng két qua trén chi ra rang két qua du doan la tuong ddi thong nhat véi két qua thyc nghlem
Két qua cting chi ra cac hé s6 lyc can cit cia nhom 5 ¢ ¥ nghia 16n nhit, khi sur dung cac hé s6
nay, luc cit du doan c6 bién do 16n nhat va hau nhu bao gon bién do cua lyc cit thuc. Vivay, mo
hinh luc cit va md hinh xac dinh luc can cét duge dé xuét tir nghi€n ctru nay c6 gi tri ng dung
trong thyc té vé tinh toan thiét ké may gia cong, cong cu cit, ciing nhu dé du doan chit lrong bé
mat gia cong.
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Feed forces (Fx): D=10mm, N=2, HSS, a=1mm, S=3000rpm, ft=0.1 mm/flute, slotting

----- Measuredforce ——— Group 1 Group2 ———Group3 — Group4 —— GroupS - Static force
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Normalforces (Fy): D=10mm.N=2, HSS, a=1mm., S=3000rpm. ft—=0.10 mm/flute, slotting
————-Measuredforce ——— Group1 Group2 ——— Group3 — Group4 —— Group5 Static force
100
so
o
— =50
=
2 -100
s
= _150
200
250
-300

o L 180 270 360 aso sa0 630 720 s10 00 990 1080

Tool rotation angle [deg]

Axialforces (Fy): D=10mm, N=2, HSS, a=1mm, S=3000rpm, ft—0.10 mm/flute, slotting

————-Measured force Group 1 Group 2 ——— Group 3 Group 4 ———— Group 5 Static force

Tool rotation angle [deg]

Hinh 8. Két qua so sanh kiém tra giira m6 hinh lyc cit va két qua luc cat thuc

5. KET LUAN

Nghién ctru da rut ra dugc céac két luan nhu sau:

- MO hinh tuyén tinh giita Iyc cat trung binh va d6 4n dao di duoc sir dung thanh cong trong
viéc tinh toan xac dinh hé s6 lwc can cit. M6 hinh nay duoc ap dung ¢ diéu kién cit 6n dinh.

- O diéu kién cit 6n dinh, luc cat trung binh 1a mot ham tuyén tinh cua do an dao.

- Bing md hinh va phuong phép nghién ciru, tit ca 6 hé s luc can cét trong qué trinh phay
bang dao phay ngén phing da dugc xac dinh. Pong thoi, mé hinh toan hoc cua lyc cét cling da
duogc kiém ching thanh cong bai cac két qua thuc nghiém. M6 hinh nay c6 thé dwoc nghién ciru
va ung dung cho cac qua trinh cit khac nhau, hodc co thé duoc sir dung dé dyu doéan rung dong,
sai s6 ciing nhu chat lvgng bé mat gia cong.
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Khoa hoc tng dung quoc gia Cao Hung, Dai Loan, Cong ty may cong cu Tongtai, Dai Loan
trong nghién ctru.
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