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Abstract 

Nowadays, the aluminum alloys are most popularly used for the mechanical 

parts, mainly automotive parts, plastic injection moulds, and hard disk parts. Milling 

process is one of the important cutting processes, which is used to cutting those 

materials in order to obtain the shape of the parts as required. However, the tool wear is 

still the main problems in milling process because it deteriorates not only the machined 

surfaces quality but also geometrical and accuracy as well as causing the low 

productivity due to the interruptions of the machining operation to change the new 

cutting tools. 

Generally, the cutting fluids have been used extensively in cutting operation to 

improve the cutting performance, especially use in the automotive industry. The cutting 

fluids are applied to cutting operation in various ways to remove the heat at shear zone 

and friction zone, reduce cutting forces and improve surface finish. Hence, the rate of 

progress of tool wear decreases, and the life of cutting tool is longer. 

For economic and environmental reasons, the extensive researches have been 

a continuing worldwide trend to minimize or eliminate the use of cutting fluids. This trend 

has lead to the practice of minimum quantity lubrication (MQl) for the environmentally 

friendly cutting process or the clean technology with major benefits such as reducing 

the cost of machining operations and disposal of cutting fluids, delivering the cutting 

fluid to inaccessible cutting areas, further improving the surface quality. The MQl not 

only provides environment friendliness but can also improve the machinability 

characteristics. Extensive research efforts have been devoted so far to investigate the 
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effects of the cutting fluids and develop the applications of the MOL [1-10). There are 

many applications of the MOL used in the cutting process, which give the different 

results of the cutting performances. However, the effectiveness of the MOL depends on 

a number of factors, such as the type of machining operations, the cutting tools, the 

work piece materials, the cutting conditions, and the cutting fluids. It is therefore 

desirable to know the effects of the different applications of the MOL under any cutting 

conditions during the cutting process in order to improve the stability of cutting. 

In order to obtain the high quality of machined parts, and develop the 

technology of milling process with the application of the MOL, it is required to examine 

the machinability of aluminum alloy under various cutting conditions. The CNC 

Machining Center is employed for the cutting tests. Hence, the aim of this research is to 

investigate and develop the machinability of the aluminum alloy by applying the MOL 

with a wide range of cutting conditions in milling process. The application of the MOL 

used in this research is the spray of cutting fluids and the air blow. 

The proper cutting condition is determined based on the data of surface 

roughness of the machined parts, tool wear rate, cost of cutting tools, and cutting force. 



vii 

~ 

VI 'WI 

"" "" • I 
n~~nJ'J'~uJ':::nl~ ................ .... .... .... ... ... ............. .. .... .. ......... .... ..... .. ......... ........................... ... II 


U'VlAI?l~'El .... ... ... .... ....... ...... ... .... ..... ... .................................................................................... III 


ABSTRACT ..... ........ .... ...... ... ... .. .. .. ..... ............ .. .......... .. ..... ...... ........ ..... .................... ............. V 


~lnj'1,!~ln'l .......... .. ... ... ... ...... . .... ....... ..... ... .... ..... ..... .. ... ........ ...... ........ ...... ...... ..... ........... ... XII 


~1J'U'1,!Jll~ ....... ... .. .. . ... .... ....... .. ........... ......... ................. .. .. ... ........ ... .. .. .. ............................ XVI 


.d 
U'Vl'Vl 1 .... .......... .......... .. ... .. .......... ............ ....... ....... ... ...... .. .. .... ....... ... .......... ....... ........ .... .... 1 


o 

U'Vl'W1 .. .. ....... ... ..... ....... ... .. ...... ..... ........................ .... ...................... ........................... .... .... 1 


1.1 U'VltJl ....... .......... . .. .. .................................... ..... ........ ..... ........ ...... ....... ..... .... ............. 1 


o Q,I ~ 
, it

1.2 ~'dl~~I~'1,!bb'tl:::'VlJ.Jl"ll'El'l '1,!Vll ................ .... ........... ........ .... .... ......... ........ .... ...... ...... 2 


~ tJ ..1.3 'd~~ J':::~-.:JfOl ....... .. ....................... ...... .. ....... .............. .... ........ .. .............. .. .................. 2 


1.4 "ll'ElUb"ll~t~J''lnlJ'';j~t1 ................................. ... ........................ ...... ................ ... ........... 2 


1.5 nlJ'~1 bU'W'lI'W';j~t1 ... .... ............................................ . ................................................ 2 


>­

1.6 O]'W~'El'WnlJ''VlV'l'tl'El'l .... .... ............ .. ....... ....... ... ........................ ... .................................. 3 


~ ~ d ~ oJ 

1.7 bnru·Vlnln'tl'Elm'l'El'Wb"ll'VlbVl~.n:::~J.J ............. .... ........ ..... .. .......................... ......... .. ........ 4 


tJ .. .,;....dbill
1.81J nJ'rubb'tl:::bfOlJ''El'l~'El'Vl "l! 'Wn1J''VlV'l'tl'El'l .................................................. ...... .............. 4 


• I 'i' ...d , 1~~ 
1.9 uJ':::btl"l!'W'Vl~II?l'dl~::: I?lJ'U ................ ...... ............ .. ....... ....... .. .. .. ............ .. .... .. ............ . 6 


.d 

U'Vl'Vl 2 .......................................................... ... ...... ..... ... ...... ..... .... .. .. ............ .. ... .... ............ 7 


, , 
~.::::rI Q 9..1 


'Vl~'l1:D'Vlbntl'd"ll'El'l ............. .... ........ .... ..... ..... .. ...... .. .. ...... ..... ... .. .......... .. ........ .. ... .. .. .. ... .. ........... .. 7 


2.1 m:::U'd'WnlJ'r?l1?l (Machining process) [6J .......................... ........ .......... ... .......... .. ...... 7 


2.2 b1'El'W1"lln1J'#IV'l (Cutting conditions) b'Wm:::U'd'Wn1J'rll?l ......... .... ...... ...... ............ .. ..... 10 


2.3 ~'dlJ.J~t1U~h~lb~~ (Surface finish) ........ .. .................................. .... ...... ................. 14 




viii 

, " 
2.4 r1".l1~¥'el't,I'Vhn~~'W"'l1nn1:i'!?l~ (Cutting temperature) [7,8]. .......... .... .... ............. ...... 15 


oS '" ov
2.5 n1:i'~n'VI:i''el''ll'el~~~I?l~ (Tool wear) ..................... .... ...... .. ...... .......... ..... ......... ........... 16 


2 .6 'el1tJ"lI'el~il~!?l~ (Tool life) [2,3,6], ......................................... ... ................................ 18 


, , 
IV ~fi\ 11 0 4 ~ IV • 

2. 7 ';]~ ~'Vl b'll'Vl1 ~r1:i''el~~'el1?l ~ (Cutting material) ... .. ....... .... .... .. .... .... .. .. ..... ..... .................. 19
, 

2.8 th::;Ul'Vl"ll'el~~1:i''VI~'el~~'W (Cutting fluids) [9] .. ............................... ........... ............... 20 


.1 'i' ... 'i' .. "I " ,'"
2.9 U:i'::;btJ'll'W b'VlM ll~::;n1n~'eln b'll~1:i''VI~'elltJ'W ...................................... ..... ................... 23 


.1 ~" ,a2.10 n1:i'u:i'::;tJnl?lb'll~1:i''VI~mu'W [7] .......... ....... .. ... ........... .... ...... ...... ..... ........ .... .. .......... 23
, 

2.11 lI"\Mb~'VI::; [6] ........ .............. ........ ... ... .......... ... ........ ... .......................... .... ....... .. .. .... 25 


2 .12 n1:i''Vl~~'el'lJm1~l'VI~1::;~~''lI'el..:J~~n1:i'~'Wll'lJ'lJ (Model adequacy checking) [11].26 

2.13 n1:i''Vl ~~'el..:Jll'lJ'lJ'lJ'eln.n-~'lJ~'Wbr1'W (Box - Behnken desig n) [11] ................... ... .. .... 27 


2.14 'Vl'lJ'Vl,;]'W'J:i':i'n.Jn:i':i'~ ............................ ... ...... .. .... ............................................. .. ...... 27 


d 
'lJ'Vl'Vl 3 ....... ... .. ......... ... ...... .... ...... .......... .. ....... ... ...... ..... ........................................... ....... .. 30 


ov ~I
n1:i'I?l~bb'lJ'lJbutJn ..... .. .. .. ..... ... ...... .... ... .. ..... ... ... ...................... .. ...... ......... ...... ..... ................... 30 


" 

3.1 r1';]1~i~~'Wfi:i'::;'VI~1..:J:i'::;tJ::;b';]~11'Wn1:i'!?l~n'lJr1'J1~ ~tJ'lJ"lI'el..:J ~'J~'W..:J1'W"lI'el..:J n1:i'!?l~bl'lJ'lJ 


btltJn .. ..... ...... .. ............. ... ......... ........ ..... .... ... .......... ......... .......... .. .. ...... ... .. .... ..... ....... .... 30 


3.2 r1'J1~i~~'Wfi:i'::;'VI~1":i'::;tJ::;b'J~11'Wn1:i'!?l~n'lJbb:i'..:J!?l~~ bn~~'W"lI ru::;!?l~1'Wbbn'W[?]1..:J 1 "lI'el..:J 

ov ~I 
n1:i'I?l~bb'lJ'lJbutJn .... ..... ........... ..... ................. ........... .. .............. ... .. ................................. 33 


" 

3.3 n1:i'';j br1J'1 ::;~r1';]1~ lltl:i'tl:i'';]'Wbb~::;~'W~';] e-J~ 1?l'el'lJ"lI'el..:J bb:i'..:J1'Wn1:i'!?l~"lI'el..:J n1:i'!?l~bb'lJ'lJ lUtJ n 36 


3.4 n1:i'';j br1J'1::;~r1,;]1~ bbtl:i'tl:i'';]'Wlb~::;~'W~'J e-J~ 1?l'el'lJ"lI'el..:J r1,;]1~'VItJ1'lJ ~,;)"lI'el..:J n1 :i'!?l~ bb'lJ'lJ btiU n46 

" I IV (j ~IIV I cv

3.5 ~~u~~n1:i'r1';]1~~~~'WfiI?l1..:J 1 "lI'el..:Jn1:i'I?l~bl'lJ'lJbutJn ...... ..... .. .. .............. ................. 54 


, 


'lJ'Vl'Vl "" 4 .. .. ................. .................................................................................................... .... 55 


OV • 'I 
n1:i'I?l~bb'lJ'lJ~~bu1 ......................................... ......................... .. .. ... ...... .. .... .. ... ............. ... .. ... . 55 




ix 

t;]l?lbb'lJ'lJ1:1:I.JbUI .. ..... .... ... . .. . ... .... ............... .... ... .... ... ...... ...... . ......... .... ....... ...... .. ... .. .. .... .. .. 59 


4 .3 n'lJ'~ bl"ln:::'lf1"I'J1:I.J mJJ'u J''J'Wbb1:1 :::~'W~h ~1:1 ~'el'lJ"lJ'el\l bbN~1.ift'Wn'lJ't;]1?l"lJ'el\l n'lJ't;]I?l bb'lJ'lJ1:1:I.J 


bUI ......... ...... .. ... ........... .. .. .. ..... . .... .. ... ...... .... ... ... ... .. .. ..... .. ....... .... ....... .... ........ .... ....... ... . 6 3 


" 
4.4 n'lJ'~ bl"lJ'I:::'lf1"I'J1:I.J bbU J'U J''J'Wbb1:1 :::~'W~'J ~1:1 ~'el'lJ"lJ'el\lI"l'JI:I.JVltJ1'lJ ~'J"lJ'el\ln'lJ't;]I?lbb'lJ'lJ1:1:I.J 


bUI ........ ... ..... ......... ..... .. ... .. .. ................ .. . .. ...... ... .... ...... ....... ....... ... ......... ...................... 70 


cl 
'lJ'Vl'Vl 5 ...... ... .. .... .. ... ... ... ........ ................. ..... ... ... .... .... .. .. ... .... .... .. ..... ...... ..... .. . ..... ....... ....... 78 


n'l J't;]I?l bb'lJ'lJ1:1:::'el'el'l ~1 J'VI~'el bii'W ........... ... ......... .. ......... ........ .... ...... ....... .... ....... ... ....... ............ .. 78 


1:1:::'el'el'l"lJ'el\l~IJ'VI~'elbii'W ....... .... ...... .. ...... .... ........ ..... .. ...... ..... .. ... ...... ...... .. ........ .. .... .. .. ... .. 78 


, " 
5.2 1"I'J1:I.J ~:I.J~'WfiJ':::VI~I'lJ':::tJ:::b'J1:111'Wn'lJ't;]I?ln'lJ bbHVi bn 1?l~'W"lJ cw:::t;]1?l1'Wbbn'W1?11'l 1 "lJ'el'l n'lJ' 

<V , QI 

~ I?lbb'lJ'lJ1:1:::'el'el'l~IJ'Vl1:1'elbtJ'W ... ...... ..... ... ... ... .. ............ . ... ...... .. ... .. ... ...... .. ........ ........ ... ........ 81 


5 . 3 n'lJ'~ bl"ln:::'lfl"I'Jl:I.JbbUJ'UJ''J'Wbb1:1:::~'W~'J ~ 1:1 ~'El'lJ"lJ'el'l bbJ'\l~1-ill'Wn'l J't;]I?l bb1J'lJ1:1:::'el'el'l"lJ'el'l 


~1J'VI~'elbii'W ..... ............ ...... .......... .... .... ... ..... ...... .... ...... ..... ..... ....... .. ......... .. ...... .. .. ......... 85 


5 .4 n'l J'';j bl"ln:::'If1"I'J1:I.J bbUJ'1JJ''J'Wbb1:1:::~'W~'J ~ 1:1 ~'el'lJ"lJ'el'lI"l'JI:I.JVltJ1'lJ ~'J"lJ'el'l n'lJ't;]1?l bb'lJ'lJ 


1:1:::'el'el'l"lJ'el'l~IJ'VI~'elbii'W '" ........ .. ....... .... ........ .. ........ .. .. .. ... ........ .. ...... ...... .......... ...... ........ 93 


cl 
'lJ'Vl'Vl 6 ... ... .... ....... ... ....... .. ........ .. ...................... ........... ... ....... ... .. .. .... ....... ... .... .. .. ... ... ... ... 102 


Q cr"Q/ 6j iI I Q 

n'lJ''Jbl"ln:::Vl1:1n~cw:::n'lJ' b"ll~IJ'Vl1:1'elbtJ'W .... .... .... .. ....... .. ... .. .. ..... ...... .... ... .... ... ... .......... .. ........ 102 


~ <v'" ..."1' <V ,

6.1 1"I'J1:I.J·6'I:I.J'Y'l'WfiJ':::VI'JI'lI"l'dI:I.JVltJ11J ~ 'd bb1:1:::u"'l"'ltJ m'l1 .. .. .... .. .. .. .... .. ....... .. .... ........ .. .. .. 102 


~ <v" , 'I ."1' ,
<V <V

6.2 1"I'd1:I.J·6'I:I.J'Y'l'WfiJ':::VI'dI\lbbN b'Wn'lJ'~l?lbb1:1:::u"'l"'ltJ~I\l1 .... .. ............ ... .. .. .. .. ....... .. .... .. ... .. 105 


~ <V !'1" 0 <v ."1' <V , <V • I

6. 3 1"I'd1:I.J",,:I.J'Y'l'Wfi bl?l~IV1J''lJu'''l'''ltJI?11 'l 1 bb1:1:::I?1'dbbuJ'1?11:I.J .................. .. ...... ...... ........ .... .... 109 


, 

UVl~ 7 .... .. ....... ......... ..... ... ... .... ... .. .. ..... .... .... ... .... ....... ... .... .... .. ... .... ... ....... ..... ...... .. .... ... .. 112 


b~'l1t1:1V1::: .... .. .. ... .. ... .. ....... ............ ................ .. ...... ... ........ ..... ... ...................... .... .... ......... .... 112 




x 

~1:i'VI~'El b~'W ....... ...... ... ...... .. .... ....... .. .... ... ...... .......... .... ..... .... .. ..... ........ ... ..... ..... . .... ..... . 118 


~1:i'VI~'Elb~'W ... .. ..... .. ...... .. ............ .. ..... .. .... ..... ..... ..... ......... ...... ....... ...... ...... .... .. ... ... . .... . 119 


~1:i'VI~'Elb~'W ......... .... ........ .... .. . ................ .. .. .. ...... ...... .... ........ ..... ......... .. ...... ....... .. .. ..... 120 


d 
iJ'Vl'Vl 8 ..... .... .................. .. .. .. .... .. .. .... .... ..... ...... .. .... .. ...... ... ...... .. .. ..... ... ..... .......... ...... .. ..... 121 


" , 
8.3 n1n1..H-tJiJ bVltJiJ'El'WJll'"'~I:i'U'WbU'El'W'"llnn1:i'f?lt?lbbiJiJ btltJnVl,",'Jl~~nf?lt?l ~1~n'W .. .... .. 122, 

" , 
8.4 n1nmtJiJ bVltJiJ'El'WJll ,",~I:i'U'WLU'el'W'"l1 nn1:i'f?lt?lbbiJ1J'tl~ bthVl'"''Jl~L~'J:i''EliJ~l~ n'W ... 123, 

" , 
8. 7 n1nmtJiJbVltJiJ'El'WJll'"'~I:i'U'WLU'El'W'"l1 n n1:i'f?lt?l bbiJiJ~:;'el'el~"lI'El~~I:i'VI~'El Lij'WVl ml~ b~'J, 

:i''EliJ~l~n'W .... .... ... .... .. ... .. .. ... ...... .... ...... .. ............................. . .. .. .... .... .. ..... .... ... .... ... ..... 126 

" , 
8.8 n1 nmtJiJ LVltJiJ'El'WJl1 ,",~1 :i'U'WLU'el'W'"l1 nn1:i'f?l~miJiJ~:;'El'a~"lI'a~~I:i'VI~'el L~'WVl'el[?]nU'el'W, 

f?lt?l~I~ n'W ... .. ........ ..... ....... . .. ............. .. ... .. ... .. .. ........... ... .. ..... .. . .. ........... .... ... ... .... ... ...... 127 

" , 
8.9 n1nmtJiJLVltJiJ'a'WJll'"'~I:i'U'WLtI'a'W'"llnn1:i'f?lt?lLLiJiJ~~LthVl'"''Jl~~nf?lt?l~I~n'W ..... 128, 



xi 

A F.! "" • I ~"I Q/,8.1 0 n1nu~mlb'Vltl'lJ'ell¥11~'6'l1~u'Wbu!l'W"'l1nn1~I?l(?lbb'lJ'lJ1?l1'11 .. ...... .. ........ .... ............ .. 129 


; 
.J 

U'Vl'Vl 9 ...... .......... ... ............ ..... ............... .. .. .... ..... ................ ..... .... .. .. .. .... .... ... ... .. ....... ..... 131 


~UVl\J ....... ....... ... .... ..... ........... .. ....... ...... .... ........... ......... .......... ...... , .... .... .. .. ...... ..... ....... 131
• 

o 'V ~ Q,;'

9.1 n1~m'W(Hkll?l'W'Vl'W b'Wn~:::;'lJ'd'Wn1m(?l ...................... ......... .... .... ......... ... .. ..... ......... .. 131
. 
b!ln'6'l1~~1'1~'1 ....... .... ..... ......... .. ......... ...... .... ................. ..... .... ............. ........ ........ . .......... ..... 135 


Jl1~t.J'W'dn ...... ............ .................. ... . ...... ........... .... ..... ....... ...... .... ....... ... ............... ..... ..... .... 138 


Jl1~t.J'W'dn n ..... ........... ............ ..... ..... .... .......... ....... ... . .. ....... .............. ...... ..... ..... .......... 139 


Jl1~i:J'W'dn "ll ..................... .......... ........... ... .............. ... .......... ... ...... ..... ....... ... ..... ... .... .... 140 


Jl1~t.J'W'dn ~ .... .... ........ .............. ........ .......... ...... .... ... ... ...... ........ ..... ..... ...... ......... . .... ... 141 


Jl1~t.J'W'dn 'I .......... ........ ....... ............... .... ............ .......... .... .... ....................... ... ..... .. ..... 150 


Jl1~t.J'W'dn 9 ....... .... .... ........... ... . .... ................... ... .... .. ............. ..... .... .. ... ... .... .. .. .. ...... .... 156 






xii 

i-' 
VI'Wl 

""
, 

tJ""
, 

1 0 ~{?]1J'1'1'Vl 1.1 ~~ b'l'el'W "1I~lV1J'Un1J''Vl!?l~'el'l ..................... .... . ...... ..... ..... ..... .... ....... ....... .. ....... .. .. 3 


~ 
, iJ ~0 Q/

{?]1J'1'1'Vl 2 .1 '£ bbUUn1J'"lll~!?I"1I'el'l~!?I{?]!?I ............................. ....... .. .. ... .. ..... ... .. ... ... .. ...... ...... . .... 17 


""
, 

1 ~"'I ""{?]1J'1'1'Vl 2.2 n~ nn1J'~nVlJ''el"lJ'el'l~!?I{?]!?I ............................. .. .. .. . ................ ..... ... .. .. ..... ... ... ...... 18 


bbUUbU~Jn .... .... ... .... ... .... ....... ... ... ...... .......... . .......................................................... 37 


~!?IbbUUbUt.Jn ... ..... ..... .. ..... ........ .. ..... ... ....... .. ................ ........... .... ......... .................. 38 


nmbUUbUt.Jn ............. .. ... . ....... ............ . ... ....... .... ... .... ...... ... . ....... . ... .. ............ . .... ..... 39 


n!?lbbUUbUt.Jn ......... .. ... . ..... .......... ..... .... ........ .. . ........ ... ..... ...... ..... ........... ..... ..... .... . .. 40 


