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SED UDOMBOONYANUPAP: STUDY OF ULTRASONIC VIBRATION
ASSISTED MILLING OF CASTED ALUMINUM. THESISADVISOR:

SOMSAK SIWADAMRONGPONG, D.Eng, 168 PP.

ULTRASONIC VIBRATION-ASSISTED MILLING/CUTTING FORCE/SURFACE

ROUGHNESS/SURFACE MICROHARDNESS

Ultrasonic vibration-assisted milling (UAM) has been proven to improve
machining characteristic such as cutting force, surface roughness quality, cutting tool
life and dimension accuracy. However, a number of research studies in the field of
UAM are verysmall and mainly focused on hard-brittle material machining processes.
Accordingly, to expand UAM research into awider variety of materials, a study of the
influence of UAM on a ductile material, A356 Cast aluminum is presented in this
research. In the experiment, ultrasonic vibration 19.74 kHz with an amplitude of 12
pm was applied to the workpiece along cutting feed direction. Full factorial design
technique was applied to the experiment. The spindle speed was set at 3,000, 5,000
and 7,000 RPM: The feed rate was set at 50 100 200 300 and 400 millimeters per
minute. In addition, CNC machining center and carbide end mill with a diameter of 6
millimeters were used for slot milling under dry cutting condition. Characteristic of
cutting force magnitude in end mill revolution, surface roughness, surface hardness,
and surface topography were compared between UAM and conventiona milling
(CM).

Experimental results showed that the average horizontal forces in cutting
direction of UAM were higher than CM at small feed rate value, while the larger feed

rate value, decreasing of cutting force by 7 % was observed. UAM surface



topography was different when comparing to CM because of ultrasonic vibration
assistance made cutting blade movement change and contribute less surface defect.
When using UAM at a high feed rate, surface roughness and surface hardness were
improved by 9.7% and 12% respectively. Besides, the linearand quadratic regression
analyses were applied to predict the experimental results with acceptable error value.
It was concluded that UAM application on A356 Cast aluminum material has
both a positive and adverse effect on cutting force, surface roughness and surface
hardness depending on level of spindle speed and feed rate. Surface topography

change by UAM was noticeable.
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= [~ A A a @ a dg’ a
3) U5uUNdU (Shear force, FS)LﬂuLLiQLﬂﬂuVILﬂﬂﬂTﬂﬂWﬁﬁ@ mmmiummmwum
=
MU
QgJ) [ A I Qsll o
4) 1SN INNUUIUNOU (Normal force to shear, Fn)!llulliﬁiulluﬁﬁ\iﬂ'lﬂﬂﬂlli\‘]
=
MU
9y = A a dgl 1 Qy Y]
ANUAUNITINOU (Shear stress) MAAVUIEUIWYUINULASIAHAAAIUUUITSUIU

A o 9
Lﬂﬂuﬁ1u1ﬁﬂﬂ1u3ﬂ!llﬂﬂ']ﬂ

T=— (2.11)

A A A A £ ° Y
1D As = NUNUDITSUIUIRDU (Area of the shear plane) Faenu1safa1uIa 1aen
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(2.12)

, Yy A A o P = o Yy Ay
ﬂWﬂﬂWNlﬂulﬂ@uﬂﬂ’lu’)ﬂ!IﬂElﬁiJﬂ']i‘VlZ.l1 Llﬁﬂ\‘lﬂ\iﬁgﬂﬂﬂ'nulﬂl‘!ﬂﬂ@\ifniﬁlu
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nIzUIUMINA lagranmsudainnuiduRoutiiaunnuiaeiaq(Stength of the work) 7
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a [

[ Y o 1 9J a ] qg: d' Y U [}
M UINAOIRUAINANIIATIN U N Tagd nausgoenad llﬂLLﬂF, N, Fs, Ilai¢ Fn Illlf"f”liJ"liﬂ
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’Jﬂ]’lﬂ‘luﬂizﬂiuﬂﬁﬂﬂ !,Wlllﬂ”ﬂll!,ﬂ'Ll]l‘ﬂllﬂiufﬂ3GWW]\‘]Lﬂi?NN@Dﬂﬂ]u”lﬂellﬂﬂuiﬂ%ljﬂﬂ’ﬂ

a J Y o A o & o DA A ' Ay o
ulﬂuTT‘JJ?JL@@i (Dynamometer) HINUNAGA mq@gﬂqiwi@ﬂququgg 2 UIINATUNTTININIUUDY

[

= 9 1
Hada ldun

o . <3| Aa & a v & & a
5) u33aA(Cutting force, FC)L‘]J‘L!LL?\‘]‘V]Lﬂﬂﬂllﬂﬂﬂﬁﬂﬁﬂ1i@]ﬂ FUYUNANN

= Y 3 o
QYINUANULIINA

g .
6) 1IIANUUAFUTOUN(Thrust force, Fylunsslunuivesnnumun ¢

Y
UNANNAININAVLUTIAA(Cutting force,Fe)

[ ] v 1
gﬂﬁz.liﬁ (b) 14&7A3 Cutting force L Thrust force JINNUVUITIANDR’ L15YDY

dy @ Y a s Y o 1 Qa}/ a Y Y
ﬁﬂﬂl!ﬁ\iuﬁnﬂﬁﬂ3@1@1@81@1&’]1%“&%@3 Llﬁ$ﬁ']?ﬂﬁﬂGlﬂfﬁluﬂ’l3ﬂTuﬁml!iﬂﬂﬂﬂ‘ﬂﬂﬂllﬁﬂﬂl’N@lu

NTUNIT

F =F.sina + F;cosa

N =F.sina — F;sina

F, =F.cos®— F;sin@®

F, =F.sin@® + F,cos®

(2.13)

(2.14)

(2.15)

(2.16)

iU un1ensdinn Rake angle 1Hugud(o= 0) aums (2.13) uag (2.14)

Y 4
vwaaglmae F = Fuaz N = FEawdau aauiulunsdiiusadoaniu (Friction force) 11az

Y
v [ a Jd
15999R10 (Normalforce) ﬁ]$ﬁ”IiJ”Iiﬂ’JﬂiﬂEJG]?QvléfiﬂﬂIlﬂiﬂillllmﬂiﬁﬁuﬂi%ﬂﬂ‘ﬂﬂlﬂﬂuiﬂ‘ﬂN

A A a dgl o = ~
snsanadulumsdamen ﬁﬂﬂimlﬁﬂﬁﬁlugﬂﬂ 2.19
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s 219 nsmluaasanudusiususamasnadiadsgnoudionsa F, N, Fs, Fn, Fc agF

(318 AFE)an3, 2550)

=)
2.5)  ANUKYIVUNI (Surface roughness)

anwazna lvesinuidmunismlsjuaziumsdamounnnszuiumsnana e

a 1 1 [ 4 [~ 1A
NFFNATAN 9 190 WA NUNES Az uR sz ludaaieuosdiodea 19z UNHIV
2 = ~ VAo <3 1A " o < & o T W o
Funulianuissunaiioinvanenagnu i aniuugsiunauged iminu @

{ a Qy ; 1 @ < (=Y
uaaalugilin 220) Tasmmzdmivesruaulafianugedwanaiesiuun duaasidives

E4 Y E4 v
FuuiiulnnurenuvesiIun e mvesFuaulatinnuged desuansiiinnuiGey

v
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YDIAIWINHI0ALDIANINNTT FINNWEoVVIRILTANd Ry FIMTDOIUNdeInIIAY
1 2 ] E4
azideagy TaemmIZoe 194N THAATUEIUYDUATOIINTNAUNTTA 15U adugnilu Fudiu
A A A [ Y 10 [ ay a g 1 o
Uszneununaouianuiens g dudusadmsuruauunrianetses hilinnuduiu
NazAveszyanunIUazidoavesrIuwizazi didonarlunsnan(Mikell P.Groover,

1996)
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Waviness spacing

Crater (flaw)

Roughness height

Roughness width

317 2.20 MWLV IHIFUIU(Mikell P.Groover, 1996)