~ ~I
n!?lbbUUbut.Jn ........ . ... .......... ........... ....................... ..... .. ... ... ..... .. ............. ......... .... ... 40 


, 
.::i r Q Q/ ~I 

!?I1J'1'1'Vl 3.6 n1J''el'elmb1JUnlJ''Vl!?l~'el'l{?]'elfl'Jl~Vlt.J1UI:-J'J"lJ'el'lnlJ'!?I!?IbbUUbut.Jn ...... .... ... .............. 46 


bbUUbUt.Jn ..... ... .. ... ... .. .. ... ... ..... . ....................... .............. .. ..... .. .......... ...... .. .. .. ..... ..... 47 


," , 
mJ'1'1Vl 3.8 'Cl~ nlJ'nlJ't:I !?It:I'elt.J"1I'el'l~'WC1'J I:-J~ !?I'elU"lJ'el'l fl'Jl~Vlt.J1uC1'l ri'e)'Wn1J'~!?I'YilOnrVlhJe.h'W 

, , 
-=9 Q/ Q.I ~! 

fl'll~ b"ll'el~'W"lJ'el'l n1J'!?I!?IbbUUbut.Jn ...... .... .. .. ........ ..... ... ...... .. ' " ... ....... .. ..... ...... .. ........ . 47 


bbUUbUt.Jn .... .... ..... .... .. ... ...... ............................................................................ ...... 48 


http:bbUUbUt.Jn
http:n1J'!?I!?IbbUUbut.Jn
http:bbUUbUt.Jn
http:n1J''el'elmb1JUnlJ''Vl!?l~'el'l{?]'elfl'Jl~Vlt.J1UI:-J'J"lJ'el'lnlJ'!?I!?IbbUUbut.Jn
http:n!?lbbUUbut.Jn
http:n!?lbbUUbUt.Jn
http:nmbUUbUt.Jn
http:IbbUUbUt.Jn


xiii 

," ' 
I?lIJ'1'1Yl 3.1 0 ~:wmm')J'bI~bI'f)tJ"lJ'f),:rvh..\e:J"le.J~I?l'f)1J"lJ'f)'1 f1"lI:w'V!tJ11Je:J"l'V!~'1 n1J'!?l~'W'"l'l1Ylhl~I'W 

, , 
.dI ~ IV ~I

rt"ll:l-Jb"Jj'f):l-J'W"1I'f)'1n1J'I?l~bb1J1J b1JtJn ............ ... ................................................... ...... ... 48 


btJtJn ... ... ... .. ............. ... ........ .... .. .................................. . ... .. ... ..... ... .... ....... ... ... ... ..... 54 


<V • 'I
l?l~bb1J1J~:l-Jbu') .......... .. , ... ................. ........ . .. ... ... .. ............ ... ........... .. .... .. ............ ..... 64 


<V • 'I
n~bb1J1J~:l-Jbul ........ .... ... ... .............. ..... .. . .. ......... ". " ....... ..... ..... .. ........ .................... 64 


<V • 'I 
n~bb1J1J~:l-Jbu') .. ... .... ... .. ....... .. .. .... ............. .... ... ... .............. ...... ............. ............ ... . .. 65 


, " I I I 


1?l1J'I'1Yl 4. 5 ~:l-J nlJ'n1 J'bI ~ bI'f)tJ"lJ'tl'l~'We:J"l e.J~ 1?l'tl1J'V!~,:ml J'!?l~'W'"l'l1Yl1~ ~1'Wrt"ll:l-J b~'f)~'W"lJ'f)'1 n1 J' 

<V • 'I 
n~bb1J1J~:wbul .. .... .......................... ..... ..... ...... .. ................................... ... .... .. ... ...... 65 


bb1J 1J ~:l-J b U ') ........ ... .... ............... ........... ... . ... .... .... . ....... ..... ............ ........ ..... .... ........ " 71 


," , 
I?lI J'I'IVl 4. 8 ~:w m J'bI ~ bI'f)tJ"lJ'f)'1~'We:J"l e.J~ 1?l'f)1J"lJ'tl'lm,):l-J'V!tJ11Je:J"l n'tl'WnlJ'!?l~'W'"l'l1Yl1~ ~1'Wf1"lI:l-J 

, , 
.::V IV <V to 'I

b"ll'f):l-J'W"lJ'f)'1 m J'1?l ~ bb1J1J~:l-J bul ..... ... ... ... .................... ... ............ ....... ............ ... ... ... .. .. 71 


bb1J1J~:l-JbUl ...... .. .... ...... .. ..... .... .... ............. .. ..... .. ................. .. . ..... ..... .. . .. ........... .. ..... 72 


," , 
1?l1J'I..:JVl 4.1 0 ~:l-J n1J'bI~ bI'f)tJ"1I'f)'1~'We:J"le.J~I?l'f)1J"lJ'f)'1 f1"lI:l-JVltJ11Je:J"lVl~'1n1J'!?l~'W'"l'l1Vl1~~I'Wf1"lI:l-J 

, , 
.dI IV ,,'I 
b"Jj'f):l-J'W"lJ'f)'1mJ'l?l~bb1J1J~:l-Jbul ........ .. .............. ... .................................. .......... ... ..... .. 72 


<V 



xiv 

~d-Jl.th .. .. ........ .. .................... ........................ ...... .... ... .. .. . .. ... ... ..... ... ... ... ................. 77 


a 
I.tl'\.J .... ....... ... ..... ................. . ........... .. .. ... .... ......... ... .... ... ...... ... ... ..... ........ ..... .. .... . .... 85 


~i?ll.bUU~~'el'el'l"lJ'el'l~IJ'VI'6'i'fmj'\.J ...... .................... ..... ... .. .... .... ... ........ ............ .. ... .. ... .. 86 


ni?lbbUU~~'el'el'l"lJ'el'l~IJ'VI'Cl'elb~'\.J ........ ..... .... ... .. ........ .. ... ... .................. ............. .......... 86 


ni?lbbUU~::;'el'el'l"lJ'el'l~IJ'VI'Cl'elb~'\.J ... ... .... ... ................... ........ ... ..... ... ... ..... ... ... ..... ..... .. .. 87 


bbUU~~'el'el'l"lJ'el'l~IJ'VI'6'i'elb~'\.J .... ... ........... ..... ... ..... .................... ..... .. ....... ...... .. ... ...... . 87 


bbUU~::;'el'el'l"lJ'el'l~1 J'VI'Cl'el b~'\.J .. ..... ....... ......... ... .... ....... ..... . .... .. .... .... .. ...... .... ...... . .. ... .. 94 


.. 
, , 

b~'el~'\.J"lJ'el'l n1 J'~i?lbbUU~::;'el'el'l"lJ'el'l~IJ'VI'Cl'el b~'\.J ......................... ... .. ...... ... ... .... .. .. ... .. . . 94 


bbUU~::;'el'el'l"lJ'el'l~IJ'VI'Cl'elb~'\.J .... .... ....... . .... .... ... ...... ... .... .... . .... .. ........ ... .. .. .. ... .. ... .... ... 95 


, , 

rI'Jld-Jb~'el~'W"lJ'el'ln1J'~i?lbbUU~::;'el'el'l"lJ'el'l~IJ'VI'6'i'elb~'\.J ...... ...... ........ ..... ... ........... ... ...... 95 


~::;'el'el'l"lJ'el'l~IJ'VI'6'i'elb~'\.J ............. ... ...................... ... ........... . , . ............ ... ...... .. ......... . 101 




xv 

, 
Q ...t': IS'" IQ.o' CV 

lOl1J'1~'Vl 6.1 ~:l-Jn1J'fl'J1:l-J'6'l:l-J'V'l'Wn"lJ'el-:Jn1~lOll?lbb'lJ'lJlOl1~ 1­ ..... .. .... .. .......... ................. ........ .. ..... 110 


IW1~1-:J~ 6.3 ~1"lJ'el-:Jt1tOJr.rtJi7l1-:J 1 ~~-:JeJ~11X~1fl'J1:l-J~mJeJ'Jbnl?l~1~~l?l1'J:l-Jn'lJbbN~bnl?l~'W"lJ'el-:J 

n1~I?ll?lbb'lJ'lJ i7l1~ 1 ............ ... ........... ... ... ...... ... ..... .. ......... .. ... ... .. ......... ... ... .......... .... 111 


, 
~ ~~ Q g,., I a' Q/ I 


lOl1~1~'Vl 9.3 bu~tJ'lJb'VltJ'lJ~1fl1lOl'WYJ'W~1~VI~'elbtJ'W"lJ'el~n1J'lOll?lbb'lJ'lJlOl1~1 .... ...................... .. ..... 133 




xvi 

• 


• 'lI , , 'lI I 


lUVl1 .2 bb~I?I-:Jn1:i'~I?I!Pl-:J11?1t.n b~iJbl?1'f)f'lJ'WbfOi;''el-:Jonbiluonm-l~u\1-:JbeDUbl?1'elfbb~:::n1:i'~I?I!Pl'l brl;''el'lrrI?I 

, ~ 

'f)~fnfO'l biil'elI?1:i''lfQjr)l?Im~1ru~1:i'UUbU'elU1U'el1n1PlfQj1nn:i':::U'lUn1:i'!PlI?1 ........ .. .... ........ 5 


, , ...
iJod 11Q,." I 0::::;1 ~ 0 Q.oIl 'VI 2.1 m:::U'lUn1:i'1?11?11?11-:J 1 'VIb UYlU~1U~1fO'1'lJ .. .... .... .... .... .. ............................ ................. 7 


tJ.c:.I
, 

4 Q,.o'l 'VI 2 .2 "llUI?1"11'el'ln:i':::U'lUn1:i'n1?1 ........ .... ...... ...... .. .... ...... .... ........ .. .. .. ................... ...... ...... .. .... . 8 


lU~ 2.3lUbbUU"1I'el'ln1:i'rll?1bbU'lnU ...... ............. .... ...... .. ............................. .... .............. .......... 8 


l if" U .,.,'VI 2.4 l bbUU"1I'el'ln1:i'nl?lbbU'lI?1-:J ...................... .. .. ....... ... .. ............. .. .. .... ... ........... .. ..... ... .. .. .. . 9 

, ... 


, 

11<1:::1 Q Q,,;'l 'VI 2 .5 'VIPl'VI1-:Jn1:i'nI?1 ...... ....... .......... ..... .... ............. .. ..... .... .............................. .. ..... .... ... .... . 10 


Ud 
 ., 1 .,l 'VI 2 .6 n1:i'I?11?1 Un:i':::U'lUn1:i'nI?1 ...... .. .... .. .. .... ....... .. .......... ..... .................... ...... .. ..... .. .. .. .. .... 10 


Ud 
 .,l 'VI 2.7 n1:i'nl?1bb1J1J SLAB MILLING .... ...... .. ..... .. .. .. ... ... .................................... ... .. ..... .... .... 12 


, ... 

Ud 

0l 1"'VI 2.8 n1:i'fO'I1U'lrub'l~,.1 Un1:i'I?1I?1 .. .. ............................ .. ... .. ... ... .. .. ............... ..... .. .. ... ... ... ..... 13 

,,1~ -C::iI ~ Q

:i'u'VI 2.9 :i'1~j~:::b'eltJl?1"11'el'lt-J'l"llU'I1U .. ..... .. ............ ... .. .. .. ... .. ............. ... ............................ .. .. ..... 14 

'IJ 

, ,1JQ 
Q ~Q i.I cvl 'VI 2.10 Un'lru'VIbnl?1fO'1'l1~:i''f)U"1Iru:::I?1I?1 ...... .. ..... .... .... .. .... .. ......... .. ........................... .. .. ........ 16 


l U"" ~ ~'VI 2.11 I?I 'lUfO'I'l1~:i'... "".. .,'elU'VIbnl?l"1lru:::l?11?1 ....................... .. ...... ...... ....... ... ..... ... .... ..... .. .. ......... . 16 

, , 


, 
.. l.ci cv .dl .d Q,.o'

:i'u'VI 2 .13 'i'ln~ru:::n1:i'~nVl:i''f)"1I'el'l~l?1nl?1 .. .... ... .. ................. .... ........ .... .... .. .. .... .. ........ .. ............ 19 

'IJ 

.1""
, 

,g::"1
:i'u'VI 2 .15 n1:i'VI'i'l'elbtlUbbUUbutln ......... ... .. ........ .. ....... ... ..... ............... .. ........ .... ......... .... .. ........ 24 

'IJ 

, 
• I"" ., "I ... , 0;:;

:i'u'VI 2.16 n1:i'nl?1bbUU b"ll~1:i'VI'i'l'elbtlUbbUU'i'l:::'el'el-:J .... ..... .. ..... .. .. .. ........ ... .. .... .... .... .... .. .. .......... .. 24 

• 

'IJ 



xvii 

, 
• I'" ...... <V • I

~u'Vl 2.18 n'lJ''fl'flnbb'lJ'lJ'lJ'fl'flnmJ'lJ'lJ'fln"ll-b'lJVI'Wbr1'Wbb'lJ'lJ 3 IwmuL .... ..... ..... ..... ... ........ ... ... . ... . 27 
" 

, 
0.01 ~~~b~IPI~~'flJ''fl'lJ~r1(Yl~b~'.l~'fl'lJlkl~ 1 .... ....... .... ....... ..... ... ...... ..... ... ...... .. .. ...... .30 


, 
.Q ~ I q a I 

0.03 ~~~b~IPI~IPI'flJ''fl'lJ'Vlm1~bJ''.lJ''fl'lJ1PI1~ 1.. .... ... .... .. · ..... .... .. ....... .... ... ... ..... ........ ... .31 


, 
I q.qcv ....21 I 

J''fl'lJ 1 ,000 J''fl'lJIPI'fl'W1'Vl'Vl'fllPlnu'fl'W1PI1~ 1 ..... ....... ......... ...... ....... .... ....... ...... .... .... .... 31 


, 
I QQ cv ..~ I 

~'fl'lJ 3,000 J''fl'lJIPI'fl'W1'Vl'Vl'fl1Pl~1u'fl'W1PI1~ 1 .... ... .... ... ........ ... .... ....... .. ............ .. .. .... ... .. 32 


IV ...i.f .Q.Q, I ...:;;:,J 

, 
dcvl 

'fllPlnu'fl'W 0.02 ~~~b~IPI~IPI'flJ''fl'lJ'Vlr1'.l1~~nlPl(?)1PI1~ 1 ........... .... .. ........ .. ........ .... .. .... .32 


, 
CV ..21 .Q.Q I .ci ..:!lCVI 

'fl1Pl~1u'fl'W 0.03 ~~~b~I?lJ'I?l'fl~'fl'lJ'Vlr1'.l1~~nl?l(?)1?l1~ 1 ....... .. ....... ................ .......... .. .. 33 


, , " 
J'U~ 3.7 bmtJ'lJb~tJ'lJbb~~Vlbn(?)~'Wl'W~1~bbn'W~1V1f'lJr1'.l1~b~'.lJ''fl'lJ 1 ,000 ~'fl'lJ~'fl'W1Vl -5l?lnU'fl'W 
" 

, , " 
J'UVl 3.8 bmtJ'lJb~tJ'lJbbHY1bn(?)~'W1'W~1~bbn'W~1V1f'lJ~'.l1~b~'.l~'fl'lJ 3,000 J''fl'lJ~'fl'W1~ -51?lJ'1U'fl'W 
" 

~U~ 3.9 bmtJ'lJbYitJ'lJbbJ'~~bn(?)~'W1'W~1~bbn'W~1V1f'lJr1'.l1~b~'.lJ''fl'lJ 3,000 ~'fl'lJ~'fl'W1~ -5l?lnU'fl'W 

0.01 ~~~b~IPI~~'flJ''fl'lJ bb~::; m1~~n~(?) 1.0 ~~~b~l?l~ ".lI'fl~n'I~~(?)bb'lJ'lJbtltJn ............ 35 


~U~ 3.10 blntJ'lJb~tJ'lJbbJ'~~bn(?)~'W1'W~1~bbn'W~1V1f'lJr1'.l1~b~'.lJ''fl'lJ 3,000 ~'fl'lJ~'fl'W1~ -5l?ln 

U'fl'W 0.03 ~~~b~IPI~~'flJ''fl'lJ bb~::; ~'.l1~~n~(?) 1.0 ~~~b~l?l~ ".lI'fl~n'I~~(?)bb'lJ'lJbtltJn ... 35 



xviii 

l'Ll~ 3.11 bmtJUb~mJbb~,:j~bn(;)~'Whl'6'l1~bbn'W~1Vlfufl'J1a.Jb~'J~'f)U 1 ,000 ~'f)Utrl'f)'W1~ ~!?l:n 


U'f)'W 0.02 i:l~~ba.J!?l~trl'el~'elU bb~:; fl'J1a.J~nf?l(;) 0.5 i:l~~ba.J!?l~ "lI'f),:jn1~f?l(;)bbUubUtJn ... 36 


l'Ll~ 3.12 bmtJUb~tJUbb~,:j~bn(;)~'W1'W'6'l1a.Jbbn'W~1Vlfufl'J1a.Jb~'J~'elU 1 ,000 ~'f)Utrl'f)'W1~ ~!?l~1 


U'f)'W 0.02 il~~ba.J!?l~trl'el~'f)U bb~:; fl'J1a.J~nf?l(;) 1.5 i:l~~ba.J!?l~ "lI'f),:jn1:i'f?l(;)bbUUbUtJn .. . 36 


<V :;"1
(FX) "lI'f),:jn1~!?l(;)bbUUblJtJn ....... ... ......................... ....... ... ..... ... , ........ ....... .. , ........ .. . , .. 41 


<V :;"1
(FX) "lI'f),:jn1~!?l(;)bbUUblJtJn ....... .... .. ........ ........ .. ... . ..... ...... ... .. "." ... ,"""" ",, ... ........... 42 


, 
Ql~ICt. I a,..' <V ~I

(FX) 'VlblJ'W'f)M:;W1'f)n'W "lI'f),:jn1~!?l(;)bbUUblJt1n .. .... .... ..... .... ..... ... "" .""",, .. ....... .......... 43 


<V :;'1
"lI'f),:jn1~W1(;)bbUUblJtJn", .... ,., .. , ..... ... , ..... .. ... . .. .,. ,., .". ,., .... " " ........... , ........... " .... .. ' , .. ... 43 


<V :;"1
(0) "lI'f),:jn1~W1(;)bbUUbutJn .... "" ... """""""" ....... ........ .... ...... ... .. " .. .. .. ........ ... " ,, ..... .. 44 


<V :;'1
n1~W1(;)bbUUbutJn. , ."" ... , ..... .......... .... "" .. " , .. ,., ", .......................... .. ... ... ,. ,." ... ,., .. , .... 44 


<V :;"1
(0) "lI'f),:jn1~!?l(;)bbUUbutJn ,........ ... ............... ..... , .. ..... , ........... ... .. ,." .. ... , .................. .. 45 


, 

"" <V:;"I
b'U~t1"ll'f),:jn1:i'W1(;)bbUUblJtJn ... , ... , .. , ........................ ,.. , ... .. " ................. ......... .......... .. ,. 49 


, 

"" <V:;"I
b'U~t1"ll'f),:jn1~W1(;)bbUUbut1 n ,."., ..... " .... , .... , ........ .... ,."" " ". ,.,.,.,., ,.'. ,', .,.,., .... ..... ... ,.. ... 50 




xix 

<V ~I
"lI'fl~n1J'1?l!?lmJ'lJbut.Jn .... ................ ........ ............. ..... ... ................ ..... ........ ..... .. ... .. .... 51 


<V ~I
J''fl'lJ (S) "lI'fl~n1J'1?l!?lbb'lJ'lJbutln ...... ...... .... .. ... .. ...... ..... .... .. ........ .. .......... .... .... .... ...... ... 52 


<V ~I
n1J'1?l!?lbb'lJ'lJbutln .. .... .. ........................................... .. .. .. .. ..... ...... ..... ... ... .. . .. ...... .. ...... 52 


<V ~I
(F) "lI'fl~n1J'1?l!?lbb'lJ'lJbutln ............ . ............ ........... . .. ................................................. 53 


"' i.- <V ~I
bbuJ'1?l'W "lI'fl~n1J'1?l!?lb~'lJ'lJbutln ............ . ................................................... ..... ............. 53 


, 
~ .c=:t. I Q a I 


0.03 ~~~ b~1?lJ'I?1'flJ''fl'lJ'V1 rl'J1~bJ''JJ''fl'lJ1?l'N 1- .... ... .... .... ...... .. ..... .... ...... ... ..... ... ..... ... ... 55 


, 
.c:t. .c=:t. I q a I 


0.02 ~~~b~1?lJ'1?l'flJ''fl'lJ'V1rl'J1~bJ''JJ''fl'lJ1?l1~ 1............ ............................. ............ .. .. .... 56 


, 
I ..:::lI.c:::t IV "i1 I


J''fl'lJ 2,000 J''fl'lJ1?l'fl'W1'V1'V1'fl1?lnu'fl'W1?l1~ 1........ ..... ........ .. ........................................ 57 


, 
I q~ IV ..~ I 


J''fl'lJ 2,000 J''fl'lJ1?l'fl'W1'V1'V1'fl1?lnU'fl'W1?11~ 1 .......................................................... .... .57 


, 
IV ..~ .c=:t.Q. I .cI ~CVI 

'fl1?lJ'1u'fl'W 0.02 ~~~b~I?1J'1?l'flJ''fl'lJ'V1rl'J1~~n1?l!?l1?l1~ 1 .. ........ .. ....... .. .. .. .. .. ................. 58 


http:lI'fl~n1J'1?l!?lmJ'lJbut.Jn


89 ........................................................................................... 
l,rl1N:~n.m1~~~l,U~@1T. 
I,· ,. 