% d' 1 1 a A W 1 dydy
fladendananonnurieIuveIRINUaIae 11)714

v Y

2.5.1) #7391 (Surface) WA VOUWANTOUT NMNIENDONINHD T J1519maz
anyuzA191uszYy 1dd1031Un 10 (Drawing) 1308195 U18917AA1W (Descriptive
Specifications)

a = 9 dl [ dy a Y o d‘

2.52)  JUNIIA7 (Profile) HANBDUFUNLTAIAN U NUAINUARDANIANINAATIYN

Wwsan
A a . = A Aa Aa A A
2.53) AAUUBIAINU (Waviness) WU18D9 ANMRalnAveIRIIunlszoe Tuns
F4 2

W15 IN3INIIFANVHOIVAD AATUIINNT INIAIVBITUNULAZNITHAINADUVDS
Y [ Y ' 4
FudIUATEINTNA TIWNIMIFUdziNouvnMzINMIIUT

P4

Y ! = a a a A a R P2 a
2.5.4) UdUNNITON (Flaw) HU1ED mmwﬂﬂﬂ@lsummqmmﬂmu@ﬂimwuwum

Q

1 = [l < 9
NTU IFU I88UAVIU TDULAN Llazgwqmﬂuﬂu

]
A o

25.5) A7M0A1A Lay HU19D9 HUINANIUD9500T U FIU80AANNRIIUYDIRINIH
MIATIVADL
M3579A1AUHIIVALIDIAYDIAIUAINNIATTIUYDL ISO 4287 sznoudlen
& A ] I 1 1 1A Y
RiRattaz Rz FelvodulyTnasmas umualugaamnssudinulngtdonldaiRa Tums

Y
Usziiuanuneuii Tageu1snadunen Ra Iaaall nunduaszaiadia, 2541)
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v v 2 v
ANIUNYI1U Ra ‘ﬁﬂﬂﬂﬁﬂ ﬂTﬁulﬁﬁ]']ﬂﬂWﬁ“VHﬂ']maEllﬁellﬂﬂlﬁell@QNﬁi?NﬁHﬁﬂ@ﬂl!WﬁN
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maoLm) Tagiaves Ra intheiadiululnsmasdawanslugili 2.21

& 4
NUNvBRALN AU

M-Line

Lm = Measuring Lenght

JUN 221 M3IaA1 Ra (NunduaszIimia, 2541)

&S A
2.6) ANUUUINT (Surface Hardness)
3 A wa o A 9 A ' ~ a
ANV A0 auliAveIIagiasTaMIUNIUKIeNUae Mg luuuNaIaan 910
o Y ] I I = 9 1 v A
M3 I uses91N13nA 0614 15NAINANULTIDIVITIND ANUAUMUABNITAA TA N5
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a < ! o
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d? A 1 1 a [ d%l 1 Y d' d' Y d?}
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VUNIUAY ﬂﬂmmummummﬂﬂwu
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l Strain Hardening : Necking
i T
A ]
Ultimate Strength
‘\‘\.
Fracture
Yield Strength
Stress o
>
Strain £

JUN 2.22 UWUAIN Stress — Strain

a A 3 A o A v A @
na lnmanamsasuuilasvesnnuudaiisuiionnmsdanon usiae
mousnaudagsnih ldinamsulagugilveunsu (Deformation of grains) Aduaaslugii
= 1 = o &£ A o Y a A o 1 Y a =
2.23%38na1vntenisAeI liinamnasudIveIT TRz AN danaliinanms/asugll

2 < o 4 ;2 2
01TUATMIAUANVIUIBUIHBINNAIVATEATINNAUY (strain hardening)

Direction
of cutting
-

Machining
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Work piece  zone peformation
of grains
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517 2.23MsulasunilasvesanyazilNNMTAAR U
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Vibration
Amplifier
¢ System connection
Vibration
device
Vibration
mechamsm
o
Cutting tool
— ———Cutting condition
Workpiece

d‘ o = 1 dg} o
31 2.24 Teezunsuvesszuumsduaziousiolumstugiuuunali

A dg & o 7 B < A £
dandunugiudingvetedntlsznenvesns lsnmsduazimousielunisvy
A A 6V J . = 4 7 o Y @
sunedleTeudanomes (piczo actuator) MivvnUUDYOile Tasudanomos U IAgnaL
A Iq Y Y 1 = o = Y [ 9
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#2111 19#h (EDM) (Endo et al.,2008)
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AL A o A o 3 Y 1 a Y
Lmua1%%ummmﬂuma”lmmﬂuﬂ"lﬂ Tﬂ&lﬂTLLﬂﬂJWﬁ@ﬂﬂlﬂ\ﬁ%UUﬁ'liJ'limLﬁﬂ\i"lﬂTﬂEJWﬁﬂm

Qe

%mauwﬁgﬂmﬁmuﬂu

1D VAM 2D Elliptical

X - Cutting

A a 79 Y < A v A A @
5UN 2.25 “Huﬂﬂlﬂﬂﬂ"ﬁl]igQﬂﬂi%ﬂ'liﬁuﬁZ!ﬂﬂuﬁ"liJaﬂHm$ﬂ15Lﬂﬂ@uVlﬂ3J@ﬂ

U

(2)uUV 1 3@ (b) HUVABINA(Cerniway,2005)
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Uszneuriv anusodwunauszuylasaae lii
. ) da 4L
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Cutting Brvction — Pt

PET marerial

Upgper PET achesi or
IF / ¥t PET avtuate

__{._x{; =F=]

Ultrusanic elliptical T —

vibiratar Laur PET actinsiur

Supporting points
.A.é{.%é

Third resonant mode of bending

Support & makis

v Y

311 2.26 szvVFUTzIoUDani1 Taianinsduios (Moriwaki,1999)

Ay 1A v Y A ~ P
2) szUUN s FUND (Non-Resonant system) A95SUUNAINDINIT
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Combined Tool voids
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17 2.27 szvuduaziioudani1 latian lulinsadunes (Hwanetal., 1999)
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\Frlcllon force
Shear angle 2

A A A S W Iq 9 o A an
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and Moriwaki, 1999)
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Residual Plots for Surface roughness (um)
Normal Probability Plot Versus Fits
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Main Effects Plot for Surface roughness
Ftted Means
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Interaction Plot for Surface roughness
Fitted Means
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13190 4.8 M5aAsIEHANULlsUsIuveuudiaes Ina luieannT ae9uoIn NN HeTUAD

Source DF Adj SS AdjMS | F-Value | P-Value
Regression 11 15.4944 1.40858 | 128.33 | 0.000
JUuUATEUIUMIAA (Me) 1 0.0045 0.00453 0.41 0.524
ANNISITOU (n) 1 0.0424 0.04244 | 3.87 0.056
8as1tlou (f) 1 0.1480 0.14803 | 13.49 | 0.001
Mc*n 1 0.0082 0.00825 0.75 0.391
Mc*f 1 0.0090 0.00902 | 0.82 0.370
n*f 1 0.3240 0.32401 | 29.52 | 0.000
n 1 0.0493 0.04926 | 4.49 0.040
£ 1 0.0239 0.02385. | 2.17 0.148
Error 42 0.4610 0.01098

Total 53 15.9554

S =0.104768 R-sq=97.11% R-sq(adj) = 96.35%
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{ a Ia A [ o a
AN 4.9 MISAUATILHONT WAV V0VVIE0 INa IHieanns aeavndInuHe1l

a

W7
Term Coef SE Coef T-Value | P-Value VIF
Constant 1.093 0.604 1.81 0.077
JUuUATZUIUMIAA (Mc) -0.245 0.382 -0.64 0.524 | 179.43
ANWISITOU (n) -0.000480 0.000244 -1.97 0.056 782.84
st ) 0.006540 0.001780 3.67 0.001 320.91
Mc*n 0.000134 0.000154 0.87 0.391 1516.75
Mc*f -0.001020 0.001130 -0.91 0.370 394.21
n*f -0.000001 0.000000 -5.43 0.000 126.59
? 0.000000 0.000000 2.12 0.040 760.02
0.000005 0.000003 1.47 0.148 227.16

a 4 [ d' U [y
naransinszianulsilsiuamanslunsien 48wuniedegluuy

[

NFZUIUMINANAZOUATNI 85T NI gUIIBN Tz UIUMI AN UT a8 ullAIp-value W1ANT

]
[ o

k4
srauediAny (0=0.05)A1ugITeiin1sda

v A A v o W v A Y o
3 EJT]]liJiJUEJﬁ"Iﬂ‘EUULﬁﬂ1HBBﬂ UaININIg

=e

4
v A (4

a 4 o @ v AA o 9 @ A
Ansizranuulsdsiudmsuilatenuiiedn i}l}@ﬂﬂi\?ﬂ\‘]ﬁnJTimLﬁ@ﬂalquﬁNﬂ 4.10