U) ~~n@~L~~~:::~11 (0) ~~U~N:Lt.leln.ll (X.:l) X nU11~~~~11~L~k1.:::~Jn~N:~N:1,t.lel L~ 'v ~f1~ 

89 .... .. .. ... .............. .. ........ .... .................. Lr11N:~n.m1~~~l,U~@1T. nu@~:::~~@nr11lA, (X.:l)
I. <> ..-0 ..-0' '1::7 lr) F 

'" 	'" X nu11t.n11~~11~N:@J:>~@IT.~@~~IA.~LUt-@IT.n.~L~:::~11~L~M,~~N:Lt.lelL~~@IT.Jn~N:~N:Lt.lel 9 ~'v ~f1~ 

L9L[b1N:~n.m1~~~Lu~@1T. nll@~;::~~~nIJ1!t: (X.:l) X nu"t.n"~~'mfi@J:>~@IT.t.~fJL~;::W~LU 9 ~'v !t:f1l 
, , 


L9 .. ............................... ...... ............... .......... ......... ..... .. .... Lr11N:~n.m'~u~LU~@1T. (X.:l)

I,· ,. 

'" X nu"t.n"~~'m~k1.L~ ~Uf1n.mmL~;::W~LU~~~L~M,~~N:Lt.lel L~~@lT.nlJ':::~l,1'bN:Lt.lel v~ ·v ~f1~ 

99 ................................. ................................................... 1,r11N:~n.m'~u~l,u~@1T. (X.:l) I,· ,. 

'" X nUm)n11~~1m~k1.L~ ~Uf1n.mmL~:::~U~LU~~~L~M,~~liLt.lelL~~@lT.nIJ1:::~L1'bN:Lt.lel S ~ ·V ~f1~ 

G9 .. 	l,[b'N:~n.m'~~~l,u~@1T. ~~N:,~~~ 9' ~ ~~U~N:l,t.lel:::~" n.@~@~~~N:1~~~ GO'O n@~ 

U~~ !t:l,n@~n.@~ 000' ~ n.@~t.g1N:l,t.leln.~k1.l,~nU'1N:l,~ntn~~~'!t:~~'mfJ!t:mfJUb' G~·v !t:f1~ ,. , , 

~9 .. l,[b'N:~n.m'~~~l,U~@1T. ~~N:,~~~ 9 '0 ~~U~N:l,t.lel:::~" n.@~@~~~N:,~~~ GO'O n@~ 

U~~ !t:l,n@~n.@~ 000' ~ n.@~t.g1N:Lt.leln.~k1.l,~nU'1N:l,~ntn~~~'!t:~~'mfJ!t:mfJw' ~ ~·v !t:f1~ ,. , , 

~9 .. l,[b'li~'m"~~~l,U~@1T. ~~N:'~~~ O' ~ ~~U~N:l,t.lel:::~" n.@"I;@~b~N:'~~~ SO·O n@[J 

1,,,I;~~ !t:l,n@~n.@~ OOO'S n.@~t.g1N:Lt.leln.~k1.l,~nu'1N:l,~ntn~~~'!t:~~'mfJ!t:mfJw' a~·v !t:f1~ ,. , , 

09 ...... .... l,r.b1N:~lblb"~~"I;l,U~@1T. "I;~N:'~~~ O' ~ ~~U~N:Lt.lel:::~" n.@"I;@~"I;~N:,~~~ ~O'O 

n@~l,~~~ !t:l,n@~n.@"I; OOO'S n.@"I;t.g,N:l,t.leln.~k1.l,~nu'1N:l,~ntn~~~'!t:~~'mfJ~mfJw' 6'v ~f1~
" , , 

09 ......... . 1,[b1N:~n.m1~~~l,U~@1T. "I;~N:1~~~ O· ~ ~~U~N:Lt.lel:::~1' n.@"I;@~"I;~N:1~~~ ~O'O 

n@!Jl,,,I;~~ ~l,n@~n.@"I; OOO's n.@~t.g1N:l,t.leln.~k1.L~nU'1N:l,~ntn~~~'~~"I;'mfJ~mfJw' 8'v ~f1~ ,. , , 

69 .......... 1,[b1N:~lbm1~~"I;LU~@1T. "I;~N:'~~~ O· ~ ~~U~N:l,t.lel:::~" n.@"I;@~"I;~N:'~~~ ~O'O 

n@!Jl,,,I;~~ ~l,n@~n.@"I; 000' ~ n.@"I;t.g1N:Lt.leln.~k1.L~nU'1N:L~ntn~~~'!t:~~'mfJ~mfJw' L'v ~f1~ ,. , , 

89 .. .................. ......... .. ..... ...... .... L~L~~~U~N:Lt.lellA.n.@"I;@~~~N:,~~N: ~O·O n@r1l,~~@ 
1;"Of? F' I "'='~ ~"..-o 

!t:l,n@~n.@"I; OOO'G n.@~t.g1N:Lt.lel~L[b1N:~n.m'~~~l,u~@IT.t.~n.Lrlk1.N:Lt.leln.fJ~mfJw' 9'v ~f1~ 

xx 

mailto:n.@~t.g1N:Lt.lel~L[b1N:~n.m'~~~l,u~@IT.t.~n.Lrlk1.N:Lt.leln.fJ~mfJw
mailto:t:l,n@~n.@"I
mailto:L~~~U~N:Lt.lellA.n.@"I;@~~~N:,~~N
mailto:n.@"I;t.g1N:Lt.leln.~k1.L~nU'1N:L~ntn~~~'!t:~~'mfJ~mfJw
mailto:l,n@~n.@"I
mailto:n.@"I;@~"I;~N
mailto:n.@~t.g1N:l,t.leln.~k1.L~nU'1N:l,~ntn~~~'~~"I;'mfJ~mfJw
mailto:l,n@~n.@"I
mailto:n.@"I;@~"I;~N:1
mailto:1,[b1N:~n.m1~~~l,U~@1T
mailto:n.@"I;t.g,N:l,t.leln.~k1.l,~nu'1N:l,~ntn~~~'!t:~~'mfJ~mfJw
mailto:t:l,n@~n.@"I
mailto:n.@"I;@~"I;~N
mailto:l,r.b1N:~lblb"~~"I;l,U~@1T
mailto:n.@~t.g1N:Lt.leln.~k1.l,~nu'1N:l,~ntn~~~'!t:~~'mfJ!t:mfJw
mailto:n.@"I;@~b~N
mailto:n.@~t.g1N:Lt.leln.~k1.l,~nU'1N:l,~ntn~~~'!t:~~'mfJ!t:mfJw
mailto:n.@~@~~~N
mailto:l,[b'N:~n.m'~~~l,U~@1T
mailto:n.@~t.g1N:l,t.leln.~k1.l,~nU'1N:l,~ntn~~~'!t:~~'mfJ!t:mfJUb
mailto:n.@~@~~~N:1
mailto:l,[b'N:~n.m'~~~l,u~@1T
mailto:Uf1n.mmL~:::~U~LU~~~L~M,~~liLt.lelL~~@lT.nIJ1:::~L1'bN:Lt.lel
mailto:1,r11N:~n.m'~u~l,u~@1T
mailto:Lr11N:~n.m'~u~LU~@1T
mailto:nu"t.n"~~'mfi@J:>~@IT.t.~fJL~;::W~LU
mailto:L9L[b1N:~n.m1~~~Lu~@1T
mailto:nu11t.n11~~11~N:@J:>~@IT.~@~~IA.~LUt-@IT.n.~L~:::~11~L~M,~~N:Lt.lelL~~@IT.Jn~N:~N:Lt.lel
mailto:Lr11N:~n.m1~~~l,U~@1T
http:U~N:Lt.leln.ll
mailto:l,rl1N:~n.m1~~~l,U~@1T


xxi 

(F) "ll'el'ln1~~i?lbb1J1J~~bUI ............... ... .. ..... ......... ........... . ........................ ........... . .... 69 


, 
.<::lI CV nil 

b'U~tJ"ll'el'lWW(?]i?lbb1J1J~~bul ..................... ............ ... .. ..... .. ...... ...... ........... .. ... . .. ... ..... 73 


, 
Q CV nil 

b'U~tJ"ll'el'ln1~(?]i?lbb1J1J~~bul ... .................... ... .......... .... ........... ... ................... ... ........ 74 


.., 'I 
nl~(?] i?lbb1J1J~~ b1Jl ..... . ........................................... . ...... .... .. .. ......... .... .................... 75 


.., • 'I(F) "ll'el'ln1~(?]i?lbb1J1J~~bul ......... ......................................... ... ......... ... .. .. .... .. ........... 76 


~ • 1 ~ ~ .'1 
(Wlbbu~(?]Wn'el'ln1~(?]i?lbb1J1J~~bul ..... ..................... .......... ....... .... ............................. 76 




xxii 

o 
I QQ,I ...~ ~Q I ~ 46.', 


~'EI'lJ[WEl'W'l'Vl 'Ell?1~'lu'El'W 0.02 ~~~~~l?1~l?1'E1~'f)'lJ 'Vl~,)'l~~nl?1I?ll?1'l.:J1 .............. .. ............ 81 


o 0 " 

aJVl 5.7 ~mtJ'lJ ~VltJ'lJ ~~~-.lVl ~n (?J~'W1'W~'l~ ~~n'W~ 'l~f'lJ ~'J 'l~ ~~'J~'EI'lJ 1 0 000 ~'EI'lJ L9l'El'W'lVl ~l?1nu'El'W 
'lJ 

~tj'W ....... ... ... ............. ...................... ........ ...... .. ... ............ ....... .. ..... ............ .. ............ 82 


'" ~tJ'W .... .. ....... ... ... ............ .......... . ..................................................................... ..... ... 82 


~tj'W ................................ ... .................. ... .................. ........ ........................... .......... 83 


~'l~W~'EI~tj'W ......................... ........ .. ... ................. . .. ..... ............................................ 83 


~'l~~~'EI~tj'W .................................................. ....... . .......................... ......... .............. 84 


~'l~~~'EI ~ij'W .................... ..... .. .. .......................... ... ........ .......................... ............... 84 


(FX) "1I'E1-.ln'l~n(?J~~'lJ'lJ~:::'f)'EI-.l"1l'El-.l~'l~~~'EI~tj'W .. ............................... .. .. .. ............. .. ..... 88 




xxiii 

(FX) "1J'e)~n1~n~LLUU~::;'e)'e)~"1J'e)~~I~'VI'Ci'e)Lih.l ..... .. ......... ................. ... ...... .. ....... .. ...... 89 


"1J'e)~~I~'VI'Ci'e)L~'W ........ ..... ... .. ... .. .. ..... ..... ...... .. ....... .. ..... .... ....... . ...... .... .... .. ... ...... ....... 89 


, 
...:::i!'il'::::" I CV CV L c;

(FX) 'VlLu'W'e)M::;I?]'e)n'W "1J'e)~n1~I?]~LL'l.J'l.J~::;'e)'el~"1J'e)~~I~'VI~'e)LtI'W ........... .. ........ ... . ........ 90 


n1~~~LL'l.J'l.J~::;'e)'e)~"1J'el~~I~'VI'Ci'e)Lij'W ..... .. .... .. .. ... ..... ..... ........... . ................ ................. 90 


n1~~~LL'l.J'l.J~::;'el'e)~"1J'el~~I~'VI'Ci'elL~'W ...... .. .. ... .. .. ... ..... .. ..... ................................... ...... 91 


(D) "1J'el~n1~~~LL'l.J'l.J~::;'el'e)~"1J'el~~I~'VI'Ci'elLij'W .... . ... .... ............ ..... .. ... ........... .. ..... ...... ... 92 


, 
~ CV I a 

L'U~tI"1J'el~n1~I?]~LL'l.J'l.J~::;'e)'e)~"1J'e)~~I~'VI~'e)LtI'W .. .. ....... ........ ............ .. ... .. ... .... ....... ...... . 96 


, 
.c:::I CV I " 

L'U~tI"1J'e)~n1~I?]~LL'l.JU~::;'el'el~"1J'e)~~I~'VI~'elLtI'W . .. ......... . ...... .......... ......... ........ ... .......... 97 


ltl~ 5.23 n1m~::;iOllti ~')"1J'el~-if'el3qj~ A')I~'VItI1'l.J~') L'U~tI~ LU'W~M::;~'eln'W "1I'el~n1~n~LL'l.J'l.J~::;'e)'e)~ 

"1J'e)~~I~'VI'Ci'e)L~'W .................... ... . .. .... ............... ... ............... ... .. ...... ..... .. ...... . ... ...... .. .. 97 


ltl~ 5.24 A')I~-K~~'Wfi"1J'e)~ filA,)I~~ ~V'/~1 ~LL~::;~I(?)'l.J"1I'e)~n1~'Vl~~'e)~ "1J'e)~m~~~LL'l.J'l.J~::;'e)'el-:) 

"1J'el-:)~I~'VI'Ci'e)L~'W .. ... . .. ...... .... .. ... .. ........... .... ....... ..... ..... ..... ......... .. ....... .. ... .... ... ........ . 98 




xxiv 

"lI'El\lm~~l?lbb'lJ'lJ~::::'El'El\l"ll'El\l'Cll~~'Ci'Elbih.l ...... .. .. .... .... .................... .. ... .... ......... .. .... ..... 98 


~'El'lJ (S) "lI'El\lm~~l?lbb'lJ'lJ~::::'El'El\l"ll'el\l'Cll~~'Ci'Elb£j'W ............................ .. ........................ 99 


m~~l?lbb'lJ'lJ~:::;'el'el\l'Cll~~'Ci'elb£j'W .................. ............. ...................... ........ .............. ... . 99 


(F) "lI'El\lm~~l?lbb'lJ'lJ~:::;'el'El\l"ll'El\l'Cll~~'Ci'elb£j'W ...................... ..... ...... ........ .................. 100 


I I iI I I 


~iJYl5.29 m~';jbl"l~l::::i~lrh~l'ClI?l'"lln~'W~')I:-J~I?l'el'lJ biJ'el~'"ll~rul rI')l:w~mlJ~')b'U~mb~:::;~')
~ . 

.. I 11 CV I Wi 

bbLJ~I?l'W "lI'el\lm~l?ll?lbb'lJ'lJ~::::'El'El\l"ll'El\l'Cll~~~'elbtl'W ............. ... .... ............. .................... 100 


, ,"

nJYl 5.30 m~';j brln:::;'lf~l fOil ~1'Cl1?l'"l1 n~'W~,)I:-J~ 1?l'El'lJ"lI'el\lm~~l?lbb'lJ'lJ~::::'El'El\l"ll'el\l'Cll~~'Ci'elb£j'W 101 

~ . 

m~~l?lbb'lJ'lJ!?ll\l 1 .......... ... ........ ......... ... ... ..................... ... ... ..... ..... ....................... 102 


m~~l?lbb'lJ'lJf?il\l1 ....................... .... ......... ......... ............................ ..... .... ... .......... . 102 


, 
a I ~ ..:S. cv ..::::...::::. Q Q 

"lI'el\lI"l')l:wb~')~'el'lJ 1 ,000 ~'el'lJI?l'el'Wl'Vl rI,)l:w~nl?ll?l 1 :W~~b:WI?l~'Vlb,)~l 60 'Wl'Vl"ll'el\lm~ 

~l?lbblJ'lJf?il\l 1 .... ......................... ......... ................................................ .... ...... .. .... 103 


~l?lbblJ'lJf?il\l1 ......... ............................................ .... ....... ............................ .......... 103 


http:iJYl5.29


xxv 

~(;lbbUUt?l'l~ 1 ............ ......... .. ...... ... ....... .... ..... .. .............. .. ... ...... ...... .. ... ... .... ..... .... 104 


~(;lbbU'Jt?l'l~ 1 .... .. ...... .... ...... .. ........ ................. ................ .. ....................... ...... ...... 105 


, 
..:'11 Q..' ..:=::!rt. .Q do <V .::::t,.Q Q ..:;:,j 

u'el'W~(;l 0.03 ~~~b~!?lJ' ~'J'l~~n!?l(;l 1 ~~~b~~J'VlL'J~1 120 'W1Vl .......................... 106 


iJ'el'W~(;l 0.03 iJ~~b~~J't?l'elJ''elU ~'Jl~~n~(;l 1 iJ~~b~~J'"lI'el~mJ'~(;lLbUUt?l'l~ 11'Wb'J~'l 


t?l1~ 1 .... ...... .. ........ .. ............. ...... .. .. ... .. .... ........................... .. ...... .. ....... .. .. ............ 107 


iJ'el'W~(;l 0.02 iJ~~b~~J't?l'elJ''elU ~'J'l~~n~(;l 1 iJ~~h~~J'"lI'el~mJ'~(;lbbUUt?l'l'l11'WL'J~'l 


t?l'l~ 1 .... .. · .. .... ...... .. · ....... ............................ ............... .... .. .............. .. ....... ...... ...... . 107 


~,j~ 6.11 ~'J'l~-K~~'WfiJ':::vd1'1 bbN~1-i11'WmJ'~(;lbb'W'Jbbn'W X (FX) bb~:::~'Jl~b~'JJ''elU 1 ,000 bL~::: 

3,000 J''elU t?l'el'W'lVl"ll'el'lt5!?lJ''lU'el'W 0.02 iJ~~ b~ ~J't?l'elJ''elU ~'J'l~~n ~(;l 1 iJ~~ L~~J'~ 
.,. ... , 

b'J~'l120 'W'l'Vl"ll'el'lmJ'i9l~ILLU'Ji9l'l'll ................................................ .. ................ .. 108 


.,. ... , 
b'J~'l 120 'W'l'Vl"ll'el'lmJ'i9l(;lbLUU~'l'll .. ...... .... .... ... .. .. .. .......... .... .... .......... .. .... .. ....... 108 




xxvi 

lU~ 6.13 fl'd1~i~~'Wfi~:;~~1'1 bbN~1.jj1'Wn1~i?ltnbb'W'dbbn'W X (FX) bb~:;m1~~ni?l(;) 0.5 bb~:; 1.5 

lj~~b~I?l~"Jj'fl'lfl'd1~b~'d~'fl'lJ 2,000 ~'fl'lJI'i'fl'W1Vl 'ti'm1,J'fl'W 0.02 n~~b~I?l~I'i'fl~'fl'lJ~b'd~1 
'" <V ,

120 'W1'V1"Jj'fl'ln1~I?l(;)bb'lJ'lJ1?l1'11 .... ............................ .... ........................ .. ........ .... ... 109 


.o::S cv ..:::::...::::. <V ~I 
~'fl'lJ fl'd1~~ml(;) 1.5 ~~~b~I?l~"Jj'fl'ln1~I?l(;)bb'lJ'lJbutm .................... .. .. ..... ............ .... 112 


.diG,;' oCloQ Q/ ~1 

~'fl'lJ fl'd1~~nl?l(;) 1.5 ~~m~(;l~"Jj'fl'ln1~I?l(?lbb'lJ'lJbutm .... ...... ...... ........ ........... .. ..... ... 112 


.cS.cv ~~ Q/ ~I 
~'fl'lJ m1~~nl?l(;) 0.5 ~~~b~I?l~"Jj'fl'ln1~(;](;)bb'lJ'lJbutm .... ... ..................... ........ ......... 112 


dl cv Q, Q\, cv ~I 

~'fl'lJ fl'd1~~nl?l(;) 0.5 ~~~H~(;l~"Jj'fl'ln1~(;l(;)bb'lJ'lJLutJn ............................................. 112 


d cv .t:::::Io.Q IV ~I 
~'fl'lJ fl'd1~~nl?l(?l 1 ~~~L~(;]~"Jj'fl'ln1~(;l(?lLL'lJ'lJbutJn ...... .. .. .. ........ ...... .. ........ .... ... ..... 113 


.cS. CV Q.::::to cv ~I 
~'fl'lJ fl'd1~~nl?l(?l 1 ~~~b~I?l~"Jj'fl'ln1~I?l(?lbb'lJ'lJLutJn ....... ............ .... .......... .. .... .. ....... 113 


.4 cv .Q.c:::t, cv ~I 
~'fl'lJ m1~~nl?l(;) 1 ~~~b~I?l~"Jj'fl'ln1~I?l(;)bb'lJ'lJbutJn .... .. ......... ... ... .... ........ ..... .......... 113 


d CV .Q Q CV ~I 
~'fl'lJ fl'd1~~nl?l(;) 1 ~~~b~I?l~"1I'fl'ln1~I?l(;)bb'lJ'lJbutJn ................................................ 113 


.::S CV .:. Q CV ~I 

~'fl'lJ fl'd1~~nl?l(;) 0.5 ~~~b~I?l~"Jj'fl'ln1~l?ltnbb'lJ'lJLutJn .. ........... ................................ 114 


.,;:9.00' Q.Q CV ~I 

~'fl'lJ m1~~n(;l(?l 1.5 ~~~L~I?l~"Jj'fl'ln1~I?l(?lbb'lJ'lJbutJn ....................... .... ...... .. .......... 114 




xxvii 

d.lV QA IV ~I 

:i''elU rl'dI~~nl?l'" 0.5 ~~~L~I1I:i'"lI'el~n1:i'I1I"'LLUULut.Jn ......................... ....... .... ..... .... 114 


.d IV Q Q IV ~I 

:i''elU rl'dI~~nl1l'" 1.5 ~~~L~I1I:i'"lI'el~n1:i'I1I"'LLUULut.Jn ........ . ... .. ... ... ....... .. . .. ....... .... .. 114 


.cS CV Q .,11Q CV 

:i''elU rl'dI~~n[?)'" 1.5 ~~~L~[?):i'"lI'el~n1:i'I?l"'LLUU~~Lul ..... .. .. ... . ... ..... ...... .. .............. 115 


..:S CV Q Q CV nil 
:i''elU rl'dI~~n[?)'" 1.5 ~~~L~[?):i'"lI'el~n1:i'[?)"'LLUU~~Lul . .... .. ..... ... ..... . ...... ................ 115 


~ CV Q Q IV ~I 
:i''elU rl'dI~~n[?)'" 0.5 ~~~L~[?):i'''1I'el~n1:i'[?)'''LLUULutJn .. ....................... ...... .. ..... .. ... .. 115 


.dlcv Q.Q CV ~I 

:i''elU rl'dI~~n[?)'" 0.5 ~~~L~[?):i'"lI'el~n1:i'[?)"'LLUULut.Jn .. ............... .. ........ .. .. . .. .... ....... 115 


d. CV Q Q CV .. II 

:i''elU rl'dI~~n[?)'" 1 ~~~L~[?):i'"lI'el~n1~[?)"'LLUU~~Lul .. .... .... .. ... .......... .. .. ... .. ........ .. .. 116 


.::S CV Q Q IV .. II 

~'elU rl'dI~~n[?)'" 1 ~~~L~[?)~"1I'el~n1:i'[?)"'LLUU~~Lul ...... .. .... ... .... .. .......... .. .. .. .. .. .. .. . 116 


..::S. IV Q..Q IV ~I 

~'elU 1"l(;n~~nl1l'" 1 ~~~L~[?)~"lI'el~n1:i'[?)"'LLUULutJn .. .. ................. .. ............ .. .... .. ..... 116 


.cS:cv QQ CV ~I 

:i''elU 1"l'd1~~nl?l'" 1 ~~~L~I?l~"lI'el~n1:i'[?)"'LLU'lJLutJn ......................... .. .. .. .... .. ......... .. 116 


.d CV Q.<:::it. IV .. 'I 
:i''el'lJ 1"l'd1~~n[?)'" 0.5 ~~~L~[?)~"lI'el~n1~I1I"'LL'lJ'lJ~~Lul .... ...... .. .... .. .............. .. ... .. .. .. 117 




xxviii 

..:::S Q..I' Q.<:::Io IV "II 
~'e:JU r1'".l1~~n~(?J 1.5 ~~m~~~".lI'e:J ·.:m1~~(?JbbUU~~bu1 .. .... ...... .... ........................... 117 


..:S:cv Q.c:t. Go' ~I 
~'e:JU r1'".l1~~n~(?J 0.5 ~~~b~~~".lI'e:J'In1J'~(?JbbUUbutJn ................................ ............ . 117 


d CV Q ~ IV ~l 
~'e:JU r1'".l1~~n~(?J 1.5 ~~~b~~J'".lI'fl..:Jn1~~(?JbLUULutJn .. .. ......... .. .............................. 117 


.dl CV Q Q CV?I 
~'e:JU r1'".l1~~n~(?J 0.5 ~~~b~~~".lI'e:J..:Jn1~~(?JbbUULutJn ... ........................ .... ............. . 118 


..:::S: CV Q Q CV ~I 

~'flU r1'".l1~~n~(?J 0.5 ~~~b~~~".lI'e:J'In1~~(?JbLUULutJn ........................... .................. 118 


..:iiI cv Q ~ Q..I' ~l 

~'e:JU r1'".l1~~n~(?J 1 ~~~b~~~".lI'e:J'In1~~(?JbbU1JLutJn ... ........................................ .. .. 119 


dcv QQ Q.J' ~l 
~'e:JU r1'".l1~~n~(?J 1 ~~~b:hI~~·n'e:J'In1~~(?Jbb1JUbutJn ...... .... ...... .. .... .... .. ................ .. .. 119 




xxix 

.c:!lQ..' ~Q, cv ~I 
~'tlU ~'d1~~nl'll?1 0.5 ~~~b~I'l~'ll'tl~n1~l'll?1bbUULLJtJn ..... .. ............... .... .. ... .. .... ...... .. 120 


.c:!la,...o ~Q, IV ~I 

~'tlU ~'d1~~nl'll?1 1.5 ~~m~I'l~'ll'tl~n1~l'll?1bbUUbLJtJn ..... ..... ...... .. ... .... ......... ....... ... . 120 


, " , 
nJVl8.1 e.J~n1~il?1'tl'W.n1~'C\1nhJbU'tl'Wr.'l1nn1~(;]I?1LLUULUtJnVl~'d1~L~')~'tlU 3,000 ~'tlul9l'tl'W1V1 
~ . 

, " , 
nJVl8.2 e.J~n1~il?1'tl'W.n1~'C\1~1J'WLU'tl'WiOl1nn1~(;]I?1LLUUbUtJnVl~')1~b~')~'tlU 1,000 ~'tlul9l'tl'W1V1 
~ . 

l1J~ 8.4 e.J~n1~il?1'tl~.n1~'C\1~1J'Wb~'tl'WiOl1nn1~(;]l?1bbUUbUtJn~~')1~b~')~'tlU 1,000 ~'tlul9l'tl'W1V1 

t5l?lnU'tl'W(;]1?1 0 . 03lj~~b~I?lJ'19l'tl~'tlU ~'d1~~n(;]1?1 1 lj~~b~I'lJ''ll'tl~n1J'(;]l?1bbU'JbUtJn 122 

, ., , 
~1JVI 8.5 e.J~n1~il?1'tl'W.n1~'C\1J'1J'WbtJ'tl'WiOl1nn1~(;]l?1bbUubutJnVl~'d1~b~'d~'tlU 1,000 ~'tlul9l'tl'W1V1 
~ . 

, ., , 

J'1JVl8.6 e.J~n1~il?1'tl'W.n1f1'C\1~1J'WbtJ'tl'WiOl1nn1J'(;]l?1bbUubutJnVlfl'd1~b~'d~'tlU 1,000 ~'tlul9l'tl'W1V1 
~ . 

, " , 
~1JVI 8.7 e.J~n1J'il?1'tl'W.n1 f1'C\1~1J'WbtJ'tl'WiOl1nn1~(;]l?1bbUULUtJnVlfl')1~ b~,)~'tlU 3,000 J''tlul9l'tl'W1V1 
~ . 

http:e.J~n1J'il?1'tl'W.n1


xxx 

, " , 
J'uYi 8 . 8 ~'tl n1 J'rJ~'fl'WJl1 rl~1J'U'WlU'fl'WfOl1 n n1 J'1?l~ bb'lJ'l.JlUr.JnYi rl'J1~ b~'JJ''fl'lJ 1,000 J''fl'lJ ~'fl'W1Yi'" . 

, " , 
t'uYi 8.9 ~'tln1J'rJ~'fl~Jl1rl~1J'U'WbiJ'fl'WfOl1nn1J'I?l~bb'lJ'lJbUr.JnYirl'J1~b~'JJ''fl'lJ 1,000 J''fl'lJ~'fl'W1Yi 

~1?lJ'1U'fl'WI?l(P) 0.03 iJ'tl~b~I?lJ'~'f)J''fl'lJ rl'J1~~nl?l(p) 1 iJ'tl~b~I?lJ'"lJ'fl'ln1J'I?l(P)bb'lJ'lJ'tl~bth1 25 

, " , 
J'uYi 8.11 ~'tln1J'rJ~'fl'WJl1rl~1J'U'WbiJ'fl'WfOl1nn1J'I?l~bb'lJ'lJLUr.JnYirl'J1~b~'JJ''fl'lJ 2,000 J''fl'lJ~'fl'W1Yi'" . 

, " , 
J'uYi 8.12 ~'tln1J'rJ~'fl'WJl1rl~1J'U'WbiJ'f)'WfOl1nn1J'I?l~bb'lJ'lJbUr.JnYirl'J1~b~'JJ''fl'lJ 2,000 J''fl'lJ~'fl'W1Yi'" . 

"lJ'fl'l~1J'VI'ti'flb~'W ... ... .. .......... .. .. ...... .. .... .. .... .... ........ ...... .. ..... ... .. .... ..... .... ...... .. .. .. .... 127 


"lJ'fl'l ~ 1J'VI'ti'flb~'W ..... .. ... .. ... .... .... ... .... ... ... .. .. ..... .... ...... .. .... .... ........... ... .. ...... .... ........ 127 


"lJ'fl'l~1J'VI'ti'flbiJ'W ... ... .. ... ... .. .... .... ........ ... .. ..... .. .... .. ... .. ........ ... ........... .... .. ........ ..... .. . 128 


, " , 
J'uYi 8 .16 ~'tln1J'rJ~'f)'WJl1rl~1J'U'WLiJ'f)'WfOl 1 nn1J'I?l~bb'lJ'lJbtJr.JnYirl'J1~ b~')J''f)'lJ 1,000 J''f)'lJ~'f)'W1Yi
'" . 

"lJ'fl'l~1J'VI'ti'fl b~'W ... ...... .... ........ .... ...... .... .... ... .... .... ...... ... ... .. .. .... .. .. .. .. .. .... ... ............ 128 




xxxi 

"1I'f)'!~1~VI~'elbt'h.l ... .... .... .. ..... .. ... ....... .. .. ..... ... ...... ....... ...... .... ........................... .. ... .. 129 


, " , 
nJVl8.18 !:J'6'ln1~~!?l'f)'WJl1~~1nh.lbU'f)'W'"l1nn1~tp]!?lbbuubtltJnVl~r;J1:hJb~r;J~'f)U 2,000 ~'f)U!?l'f)'W1Vl
~ q 

"1I'f)'!~1~VI~'f)bii'W .. ... ... ..... .. ... ..... .. .......... .. .. ... ..... .... ......... .... ... ......... .. .... ................. 129 


"1I'f)'!~1~VI~'f)bii'W ... ............... .... .... ... ....... .. ......... ..... .... .... ...... .... ... ... . , ....... .. .... ........ 130 


,J,ll 'VI " 19.1 [?I'W'Vl'W 'Wn1~[? .., ,I!?lbbUU[?l1'!1 ........................................................ .. .................... ..... .. 134 


, " 
iJ~ cv ~ (f"l 'VI '13 "1I'W[?I'f)'Wn1~r;Jb~~1:::Vln1nl!?lCl'f)tJ .... .... .. .... .... ........ .... ...... .. .. .... ... .... .. .... .. ... ... .. ......... .. 161 


http:nJVl8.18


.col 
'U'VI'VI 1 

o 
'U'VI'lJ1 

1.1 'U'V},J1 

" 
1'W U'"l'"l U'W'el1?l ~ TVI m'J'l-J l1'l1 'Wbb'i:'l ~ 1?11'llh~ b'VI ~~(?J.J 'W1'elth'l n11'l'll'J1'l bb'Cl ~J''J!?I b~'J ~ , , 

1 ~ bb ri t I"! J' 'I n 1 J' 'lI tl1 tI J' {;l1 ~~ 11 ~~ 'W bb 'i:'l ~ 'i:'l 'el tI ~ 1 t I"! J' 'I n 1 J' 'lI tl1 tI n 1 J' ~ ~ I?l ~ 'W ~ 'J 'W J' (;l tI 'W 1?1 

Jl1t1l'Wth~b'VI~ bb'i:'l~mJ'~'\!'IJ~'4'W~1?l~1V1nJ'J'l-J~'W 1 
, , 

'lI Q,o"IICI,d Q..I Q..I d ~ ~ Ci 

!?I'J til"!, b1.J~ l-J'lJI?l'VI bVll-J 1~n'IJ mJ''el!?lJ'!?I (Extrusion) bb'i:'l~~1l-J1J'm 'V'll-J I"!, b1.J~ l-J'IJ 1?l1"!'J 1l-J bb'll'l 
, " 

Li,J'el ~1'Wn J'~'IJ'J'Wm J''VI1'l1"!'J1l-J~'el'W ihl1V1'\!m'IJ1 'VI'W'VI1'WI?1'elmJ'~,ni'el'W bb'i:'l~l~ dJ'W~Ul-J "h1~ 

" " , 
6063 1 'W~ I?l ~ 1 VI m'J'l-J n1 J' ~ ~ I?l b~ 'el fU b'"l 'el f Vl'W1 1?11 'I U'W1 !?I vl'el oW 1 ~ 'W~ 'J'W~!?I1-!?IYl'L-il'L 'W 

~ {;l1UI?l tI n J'J'l-J ~'W~ 'J 'WJl1 til 'W bl"!1'el'l U'W '"l J''J ~ ~ tJ'W 1 'J,D bb'i:'l ~tl'll-ill 'W ~'W~ 'J 'W J'{;l tI 'W1?1'elth'l 

I 1 iI 1 

~ 1 if'1dYl ~ noW 1l-J 11-il b ~'el1~1~ ltJ i1'l 'lI 'el'l~ 'W'l1 'W 1?l1l-J Yl ~'el'l n 1 J'n A'el n J'~'IJ 'J 'Wn1 Hi'~ (Milling 
," , 

process) ~m1l-J'V'ltl1ml-J'eltl1'll-J1 nYl'"l~"h1~ mJ'~~ 1?l~'W~'J'W1?11'l 1 ~ ~ b1.JJl1'V'l bb'i:'l~~~ I?lJl1'V'lYl 

~'l~~ ~ bbl?1 b~'el'l'"l1 n m J'rl19!?1 b~'elt~VI~l'Wm~'IJ'J'WmJ'~'W:i'tJ ~'J tI~fi n1:i'rl~'elth'l:i''J!?I b~'d"h1~bn ~ 
'IJ , 'IJ 

I iI I I I I 

"lJ'el'l ~'J'l1'W;'l bU'W~1 bVI 1?l"lJ'el'l~'W'l1'WYl~ I"! b1.JJl1'V'l ~1 n~1 rl1V1'W!?I bb~'J tl'loW1 l-J1; 'I ~'W'VI'WYl ~'l'"l1 n n1 J' 
q q q qJ

", , 
~~I?l~'W'l1'WYl~~'V'l'i:'l1~ bb'i:'l~n1ntJ~tI'W~!?I~!?I "h'L~bn~n1:i'Vl1~fimJ'~~'el1t1n1J'H'l1'W"lJ'el'l~!?I~!?I, 

" ,

~'W ~fi n1:i'~ ~ 1"!'J1l-J~'el'WJ'~VI~1'l n1J'~~YlUtll-J bb~ ~1-il rl'W'eltl1'l bb'V'liVl'i:'l1t11~bbri m:i'H~1J'VI~'el bU'W 

(Cutting fluid) t~tI~1:i'~'ln~1'd'"l~-rl'JtI'Cl ~~ b1.JVlJJnnJ'~1J'd'Wn1J'~~ ~ !?I~l?ln n1J'~ nVlJ''el"lJ'el'l~ ~~!?I 
I iI Iii. iI 

oW1 l-J 1;'1~'J~'W'l1'WYl~ I"!b1.JJl1Yl ~~'W bb'i:'l~'el1t1 m J'1-n'l1'W"lJ'el'l~ ~ ~~Yi~'l~'W 
, , 'IJ 

'eltl1'llJ'n 1?l1l-J mJ'H~1J'VI~'el btJ'Wl.G-l-J1 b1.Jl-J1 n ri'ell ~bn ~ ~'W'VI'W~ ~'l bb'Cl ~bb:W~1 J'VI~'el bU'W'"l ~ 
, 'IJ 

'11 1 iI iI 

~1l-J1 J'{;l~1 n i'IJl-J 1 'L -n~11~ bbl?11'WYi~ ~ en-n~1 dJ'W~'el'lVl'l~1 :i'VI~'el bu'W'\!'Wltl 1?l1l-J'el1t1 n1 J''L-n'l1'W 
, 'IJ , 

Iii iI I I 

~1:i'VI~'el btJ'WYiVl'lltJl1b'el'l~1l-J1;'lU '1dVl1~'l bb'J ~~'ell-J "h'L~~ 1"!'J1l-J'V'lmml-J'Cl ~ml-J1 b1.Jn1J'H~1 J' 

VI~'elbtJ'W Jl1t11~bn~bb'W'd~~mJ'H~1J'VI~'elbtJ'Wml-J1b1.J~1~~~ (Minimum Quantity Lubrication, 



2 

, ~ 

MOL) ~~'W'el n"'ll n"'l:;~ r?1 ~'WYJ'Wbb~:;~ r?1'l1hn run1~1-if~I~VI~'el bij'WL~ ~fi~~~v'il1~~I~VI~'elbij'W 
iI • 'Y I i;' 2.1 

~13-Jl~() b.]1~~'lJ1'b ':l ru~'W~':l n1~f?lr?1L~~U~~'W UI3-Jl~~ i:,J~ L'l1l1'V'1 bb~:;~ rulll'V'1"l1'el~~'W~I'W~'l~'W 

'W'el n bVl\!'el"'l1 n n1 ~1-if~1 ~VI~'el bij'W ~~iJU"'l{LJ nl~f?lr?1~~1 ~ru~"'l:;UI3-Jl~'l fOl.rulll'V'1"l1'el'l 
~ 

~'W'il'W~~ L~bbri 11~:;bll'Vl"ll'el'ln~:;'lJ':l'Wnl~f?lr?1 "ll;Jr?1"l1'el'liJr?1f?lr?1 11~:;bll'Vl"ll'el'l1'~~ b1'el'WL"lI1'Wn1~f?lr?1 

(Cutting condition) bb~:;~finl~11~:;~ n(;]nl~H~lmVl~'el b~'W n1~~W-J'W1 n~:;'lJ':l'Wn1~flr?1~'l ~ n 

Ul111'Vlr?1~'el'lJfOl':lI3-J~I3-Jl~()1'Wn1~f?lr?1'el~ij b~LJ3-J'lJ'WbfOli'el~~ b~'W~ bb3-J"ll~'Wti~ b~'WbL'l'elf 'lJ'Wb1'el'WL"lI 
'" 

n1 ~f?lr?1l?il'l 1111LJ1~l11 bb'lJ'lJ n1 ~H ~1 ~VI~'el bij'W~ bbL'l n l?il~ fl'Wtr?1LJ~"'l1 ~rul ~'WYJ'W'V'I ¥'el3-J fl'W111 ~':lLJ 
i;' 'Y I I 

i'l~iJ n1~L'l~':l"'l~ r?1 L'l13-J bb~'lV]1-n'Wn1 ~f?lr?11'W"lI ru:;f?lr?1"'l1'~ ~':lLJ brl~'el~Lr?1'W1 t3-Jij bL'l'elf 

fOl rulll'V'1"l1'el'l~'W~':l'WhJ1~ L'l13-J fOl':ll3-J ~'el'l n1~ iJ n1 ~eri'el3-J bb"ll3-J~'lv'il1~ b~ LJ b':l ~11'Wnl ~ . '" 
~ ~ , 

eri'el3-JWl13-J ~'l i:,J~ n~:;'Vl'lJ l?i'elm:;'lJ':l'W11~:;n'el'lJ~'W~':l'Wl?il'l1 bVl~I1!'W bb~:;v'il1~'f1L'l~In1~i:,J~ L'l!?l1 
I I t.r 9.1 

~1 bVlL'lb\!'el'l"'lln"l11 r?1 b'Vl fOl t'Wt~~1'Wn1~f?lr?1v]() n~'el'l ~'l1!'WLfOlN n1~~{LJ~~'l1~b~'W'el~:::'lJ1Jn1~L'l~':l"'l. '" 

I "I I 

~ru rul ru"'ll n bb~'l f?lr?1v] btl r?1~'W bb~:;Ul bb~~ f?lr?1v]L'l~':l"'l~r?11~3-Jl~ bfOl~I:::-XVll ~1 bVI L'lv] bbVl"'l1''l1'W~:::VI~I'1 
~ ~ . 