A a 4 ) a = A A a
NI NN 4.10 ﬂ'li’JLﬂiWﬁﬂ’)'lm!ﬂﬁ‘]Ji’JuéllENLL‘]J‘]J{ma’ENIWﬁIuHJﬂﬁ@ﬂﬁﬁﬂ\‘lﬂl@\iﬂ’ﬂhﬂﬂWUW’J

9 o

dmsuilodeniiisdingy

Source DF Adj SS AdjMS | F-Value | P-Value
Regression 5 15.3874 3.07747 260.05 0.000
ANWISITOU (n) 1 0.1437 0.14366 12.14 0.001
sngilou ) 1 0.8681 0.86807 73.35 0.000
n*f 1 2.0118 2.01179 170.00 0.000
n’ 1 0.1724 0.17240 14.57 0.000
£ 1 0.2085 0.20845 17.61 0.000
Error 48 0.5680 0.01183

Total 53 15.9554

S=0.108786 R-sq =96.44% R-sq(adj) = 96.07%




94

{ a Ia A [ o a
AN 4.11 MSAATILHONTWAVIIIV8VDVVIE0 INa IHiganns aeavndInuHeIl

Admiviateniiedingy

Term Coef SE Coef T-Value | P-Value VIF
Constant 0.725 0.198 3.66 0.001
ANWISITOU (n) -0.000279 0.000080 -3.48 0.001 78.28
sas1ilou ) 0.005010 0.000585 8.56 0.000 32.09
n*f -0.000001 0.000000 -13.04 0.000 12.66
? 0.000000 0.000000 3.82 0.000 76.01
£ 0.000004 0.000001 4.20 0.000 22.72

a 4 @ A 1o o <
%']ﬂNﬁﬂ'li’JLﬂi']$ﬁﬂ??ul!ﬂiﬂﬁ?uﬂﬁuﬁﬂﬁiu@]131\1‘1/1 4.10W'1J'JT°]J’D%EJ?]'J’I§JL§'J

v W Y aa 1 Y < [ 1Y < o
56Uﬂ%ﬂﬂﬂ@]iﬁj@u ?J‘lm5ﬂi8158Ti’ZlNﬂﬁ]ﬁ]fJﬂ”ﬂllLi’Ji@Uﬂﬂ@@]ﬁ"lﬂ@u adenusiseuniag

o

aoaaziladednitlouideaes M pvalue Tosnnszavedidy (0=0.05)lasa 1150

9

= o o a = s A Y o A
LGUEJHLL‘]J‘LHHE]’ENLL‘U‘U%WQE’NTWaTULuﬂaﬂﬂiﬁﬂﬂqﬂﬂﬂﬁﬂJﬂﬁ‘ﬂ 4.4

Ra, = 0.725 — 0.000279B + 0.005010C — 0.000001BC
+ 0.00000003B% + 0.000004C? 4.4)

§ a 1 Y { ' @ v o @
Lﬁ@W%15m1ﬂ1 R2 (adj)LLﬁﬂQﬂﬁ@ﬂiN“ﬁ 4.10 WU TEAUANUTUNUTUDIAND
% v A

a . o a @ v
wilseaszuazamlsenylunuudiasdIna lueaansass YaNuaunusuluszauauin

TaslaunN1ny 96.07%

42  msiszfiuwamanngmaNuvenuR
421  MsmruaszauvestaduneiamaNNTEN VR

eldiimsduasedvvesiladenis q $1udu 6

e

HUPNITINAADN

e &

Usznoudie szavvesiledegiuuunszuiunsia AusIse LAz Ite iy (CM,
3,000, 100) (UAM, 5,000, 100) (CM, 7,000,100) (UAM, 3,000,300) (CM, 5,000, 300) Lias
(UAM, 7,000, 300) audieu Tastiiladenazseauveuanaziladonanidanisnai 4.12490a

“Vonlﬂﬁlfhﬂ’JHJ“HFJTUQ’J?H?H?Q1’1‘1llé]}iﬂﬂfﬂiL!“VI‘L!i$ﬁ‘Uéll’é]\‘ll,m'a$‘ﬂ‘ﬂ§’ﬂaiﬁlull‘ﬂ‘ﬂ§1a@\‘lﬂ15
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a 9 A o a = G A
DADDUHUTU (FUNITN 4.3) L!ﬁ%L!‘U‘U‘1]1’(,1ENﬂTiflﬂﬂﬁ]ﬁliwaiumﬂaﬂﬂiﬁ@\‘l(ﬁuﬂTﬁ‘W 4.4) Tag

HAMUIEAIANIUNITLA LAASAIAITINN 4.12

Q13199 4.12 MImmuaszauveailadeiieiiueaInNureI U

F2AUUDITI08 ANUHYIUAD (Ra)
HUVMS sy < e e
NS 3 - .
NARDY ATLUIUNIT dasilou DADDYULISI TwaTulea
) 591 Y “
fa GaT ANT 09
1 CM 3000 100 0.626 0.454
2 UAM 5000 100 0.310 0.210
3 CM 7000 100 -0.006 0.206
4 UAM 3000 300 1.207 1.314
5 CM 5000 300 0.891 0.738
6 UAM 7000 300 0.575 0.402
42.1  MINATUHUTUNANININYAIANNHEN VA

A

9
i

WeRINIINAaseIAINNNHeI DA NN eTsuRsuNaiIuIgINENNIT

° a9 a = a A Y o <
LL‘U‘U‘mﬁ@x‘lﬂﬂﬂﬂﬂl%ﬂlﬁullﬁxiwfdiumﬂa@ﬂiﬁﬂﬂ GUE]\‘]i]%‘l]EJE‘]JLL‘U‘Uﬂi%‘IJ'JHﬂWiﬂﬂ AITULIN

50U azdnIteumMINY (CM, 3,000, 100) (UAM, 5,000, 100)(CM, 7,000, 100) (UAM,

3,000,300) (CM, 5,000.-300) 1@z (UAM, 7,000, 300) 31174 351 10UAaZHUUNTNAADI H3

AURAIANVUIVAUNIND 0.382 0302 0,187 1.390 0.826 (taz 0.407 lulasuas audiau

HAAIRIAITIN 4.13

A15199 4.13 ANNKIILEHINNRaNMInaasszauiedenhivua

s2AUUDa1]998 ANUHEIUAD (Ra)
HUUMT - »
PRIIGTN ANWSY | 0a L
NAADY 3 #1 #2 #3 ANUNAY
ATLUIUMSINA 591 flou
1 CM 3000 100 0.407 0.364 0.375 0.382
2 UAM 5000 100 0.372 0.267 0.266 0.302




A3 19N 4.13 ANVHIIVRINANANITNARDITEAUT]IdeNHIUA (91D)

96

52AVUD91]998 ANUHYIUAT (Ra)
HUUMT . -
FRIIGTNY ANWSY | 08 .o
NABDY 5 #1 #2 #3 AUNDY
AFLUIUMSTAA 591 flou

3 CM 7000 100 0.253 0.175 0.134 0.187

4 UAM 3000 300 1.445 | 1380 | 1.346 1.390

5 CM 5000 300 0.790 | 0.869 | 0.819 0.826

6 UAM 7000 300 0.445 0.389 0.386 0.407

Q15197 4.14uaa9MatlTouNeuAINNUNIIUAITEHININANRIUIED1

HUVIIA0I0AD0UFTUTY LUV I1aDI0A008 TN 1UNeaAnNI d09 LASHANITNATOVIITI N

Y] ] [ < o
izﬂmmﬂmﬂgﬂgmuﬂﬁzmumiﬂﬂ ANWISITOVLAZ AT oU (CM, 3,000, 100) (UAM,

5,000, 100) (CM, 7,000, 100) (UAM, 3,000,300) (CM, 5,000, 300) ttag (UAM, 7,000, 300) 1o