I 'V I 9.1 I I 

b~'el bbnu ruVll~'W~ ':l'Wv] f?l r?1~'W~11 bb~':lhJ1~ fOl ru~ 3-JU~ L'l13-Jv] ~'el'l n 1 ~ri'el'Wv]"'l::: () n Url1 U 
Q,I qJ q ttl 

I cv I , 

u~:::n'el'lJ b~'el ~W-J'W1 b'VlfOl t 'WL~m'Wn1~f?lr?1'l1'W1~~~'W Lr?1tJn1~Hm3-J1 ru~I~VI~mij'W1J'elLJv]~ r?1v]• 

1.4 "lJ'el'Ub"lJIPILfI'i.:tn1'i':j~t1 

n~:::1J':l'Wn1 ~f?lr?1"'l:::L1J'Wn1 ~f?l(?1'el~ ij b~LJ 3-J'f1~ ~'elLJ'lJ'WbfOli'el~~ b~'W~ bb3-J"ll~'Wti~ b~'WbL'l'elf ~':l tJ 
'" 

'" ...3-J(?1I?l(?1 Ball End Mill 

~ 

~:::'lJ'lJ nl~L'l~':l"'l ~(?1L'lI3-J b~'lU ru ru 1 () nUI3-Jl1-if1'Wm:;'lJ':l'Wn1~f?lr?1~IV1~'lJ~'W~':l'W Lr?1tJ1-if 
~ ~ OJ 

, , it I 

U·I~'el'lSj'el1'(?1 bbN f?lr?1Lr?1'W 1L3-J ij bl?l'el f-rl':l tJ1'W n1 ~L'l ~':l "'l1'(?1 bbN f?lr?1v] btl (?1~'W bb~:::U1 bb~'l f?l r?1v]1'r?11~3-J 1 
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", 	 , 
~1m ~bl'elfi'IJ1 tJ1.~r.n n bb~" f?i'~Vl bn ~~'Wbb~~~1 ~1 ~bl bbn~'Vlfi~~"lJ'el" U'"lr.rtJVl~ /:.J~ r?l'eln 1 nn ~"lJ'el" b~tJ 

1.~~tJ(9)'"l1n bb~" f?i'~~ bn(9)~'W
<U 

n1~1.jfm~1	ru~l~VI'i'i'el bt1'WtJ'eltJ~ ~ 
q 

(9) LU'W~ n L'Vl fll 'W l~~ VI ~,,~1.~tl1 Lon 1~ 1"J!'d tJ 1 'Wn 1 ~ 
" " ~lYJ.,I'Wlfl ru1l1~ "lJ'el"~'W"1'WLb~:;bLnuruVll'"l1 n~1~U'WbU'el'W1'W'el1 n1 ~ LL~:;~'d~~" ~'W'Vl'W"lJ'el"~1~ 

q ~ 	 q 

.a o<vo.::;l " 
VI~'el LtJ'WLL~:;n1 ~'lJ1 'IJ (9)'W 1 L~ tJ 

Lfl1'el"~'el1'~LLNf?i'~1~'Wl1~i'1b{1l'elf'"l:;bln~~~"'eltl'IJ'W~ b~'W~ bb~~'Wti" L~'Wb{1l'elf L~'el (1l~'d'"l1'(9)
<U <U 

m n~ltJ b~'elVil L1'el'W1."lJ n1 ~f?i'~~ LVI~1:;~~~~ ~r?l'el1'~ ~~1.jf';h~'W'ch'W l~tJ~ Ln rusyf~1-if1'Wn1 n~'el n 
q q 

" 	 " " ~'elfl'd1~~tJ'IJ~'d"lJ'el" ~'W"1'W fl'dl~n~~"lJ'el"~'W"1'W ~ui1~"lJ'el~~'W~1'W 'el!?1nn1~~nVl~'el'll'el~~~f?i'~ 
<U 

l:­
"lJ'l.IIWel'l.l n'l'5"'fl'fl nbb'U'U n'l'5"'V1 ~~'fl.:j 

L1'el'Wl"lJn1~f?i'~"1J'el~n1~'Vl~~'el" ,J~~n'el'IJ~'dtJ fl'd1m~'d~'el'IJ !Y!?1nt:J'el'Wf?i'~ LL~:;1"l'd1l.J 

~n l~tJ~n1~n1V1'W~ril~1~1i'1L{1l'elf ~"{1l1"~1"~ 1.1 LL~~v'i1n1~'Vl~~'el"Lb'IJ'lJLtltJn bL'IJ'IJ~:;'el'el" 

"lJ'el"~1~VI'i'i'el LtJ'W bb~:;bL'IJ'J~l.J blh L~'el~ bfln:;tfLmtJ'IJ bVltJ'IJ /:.J~ ~'ellU 

bi'fl'l.lL"lJ 

"lIU ~ n1'5""Li~1'5"'VI-a'fl b~'l.I 

c:z 
~'J1m'5"'J'5"'fl'U 

('5"'fl'U/'l.I1Vi) 

~1PI'5"1il'fl'l.l~1PI 

(ij~~ b3-l1Pl'5"/'5"'fl'U) 

... ..... 
~'J13-1~nn1'5"1PI~ 

(ij~~b3-l1Pl~) 

Lb'IJ'IJ~:;'el'el""lJ'el"~1~VI'i'i'elbtJ'W 

bb'IJ'J~l.J Llh 

1 ,000 2,000 3,000 0.01 0.02 0.03 0.5 1.0 1.5 

l:­
1.6 "lJ'l.IIPI'fl'l.ln1~'VI~~'fl.:j 

1. ~n'jj"1LL~:;!?1~'d'"l~'el'IJu'"lr.rtJ1'Wm:;'IJ'd'Wn1~n~'e)~i'1 bi1tJl.J~ fl1 ~~1'"l:;~" /:.J~r?l'elflru1l1~
<u 	 q 
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2. 'f)'f) nbbUU Wl~'Yl i9l'tl'f)~ bb'tl:::n1V1'Wi9l b1'e)'W1"lJ Wl ~~i9l~ 1")1 i9l~1"'1:::51 t-J'tl (?]'e) I"), rull1'V'l"lJ'e)~ 
'11 	 "" I I 

~'W~1'W'e)'tli'J blltl~ ~'J~ ~~ n1~'e)'e) n bbUU ~ i9l ~~ bI")1'e)~ij'e) ~~'J"'1m~1 ru'Zll~VI~'f) bij'WVl
'IJ 

3. 	 v'h n1~'Yl i9l'tl'f)~b~'f)~ m~ltf"'1{mb'tl:::~ bl")~l:::,xt-J'tl n1~~i9l~lV1fU b1'f)'W1"lJ n1 ~~i9l bbuu1.if 

~l~VI~'e) bij'WVl1'e) n1~~i9l bbUUbUti n n1~~ i9l bbUU'tl :::'f)'f)~"lJ'e)~~l~VI~'f) bij'W bb'tl:::n1~~i9l 

bbUU'tl:J.-1 btJ1U'Wbl")i'e)~~ b~'W~ bb~~'Wti~ b:.o'Wb~'f)f~lV1fu~'W~l'WbVI~ n n~l 
4. 	Yhntl~l'WMUt-J'tl n1~'Yli9l'tl'f)~bb'tl::~bl")n::,xt-J'tl n1~'Yl i9l'tl'e)~ ~'J~~~.jJ'f) b'Zl'W'e) bb'W:::1'Wn1~, 

, , 	 " 
~i9l bbUU bUti nU'WbI")1'e)~~ b~'W~ bb~~'WU~ b:.o'Wb~'f)f~lV1 fU~'W~l'W'e)'tli'J blltl~ 

'IJ 

5. 	~ bl")~l::,xt-J'tln1~'Yli9l'tl'f)~ b~'e) bl%tlU bVltlUVl1 b1'e)'W1"lJ n1~~i9l~ bVl~l::'Zl~"lJ'f)~ n1~~i9lbbUU 

bUtin bi9ltl~"'11~ru1"'11n ..hl")'J1~b~tlUe3'J n1~~nVl~'f)"lJ'e)~51i9l~i9l m~lru'Zll~VI~'e)bij'W~ 
" 	 " 

U'Wbtl 'e) 'W'f)tJ1'W'f) 1 Wl PI ~'W 'Yl 'W'Zl1 ~VI ~'f) bij'W bb'tl:: I") 'J 1 ~ ~ 1 ~ 1 ~(11 'W Wl ~ ~i9l~ 'W~ 1 'W
'IJ , 

bbUUU'f)nibu,x'Wbl")'W (Box-Behnken design) ~'J~ ~~.jJ'f) b'Zl'W'e) bb 'W::1'W~'J'W"lJ'f)~ bl")i'e)~ 

~ b~'W~ bb~~'Wti~ b:.o'Wb~'e)f~lV1fu n1~~i9l~'W~1'W'e)'tli'J blltl~ b~'f)~l b'Yll") b'Wb'tlU~ 
'IJ 

" ~ (ij.J 'W 1 ~ 'W 1~1 'W n ~::U'J 'W n 1 ~~ i9l bi9ltl n1 ~u~::tJ, n I?lb.if n 1 ~~ ~'J 9 ~ i9l ~ 1 ~1l1 tl1 'W 

" 	 " 
~"'11~ru11")'J1~Vltl1Ue3'd"lJ'e)~~'W~ ~'WVI~-:J Wl~~i9l bi9ltl ~1~ ~1 ~1~ I"), ruIl1'V'l~'W-:J1'WVI ~~ 

.ell 4.c1111 Cl.,;'..3 Q.,IQ..I QJ

1.8.1 n1'ablPl'atl3.Jb~'a·f)':I3.J'fl'JlPlbb'a~IPlIPI·6'nVl'a'Un1'a1Pl1Pl 

n1 n~~tI~ bl")i'f)~ij'f)rJi9lbbN ~i9l~1V1fu n1 ~~i9lb'W~::VI~ 1~ m:::u'J'Wn1 ~~i9l'Zl1~1~(1 

1. ~i9l~~1i9l'W1b~i'J b~'f)f~b~::-:J1'W"lJ'e)-:J bl")i'f)-:J~ b~'W~bb~~'Wti-:J b:.o'Wb~'e)f 
2. 	 (?]'tl'Zllm"1!'Wb"1!'f)f"lJ'f)~1i9l'W1b~i:ib~'e)fb'n1nu Charge amplifier 

http:bbuu1.if
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, 
I 	 'lI ~ IV 

3 . 	 (?l'el~lm"1Jlbfl:i''el'l,)~ High speed oscilloscope recorder 
" , 

... '" dj

4. (?l~{?l'lbfl:i''el'l Aerodynamic particle sizer spectrometer 

Ball endmill Oscilloscope 

~ . 
Amp 

z 

:i"LJ~ 1.2 bb~ ~'1 n1:i'~~~'11~'l,11t~ij b{?l'elf'lJ'tJbfl1'el'l~ b~'tJ~ bb~~'tJti'l b~'tJb{?l'elfbb~~n1:i'~ ~ ~'1 bfl1'el'lt)~ 
'" 

'el'tJJll fl b~'el{?l:i',)'"lt)~m~l ru~1:i'tJ'tJb~'el'tJ1'tJ'el1 n1 ~'"l1 n n :i'~'lJ,)'tJn1:i'1il~ 
q 
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I 	 ~ I I 

~'JJYl1 . 3 bb~ ~~tOH?l1~m:IJ1 ru~1~'JJ'WbU'f:I'WhJ'fl1n1 P1Jl'd m(pi~!l~1~!l'W.n1 f1'"l1 mfl1-!l~~ b~'W~ bb:I.J~'W 
~ q 	 q 

, , 	 , 
~ ..c:::I c:;; a:l Q ~ Q' tr -"'=110 .::.':II 11 I 

1 . bfl~!l~"l! b!l'W"1lbb:IJ"l!'W'W~ b"l!'Wbl?l!l~"l!'W~ 5 bbn'W tJ~!l MAZAK ~'W Variaxis 500­
q 

5X 
, 	 , 

.dI 	 IQ'"
2. bfl~!l~ Oscilloscope tJ~!l YOKOGAWA ~'W OL750 

3. 	 1~'W1'L:lJi:lbl?l!lf~~!l Kistler Type 92578 

, 


I C$ .::.':iI 2.1 

4. ~1~~~!lbtJ'W tJ'VI!l Castro I clearedge EP 690 

5. 	 Charge amplifier ~~!l Kistler Type 5073 
,

""'" ,6. Surface roughness tester tJ~!l TSK ~'W Surfcom 14000-12 

7. Aerodynamic particle sizer spectrometer ~~!l TSI Model 3321 

, d2.1 
8. Microscope tJ~!l KEYENCE Model VHX 600 

1.9 tJ'a~b~"if.uiifl1(Pl/;h~~1~i''U 

n1nt.Jmb'Ydl'W'd1~~1~ '"l ~~'Vlfi'l1l?l~ "1~"1 bb~:::~'W'dtJ~1'W~ b~tJ'd.jf!l~~1 t.J~ n1~';)~tJ1'JJH' 

'JJ~:::'LtJ"l!-W bb~:::'lJ'Vlfl'd1:IJ';)"l!1n1~91'W'd'W 2 'U'I1'lJ 
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cI 
'lJ'Vl'Vl 2 

2.1 ml~'U'J'tJn1~~19I (Machining process) [6] 
' I I'V 

m~u'J'Wn1 :i'~~ 'j..nJ1tJ~'l n1:i'1-if Uol~'el'l~'el ~~ l~'el rll{~~'J'Wln'W"1I'el'llU'elr)~ ~l~'el1iXl~, 
'V t I i.I 

"1I'Wl ~ ll'&'l~:i'U:h'l"1l'el'l~'W'll'Wl?ll:WVl ~'el'l m:i' n:i'~u'J'Wnl:i'~~ ltl'Wn :i'~u'J'Wn l:i'Vl nfl'Jl:W ~1 ~ruvl'll~'l 
~ ~ 

1 ) 1 ) 

2) 2) 

t?l1'l1 

3) 

4) 

(b) 

Cutting!"O Work 
(a) 

Milling cutter 

New surface 

Feed 
motion Feed motion 
(work) (work) 

(c) 

Milling cutler 

2.1.1 "liiAl9I"l.I'el ·m~~'U'J'tJn1~nl9l 

u:i'~n'elu~'JtJ 2 ~mj'ru~ ~'el m:i'n~ll'W'J:i'1U U'&'l~m:i'n~ll'W'J~'l C?1'l:i'U~ 2.2 
~ 
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Speed motion 

Cutter 

(n) ('lJ) 

nr~n"'bb'W'Jn1J (Peripheral milling or plain milling) ~'tl nr~n",~ilbbn'W'\!I~'W 
" " "ll'W1'Wnu~'W~h~'W'II'W bb~~u1b'Jru~", ~'tl ~'d'Wb~'W~'tl1J'd'l"ll'tl'lil",~(?) bbU'I'tl'tlnbU'W 

", 
- Slot milling nr~n"'bb'W'd~1uViil"'~"'bbl"1un~1~'W,nw v'h1~\n"'bU'W"ll'tl'l 

(Slot) 

i~- 44- 4~­
-SO[] 8 

(n) ('lJ) 

~tJ~ 2.3 ~tJbb1J1J"ll'tl,:m'wn"'bb'W'Jn1J (n) Slab milling ("ll) Slot milling (1"1) Side milling ('I) 

Straddle milling 

" , " 
n1~n"'bb'W'd~'1 (Face milling or end milling) A'tl n1~n",Viilbbn'WmJ'W~'1'U1nn1J• 

" " " ~'W~'d~'W'I1'W bb~~n~~1J'd'WWI~n"'bn "'~'WU1b 'd rub~'W~'tlu'J'I"ll'tl'lil '" ~'" bbU'I'tl'tl mLl'W 

- Conventional face milling nr~n"'bb'W'J~'1~il",~",ilb~'W~1'W,",'W6n~1'1
'lJ 
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" 	 , " Q,I Q,I..:;;;::lc::l Q,I 0 I ~ Q

Profile milling mm (?1bb'W'l 11I~'Vl~ (?1111(?1n:i'~'Vl1IM)'lI'elU(?11'W'W'elm!Wn'W'I1'W 

- Pocket milling m:i'n(?lbb'W')~~~il(?1~(?1b'-l1~nb~~n(?1~'W'I1'W1~~t.lU
'lJ 

-	 Surface contouring m:i'n(?1bb'W'l~~~,)t.li1 (?1~(?1~'lU'el~ n:r~v'heJ'l bn (?1b'!J'W 

~'l'Wt~~~1~ij~ 

(n) ("lJ) 	 (fl ) 

('1) 

, 	 " 
lUVl2.4lUbbUU'll'el'lm:i'n(?1bb'W'l~~ (n) Conventional face milling ("11) Partial face milling (1'1) 

End milling (~) Profile milling ('-I) Pocket milling eu) Surface contouring 

2.1 .2 .yj ~'V11,:m1'an19I 

1) 	Up milling (Conventional milling) : ~Pi'Vl1~i1(?1~(?1111:i'~-ihlJn1J~1"1'Vl1~i1'el'W~(?1 

~~'-I~v'i11~bn (?1 bPi'l!l't~VI~~n'l!l'ru~1J1~luVI'W1 eJ'l~'W~1'W"1I :i'''1I:i'~ir'elt.l n~1 m:i'n(?1
q 

~~ 

2) Down milling (Climb milling): ~1"1'Vl1~i1(?1~(?1hJ'Vl1~b~t.I'ln1J~1"1'Vl1~i1'el'W~(?1~'1 
01"''''' 'i' ~.I "', <vJ'<V 	 "" 

'-I~'Vl1 Vlbn(?1bI"1Mb~VI~~n'l!l'ru~VI'W1 bu1J1~ ~m1~m'l'W!)t.lm1mm(?1"11'W 

http:m:i'n(?lbb'W')~~~il(?1~(?1b'-l1~nb~~n(?1~'W'I1'W1~~t.lU
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Cull&< rolation diroGtion CUIlO( rotat'cn direction 

_ Feed clin!c!ion _ Feed dlreclion 

(n) ('lJ) 

:i'tJ~ 2.5 Vi~'VlI~n1:i'ntn (n) Up milling ("lI) Down milling [6]
'" 

2.2 b~'fl'Ul"l1 nl~;~ (Cutting conditions) i.'U n~::'IJ'l'U n1~n~ 

iflOl~tJ~ b~tJ'J.jJ'el~ nu n1:i'~tnlOl :;tJ:i':;n'elu~'.ltJiflOl~tJ ~h~1 ~~~1~1:i'bl'elfiultJ1~~~ J;!'el1tJe 

, " 
:i'tJVl 2.6 bb~tn~in1j'bW:;n1:i'~IY1~U~1'\J~~tJ\1
'" 

Spindle speed 

1"""" 


1) l"I'.ll~b~'.ln1:i'~tn (Cutting speed, v) ~1'\J'.lbW1~1Ol1n 

7rxDxN 
v=---- (2.1 )

1000 

D ~'el b~'\Je.j1'\J~'\J~n~I~"lI'el~~ tnntn (i1~~ b~IPl:i')
'lJ 

N ~'el 1"I'.l1~ b~'.l:i''elu1'\Jn1:i'~tn (:i''elU J;!'el'\JIVl) 
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N 	= lOOOv (2.2)
JrxD 

Ir =Nxn, xl 	 (2.3) 

f 
4) 	~(?]~lnr~nl~!11b~'elL"n~:;1'Wm':;U'.l'Wn1~n~ (RMR ) bbUU Slab milling ~~t"U~ 2 .7 

~1'W'.lru1~~ln 

RMR =wxdxlr 	 (2.4) 

1V 

"'" "'" (iJ~~h:I-J(?l~) 

d ~'El rl'.l1:I-J~n1'Wnr~n!11 (~~~h:I-J(?l~) 

J,. ~'el ~{?]nu'el'W (Feed rate) (~~~b:I-Jml?i'el'W1Vl) 

w rl'el rl'.ll:I-Jn'.ll~"lI'el~"ll'W~l'W 

~:l-Jnl~~ 2.4 ~l:I-JlnliJ~uHnu end milling, side milling, face milling bb~:;nl~ 
, '" 

n ~ bbU1J~'W L!11t.1 n1~~1'W'.l ruYl'W~'.l n1~~~ 
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Cutter position at end of cut Cutter position at start of cut 

\ \ /--', 
1r I + \ .......~--+I- J 


\ I 

'-~~~~~~~~ 
Feed (relative 10 work) 

Work 

Side view 

:nl~ 2.7 n1~nenbb'jJ'jJ Slab milling 
'lJ 

A =~d(D-d) (2.5) 

d ~'f) ~,)1~~nlwn1~~en (~~~b~[M) 

D ~'f) b~'Wehwpj'WrJn~1'l"1l'f)'liJennen (~~~b~~~)
'lJ 

T = L+A (2 .6) 
m r 

J r 

(~~~b~~~) 

'" '" <VA ~'f) ~:;'W:;b"1l1 ~ en (~~~b~~~) 

1:. ~'f) ~~ntJ'f)'W (Feed rate) (~~~ b~ ~~I?i'f)'W1Vl) 

L 

al~ 2.8 
'lJ 
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Cutter posltion at start of cut 
" 

Cutter position al end of cui Cutter position al stM 01 CIA 

l
\ "'--',

!:..-..L.. -+­
\ I 

rr::ve']-
to work) 

TOp v;ew Top view 
(n) ("lJ) 

\ 
.r:1 ~""",,,,,"77"7'l'7'7"J',.1... 

:­ II,; 

'--------' 

O~L~A 

D
A=O=- (2,7)

2 

(2,8) 

(~~~b:Wl?ld) 

(~~~b:WI1l~) 

T = L+2A (2,9)
m 

Ir 
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L (n~~L~I?lJ') 

d iI <V 

A ~'a J':::tJ:::L'~II?l(;) (n~~L~I?lJ') 

!,. ~'a ~l?lni1mJ (Feed rate) 

2.3 ~'J1~b~!l'U~'J~'b~~ (Surface finish) 

n J':::iYJhln 1 J'~(;) bI 
'U 
mJ.I~1H'L~'a i:-J~ l?l~hI'lIh1~i1~n'etn..l:::LL~:::"lIhll (;) 1?l1~~ ~'a'l n'l J' b(;)tJ n'l J' 

g., i/ I I 'if I 

L'a1 L.w'a"ll'a'l~hI'lIh1-Yl Lfl hllO.j 1 n-Yl ~'a'l n'l J''a'a n 1 hlJ'tl LL'lJ 'lJ"lI 'a 'I LPI'etb~VI::: (Chi p) ~'J~hI'lIh1-YllrJ1fiil:::i1 
'IJ 

~n'etn..l:::~ LLI?l n!?ll 'I n hi 'a 'a n 1tl ~n 'etn..l:::"1I'a'l ~'J ~ 1 L~fiillO.j::: LL~ (;)"11 hi J'tl "11 'a "I ~ n..l~ ~,r~~ 1O.j::: n ~h 'J 
<u • 

Waviness height 

I 
~~"Ol<'~ /.....~ /.'

-tl.",~/ / ' 
t 

~---.H"'p"-'Of{. 'l,,~e"'''~ I~ 
~o~Q~~Y 

Wavin~ss /o rR'ouQhneSS profile 
1'"' (See below) 
i 

Roughness .1eight 

Roughness Profile 
Amplitudez distriblIHon 

~----~=-~~~-4'm~--~--~~~~----~' 
(Evaluation length) 

Rr - Maximum roughness depth (p6ak to ValifJy) iilonO 1m 

RA - Arilnmetic roughness Dvorage 

~n'etn..l:::"1I'a"l rI'Jl~ ~tJ'lJ~'J (Surface finish) fiil:::LL~(;)"I1hlJ'tl"1l'fl"l ~n..l~~~"1I'a'l~'J~hI"IIh1~ 
'IJ • 

" fiil:::nfil'J~'l!?l'altlu 

1) ml~"1IJ'''1IJ'::: (Roughness): fiil:::ih::;n'aultlrJ1'JtJ"ll'a'l~I'l"1lhll(;)L~nLb~:::~:::L~tJ(;)~~(;)nhl• 

VI~ltJ1"ll'a'l ~1 LVI ~VI~mn (;)1O.j1 nJ''atJ~ LVI ~'aHfiill n n'lJ'vl ~I ~IV1'wrJ1'Jmrl1'a'l~'a ~(;) rI'J 1~ 

~'l L'U~tJVl1'a rI'JI~~ m'U~tJQ nrJ(;) b(;)tJ rllV1h1(;)"ll'J'l ~'JI~tJ1'JVI~'l L1tJ n~1 "cutoff length" 
d 

VlJ''a "roughness sampling length" 
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"roughness sampling length" (l.h::;~l1ru 1 1:Wrl~'fl'W) ~'IbV!l?Jbn(?l"'l'lnn'l~i'W~1'fl~ 

~'fl~~'IwUU'W~'W~'I'W~1'fl ~(?l~(?l~bn(?l"'l'lnfUJn~::;l'Wn'l~~(?l:W'lnbb~::;'flru~Jlill'Wn'l~, ., 

~(?l 

3) 	~'fl~~'I~Um'J (Lay): bU'W~'fl~~'I~U~dj'WYi~'Vl'l~m'J ~n9::;~'WflU'V1~'Vl'l~"lI'fl~~'W~'I'W 
II 'I iI I 

-==lev cv ~..d I~ .dj~cv 

bb~::;:W (?l (;l (?l ~'J:W'Vl~ n'l nrl~'fl'W'Vl ~::;~'J'I~"l!'W~'I'Wbb~::;brl~'fl~:W'fl (;l(?l 

4) 	 ~'el~~'I~U~:w (Surface flaw): bU'W~'fltl~'I~U~bn(?l~'WI,bUU~:W ~'Ib~(;lbn(?l:W'l9'1m'fl~, 	 , , 

~'I~U~~:W1bb~bb~mb~'J b"li'W~'fl~h'J yj'fl~'fl1n'l~ 

5) 	 rI'J1:WL~~ueh (Surface finish) ~rI'J1:W~1f1b1J~'fln'l~~'J:wtl~::;n'flUbb~::;n'l~~(?l'J'I~"lI'fl-.:J 

~'W~1'W n'l ~~'J:wtl~::;n'elU bb~::; n 'I ~~(?l'J1~ ~1~19::; bn (?l~'W1~n ~'fl~'fl'l p\~ n'l~'Vl'l~~1'fl'Vl1 

~'I~Ub'ih"li'J~ u'I~Vlnl'il\u'W~n'\j'ru::;rh"l!~1'fl"lJ'fl~1~~1~~~'I'W U'I-.:JVlnH'~'I~(;l1(?lL(?l~., 
~ , 

'el'l ~~ fl'J1:W~'W'J'I'J"lI'fl~~'W~1'W U'I~Vl nl-D'bb~~Vl~ fl ru~:w~ n'l~~ ::;Vl'fl'W1~~~. 	 ., 

fl'J1:W ~~u~'J ~1 b~9~t:J~:W'l91 nYn~1il b(;l'flft'Wn1~~(?l~~ 'I ~'fl~ 'I~~~~'J:W~~ ltl'Vl ~~"lI'fl~~ (?l 

~(?l ~tI'Vl~~"lJ'fl~~'W~'I'W rI'J'I:Wbb~~bb~~"lI'fl-.:Jbrli'fl-.:J~n~ 1'~(?l~'W-.:Jl'W lh~tJl'Wn1~~(?l bb~::;1'~(?l~(?l~(?l., 	 " 

"lJ'W'I(?lb~'W~1'W~'Wcl"n~1~"lJ'el~~(?ln(?l1~ ~~tp)lfl'Jl:w~tJ'IU~'J (Rj ) 'Vl1~'Vl~'\j'lJ~'I:W1~m~tJ'Wbu'W 

fl'Jl:w~:w~'W€t~~~~ 

2 
R = 0.125/ (2.10) 

I D Ixn 
-	 +- ­
2 	- 1r 

~'fl 'rJ(;l~'In'l~U'fl'W~(?l 	 (il~~ b:W (;l~/.;;r'W)1 
D ~'fl "lJ'W'I (?lb~'W~1'W~'Wcl"n~l~"lJ'el~ij (?In(?l (il~~b:W(;l~)., 

, 
"" 	 .oS ~ 

brl~'el-.:J~:W'l~ + ~:W'l~~-.:Jn'lm(?lbbUU Up milling 

brli'fl-.:J~:Wl~ - ~:W'l~~~n'l~n(?lbbUU Down milling 

,.. ..; ... .¥ cv . 
2.4 fl'J1)J1'fl't.!'VIbnl?1"lJ'W"'l1nn111?11?1 (Cuttmg temperature) [7,8] 

m::;'J'J'Wn1~~(?lL~~::;"'l::;'Vl'll"'utb'Jrun'l~~(?l~ 1 bb~::; 2 bn(?ln1ntl~~'W~tlbbUUYI~'I~~n., 
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mJ'rlf(9\~ 2 dj~mn~~(9\~"lJ'El~ b~'rl'L'Cl~::;'lJ~~'l f11~"lJ'El'liJ (9\ rlf(9\ ~'l~'lJ1b'l rumJ'rlf(9\~ 3 fi'f)mn~~ (9\ 
i.I I " 

~J'::;~~I~~~~I~n'lJ~'l~'Cl'lJ bbW~~V1~I"lJ'El~ f1'lI~¥'El'W~I~IJ'mb~!?l~l~~~lUV1 2.10 bb'Cl::lUV1 2.11 

Secondary zone 
of deformation 

Friction on 
rake face Primary zone 

of deformation 

Work piece 

10% 

c 
3 

Workpiece 

2.5 nl'ain'VI'i'el"ll'fHlii~rPIlP1 (Tool wear) 

b~n1 J'rlf(9\~~~1~ iJ (9\ rlf(9\"'l::~'f)~'Vl~I?i'f) bbJ''l bb'Cl::;'f) ru~JliJ~ ~~1~J'::;~~I'l nlJ'rlf(9\ 111 bbNb'W 
, 'lJ 'lJ 
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." 

0­

(9)(9)nu~p\'jj'n~'1t~'I-I~ ~~~~u'h')rue:hi:W~M~WJ1'1iJ(9)[9)(9)nU~,)~'W'Il'W1'WJ'~'I-I~I'1mJ'[9)(9) 

1. Fracture failure 

2. Temperature failure 

3. Gradual wear 
Ln (9)nlJ'~ n'l-lJ''el'll'el'lfl:W 

(9)(9) 

LU'eliJ(9)lPl(9)IO)::'I-IltihJU'l'l~'JlJ ~11'lX1.h::~'VlfimYi 

1lJnl'i'IPl!?l'C1(9)'iN Ln!?lnlJ'~ n'l-lJ''el'el~I'lJ''J!?I L~'J 

~(9)Vflt1 LL~'Jfl'Jl:W L~t1'1-11t1fh:::fI~lt1 nlJ fI'Jl:W, 

n~ In r?i1'l 1 ~.yh1~\n (9)n1J'~ n'l-lJ''flU1L'J ru~'J~:W er~ d~'I-I~I'1iJ (9) (9)(9) nwPi'jj't~'I-I::: bb~~ 

lJ1b,) ru~')~:wer~d~'I-I~I'1iJ(9)r?i(9)nu~,)~'W'l1'W1'Wd~'I!!~I'1 nid(9)(9) ~1:Wld~Mt.ll~r?i'll?lln'l~ 2.2 ~'l 
q 

n~In nld~ n'l-ld'flvY'I 5 ~b'J'JIO)~bn (9) l~~~,)~'l;'W1'W~Jll'J~~1.jf f1'Jl:W b~'J1'Wn1d(9)(9)~'1 1 t(9)tIb'UYil~ 
mh'l~'1n~lnmd~n'l-ld'flbbUU Diffusion b~~~ Chemical reaction '"t~~'1bn(9)~ltJ~~ru'l-l.1Jn~'1 

http:W~Jll'J~~1.jf
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n~1n 

Abrasion 

Adhesion 

bn(Pln1nb~n'1l:::l?l1n-ln\'\'j':::"dl'1~'d'l-lih'll'1l'lrr'6'l~ 2 'llU(11 bnm'1ltJ~m!l'j''1lu1ml.!~'dmtJ 

'1l:::(?J'1l).J'lI'1l'lj:J(PlIP1(Pl'"l:::vl1L1hJ A'dI).JU~'1'i'l(Pl'i'l'l y'h1~ 

~1L1[?]'1ln1nn(11n'i'l1n Abrasion bL~::: Adhesion 

Diffusion 

Chemical reaction 

Plastic deformation 

2.6 'f)1t1"l1'f)~ij~lPi'~ (Tool life) [2,3,6] • 

!-' I I , 

r;l(?)U'Wl?iilhJ1~ 1'W"lJ ru:;Vl rh~'1.yh n1'j'r;l(Pl'"l:; Ltl (?)n'el1n n1'j'~ n'l-l'j'il I?il~1 'U'Wil (Pl r;l(11 ~'1'"l:;il~(?J'j'IVl 

I " " 

bYl~~'W A'dl~~~~'Wfi'j'::;'I-I~I'1 n1'j'~ n'l-l'j'il"lJil~il(?)r;l(?) n'U'j'::;tI::;L'd'elIVl1ft'Wn1'j'r;l(?)LL~ (?)'1~~'j'1.JVi 2.12 
'll 

~~ A'dl~~~~'Wfil'W'j'1.J'"l::;LL~ (?)~~~'j'iltl~ n'l-l'j''1l'U'WeJ'd'l-l~'U (Frank wear) ~~'j'1.J~ 2 .13 ~'d'W'j''1ltl~ n 
'll 'll 

", 
'I-I'j''1l'U'WeJ'dA1Li (Crater wear) ~'1'j'1.JVl 2.13 n'"l:;Ltl(?)~'W1'W~n'jj'ru::;L~Ll'dn'W

'll 

1'Wm::;'U'd'Wn1'j'r;l(?)'"l::;~U~1 n1'j'~'"l::;1-if LA1'1l'l~il r;l(?) 11.JL1ilti 1 '"l'Wn'j'::;~'1 L~mntl LL~'d~ilLi 

~1 n~'U~I~'U A~ r;i(?) 1 'I-I~ LU'W~'1~1~~~ A'd'j'vll L ~'j'I::;fllil (Pl r;l (?) LLl?l n LL~'d nl 'j'~'U A~ r;l (?) 1~A~ 
" L'I-I~'el'WL~~'"l::;vll1~m n n~l1.J n ~ LL'el::;A,ruJll~"lJ'el'l~'W'II'Wn'"l::;ilil n~11~~~'dtl 

http:rh~'1.yh
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.. 
Break-in period 

~.....,_- Steady-state wear region - _I-­

Uniform 
wear rate 

Rapid initial wear 

, Final 
i failure 

Accelerating 
wear rate 

Time of cutting (min) 

, . 

(n) ('ll } 

'V!~tlU'W~'JFl1t1 (Crater wear) 

a g,.t d" a g., ... 1
2.7.1 ~'VI~nn~1~1'a'U'el'Ub~~::;~'VI~nmn~naJu1'Un~1..:J (Carbon and medium-alloy 

steels) 

~'V!~ n n~1 Fl1fU'e)'W~u'WrJ~C?J~ ~ri1 ~~ri~~ (?)~~~~1.jf~.J1 n 1 'W~1'W~'"l1~ ~1tJ (Tapping) 
, " 

iJ (?)!91(?)~Vh'"l1 n ~'V!~ n n~1 e.J~a-ItJ1'Wn~1~'"l~iJtl1t1iJ (?)!91(?)'"l~'W1'Wn~1 tl~ ~~~~1rJ~ (?)U'"l~iJn Fl1 t;1 n. . '" 

" , , 
!91(;)"llU(;)U9~H'nU~1'W!91(?)Vi Fl'J1a-1 ~~'J ~tlU ~1 

wi ., 

2.7.2 ~'VI~nn~1'a'el'U~..:J (High-speed steels) .. 
H'a-I1 n 1'W~1'W!91(;) Fl'J1a-1 ~~'J~tlU~~ 'Vl'WI?i'eJn1~~ n'V!~tl ~~~ ~n Fl1 hlb~'Y'l~a-I1 m~tl b Vitlu 

'" ," " 
n1JFlru~a-I~"ll'el~iJ(;)!91(;) b~'el~91nrJ~(;)tJ~~Ul'VlU'Vl'WI?i'elb~Nm~b~'Vlnbb~~n1~bbI?ln~n ~~,:r'W9~~n1oif 

http:1.jf~.J1
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2.7.3 LJOl'U'f}~JPi''VI%'i'eleJ~:I-J (Cast-cobalt alloys) 

iJrl'J'l~bb~'1~'1 (58-64 HRC) i'l't.lI?l'fln1~~n~~'fl1Jl~ iJrl'J'l~bb~'1~'1bb~~'l'flru~llilH 
~ ~ q ~ 

" '1'l't.l"'l:;~'1 ~'l~ tJ~C?Ji1i'l't.lbbN m:;bb i'ln 1JlU'fltJ ~'1hJb~~'l:;"'l:;Hn'l.N'l't.l~(?)~llU~'1 ~'J't.l1~'1JH'fi'lJ 

'1'l't.l~(?)~mu 

2.7.4 JOl1fi.'Uc;l (Cemented or sintered carbide) 

iJrl'J'l~bb~'1~'1'VJn1'f:Jru~.lJil t~ ~~~ rl'J'l~~(?)~~'Wbb~:;U'lrl'J'l~¥f)'W~'1 bb1J'I1~dj'W 2 

n~~'\t1~n 1 ~f) ~'1~b~'Wrl'lfLut?lbb~:;1i'lbi'lbi1tJ~rl'lfLut?l n1~e.J~~trlUf)~!?l"'l:;·lhm(h1,xfubb~'1 

n~:;bbi'l n1Jl~ bbl?l"'l:;~ (?) rl'J'l~ bboJJ'I bb~ :;n1nl'Wl?lf) n1~~ n~~f) ~'l~'l~Cl b~~ rl'J'l ~ bboJJ'I bb~ :;n1~i'l'W~'fl 

n1J'~ n~J''fl1~~'JtJ n1J'e.J~~ rl'lflu t?l"1l 'fl '11i'l bi'l bt1tJ~ bb~:;bbi'l'W'Vn~~ tJ~ (?)iJJ':; bili'leb'\t1 ~l:;nu n1 ~~(?)
q 


,I I It 


Vlrl'Jl~b~'J:i''flU~l b~:i'1:;1~.h~~1:;~'fln1:i'i'W iJ(?)~(?)"llU(?)t1Hnun1J'~(?)mJ'J~~bth1~ 

2.7.5 LJOl~JPi''V1~ (Coated tools) .... 

." 

b"llniln rl'Jl~~'Wl-n't.lbrl~llUiJ:i':;~lru 5-1 0 1~rlJ''fl'W 

2.7.6 b'1l'a13:ln (Ceramics) 

vll"'ll nf)~il bi1tJ~'flf)n1"ll t?l~iJ rl'Jl~~:;b~tJ (?)bb~ :;ml~u1~'Vlt~'1 tJ~ (?)ei'l'WI?lf)n1:i'cu q qJ q 

" " -n(?)~1Jl~'1 'Vl'Wrl'J'l~¥'fl'W1Jl~ ~ (?) n1J'~(?)"1l'fl'l bl"1'jj't~~:;U'W~'t.l'l1'W1Jl tj'J~'W.:n'W~~'1 ~(;)iJ rl'Jl~ b1tJu 
<U 

, " 
~'1 bbl?l.jjm~tJVl~ll"1ru~f)iJ(;)~(;)"llU(;)m~'Vl'W~f)n1:i'm:;bb'Vln'" ~ 

2.7.7 f,1'JijnL'U'a'el'lA\Jl~c;l (Cubic boron nitride) 

dj'WtJ~ (;)~iJ rl'Jl~ bboJJ'I~l n~~(;) i'l't.ll?l'flnl~~ n'\t1:i''flbb~:;iJrl~ ~(?)~ bb~'1bbN bbl?l btJn:;
q q 

~'11~ b~~l:;I?lf)'1l'W~n n1:i'i'W~:;bVl'fl'W b'\t1~1:;~f) nl ~~(?) b~~n~n W.l1~ bb~'1~'1 
'" 

2.7.81~:I-J'el'\J~ (Diamond) 

i'l'WI?l'fl n1 J'~ n~J'f)1Jl~ ~Url~1Jl4ltJ1.jjnU'll't.l~ ~'fl'l n1:i'rl'Jl~~:;b~tJ (;)~'1
'" 

2.8 tl'a:::b.n'V1"l1'el.:J~1'a'VI%'i'elb~'\J (Cutting fluids) [9] 

wJ" 1.h'::LJl 'VI (j/ 13-.1 1,1111'1'~n1 fyi1-nw 

1) ~lJ''\t1~llbEj't.l (Coolant) n~ldJ'W~'J'WtJJ':;n'flU~ll"1ru ntJ:i':;~i'lfilll~~ln~~(;)b~f)
~ q 

H~ml~b~'J~'11 Um.JH1'Wn1m~'1bb~:;n1:i'n(;) bb~:;iJfJru~~~!?1'1e 

http:Url~1Jl4ltJ1.jj
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.­
, 

- bYl:w 1"l'l1:W~1:W1 :i'bll'WnI:i''6H1l'e:J ruVlJlil , " 
, ", 

2) ~1:i'Vi'Cl'el~'W (Coolant) ~~1~'W Vl~~'J'W1.h::n'elu"ll'el'l sn~H~'elf ,"H'l'el1'W bb'6'l:: 

~'el~~'el~~ btl'W~'J'W,J:i'::n'elU~1 ~bl,J ~1.h::~'VlfiJl1~:W1 m~'elH~i"1'J1:W b~'J ~1 -WtJ:W 

HrlUnln'"l1::bb'6'l::(~hubn~m (Tapping) bb'6'l::~~ru~:wu'1i~'1e 
, " 

- '6'l(PIbb:i''1b~tJ(PI'Vl1'W:i'::VI~1'1bf611'el'li:j'el~(PI b~'MrJ~(PI, bb'6'l::~'W'I1'W 

" 1) ~1:i'~l'Vj'Jn~1~'W (Cutting oils or insoluble oils) 
i,I i,I i,I " 

~1 tJ 1 U:i':: bJl'Vl11'hJ ~ ~ 'J'Wll:i'::n 'elU"ll'el'l~1 1 -if btl'W~ 1:i'VI 'Cl'el bU'W vill~~ 'J~'W'I1 'W 
i,I i,I I ~ 

~ (PIVl1tJ tStJU bb'6'l::U'el'l rl'W~-W:W ~1~'WU:i'::bJl'Vl11'"l::1~:W1'"l1 n nlm~'W~1~'Wbbi~'J'W1V1nJ'"l::~ nI:i'1~ 
q w 

i,I iI' I '" I I iJ 

~1~'W~(Wr ~1~'W~"ll e.J~:W'6'l'llU b~m,']11~bVI'6'l'J~'Wbb'6'l::bYl:w f61,ru~:Wl~1'WnI:i'VI'Cl'el~'W ~1tJ1V1'Cl'elbU'W 

I '" '11 i,I 

nnW"ll'el'l~~'6'l-n'W (Emulsion) ~1tJ1V1'Clmu'Wu:i'::bJl'Vl11mJ'ItJ'eltJl~'el'elmtl'W 3 "ll-W(PI~'el ~1~'Wbbi 
iI i.I iI iI 

(Mineral oils), ~1~'Wl"ll~'W (Fatty oils) bb'6'l::~'J'We.J~:W"ll'el'l~1:i''Vl'l 2 ~1~'WbVl'Cl1lJ'"l::1~~ru~:wu'1i 

1 'Wni :i'VI'Cl'elbU'W~'Wbbl9l~ f61 ru~:w~1 'WnI:i'(PI (PIsnu f61'J1:W ~'el'Wl~ ~1 tll?l:i'1 nI:i'~1tJ b'Vl f61'J1:W~'el'W~'J tJ , " 
'lI 'iI I I 'V I iI 'lI i/ 
o Go' ..:::. Q Q I 0 ~ Q Q..' 0 I a 4 Q..' Q,I 0 Q,.' 1.c::I..::S 

'W 1:W'W 3 "ll'W(PI'W'"l:::W f6111?l1~ (PI b:W'el b'VltJU nU'W1tJ1V1'6'l'el btJ 'WbbUU'el'W1 (PI 'I 'W'W'W1 :W'WbVI'6'l1'W'"l'l bVI:W1:: 

o QQ/ cv 

2) ~1:i''"l1~'Jn'el:W'6'l"ll'W (Emulsified oils or soluble oils) 


" " 
~1:i'~1~'JnlJbtl'W~'Jn~1~'Wbbi (Mineral oils) l·n~'We.J~:W (Fat mixture) bb'6'l::~'Jn 
I I 'iI iI if I 

~~'6'l-n'WVlb~:W'6'l'llul'W~1 ~1~'W'"l::~n~u'el~1'WlU"ll'el'lVltJ(PIb~n 11'W~1 (Vl1'elVltStJn~1 f61'el'6'l'6'l'eltJ~) 
'iI I 'lI j.I 

~~n'Mru::::~"ll1'J bbUUoW1'W:W bU'el'l'"l1 n'el'l i"lU:i'::n'elUVI~n btl'W~1 :i'~1~ 'J n~1 ~'1V111~~1tJ1V1'Cl'el bU'W 

ebtl'W~1:i'VI'Cl'el bU'W~~ l-if b ~'elVl 'Cl'elbU'W ~1tJ1V1'Cl'elbU'WU:i'::bJl'Vle'"ld'JmJ'el'l rl'Wni :i'VI'6'l'el:W ~ (PI"ll'el'l 