) 1 v
A379a0UANVUUFDDDUALANNAAIAAADUUYDIAUAITLUUTIADINITNADDINIADIFIIA
1AM IUT s WAV N VAN UHIIVAIN LA 1NN I UIGLAZHANITNATOUITIVD

o a Y A A A ' A A " v Y
HUUII0I0ADDUFUAUNAINADIAAADUNGY TAgAINNUAAIANADUIRATINIA T O8RS

38.67 tazuuUuianinanoes Ina ludeaaniaesunanlndines Taglimanuaaianaoumas

mnuesaz 12.80 aaudaalugili 4.7

A135199 4.14 MU NeUAANUHITVAIVDINATILIILAZHANITNATDUITI

. » . ANNAAIANADY
s2aUVDIile8 ANUNYIVNT (Ra) v
Hyy (5o802)
L ST TR . . RNTRY - -
AR AN | BAs1 | Hue - Wady | Iwalu
ATLUIU | 4 ~ o | Tmalu | naaey -
. 52500 | dlou | @wadu | . Wea
MIna e
1 CM 3000 100 0.626 0.454 0.382 63.87 18.85
2 UAM 5000 100 0310 | 0210 | 0.302 2.65 30.46
3 CM 7000 100 -0.006 | 0206 | 0.187 | 103.21 | 10.16
4 UAM 3000 300 1207 | 1314 | 1390 | 13.17 5.47
5 CM 5000 300 0.891 0.738 0.826 7.87 10.65
6 UAM 7000 300 0.575 0.402 0.407 41.28 1.23
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T painne (Fad)

Lo wanadou
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0.6
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12 wavinne (Inalwdleadiisaes)
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519 4.7 wanlSeuMeus1I9AIANNTIIUAIVBINARIUIBLAZNANITNATDUDIT

U

43 WAIATIZHANUMTIAIVEIMIoNILUMINAae T wHaneSya

g .
myeonuuUMINaasIaunaAnaizea (full factorial design) WlunsnaapuNoIy

o A ' U 3 A ' v o o 1Y Y .
Hateniinansznuaoainnuuisregeivediny TasAnyimansznuvesiladonan (main

Y Y
effect) HATHANTZNUIINTZNINIDD (interaction effect) Iasn1sanyIasatinmuailade

Y ' 1
Nanua 3 ade Usenovdieiladent 2 seeu 1 dadeuaziladeoni 3 5vau 2 Made danaaslu

Q139N 4.15

! @ [ [ Y 4 1 I a
A15190 4.15 ﬂ%ﬂﬂllﬂ%i%ﬂﬂﬂ]@\i'ﬂﬂ‘ﬂﬂﬂﬁﬂﬂlﬁﬂﬁ”lﬂ”lﬂil”lmmﬂwl

lade FZAUN 1 FZAUN 2 FZAUN 3 N
JUMDVYDINTZUIUNIAA CM UAM -
AT ITOU (Spindle Speed) 3000 5000 7000 5OUNDUIN
8n311loU (Feed Rate) 50 200 400  |Hadwasaeud

4 Y Y 4
MsnaavauaazAsIiualRinIig (replicate) 3 1 Tagsuiumnaaeananue

Y v 1
54 A5 FaMINaavAFANGsaninansuaURIRRMANUYIIURIEAI LA 4.16
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A a ~ < A g’ 3‘ <3
MINN 4.16 wami‘wﬂammuﬂwmmmmmmgﬂmJmﬁmamm 3 %7 UDIAITWLLUN

a

MY
S@u seavveilany AN
M3 gy | aawda | Sanflow | Bvi | V2 | BV3 | y
. ANRAY
naaeg [NITVIUMIAA| 501
1 CM 3000 50 96.9 92.0 97.8 95.6
2 CM 3000 200 97.6 97.3 102.4 99.1
3 CM 3000 400 113.1 | 1139 | 1114 | 1128
4 CM 5000 50 80.4 | 803 | 829 | 812
5 CM 5000 200 883 | 852 | 913 88.3
6 CM 5000 400 1027 | 1027 | 979 | 1011
7 CM 7000 50 812 | 782 | 813 80.2
8 CM 7000 200 84.6 | 864 | 89.1 86.7
9 CM 7000 400 958 | 97.1 98.0 | 97.0
10 UAM 3000 50 1053 | 1047 | 1032 | 104.4
11 UAM 3000 200 106.6 | 107.2 | 1022 | 1053
12 UAM 3000 400 1159 | 1133 | 1161 | 1151
13 UAM 5000 50 989 | 967 | 1012 | 989
14 UAM 5000 200 1034 | 1018 | 1053 | 103.5
15 UAM 5000 400 1044|1054 | 110.1 | 106.6
16 UAM 7000 50 97.1 98.7 97.9 97.9
17 UAM 7000 200 1046 | 97.1 | 101.5 | 101.1
18 UAM 7000 400 1046 | 994 | 106.6 | 103.5

A 9 a 4 ~ =\ Y
melinsnsizvanuulsilsiuveinisnaasuanaizeainnugnieduas
Ao K 9 o aa .. . 1 o
9894195 T1sunsuduS95UN1998A Minitab  Version 17 ¥elunisaiuiaiuas

u

3 9
5IATTH

o v

InTzHamsnaasuiomiladeniioninanenaneuaussiszauiivddey 0.05
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43.1  M3ATINADUANINGNADIVDIHUNIINAABIANNITIA
M3ATIVADUANUYNABIVEIFUIDUNITNAADY (model adequacy checking)
I aa
AUMIATINAOUANVNIZ TULAZANWNIINDUBIFU UV UN A DAVDIUNUNITNAADI WA
@ A = a A 1 Y . sy ¥
MIATINAoUNANIAITUN 4.8 Tasliauuagiuae JUHUDY0IdIUANAI (residual) 114910
9 = Aa a Y 1 A Y A 4 = o
Yoyalunisnaassimsuanuauuving udaszatsannaslndineagud uazian1nadd
.. = o q VY a Y A A v ~
(stability) 399z 1 deyaninnIInaasslinnugnieuazibene Ia Tagmsasrvaeull 4
Y Y
TUADUAIT]
1) MIATINADUMINTLIEAUULNA(normal distribution) YDIAIUANA
. [ d' Y 1 1 [ Y = LY 9 d!
(residuals) HEAIAIZUN 4.8 (VUFIB) NUNAIAIUANALNITNTEDIYAINWUUNTUATIH
1 Y 1 Y =~ a
111500817 1991 AIUANANTMTHINUIAVVUNA
2)  MIATIADUANWADITNINVDY O (variance stability) LaAIAI1N 4.8
1 2 1 Y a0 Y A (% 1 o 1 ] U
Wuv1) WU o'vesdruanalinlndifesiulundazd s vaz lunugduuums

v 1 1 Y A v I Y 1 1 = 1 Y 9 =
mmwmmmmmuﬁﬂmmaﬂymmﬂuuuﬂummamﬂ@ G]f\‘lfﬂiJﬁﬂﬂﬁnulﬂ’N UBUAY

=
ANuIEdeTANURIANNIT 39U
3)  mM3asIaaeun N INEase (independent) VoIdIUANAIG HARAIAIZIUT
1 9 [ o 1 9 ~ A a = ~ ]
48 (@19418) MU MInsENeavesdIuanailgluiiduddse Tuligduuniniveu
1 { ] % 1 1 ' I a
wso liasodszanagduuunniveuld deamnsanan1dn dauandlianududease
AprY
4) MIATADUAURAGVOIAIUANAI LEAIAI3UN 4.8 (319927) WU
14 ' Y o A Y Y a2 o & '
anfieluusagszduvesilitennszneludimuinuazauauinnlaugany ¥3e111500a17
Y 1 d' 1 Y = Y A A T W 4
181 Aundedruand i da IndiRganionmnnugud
11INN3ATIITRUANNNABIVedF il UNITNAaD wuNgluuudIuandIg