" ,
b~'Mt'6'lVl ::rlU~ (PI ~(PI bb'6'l::~'J~'W'I1'W bb'6'l::'6'l (PI nI:i'~ nVl:i''el"ll'el'l~ (PI ~(PI'"l1 n nln~tJ (PI~Yl'el ruVlJlil ~'11.~ , "" 

iI iI I Iii' 

U'el'l rl'WnI:i'1J (PI bUm"ll'el'l~'W'I1'WYl bnl?1'"l1 n f61'J1:W~'el'WVlI?l n ~1'11'W~'W'I1'WVI~'1 n1:i'~(PI ~'J'W(:,J ~:WYlb-ifvh 

~1tJ1V1'Cl'elLU'W i1bbl?ln r;11'1rl'W1.um:w bb(;] f61'J1:W ~'el'l nI:i'b'WnI:i':i'::U1tJf61'J1:W~'el'W Vl1'el n1:i'VI'Cl'el bU'W c11 

~'el'l nI:i' 1 ~~ nI n::lntJ f61'J1:W ~'el'W1~~'1~'W ri f61'J:i''"l::e.J ~ :W~1~'W1'Wtll?l n ~'J'Wil'eltJ1 c11 ~'el'l n1J'1~~ 
n1 :i'VI'Cl'el bU'W~~~'W fi f61'J:i''"l::(:,J~:W~'J n~1~'W1'Wtll?l:i'1~'J'W~:W1 n~'Wtll?l:i'1~'J'W~b-if1'WnI:i'e.J~:wm~ 
" "" Q,I l.dl 0 Q,.I" I 0 

I?l'lbbl?l 1:5 bl'l 1:100 ('W1:W'W1?l'el'W1) 
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, 
o ..::9. <V ($" 

3) ~1~1Ol1~'dnn'l~'H~n::;'VI (Semi-chemical fluids or semi-synthetic 

metalworking fluids) 


" " 
~1~'VI~tlLih.l'VI~m~'Wtl~::;IJl'Vl~IOl::;iJ~hwe.J~l-J"1I'el'ltJ1~'W 5-30% e.J~l-JJ1'dtJmn~l-J 
I I 'iI i.I 

~1n~l-J~~!?l'l~'W1 ~"li'W l'Wl(?]~(?) ~'elll-J'I1 ~~'el"li'dmH91mJ'n~ni'el'W"1I'el'liJ~~~~~~::;:n'W'I1'W 'W'elnIOl1n~tJ'l 

~1l-J1~ntl~u,JN~ru~l-J'ftl"1l'el'l ~1~'W~~i (Mineral oils) lJ1b~tJmn~l-J~1n~l-J~~!?l'l~'l~tl'W, , 

~1~tlJ'::;n'el'lJ~1~'dni~~~'elf (Sulfur) ~~~::; ~~'el1'W (Chlorine) mn~l-J~1~~1~'dni~~~'elflOl::;"li'JtJ 

~ ~b'eln1~~ ~Pl~b~'VI::;'VI~!ll-J~ ::;~1tJ ~ ~'lJ'W~'d ~1tJ"1I'el'liJ ~ ~~ 'W!lnIOl1 n~ ~1n~l-J ~~!?l'ltJ'l"li'JtJ ~~l-J 
" ,

~'J1l-J ~~~t..Im~dJ!l'l n'W~Ul-J 1'W'lJ1'l ~f'l!l1lOliJ m n~l-J~1J'~1~'dnm~h ~~l-J~'l~'lltl ~~!liJ!l'l n'Wm J' 
I I ,'iI 'iI 

~~'lJb(?]"1I'el'l ~1 ~~'W'Vl1~ ~~~ ::;~1 ~~ 1~'J n1"11 ~'Wn1.if ~~l-J~'l1tl ~~'el ~Yil-J mJ''VI~!l~'W tJ1~'W~1~'J n~1.if 

~1'V1~U'l1'W~'lJ1 ~~~::;'11'W'VI,.rn~ ~'J1l-J ~~'J1'Wm J'~~ ~1~'1tl1'Wn~1'1 

4) ~1J'i'l~~n::;~ (Chemical fluids synthetic metalworking fluids) 

" " ~1J''VI~'el b~'Wtl~::;~Jl'Vl~dJ'W~1J'i'l ~~~1::;~ hliJ ~'J'We.J ~l-J"1I!l'ltJ1~'W ~'J'Wl-J1 nlOl ::;dJ'W 
, " 

~'dn~1~~'W'Vl1~~L~::;~1~!lU'W'Vl1~Vl~::;~1tJtJ11J1 iJ ~ ,ru~l-J~'VI~!l ~~'W ~ ~mnn ~~::;!l!l'l ~ ~m~ 

" ~1n~iJ~1~'J n~lOl::;iJ ~'J1l-J b~ ~tJJ'~'1 1oiflJ1~ n'lJ'l1'W~~'VI,.rn
'" 
u.s. Utilization of Cutting Fluid 
(100.000.000 gallons annuallJ) 

Semi­
.Synthetic 

19% 

http:11'W'VI,.rn
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... 


, 
"" "" <V1) L'I"1~mtJ"lJ'el-:l~(9lI?l(9l 

, 
q 

" 
Q ~ ~ Q 

2) b'l"1~I"l';lI~b~tJtJ"lJ'el-:le.J';l"ll'W-:ll'W 

3) "ll';ltJ1'WnI~nl4'(9l b~Mr)'el (9l
q 

" " 
4) ~(9lnl~1J"lbUm"lJ'el-:l:n'W-:ll'W 

5) ~(9lbb~-:l1'WnI~!?l(9l (Cutting force) 

b'VlM 

1) 1'el~:::LVltJ"lJ'el-:l~I~VI~'elLtJ'WdJ'W~\.lI?l~ltJl?i'el 

'el"lJJll'1"1"lJ'el-:l'l"1Un-:ll'W 
q 

, 

2) Yh~ltJ~-:lbb';l(9l~'el~ 

3) Yh~ltJtJ~~mnl~1'WnI~vh-:ll'W 

4) 'ell ~VI~ 'el btJ'WtJ 1-:1"ll U(9l'elllOl~11~e1 ';l "lJ 'el-:l 

~'W-:ll'Wb~tJVlltJ bti'el-:l~lmJlJmm bl"ll'J 

5) ~1~VI~'el btJ'WtJl-:1"llU(9l'ell~ bil'W~I~b1 yj 

3) l'J1"l';lI~b~~m'el-:l
qJ 

4) 1Ol(9l';lltJ1yj~-:I
q qJ 

2.1 0.1 n1'<l'W~'elb!i'lJbb'U'Ubihm (Flooding application or flood cooling) 

~ L-B'W~ bb~"1l~'Wti-:l b"JI'Wbl?l'elf ~nMru:::"lJ'fl-:l~lmVl ~'fl btJ'WlOl::: bij'W~I~1 1"l';l1~~ 1~1H1b'Wnln-iil~-:I 
U	1- b';l ru ~'W~!?l(9l b~'fl 'W ~:::VI~ 1-:1 i:l (9l r;l (9l ntJ~ 'W-:I 1'W~ :::hJ ~ b~ 'fl bVi tJU ntJ n 1 ~VI~ 'fl btJ'WLbUtJ ~:::'fl 'fl-:l 

, " 
bU'fl-:l1Ol1 n"lJ'W1 (?)'fl'WJlll"l"ll'fl-:lUlmVl~'flb~'W~:::bl?l n~1 n1 ~VI~'fl btJ'WbbtJU~ :::'fl'fl-:l ~-:lVil1~n1 n'iil~-:I 

q 
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, a 
2.1 0.2 n1~'VI~'elbtl'Ubb'U'U~~'el'el,:j (Mist application or mist cooking) 

'" I i.I I 

tJl tJ1'V1~1l L~h..l"'l:-;~ nIGh tJ L(1ttJ~'J~(1tVl ~ n'el'el n bb'U'U~1L(1ttJ b'UV<l1:-; tJltJ1'V1~'el biJ'l..lVl1-if 
" " 

~ , 
'Z'l:-;'el'el·rw"'l:-;~ n~(1t b-ir, hJ ~'JtJ fOl'Jl~ b~'J~\l!?l:i'\l'U1-b'J run1:i'~(1t (Cutting zone) L(1ttJ'el1 fltJ'ell n1 PlV1:rJ 

" " 
fOl'Jl ~ ~'l..l~\l bU'l..l~'J-n'U ~'l..l ~\l bb~n1 :i''VI~'el b~h..lbb'lJ'lJ'Cl:;'el'el\l"'l:-;~'el\l n1 :i':i':-;'lJ'lJ :i':-;'lJltJ'el1 n1 Pl~~ bb'Z'l:-;:rJ

'" , ~ 

fOl'Jl~~I~I:i'~1'l..ln1 :i''VI~'el bij'l..lVl~ 1 n(1t ~fii\:rJ-ir'el1~ bmtJ'lJ~I~fin1 :i''VI~'el biJ'l..lbbU'U btJtJ n (Flood 

I i.I I i.I 

~\l"'l:-;vll1,xbn (1t n1:i'(1t (1teDU b'ell ml~~'el'l..l~1 n 1~~1 n~'l..l boW'el\l"'l1 n~fii\"'l :-;~(1t~1 :i''VI~'el bij'l..lb-irlhI 
" , ,~ 

b(1ttJ!?IN ~'JtJ ml~ bh~\l~.:JvlI1,x:rJ t:.J'Cl n1 :i''VI~'el bij'l..lVl~ n~, ~fii\:rJ"'l (1t b~'\..l!?l:i'\lVl~I~I:i'~~(1thJir\l 
" q , ~ 

'lJ'h'JruVl b-irl ~\l1~tJ1 nbb'Z'l:-;ir.:Jvll1,x~I~'W~ b~'l..l~'\..l\lI'\..l'lJru:-;n1:i'~(1t l~iVlb"'l'\..l 1'l..ln:i':;'lJ'J'l..ln1:i'~(1t 

L'Cl'VI:; b(1ttJ b'U~1 :;'el~.h\l ~\l~H:rJ (1t ~(1t fOll fl'lJ (1t1'l..ln1:i'~(1t "'l:;~'lJ~ l~fi n1 :i''VI~'el bij'l..lbb'lJ'lJ btJtJ n (Flood 

application) 'ell"'lvll1,x:rJ (1t ~(1t bn(1t:i''eltJbb!?ln ~,'J1~ 1'l..lnnl1~ ~fin1:i''VI~'elbij'l..lbb'lJ'lJ'Cl:-;ll'el\l (Mist 

application or mist cooling) "'l:-;bU'l..liJ:i':-;btJ'l!'l!'elt.ll\l~ln!?llln1:i'U(1t'el1tJ'lJ'el\l:rJ(1t~(1t
q 
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.. 
I a 0 l;" Q...f 

2.1 0.3 n1'a'VI~'elbtJ'Wbb'IJ'IJ~1'W1rl'J1:J,J~'W'61.:J (High jet method) 
OJ 

blh.l';jfi~~'eJ1~~1~.if'eJ1~\mI'J'LJn~1~~'lJ'lJ b~~ ~ ~ m~'W'eJ t(?1I'J Pigott bb~~ Colwell 

bb~ ~1?l'eJ~1 nn ~1I'J~1 bU'W~'J.if'eJ~1 ~bk!1"n'lJ'wn';j~I'J'\!I~1I'J1 f)'W~ ~'W11Ol ';jfielOl ~'eJ1 ~I'J ~l"lJ'W1 (?1 b~ n ~ ~ 
f)'J1~ b~'J~~~(?1hJ~~ ~'J'\!ImJ"lJ'eJ~~ (?1 ~(?1 "lJ'eJ~ b'I-I~'J~1.jj' bU'W1.~vr~~1~~l'V~'J n~1 bb~~~1~'W (Water­

'U 

based and oil-based) 

2.11 bflfti'i:~'VI~ [6] 
~ I • iI 'V 

~'J~'W~1'WVl ~1'Wmm~~ bb~'J nJ bb'lJ'lJ"lJ'eJ~ bf"1'l1t~'\!I~Vl btl (?1;'WIOl~;'W'eJtJ n'lJ f)'J1~'\!I'W1"lJ'eJ~
'U 'U 

bf"1'l1t~'\!I~ (to) 1'W"lJill~~ bf"1'l1n~~ t~'\!I~n1~~ n'eJ ~'J [?]1~~~'W1'lJ b~'eJ'W f)'J1~'I-I'W1"lJ'eJ~ bf"1'l1t~'\!I~IOl~ 

~(?1~~dj'W tc ~[?]n~'J'W~~'I-I~1~ to n1J tc b1-I'Jn~1 Chip thickness ratio '1-11'eJ Chip ratio 

~[?]n'i:'h'WelOl~~ rhil'eJI'J n~1 1 b~~'eJ1'Wmnn (?1 bf"1'l1t~'\!I~IOl1-~1'Wm~~(?11Ol~bb[?] n 1?l1~1Ol1 n m~~(?1bb'lJ'lJ 

~ ~ ~~'U1 n b~ ~~~1 n ~~'lJ'J'Wm J'm ni.J~I'J'WJ'i.J1Ol ~hn~bn (?1'lJ'WJ'~'W1 'lJ b vhtJ'W bbl?liOl ~ bn (?1 bU'W'lJ1-b'd ill 
q 'U 

I iI I iJ 2J" iI 

(Zone) J'i.J bb'lJ'lJ mnn (?1 bf"1'l1t~'I-I~Vl bn (?1;'WIOl1-~ ~n'l1ill~"lJ'eJ~ bf"1'l1t~'\!I~Vl bn (?1;'WtJ iOl ~;'Wn'lJth~I'J
'U 

1?l1~1 b"l1'W "llU(?1"lJ'eJ~ rr~ ~~1-il'1'Wn1~~ (?1 Ml1'J ~1'WmJ'~(?11?l1~1 li.J bb'lJ'lJ m nn (?1"lJ'eJ~ bf"1'l1t~'\!I~ 

~1m~mbI'Jn1~bU'W 3 bb'lJ'lJ~'eJ 
~ , 

(1) bf"1'l1t~'I-I~bn (?1mJ'Lb[?]n bll'W~'Wb~n bn (?1 n'lJrr~ (?1Vl bi.Jn~bb~:::;bb[?]n~11'J f)'J1~ b~'J1'WmJ'~(?1
q 

bb'lJ'lJ bbm ~'d~'W~1'W~1~~I'J'lJ Hbb~~~(?1~1 
(3) bf"1'l1t~'\!I~bn (?1mJ''\!I~'eJ~ ~(?1n'lJ bf)i'eJ~~'eJ~(?1'\!11'eJ~'W~1'W bn (?1n'lJrr~ ~b'\!ltJm :I-J~ f)1I'J 

I 'V I iJ I 

il'eJI'J f)'d1~b~'d1'Wm~~(?1~1 ~'J~'W~1'WVl1~~~mJ Hbb~~~(?1~~ 'W'eJm1ntJbf"1'l1t~'I-I~Vl 
'U 

,~ , 
bn (?1'eJ11Ol bb'l.J~1~[?]1~~i.Ji1~"lJ'eJ~ bf"1'l1t~'\!I~Vl bn (?1;'W~~~i.JVl 2.17 

'U 'U 

http:I-I~'J~1.jj
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'. 

2 3 4 5 6 7 8 9 10 

d !II Q n At~ 

0 ~ 
....,1 .~"".,.. ) 

/11'--' 
1M ~ 0j I) \t., 

ribbon tangled co'kscrew helical long short spiral spiral long short 
chips chips chips chip3 tubular tubular tubular chips comma cemma 

chips chips chip!'; cnip~ r.hir~ 

", 
alVl 2.1 7 lh~Ul'Vl"lJ1.l'lLPI'jj-t~:.n.'1~VlLnf?l~'WLLtl'l[;lI3-J~tJh'l
~ ~ 

~ .
2.12 n1'a'Vl~/MI1JIi1'Jlm'VIa.JI~'6UJ"1.I'el.:l'6UJnI'a~'Hb1J1J (Model adequacy checking) [11] 

n1~'Vlf?l~1.lU'"1,)I3-JLVl3-Jl~~3-J"lJ1.l'l~3-Jn1~~'WLLUU~o\j~3-JHil 3 mru ~1.l 

Lll'Wrl1 ~1.jf1.lfiUl ~ '"1') 1 3-J ~ 1 3-J 1 ~bl"lJ1.l'l ~3-J n1 ~bl f?l bl1.l ~ Vl11.l r;l'J LLtJ~~~ ~ ~1 'W~ 3-J n1~ 
bl f?l bl1.l~ ~1 ~ 1 3-J 1 ~bllOl ~1.lfiUl~ nl ntJ~ ~'WLLtl~'l"lJ1.l'l r11 [;l1.lU~'W1.l'l Vl11.l r;l') bLtl~[;lI3-J'lJl1 'Wif?l~,)'W 

L'Vh1f?l r11 R2 ~'l3-Jln~3-Jn1~fi~'lil'"1,)I3-JLVl3-Jl~~3-J3-Jln LLj;J1'W'Vll'ltJ~u"i Lti1.l'llOllnr11 R2 il'"1,)I:W'l'J 

1'Wn IntJ~~'Wbbtl ~'l ~1.l b~1.l L~3-J~I'W,)'Wr;l') bb tl ~~ ~ ~ ~1'W~:W n1 ~r111Ol ~il r11 i:w tl ~~ ~'Vl i1 'Wn 1 ~ 

~f?l~'WllOl ~'lHr11~.yhn1~tJfur11LL~,) (R 2 
ad) ) LL'Vl'W 

if iJ I iJ" I 

n1~'Vl f?l ~1.lUtJlOl ~Vil~'Wb'U~ l ~ mruYH1 n1nnu-if1.l3-J~~1 bL~&.J~~~fiVl1 Jlil r11 j;J l 'l n'W 
'lJ 

, , >­

J1nlOl ~bll'W-if1.l:w~Vl'lJlIOlI n n1~1.l1.ln bbUUn1~'Vlf?l~1.l'l bU'fl'l1Ol1 n ~1.l'lViI nl~b fi u Rl~1 tf?l~~lOl l ~ru1 
~ 

(Hypothesis testing for regression coeffici ents and interval estimation) 

http:n1~1.l1.ln
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.­

ri'el'W~'"l~-W'l~~ n1 ~b1J1fl'Wn1~~tJ'I nnw 'i:V1tJ'"l~.yh n'l~u~~~'1 ruroi'l~m mru~~'e)'l n1~'i:V1tJH 

roi'lu~~~'1 rubblJU'01 V1 bb~~"ll'l(N ~'elbU b~'el ri'el1~bn V1U~~'i:tJ"ll-W~'l~ V1b 'Wn'l~tJ'IbUU~~tJ n 1?l1-D' b~'e)
q '\.I q q 

'Vl nu roi'lu~~~ 'I rul"l,)1~ bbU~U~,) '\J"JJ'el'l !?l,)U~~~ 'I ru~'l nth') bb~,) 9 ~~'I~ 1 ~bI ~1 b~'Wn1 ~'Vl V1~'elU 

~:w~ ~ ~1'W bb~~n1 ~U~~~1 rubbUU-n,)'lb~ 'i:V1tJ~') bU~n~tJ~'Vl V1~'elU~~~ ~ ~1'Wb'U~1~roi'l~~ 
~ ~ 