3 a o aa a
ﬂl@ﬂﬂaﬂqﬁﬂﬂa@\iﬂa1lﬂlm\‘]N?ﬁﬂ:nlllﬁll13ﬁ3Jﬂ']J§J‘]JL!‘L|']J‘V]1@ﬁﬂ@]ﬂlﬂﬂﬂ]i%ﬂa@ﬂl%ﬂ

ulaneGoadusgl



100

Normal Probability Plot
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1 3 Aa
ﬁjﬁ 4.8 ﬂ1§@]53ﬂﬁ@llﬂﬁ]'lllQﬂ&}'ﬂ\iﬂlﬂﬂl!WUﬂTiﬂﬂa@QﬂQWNLLMQN'J

a d s A
m5’J!ﬂﬂ$1fiﬂ31%!!1.'51]5’31!‘119%]’313»1!!‘11&%3

a L4 a
R GEREA R REISI kA1 kYT (analysis of variance; ANOVA) U93IN1TNARDUY

~ 3 1 < A A = a A o 09)} o o
Llwﬂ‘ﬂ’ﬂﬁﬂamuzﬂ Glumimmmmummm@ﬁﬂmaw‘ﬁwammﬂ%%Emwmﬂ Tﬂ&lmwuﬂimu

A o A 7 4 a o o A
ANUIBDUUN 95 L‘]Jf]ﬁl“])’l!@l (O(:0.0S) N'd31ﬂ51$‘ﬁ'ﬂ'JWN!L?JT]J'H"JH!L’G’{@Q@\‘]@TTI\‘W] 4.17
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A a L4 ~ <
f1319N 4.17 ﬂ1§']lﬂi']$ﬁﬂ']']?JLlf]Jﬁ“lJi'JuEll’éNl,lWUfniWﬂaﬂﬂLlUULlNﬂﬂﬂ!iﬂa!@]NETJGU’E'N?]'J'IN

ufieiin
Source DF Adj SS Adj MS F-Value P
Model 17 4735.78 278.58 47.62 0.000
Linear 5 4277.94 855.59 146.27 0.000
JUuUATZUIUMIAA (Mc) 1 1487.33 1487.33 254.27 0.000
ANWISITOU (n) 2 1215.28 607.64 103.88 0.000
sas1ilou €3] 2 1575.33 787.66 134.66 0.000
2-Way Interactions 8 439.98 55 9.40 0.000
Mc*n 2 149.58 74.79 12.79 0.000
Mc*f 2 236.66 118.33 20.23 0.000
n*f 4 53.74 13.44 2.30 0.078
3-Way Interactions 4 17.86 4.46 0.76 0.556
Mc*n*f 4 17.86 4.46 0.76 0.556
Error 36 210.58 5.85
Total 53 4946.36
S =2.41856R-sq = 95.74% R-sq(adj) = 93.73%

a L4 ~ <
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ﬂ'].lﬂ@]i"lﬁ@‘u (Mc*f) UINTNAADANULUUINIDY WU UITATY (p-value<0.05) iummzmamwa
' ' @ Y] < Y 1
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a a J 3 A ] v o w
@TI‘HWE]@’E)?"I’N?JLL"INN'Jﬂﬂﬁfluﬂﬁiﬂillu (p-value>0.05)
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%

a Ia A 7 g
ANNITUATICUDNTWAY AN (main  effect plot) Tl\iﬁﬁJ'ﬂﬁ]ﬁ]fJﬂigﬂﬂUg{’JfJ
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1 <3| Y1 ~ a A Y =\ 1 <
WH’JEJHJL!Nﬁiﬂﬂnﬂﬁﬂﬂl@ﬁWﬁﬂﬂ‘ﬂﬁu@flaﬂa\‘l Iﬂﬂﬂ“lfl‘ﬁwaﬂlﬂiﬂﬁﬂﬂﬂu () UNDNDAINLLUY
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Main Effects Plot for Hv
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All displayed terms are in the model.
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4.9 ﬂ"l'i‘]JﬁgﬂJ']ﬂ!@T]‘ﬁWfVUﬂQ‘ﬂi]ﬁ]ﬂﬂ]@ﬂllﬂuﬂ?ﬁT\ﬂﬁﬂﬂlﬁ‘lﬂﬂﬂﬁﬂamﬂzﬂeﬂE‘Nﬂ’ﬂll
< a
LU
a Jda a 1 1 @ [ !
NNTAUATIZTHONTNATINT 1IN T 041908 (interaction plot) Llﬁﬂﬂﬂﬂgﬂﬁ
v

1T a A 1 1 Y] v W <3
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Source

DF Adj SS AdjMS | F-Value | P-Value
Regression 3 4129 1376.32 84.19 0.000
sluuVATEUIUMINA (Mc) 1 1487.3 1487.33 90.98 0.000
mmﬁaiau (n) 1 1085.7 1085.7 66.41 0.000
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Source DF Adj SS AdjMS | F-Value | P-Value
Error 50 817.4 16.35
Lack-of-Fit 14 606.8 43.34 7.41 0.000
Pure Error 36 210.6 5.85
Total 53 4946.4
S = 4.04324R-sq = 83.47% R-sq(adj) = 82.48%
A15197 4.19 MIIATIZHINT NAaveUTIABIADEEITUFUVEIA T
Term Coef SE Coef T-Value | P-Value VIF
Constant 88.67 2.56 34.63 0.000
suunIZIUMIAA (Mc) 10.50 1.10 9.54 0.000 1.00
mmﬁ’;mu (n) -0.002746 0.0000337 -8.15 0.000 1.00
’5@]3119]@1! ® 0.03744 0.00384 9.76 0.000 1.00
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Source DF Adj SS AdjMS | F-Value | P-Value
Regression 11 468737 | 426.124 | 69.10 | 0.000
JUuUATZUIUMIAA (Mc) 1 21.38 21.375 3.47 0.070
ANNI5ITOU (n) 1 137.72 137.725 | 2233 | 0.000
sag1tlou () 1 0.660 0.659 0.11 0.745
Mc*n 1 58.29 58.29 9.45 0.004
Mc*f 1 0.91 0.909 0.15 0.703
n*f 1 2.28 2.283 0.37 0.546
n’ 1 87.61 87.609 1421 | 0.001
£ 1 14.34 14.337 2.32 0.135
Error 42 258.99 6.166

Total 53 4946.36

S =2.48324R-sq = 94.76%

R-sq(adj) = 93.39%

~ a Ia A Y] o a =\ a A IS Aa
AT NN 4.21 ﬂﬁ’JLﬂiW‘VifJ‘VI‘ﬁWﬁ“ll’ENﬂ%ﬁ]ﬁlﬂlﬂﬂlmﬂmaﬂﬂIWﬁI“LJIJJﬂﬁﬂﬂiﬁ@\ﬁlﬂﬁﬂﬂmw\m?

Term Coef SE Coef T-Value | P-Value VIF
Constant 147.0 14.30 10.27 0.000
JUUATZUINNITAA (Me) -16.86 9.050 -1.86 0.070 | 179.43
ANUIEITOU () -0.02736 | 0.00579 4,73 0.000 | 782.84
dasilou ® 0.01380 0.04220 0.33 0.745 320.91
Mc*n 0.011260 0.003660 3.07 0.004 1516.75
Mc*f 0.010300 0.026700 0.38 0.703 394.2
n*f 0.000003 0.000005 0.61 0.546 126.59
? 0.000002 0.000001 3.77 0.001 760.00
£ 0.000116 0.000076 1.52 0.135 227.16
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Source DF Adj SS AdjMS | F-Value | P-Value
Regression 6 4601.56 766.927 104.54 0.000
JUUATZUIUMIAA (Mc) 1 66.40 66.402 9.05 0.004
mmﬁaiau (n) 1 314.05 314.048 42.81 0.000
dasilou ® 1 722.02 722.020 98.42 0.000
Mc*n 1 112.71 112.714 15.36 0.000
Mc*f 1 230.29 230.294 31.39 0.000
n’ 1 129.58 129.582 | 17.66 | 0.000
Error 47 344.80 7.336

Total 53 4946.36

S =2.70854 R-sq = 93.03% R-sq (adj) = 92.14%
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Term Coef SE Coef T-Value | P-Value VIF
Constant 110.92 6.02 18.42 0.000

gﬂl&ﬂﬂﬂizﬂﬁﬂﬂWiﬁﬂ (Mc) 7.89 2.62 3.01 0.004 12.66
ANWISITOU (n) -0.013620 0.002080 -6.54 0.000 85.00
sas1ilou () 0.080650 0.008130 9.92 0.000 10.00
Mc*n 0.001769 0.000451 3.92 0.000 19.37
Mc*f -0.028810 0.005140 -5.60 0.000 12.28
n’ 0.000001 0.000000 4.20 0.000 76.00
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Milling
No Speed Feed rate Mc*n Mc*f N*f n’ f Ra HV
condition

1 1 3000 50 3000 50 150000 9000000 2500 0.292 96.9
2 1 3000 200 3000 200 600000 9000000 40000 0.895 97.6
3 1 3000 400 3000 400 1200000 9000000 160000 2.301 113.1
4 1 5000 50 5000 50 250000 25000000 2500 0.224 80.4
5 1 5000 200 5000 200 1000000 25000000 40000 0.55 88.3
6 1 5000 400 5000 400 2000000 25000000 160000 1.008 102.7
7 1 7000 50 7000 50 350000 49000000 2500 0.159 81.2
8 1 7000 200 7000 200 1400000 49000000 40000 0.322 84.6
9 1 7000 400 7000 400 2800000 49000000 160000 0.736 95.8
10 2 3000 50 6000 100 150000 9000000 2500 0.226 105.3
11 2 3000 200 6000 400 600000 9000000 40000 0.789 106.6
12 2 3000 400 6000 800 1200000 9000000 160000 1.906 1159
13 2 5000 50 10000 100 250000 25000000 2500 0.289 98.9
14 2 5000 200 10000 400 1000000 25000000 40000 0.541 103.4
15 2 5000 400 10000 800 2000000 25000000 160000 1.01 104.4
16 2 7000 50 14000 100 350000 49000000 2500 0.216 97.1
17 2 7000 200 14000 400 1400000 49000000 40000 0.297 104.6
18 2 7000 400 14000 800 2800000 49000000 160000 0.682 104.6

ol
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LHUINT (§1D)

Milling
No Speed Feed rate Mc*n Mc*f N*f n’ f Ra HV
condition

19 1 3000 50 3000 50 150000 9000000 2500 0.234 92
20 1 3000 200 3000 200 600000 9000000 40000 0.813 97.3
21 1 3000 400 3000 400 1200000 9000000 160000 1.985 113.9
22 1 5000 50 5000 50 250000 25000000 2500 0.203 80.3
23 1 5000 200 5000 200 1000000 25000000 40000 0.458 85.2
24 1 5000 400 5000 400 2000000 25000000 160000 1.14 102.7
25 1 7000 50 7000 50 350000 49000000 2500 0.131 78.2
26 1 7000 200 7000 200 1400000 49000000 40000 0.245 86.4
27 1 7000 400 7000 400 2800000 49000000 160000 0.716 97.1
28 2 3000 50 6000 100 150000 9000000 2500 0.271 104.7
29 2 3000 200 6000 400 600000 9000000 40000 0.764 107.2
30 2 3000 400 6000 800 1200000 9000000 160000 1.852 113.3
31 2 5000 50 10000 100 250000 25000000 2500 0.23 96.7
32 2 5000 200 10000 400 1000000 25000000, 40000 0.495 101.8
33 2 5000 400 10000 800 2000000 25000000 160000 1.034 105.4
34 2 7000 50 14000 100 350000 49000000 2500 0.16 98.7
35 2 7000 200 14000 400 1400000 49000000 40000 0.234 97.1
36 2 7000 400 14000 800 2800000 49000000 160000 0.734 99.4
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LUUINT (§1D)

Milling s
No Speed Feed rate Mc*n Mc*f N*f n £ Ra HV
condition

37 1 3000 50 3000 50 150000 9000000 2500 0.248 97.8
38 1 3000 200 3000 200 600000 9000000 40000 0.795 102.4
39 1 3000 400 3000 400 1200000 9000000 160000 1.95 111.4
40 1 5000 50 5000 50 250000 25000000 2500 0.191 82.9
41 1 5000 200 5000 200 1000000 25000000 40000 0.382 91.3
42 1 5000 400 5000 400 2000000 25000000 160000 0.926 97.9
43 1 7000 50 7000 50 350000 49000000 2500 0.103 81.3
44 1 7000 200 7000 200 1400000 49000000 40000 0.236 89.1

45 1 7000 400 7000 400 2800000 49000000 160000 0.657 98

46 2 3000 50 6000 100 150000 9000000 2500 0.278 103.2
47 2 3000 200 6000 400 600000 9000000 40000 0.738 102.2
48 2 3000 400 6000 800 1200000 9000000 160000 1.728 116.1
49 2 5000 50 10000 100 250000 25000000 2500 0.232 101.2
50 2 5000 200 10000 400 1000000 25000000 40000 0.407 105.3
51 2 5000 400 10000 800 2000000 25000000 160000 0.884 110.1
52 2 7000 50 14000 100 350000 49000000 2500 0.135 97.9
53 2 7000 200 14000 400 1400000 49000000 40000 0.233 101.5
54 2 7000 400 14000 800 2800000 49000000 160000 0.662 106.6
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The ratio of the analog voltage output relative 1o the displayed value can be » The value on the flashing digit can be changed.
changed, provided that the output voltage is between -5 and +5 V. To perform s . :
scaling, enter the desired monitor (analog voltage) output value respectively for two Rreing the (b key changes the flashing digh 1o tha right,
desired correction points. e
Before scaling Aftor scaling ':B Flqug
Monitor {analog voltaga)  Monitor (analog voltage) el
V) ourtpud (V)

oautpat |
& * Pressing the 4| key changes the value.

Prorit 1

Dizplay value: 0.00 g e —— Mo mat

................ . Manitar (analog voltage) output valus: 0 5 —"':I_—‘. T ; g 9

Foint 2 | Al AN ET 1

i Display valug: 10.000 ’L -‘ E (5th digit t (180 4th digits)
Monitor {analog voltege) outpul valua: 5 =

=, = L

* All digits flash when the fifth digit and sign can be changed.

The sensor enters the commaon function selection mode.
6. Prass the [« key 1o save the display value for cormection point 1.
«Then, the sensor entars the manitor output value setting state.

EYE
A_BI_N_N_!

3. Press the (4] or [« key to enter the monitor output setting mode.
7. Set the monitor outputl value for correction paint 1 in the same procedure as
l: step 5, and use the [« key to save the setting value.

- TAR » The moniter output value ks displayed in green.

4. Press the [+ key with *F-0" displayed |_ \H:I'SD

The sensor enters the monitor output scaling setting state
8. Repeat steps & throtgh 710 56l and save the display and monitor output values
for comtattion paint 2.
+ After saving the monitor output vaiue for point 2, the sensor relums o the
measuremen! stale,

2. Prass the [®) key o make “F* flash.

5. Set the display value for correction point 1.
The display value is displayed in red.
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Study of Ultrasonic Vibration Assisted Milling of Casted Aluminum.
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Study of Ultrasonic Vibration Assisted Milling of
Casted Aluminum

Sed Udnnﬂ:mn}annpnpl, Thongchai Phng]‘nntlu’, Apiwat Muttamara’
and Somsak Silmlammnm”

ABSTRACT

Ultrasonic - vibrution-sssisied  milling (FAM) hos been proven 0 improve machining
chamcteristics such & cutting fome, sorface muyhness quality. ond cutting ool life. However, the
mumber of researh studies i the fidd of UAM is very small and mainly focused on hard-brinke
muterial machining processes. Accordingly. 1o @xvpand UAM resesrch min a wider vanety of
mulerials. o study of UAM on o ductile mslegal AZ56 Cast sluminum i presented in this research
In the experiment, ultrasome vibration uf.-lllﬂf!"l.}l‘.l wilh 2n amphiude of 12 fim was applied 1o the
wiwkpece alony cutting feed direction /Besides. CNC machining center and carbide end mill with a
dumeter of § millimeters were used Fﬁqﬁ milling under dry cutting condition Choaractensties of
culing force moymtude m end il n“lm surface topoagraphy. ond surface moghness were
compared between UAM and coobestiosslomilling (CM). Experimentsl results showed that the
average honzontsl force inocutbng dirsction. of UAM-was lower than CM at larpe feed per tooth
value by 13 0%, LAM sodfoce topoyrphy wis different sthen companng 0 CM beramse pltrasonc
vibration sssisance cnables the peocrtion of 2 smformed paftem on the workpece.  Surface
mughness was lmproved by 214% when cutling speed incresses. It was concluded that UAM
apphcation om AS56 Casi slumimum material has positive ‘eifecs on cuting foroe and  sarface
miughness depending on feed per ipoth and cofting speed.

Keywords: Culting force. Surface mughness, Ultnsonic vibration-sssisted miffing. Alumimum A356
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Introduction

Milling process is the most commonly wsed metal removal operation in indestry. General
problems of millng process. especially mochmimg of good mechonical property matenals are yh
culting forces. wear of cutter edges. dimensioning deviation. poor surfsce muyhness. snd properiy
method requirement of cooling. These are polentially ncreasing risks of quality and economic
concerns. because of growing demand for milling of good mechanical property materials. A new
efficient technique to break constraints of milling performance s known a5 ultrssonic-assisted milling
(UAM). The fundamenials of UAM is that the tool face wis separsted from the chip and cutting
area repeatedly by using high-frequency vibration amplitede imposed 1o the ool or workpece.

In the past few decades. different researchers have reporied symificant. improvements in
hard-briftle  moterial by osing  olinsonie-sided milling Zhang e ol [1-3] compaed the
performance of mtory wiimsonic face milling (RUFM} wath the conventional milling of K8 opbcal
plms. There were reporied thal the relationship between cufting depth and ultrsonic amplitude
would sigmificantly reduce the cotting foree, md extend tool life of diamond 1ol Ped e ol [4] med
mitary ultrsonic face milling o reveal the mam effects of the process pammeters such o5 Muterial
Removal Rate [MRR). cutting force; and surface roughness in advanced ceramic machining process.
Nmﬂa[lniwﬂdammmnﬂnmmm[mmlﬁ:w:dud
um»mmﬂwdﬁmngmuamialnmh
cutting force and surface quality of ceramie mbiric composile finding that RUFM has advantage over
conventional machining.

Beside hard brittle materid machining by UAM rescarch. hard-to-cot material was abo
picked up o sindy on UAM spplicatite’in eeder 1o improve machining characteristics. Suore ef al
[7] investiyated the effect of UAM on NiAllsy 718 hardto-fst material The result shows that
futigue of UAM specimen increpses, which con explam by surface. differences from conventional
milling (CML Ethami ¢t ol {8} could mduce cutting force of hardened AISH140 machining process
by applying twooadvanced machining methods: themmully enhaneed mochining and UAM 10 the
workpiece. Ublmann ef ol 18] studisd effects of UAM when different cafting condition applied into
the carbon snd ylex fiber reinforce plastics. The pesolt shows that ultresonic-assisted milling con be
mwmmmwmmmupmﬁmmmﬂ
b obmerved Razfar ot al. [10] investigated the effect of UAM of AISE 1020 3l in term of depth
of il Jtulting speed and feed male The)surface mughness is improved\bySup to 126% when
u'npl:lmd‘myl'&LSh:nﬂulElllaptrﬂlhﬂfmuwlnkmﬂlﬁ-ﬂﬂlﬂﬂ!h:llmrnﬁnﬂ
during UAM mlqmjﬁmdmlﬂnﬂkﬂ”dmwu&mm
influcncing the gap between fhe clitting ol Gnd the workpiece material resulting m improved clhip
breaking condition. Zarchi er al [12] vestigated the effect of ulinsonic vibration on cuting forces
in ultrasome-gssisted side milling of AIS] 420, They developed 2 new theoretical model for cuming
force. Maurotin er al [13] investigated that the effect on residual stresses in ultresonic-assisted
milling of AISI 3181 reaching frequencies as high as 60 kHz. but they found the bedt result in the
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low frequency mnge Tan ef af |14] melyzed horirontal cufting force affer applying olirasome
vibration into Ti-6AI4Y workpiece. The result indicates that culting force would be decreased when
feed direction olirasonic vibration s exeried 1o the workpeoe especially when feed per ooth value
sometimes selected o study in UAM spplication 1o compare with conventional milling process. Ma
er ol [15] researched oo ulimsonk vibration-assisted cmting and found that it conld improve
machining precision of Al323 workpieee. Chemn er ol. [16) reseorched on vibration-assisied milling
of Al6061 and found that vibration could mmprove machining sccuracy, surface roughness. and tool
hfe. Xmw ¢t al [17] presented that shimsome vibration-sssisted milling con improve tribaloyy
property because scaly textures which oocor by vibrtion could enhance the adsorption capacities of
Al alloy surface 0 oil film

In overall, ulirsonic-asssted milling 15 an advanced machinmg technoloyy and has
contributed severnl advantages. However, the sumber of research studied in the field of UAM i 2
few quantities when compared with a variety of applications. techmiques. and materials. The main
resson is UAM mesearchers highly, focused on machining of hard-brttle snd hard-io-cul materials
mﬂ::rﬂlmg:tl:nlmf[mmij._'l'ncﬂaﬂHl“wmhtﬁn:uﬂtuﬂ:lvdmiihm
I“:hnﬂxm.UAMmthmﬂu'hwﬁﬂCﬂMm presenied in this research.
The difference of mrhmngrh-ttmmun UAM and CM such & culting force, sarface
topography and surface rotghness are snalypsd and discwsed in this study.

Materials and Methods

mwmnfﬂi.mmﬁ\'r&mmﬁludmuﬁ—mlm LMC1020
CNC milling machine. An UCE Ulrasonic peicralor & empioyed to supply high frequency electrical
impulses ints 15 LW pisgrelectric transhucer These high froquency electrical pulses are comveried
to mechomien] vibrations. with uitrsonic frequency (18,74 kHzland trunsferred 10 cast aluminum
Ad85 workpiee which s atleched 6 the end of imnsduerr. An nlisonic transdocer body is fiued
with the metal frame which i clamped with 8 Kistler dvasssmeter model 9072 by 4 hey head o
serews. Bench vise on CNC machine table i ssed 10 clhimp dynumometer, Cutting force signal s
dapisyed on Kistler amplifier 5070A and it mferfaced 10 the compuler Gty Dyno software i
anatyzehe force (Figure 1)
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Figure 1 Schematic of expeniment sef up

Vibmtion smplitude of the work piere has been coafirmed by Kevence EV-101V addy
current sensor. The sensor probe was localed n & distance of 1 mm o the end face of the workpiece
8 shown in Fiyure 2{a). Vibration frequency sipmul was: transferred through eddy corrent sensor and
Keyence controller EX-VO02 v output of Hantekl DSOS20P Digital oscilloscope momitor. Outpat
voltage value 15 shown S4mV and it smplitude valie was mdicated of 12 Pm peak o peak by
voltage calculation & in Fiyure 2060

[w) (bl

Figure 2 (1) Set upal workpises and ssmsor for vib@ilion-amplifede messorement, (b)) Output
voltige from sensor messtrmg vibration amphitude (1 pm/7mV) which shows the
amgphiude of 12 jum
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Cast alummum A356 T8 was used for this expenment. The workpere matenal was ot
i the dimension of 10350020 mm. The clemental compotions of the workpieve matemal are
shown in Table 1.

Slnt milling has been performed by a commercial twoflote carbine end mill with a
dinmeter of & mm withowt coolng process. Cutting process was operated by TAM and CM methods:
Vibration amplitnde was applied a1 0 and 12 pm in see the difference of cutting force and surface
structure. Axial cofting depth 5 set of 1 mm. all cufting parameters with their nges have been
wiven in Table 2

Table 1 Percentage of alloying elements tsed in A358 T6.

Si Mz Fe Cu Mn In Ti Al

1.18 0215 0108 00197 0.0045 0.0089 o11g Bal

Table 2 Cutting conditions in experiment test

Experiment Cutting speed mgu Feed rate®  Depth of cut Frequency Amplitude
n, (cimin) £, § fiyfmmimin) A, (mm) [, H2) A, (pm)
CM 50007000 | 102080  80.100.200 400 400 1 ! 0
UAM  50007000%  10.2030 60,100.200.300.100 1 1974 12

*Cutting parameter for Sorface roughne 4 study

Sorface topoyrophy was amalyzed by SEM JSM-G010 series while surface moughness
(Ru) was measumed by Miutoyn surfsce meybness poable tester model 51201, Due 1o the
varialions i viboalon amplifods a1 difesl positions slong the vibraon, culling foroe, and surface
muvhness have béen measuned and then thelr aversye values have been reconded.
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Resulis and Discussions
1. Cuming foree.

In experiment of feed per woth of 10, 20 and 30 pm range, two coltng fore
components long feed direction ( F) ) and feed perpendicular direction ( F, ) components have been
measured by a 92724 KISTLER dynamometer. The force signals are recorded for analves via a
Dyno-ware sofiware. As commonly undersiood by muny researchens that rotation sngle shail oot he
measured under the cumrent experimental conditions. therefore, the mensured forces in F, amd F,
directions connol be converted o tingential foece. The resultint force in honzontal cufting direction
(F.) is uwed 1o snulyze the improving effect of the exened slirsonic vibration oo the milfing
processing. Components of cufting force FJ_ Faml F directions. are presented on Figure 3

ke formsed clup
gemmerTy

A7 v

sty b

Figure 3 |Cutting foree omponents of shat milling.

The horizoatad force i cuning direction § F. ) can be caleulated and obrained by Eq. (1),

F =,’Ff+!—':" (i1}
Figure 4 shows purtial mw culting force dota where F, and F, indicute the cuning
forges of feed tanyential feed directions. The cutting foece profiles of the UAM workpiece (Figore
4{bY,_atd) and 4()) were different fmm those of culting fore of conventiogal willing (Figure #(a),
4ic) afd M) process It could be comsidered due to UAM penerated Snthpicee vibration with a
high frequeney AT)18 74 kHe-which caused the cofting Tool G meve halward forwand, and
resulting high density 0l eulfiy forse mesund pfik A $fferent peak of culling force in cach
culting tooltip observed. it might come by different cdye mdivs due 10 wear o run-out lenyth
phenomend in the regular milling process. Besides, peak values of culting force moresse when feed
per tooth values are increasing, and the peak values of UAM cuttmg forces in F, direction are
higher than CM because of cutting ool moved forward over the conventional culting patch.
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The detniled photographs in Figure 5 show the feed direction and tangential direction
culting forces in one culting cyche under the same feed per tooth condition | f, = 30 [im) when the
vibration amplitudes are 0 (conventional milling) and 12 [im. respectively. It shows thal ulirasonic
vibration could reduce the profiles of cutting forces in F_,d'tmimhhik F, in coaventional
milling mumtsins. Analysts shows that the producton of pulse like profiles was the resull of the
cutier moving backward o the position which could make redoction of cutting force in F:

Fiyure @ shows the sveraye horizoatal force in cutting direction value by bundred cutling
cycles agninst three feeds per tooth vahees The primary efficary pommeter which profoundly
mfluenced 1o averaye horizontal force m oiting direction increasmy m all expenmental conditions &
feed per tonth. Cufting force gradusl incresss when feed per ioath s rsing. Comperison of culting
force, CM gave lower horizontsl cutting foroe than UAM at feed per tooth of 10 pm berasse UAM
contributed 10 high cutting force in bath B and F cutting force directions. Bul when feed per
moth value 15 increased o 20 pm. cotting foree @ UAM beoome equivalent with CM. and when
feed per tooth value is incressed (o 30 pm. Sulting force in UAM becomes lower than CM by
13.0%. Ths phenomens effect & amalyzed snd presented that culling foece in direetion s redoced
becanse woltip moved backward and oomnbuted v lower sverape hornzontal foree o culbing
direction ol the messured poist a8 explsmed ahove im0 Figore 5. It miyhi be additionally observed
that the sdvantage of vibeation could ¢oatribue 1o cutting forre reduction when vibration amplitude
is smuller than feed per tlooth value § goilld cxplon that. fge vibmtion smplitnde could make an
ndverse effect on cutting force becouss) (e Eutting tooltip moves forward over feed per tooth.
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Figure 4 Expeniment cutting force with different smplitudes and feed per tonth
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Figure 6 .ﬂmg:nlkn{ﬁ-?cmmﬁn;dinxlmlﬁlnﬂhﬁﬁunl Teads per tooth.

2 Surface topography

Figure 7 shows the SEM photoymphs of siol bofiom surfaces companny between CM
andBAM aguinst feed per woth of 10, 20 sd 30 pm. Surface defects by ¢fung ool tip Jony
:hqyi#p:;lmdd:pmﬁywmﬁhﬂmwununhq_‘hhmm
vibrution w:m, as shown in Figure 7(a). 7ic) and Tle). Withoot, uitrashgit vibration. constunt
cutting tool surfafe /chaificts willi_workpicce miferiald densg heCouiflng process acting oa the
processing surface continuously” Thesefore, ehips and entting fiest cannot be carried sway in 8 limely
munner which give the resson for surface defects. When ultrssonic vibration s applied. scaly
textures evenly distnbute on the UAM surface. The small chips and cofting beat could be quickly
removed or eliminated, and thus avoiding tooltip and chip long dragying mark were occumed.
Besides. o cunse of sculy fexture difference depending on o mtio of vibmtion amplitude and feed per
ooth value. It is shown in Fiyace 7ib), Tid). and Tif).
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le} A0, [ =30 pm, [ =300 mny/min N A4=12 o, o =80m, _,f:=:‘100 mmmm

Figure 7" SEAF photog raphs 0 fineshed surface ot 1500.
4. Surface mughness
In each experiment, the surface mughness has been messured three limes by vsing 2
Mitutovo surface mughness messuring ool, and their anthmetic sverige has been reconded =0 the
cormesponding surface moughness. Figure 8 shows the respective values of surfice mughness of shot
bottom surfaces aymnst feed re for CM and UAM m dafferent cutting speed levels (m1, wimn)
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conditions. I1 can be observed that surface muphness incregse with the nsing of feed rate both CM
and UAM with simalar trend In tenm of cuming speed effect, the surface mughness of both UAM
snd CM is reduced when cuting speed increases because of under a specific feed e valoe, higher
cutting speed effects 1o thinner chip thickness. Surface muyhness is ool moch distincily different 1o
all feed mate values of culling speed of 5000 f'min, bul the surface mughness of UAM condiion can
be improved by 21.4% compared with CM when the cutting speed was mee to 7.000 rfmin. It can
explain that under a particular vibrating frequency, the higher the spindle speed. the shorer the
culling penod, the tmpeciory of the ioltips: change. and fewer 100l marks remam on the machined
sufface #s shown in Figure 9. Thus. is UAM. selection of culling parameters and vibrating
parumeters. sfects the iopography and surface.

12

[ 300 RPM) A
T 0T | =UAM F000 RPA
& = M (7800 RPAM) . é,-/
ST | evan pocomeag ” . ;
064 5 e
[}
=
04
€
Foz
(1] =
Ferd Rale {mm/min)
Figure 8 Averaye valueiof sosface, roughness with different culting speed.

Y

Figure 8 Trajectones of ool tips” unde” diiErat Sundle speed (partial enlarged view). (2) Low
cuting speed, (b) High cutting speed.
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Conclusions

Ubtrasonic  vibration-assisted milling (UAM) has been wtilized to machine slots mio
casted alommnum A385. The purpose of s exploratory work was to mvestigatle the cffect of feed
per tooth. cutting speed and witrasonic vibmtion on ductile material. Following conchsions can e
dmwn from the studies:

1. Cutting ferd per tooth wis the main effect on the cuting force m CM and UAM
conditions. Cutting force gradunlly increases when cutting feed per tooth was rising.

9 Intermiftent micro-seymentafion cufting in 2 milling cycle by ulrasomic vibration
effecting In & pulse of cufting force changed The higher feed per tooth valve of milling with
ultrassonic vibration in the feed direction cm briny advantage result on the lower sverage borizomtal
force in cutting direction lower than conventional milling method.

3. By companny surface. topographies of machined siot bomom surface. UAM can
reduce surface defects with minimal tooltips driy mark phenomens snd obtsin umiform machined
surfaces.

4 UAM i the fred direetion has a posative effect on the surface rouyhness of machmed
surfice

The experiment study eomoforates the difference between UAM and CM in term of
vmﬂ:f:dwmfud&.m;mspﬂdnnmm'n!mnl'lll:hh’l.'l:-ﬂiuk.
Further studies are expecled 10 addoest the effeet of alirasonic vibration on milling proces,
especially in term of wider parametcrd such % cuting speed. depth of cut vibration amplitude and
mechanism causmg ool wer.
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