'" '" 2.13 n1'i'VI~~'fl':)bb'IJ'IJ'IJ'eln'1i-b'IJ'VI'l.Ib~'l.I (Box - Behnken design) [11] 

n1~'Vl V1~'el'l~biJ'Wn1~'Vl V1~'el'l~~1J~~~'VlfiJl'l~ bb~~~tJ~H~1 n ~1V1fu nnu~ nM'IU'014'tJ~ 3 

~~~u (3 level design) 'i:V1m'U~1~nnU~~'el'ln1~~h'l~~n1~!?l,)bbUn~'elU'014'mtl'W11'"l4'm~'l 

1.R~1ru (Quantitative factors) b-n'W b,)~1 1"l,)1~~'W btl'W~'W 'i:V1tJHVI~nn1~"lJ'el'ln1~'VlV1~'el'l"lJ'el'l 

bb~I"l'Vl'el~tJ~b~~~Uj;.l'W')nnU'"lV1~'ln~1'l (Central points) ~,)~b.jhbU
'lJ q 

B 

c 

--+--A 

2.14 'VI'IJ'VI';I'l.I';I'i'ir;un'i'i~ 

1'W')'l n 'I ~'ell?l ~'IVI m~~ n1 ~~ nM1 b1'el'Wb"lJ n 1~!?lV1 (Cutting conditions) ~'O1 V1U~~~'l1"l 
q q 

http:i:V1tJ'"l~.yh
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0 

parameters) [12,14] 

,it ' , 
Q oQ 0 Q,.'Q I' .c:::SCII<v 0 l.I 

mn'V1:We.J~!?l1l1'V1 bb~:;~1V1J'U"ll'W'l1'WU1'lllm'l b"ll'W Titanium alloys 6J!'l:Wll!?ln mJ''W1 m1:WJ'1l'W!?l1 

~1J'VI~1l bij'Wdj'W~'l~1 dj'W1'WnJ':;u'J'WmJ'l9lt?1 Lt?1tJ"'l :;VhWW1~ btl'W~1mVl ~1l~'W bb~ :;~1mVl ~1l b~'W 
nJ':;u'J'Wm J'19lt?1~1:W1J'm~:w ~'J1:W b~'Jl~~'l 30 % 1l~1'lhfi !?l1:W mJ'H~1J'VI~1l bij'Wrillb"\n t?1 e.J~ 

, , 
i; cS""::::' i; .dI oQ ~ I 4­

~UVl1'lt?11'W b~J''jj'~~1~!?lJ' ~'lbb'Jt?1~ll:W bb~:; ~"lI1l1'V1 [14, 15] bb~:;b:W1l'V1"'l1J'ru1!?l'WVl'W'V1U'J1~'lrJ'l
d.9 q q qJ 

" 
17% "'l1n~'WVl'Wn1J'e.J~!?l~'lVl:wt?1 bb~:;"'l1nmJ'Vlt?1~1l'lmJ'nt?1bVl~nn~1bb~'l (ASSAB DF3) ~'JtJ

• 
m1:W b~'J~'l ~t?1~'WVl'W~1J'VI~llbij'Wl~btl'W 7 -17% ~'l~'l:W1 m~ll bVltJunU~'WVl'WiJ t?1191t?1 (Titanium)

III q IlJ q 

, 
Vl~t?1btl'W 4% bb~:; 2-4% ~1V1fumJ'19lt?1~'JtJiJt?1191t?1bV!~nn~1 (AISI 4340) "'l1n~'WVl'WmJ'e.J~!?l 

q 

Vl ~'jj'~~ b~m-nll'l nU'l1'W1~tJmJ'Vl1 ~'fl'Wl"l1 mJ'l9l~~ bVl:W1:;~:W ~1l n1J'1l1l nbbUU mJ'Vl t?1~1l'l 

L~tJ1.jjrJfi~'W~'Je.J~!?lllU (Response surface analysis) bbU'lmJ'Vl~~ll'lbtl'W~ll'lbbuul~bbri mJ' 

1l1lmbuu~'J'Wi.h:;~:wn~1'l (Central Composite Design, CCD) bb~:;n1J'1l1lmbU'Jullni-butf 
" 'Wb~'W (Box-Behnken Design) Lt?1tJ mn~ll n1fimJ''''l:;Yi'''l1J'ru1'''l1n~1'W'J'WmJ'Vl t?1~1l'l mJ'l9l'l "h 

, 
dA Q,.' Q/ 9..1 

b~J'll'l"'lnJ' ~n'jj'ru:;"lIll'l"llll:W~ "1~"1 [10,11]
'" 

mJ'~n'jj'1ih~tJ~dj'Wl9l'Jbblh~'W1'WmJ'19lt?11~bbri mJ'b.jjl9l'Jbbi.h~'W 3 19l'Jl~bbri ~'J1:Wb~'J 

mJ'l9lt?1 (Cutting speed) ~!?lJ'1Ull'W (Feed rate) bb~:;~:wiJt?1191~~1'W-n1'l (Side Cutting Edge 

Angle, SCEA) [12] ~npJbbuUVI~'l~ll mJ'Hl9l'Jbbi.h~'W~l9l'JLt?1tJHl9l'Jbbi.h~1:wl9l'J~n~1'J:W1bb~'J 

bb~:;b~:W~'J1:w~nmJ'19lt?1(Depth of cut) b-n1hJ [13] bb~'J-W1:W11l1lmbUUmJ'Vlt?1~'fl'l(Design of 

Experiment, DOE) ~'JtJhJnbnJ':W Minitab, Design expert software Vl11lhJnbnJ':WVl1'l~~~~1'l 

1 btl'W~'W b~ll~h'l 't:w bt?1~~:Wn1J'rJ t?1rJlltJ bb~:;~h'lL:W b~~~'W~'J e.J~ !?lllU~llhJ 

" " "lI~"lIJ':;"lIll'ld]'W'l1'W (Surface roughness) Vli'l n1J'19l~ L~tJ-W1:W1~ ~1'l btl'Wbbe.J'W.1JiJ~'W~'J e.J~ !?lllU 

(Response surface model) bb~~'l~'J1:WbVl:W1:;~:W"llll'ln1J'H~'el'Wl"l1n1J'19l~ 
, 

M.A. Dabnun, M.S.J. Hashmi bb~:; M.A. EI-Baradie 1r.rmnmnu~'J1:W"1lJ'"1lJ':;, 
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, 

Sahin bb~~ AR. Motorcu 1cn.jf~:wntJ' Ra = CVnrdPe l!PIu n, m, p ~'el1"111")·:J'vhb~~ e ~'el error 

~'11~,j1:W:W n!PI LVl!PI ~1 'Woj]1 '1~ 'HthJ~ ~'11 'WLVl') bblh~'W:w IV; "'l1 J'W 1 ~') 'W Junakarn, Chansit,
q 

Papichaya (2551) b~'elnH~:wntJ' R = CV'1 r2Rna30 a4(Fy/Fz)a5 l!PItJ Rn,Fy/Fz ~'el Nose 

Radius bb~~ ~[?lJ'I~,)'WbbN ntJ'LVl!PIb'Wbb'W,) bbn'W y bb~:;bbn'W z ~1'el b1u n~[?ln~')'W bbN~U'el'W(;]'el bbN 

b~ 'elV; "'l1 J'WlU"'l ~tJ LVl,) bb 'IJ J'~'W"1I'el'l bb(;] ~ ~'11 'W';j~tJ~iJ ~1 bb(;] ~:; LVl,) bb 'lJJ''''l ~'IJ J'~ n'eliJ1'IJ ~') tJ 

oj]'el:W ~~I:W 1"11 ~'el 1"11 ~1 1"11 n~I'1 bb~ ~ 1"11 ~'1 b~'elb~bY1tJ'I~'el (;]'el ntJ''el'el mbiJiJ nl J'Vl !PI~'el'l,r'Wb'el'l
~ ~ 

, 
~ 0 ..::S a 

M.Y.Noordin, V.C. Venkatesh, S.Sharif, S.Elting, AAbdullahVlVllntJ'Vl!PI~'el'lntm~'1b~~n 

AISI 1 045 bbiJiJhJH~IJ'W~'elb~'W bb~:; N.H. Elmagrabi, C.H. Che Haron Vl!PI~'el'l~'Wl'IJt)~~1Vl 

b~'el'W1"11ntJ'H~IJ'~~'elbiJ'W (Cutting fluid) ~')m~'el'W1"11b'WntJ'Vl(9)~'el'l~'el 1.ntJ'LVl(9)1!PItJH~IJ'~~'el 

biJ'W 2. n1J'LVl(9)bbiJiJhIH~IJ'~~'el b~'W 3. ntJ'LVl(9)bb1J1JHm:W1W~IJ'~~'el biJ'WtJ'eltJ~~
q 

(9) J''):w1'IJ~'1 ntJ' 

'el'el nbbiJiJL(9)tJ nl~'W(9) LVl,) bblh~'WdJ'WI"),)I:W b~,)J''eliJii (9) LVl(9) (Spi ndle speed) bb~ :;1")') 1:W~ n~J''elii (9) ~(9) 

(Flank wear) ~'1 dJ'W~:Wl"11'el'l n1J''el'elnbbiJiJntJ'Vl (9)~'el'ln1J'~1 b~'el'W1"11 ntJ'LVl(9)~ b~:Wl:;~:W~~
q 

(9) L(9)tJ 

I I I 11 I I 

~1:W1J'tliJ'el n1~~1nt J'LVl(9) VI b~:Wl ~~:WY1~ !PI'el~Y1 n1 J'LVl'l b1'el'W1"11 (;]1'1 1 Y11"11U"'l~tJ1.(9) 
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.0:01 
'lJ'VI'VI 3 

3. 1 ~'J13Ji3J~'U fi'a~'VI~1-3'a~tI~b'J'&n"I.'U n1'arPI~n'IJ flI'J13J b~tI'IJ"lJ'el-3 ~'J~'U-3TW"lJ'el.m1'arPI~ 
bb'IJ 'IJ btl tI n 

<Q .c:::a.. a. CII. 

3.1 .1 'el'VI fi~~"lJ'el-3 flI'J13J b'a'J'a'el'IJ 1PI'el flI 'J13J'VItl1'IJ ~ 'J 

1011nnJ~ 3.1 bb~~ 3.2 b~'W1~~1f01'd1~b~'d:i''el1.AWnl:i'!?l~~~1'"l~1~~h~)'n~VlmUe4'd
'IJ 

I I t.- I I 'lI 

~1 n~1 nI:i'l-i1 f01'd1~ b~'d:i''elU ~1 bb~~'W'el n'"l1 nv.bi1'el:i'~t1~b'd~11'WnI:i'!?l~Vltl1'd'W1'W~'W Fl1 f01'd1~'VI mu 

e4'diJ bb'W'd t U~~'"l~b~~~'W bti'el'l'"l1 n ~~"1J'el'l nlnn ~ b~'el1'~ ~(b~Mt~VI~)VI~'el~~~ rluiJ ~!?l!?l (Sui It­, 
, ~ 

up edge: SUE) ~'1 SUE '"l~Vh1~f01'd1~~1~1:i'~1'WnI:i'!?l!?lb~'el'W~!?l~'1bb~~vh1m~e4'd~'W'I1'Whj~ 
I 

b~:i'1~bi1'elnl:i'!?l~t11'd'W1'W
'lI 

~~'W~(?l:i'1n1nn SUE 
I 

~~~~b-W~~'1
'lI 

~'Wb1
I 

'eltl1 ~'1vhl~f01'd1~'VItI1U 
" " e4'd~'W'I1'W~'1~'W(?l1~hJ ~'dtl 

'lJ 

03 

....-_..a.-----'""'.._-.. ---
-+- fl11:Wf 1H1U 1000 ....... 


H1UlJitl1<1Y1 

~A'd1l,Hr1H1U 3000 

J,tlulfim.nYl 
30 60 90 120 
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0.3 
co 

0:: 

!l;" 
~ 

0.2 401 
~ -+- fi'l l l-' Lt'll'!lU 1000;J 

c- if, 

iii <>: 

::s: 0-" 0 1 
 HI1I IPi'il1~I Yiri 

c- C 

~ 

co
a: ...- fl'lI:!-l Lt 'lrtlU 3000

0.0 

f!lu lPim ,nYl 
3C 60 90 120 

3.1 .2 :S'Vl fi'V'l~"1l 'fl.:l~~"a1'iJ'fl'UIPi'fl FI'l1)J 'VItl11.J ij'l 

r.l1nnJ~ 3 .3 bb~:; 3.4 ~13J1~mmrJUbYlrJu1~~1~~(Vlnn1~ihl'wtpJ~~~'1 vh1~,"h
~ 

" 
~ 

, , 
fD1'J13JVlmU ~'J~'1 !)fiU1rJ1~1011 n~(Vl~1i:h:I'WYl3J1 n n~1 Vl3J1rJ ~'1 n1~n~ ~'JrJ~(Vl~1 n1 ~n'WbU!)L~VI:;Yl 

~ 

3J1 n n~1l?l!)~!)U~'1 tpJ~m n n~1 ~'1 e-J~1~bn~fD1'J13JVlmU~~'1 n~1 ~'1 dJ'W1tJ muv] q~ll"lJ!)'1 rl1 fD1'J13J 
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m~1~~ 3.1 n1~'f)'f)mb'J'Jn1~'Vl!?l~'f)~bbUUU'f)nof-bU'If'WbrI'W"lJ!l~r1r;)1~VlmUeJr;)bb~~bb~~1'Wn1~(;]!?l 

bbUUbihm 

bi'el'WL"lI nl'l'VI ~~'el-3 
Input Value Responses 

S (rpm) F (mm/rev) D (mm) Fx (N) Fy (N) Fz (1\1) 

1 1000 0.01 1 2.30 0.53 0.85 

2 3000 0.01 1 2.34 1.18 1.42 

3 1000 0.03 1 4.21 1.55 1.28 

4 3000 0.03 1 6.49 2.19 1.71 

5 1000 0.02 0.5 1.91 0.32 0.55 

6 3000 0.02 0.5 2.50 0.57 1.17 

7 1000 0.02 1.5 4.20 1.34 1.42 

8 3000 0.02 1.5 5.86 2.16 2.16 

9 2000 0.01 0.5 2.15 0.11 0.62 

10 2000 0.03 0.5 4.58 1.48 3.72 

11 2000 0.01 1.5 3.08 0.61 0.75 

12 2000 0.03 1.5 8.59 3.02 2.85 

13 2000 0.02 1 4.19 1.38 1.54 

14 2000 0.02 1 4.31 1.50 1.45 

15 2000 0.02 1 4.41 1.26 1.64 

i-Il.J1tILi-I l1j 

s ~'ll 1'l,)1l.H~,) ~'llU (~'llUIli'llU1Yl ) Fx ~ 'll LLr~1uLLW'lLLnu x (il.'lfllU) 

F ~'ll ~(ilniJ'llu (i1 ~~ Lj.J (il r l1i 'll ~'llu) Fy ~'ll LLr~1'WlLU'lLLnU y (il.'l fllU) 

D ~'ll 1'l,)1j.J ~ n cif(;) (n~ iiLj.J(ilr) Fz ~'ll LLN1uu.u,) LLnu Z (W,) fIlU) 

'"l1n.jj!ld.J~bbN(;]!?l~bb'Wr;)bbn'W1'i1~1 (Fx, Fy bb~~ Fz) l.'W!w)n~~ 3.1 b~!lU11tJ';JbM1~'If 

r1r;)1~bbtJ~tJ~r;)'W (Analysis of variance) '"l~Hfi:J~~~1?l1~1~~ 3.2 
r t I I 

'"l1nI?l1n~Vl 3.2 ~U~1~~n1n)!?lr;)'f)~ (Regression model) Vl~1r1r;)1~b~!l~'W 95 % 

~1~1~rl1.-il1~ n~1r;)~'f) iJ~1 P-value ~!lt.Jn~1 0.05 bb~~~1 Lack of fit test ~~bi']'W~1~tJ~U'f)n 
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b~'e1'~~1J'D.nr;l'fl'bJ'Y11J~1 l?1'JbbtlJ'~~ '"11 P-value U'fl£Jn~1 0.05 ~\l'\nJ1£J 1"l'J1:W~1 bUtJl?1'J 

bbtlJ'~~1:W1J'rtl-n~tJ~:wn1nl(OJrt'fl£J 1~bbri ~11"l\l~ 1"l'J1:Wb~'JJ''fl1J (S) ~l?1nl1'fltJl?1(OJ (F) 1"l'J1:w~n 

1?1(OJ (D) 1"l'J 1:W b~'J J''fl1J~tJ~1J~'fl\l (S2) I"l 'J 1:W ~:w~tJfln tJ J':;VI~ 1\l1"l 'J 1:W b~'J J''fl1Jbb~:;~1?1 J'111'fltJl?1(OJ 

(SF) bb~:;1"l'J1:W~:W~"JfintJJ':;VI~1\l~l?1nl1'fltJbb~:;1"l'J1:w~nl?1(OJ (FD) ~\l'Vln'Y1~,r~ P-value U'fl£Jn~1• 
iI i.t ,I I 

0.05 r1\l~tJ bb~:;.yhn1J''Vl(OJ~'fl\lI?1(OJ'Y1~,rV1hi~1tJl"l'J1:Wb~mrtJ (P-value U'fl£Jn~1 0.05) 'Y11J~1 

1~~~~\l1?11n~~ 3.4 

[?l1 J'1\l~ 3. 2 1"l'J1:WbbtlJ't1J''JtJ"1J'fl~ bbJ'~1tJbbtJ'J bbntJ x ri'fltJn1J'1?1(OJ'Y1~,r~hJ ~1tJl"l'J1:W b~'flJtJ"1J'fl\l n1 J' 

1?1(OJ bb1J1J bU£J n 

Source DF Seq AdjSS Adj MS F P 

Regression 9 47.3679 47.3679 5.2631 49.68 0.000 

Linear 3 41.1291 41 .1291 13.7097 129.4 1 0.000 

Square 3 2.3265 2.3265 0.7755 7.32 0.028 

Interaction 3 3.9122 3.9122 1.3041 12.31 0.010 

Residual 
5 0.5297 0.5297 0.1059 

Error 

Lack-of-Fit 3 0.5054 0.5054 0.1685 13.89 0.068 

Pure Error 2 0.0243 0.0243 0.0121 

Total 14 47.8976 
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I iI I I I 

l?nn'lYl 3. 3 ~J-Jn1~n1~t;l In t;l'e)U"1I'e)'1Yl\l~'J e.J'ClIW~1J ri'e)\ln1~~1nV'l'"ll!VihJ ~"1'W~'J 1:W b~'e)~\l"]J'e)'1 n1~ 

rllnbb1J1JbUUn 

Term Coef SE Coef T P 

Constant 

S 

F 

D 

S*S 

F*F 

D*D 

S*F 

S*D 

F*D 

rpm 

mm/rev 

Mm 

2 
rpm 

2 2
mm Irev 

2 
mm 

rpm*mm/rev 

rpm*mm 

mm 
2
/rev 

4.30333 

0.57125 

1.75000 

1.32375 

-0.72542 

0.25708 

0.03958 

0.56000 

0.26750 

0.77000 

0.1879 22.900 

0.1151 4.964 

0.1151 15.207 

0.1151 11 .503 

0.1694 -4.283 

0.1694 1.518 

0.1694 0.234 

0.1627 3.441 

0.1627 1.644 

0.1627 4.731 

0.000 

0.004 

0.000 

0.000 

0.008 

0.190 

0.824 

0.018 

0.161 

0.005 

S = 0.3255 R-Sq =98.9% R-Sq(adj) = 96.9% 
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." 
[Pl1J'1\l~ 3.4 fl'.l1~.mU~U~'.l'W"1l'f)\l bb:NL'Wbb'W'.l bbn'W x ~~\l n1~r;if?1"1'l'"l,r~1~ ~1'Wfl'.l1~ b~'f)~'W"1l'f)\ln1~ 

'. rlf?1bb1J1JbUt.Jn 

Source DF Seq AdjSS Adj MS F P 

Regression 6 46.8362 46.8362 7.8060 58.84 0.000 

Linear 3 41.1291 41 .1291 13.7097 103.33 0.000 

Square 1 2.0810 2.0810 2.0810 15.69 0.004 

Interaction 2 3.6260 3.6260 1.8130 13.66 0.003 

Residual 
8 1.0614 1.0614 0.1327 

Error 

Lack-of-Fit 6 1.0371 1.0371 0.1729 14.25 0.067 

Pure Error 2 0.0243 0.0243 0.0121 

Total 14 47.8976 

'"l1n(?l1J'1\l~ 3.5 "I'l1J~1~~n1~bll?lbl'f)t.J~1~tJ\lfl\liJro11 R-Square bb~:::;fi1 R-Square Adj. 

~\l bb~:::;iJro11 P-Value -W'f)t.Jn~1 0.05 ~1~f1J'Vlmj'"lr.rt.J bb~:::;ro11 P-value "1l'f)\lro11n1~"1l1f?1fl'.l1~ 
~ q 

, 2.1 'I I 

[Pl1 ~1\lYl 3. 5 ~~ n1 ~n1 ~bl f?1bl'f)t.J"1l'f)\lVl'W~'.l t!.J ~ (?I'f)1J~~\l n1 ~r;if?1"1'l'"l'l1Yll~ ~1'Wfl'.l1~ b~mr'W"1l'f)\l n1~ 

nf?1bb1J1JbUt.Jn 

Term Coef SE Coef T P 

Constant 

S 

F 

D 

S*S 

S*F 

Rpm 

mm/rev 

Mm 

2 
rpm 

rpm*mm/rev 

4.4729 

0.5713 

1.7500 

1.3237 

-0.7466 

0.5600 

0.1377 

0.1288 

0.1288 

0.1288 

0.1885 

0.1821 

32.489 

4.436 

13.589 

10.279 

-3.960 

3.075 

0.000 

0.002 

0.000 

0.000 

0.004 

0.015 

S = 0.3642 R-Sq = 97.8% R-Sq(adj) = 96.1 % 

http:nf?1bb1J1JbUt.Jn
http:1'Wfl'.l1
http:1l'f)\lro11n1~"1l1f?1fl'.l1
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~:j.,JnlJ',",'dla.J~iJ'vr'WfiJ'::::Vl'll":} LLN1'WLL'W'dLLn'W x t;i'B~'dLL1h~'W(;h'l 1 ~'B 

Fx =- 0.483571 + 0.00243768S -91 .0000F - 0.4325000 - 7.46607E-07SS + 

0.0560000SF + 154.000FO 

'"ll n~a.J nl J',",'dla.Jia.J~'Wfi~1a.J1J'Cl'Bfiultl1~~1 ~(;lJ'11l'B'W~(?I (F) LL~::::e.J~ fI 
qJ 
ru"ll!l'l~(;ln 

, " 
ll'B'W~(?InUfl'dla.J~n~(?I (FO) ~~'Vlfi~~t;i!lLLJ''lYlLn(?l~'W1'WLL'W'dbbn'W x a.Jln 1'W"b'W"lI!l":},",'d1a.JL~'dJ'!lU 

, " 
(S) ,",'d1a.J~n(;](?I (0) LL~::::e.J~f1ruJ'::::VI~l'lfl'dlm~'dJ''BUnU~(;lJ'lll'B'W (SF) ~~'Vlfi~~t;i!lLbNVhn(?l~'W

qJ 

" 
1 'WLb'W'd LLn'W x -W'Btl ~'l,r'Wtll1 'Wnl J'(;](?I~~m11l!l'W(;](?I LL~ ::::f1'd1a.J~ n (;](?I~'l '"l ::::~'l e.J ~1,xbLJ''llw 

qJ 

"" ,bb'W'dbbn'W x a.Jflla.Jln 

J'u~ 3.13 bU'WnlJ'(;lJ''d'"l~'BU~a.Ja.J ~~1'W~~1,]'Ba.J~~ nlJ'nJ'::::'"llmU'Wu n ~ ~'li'l bn (;l1~~1
qJ d.9 qJ 

']!la.J ~~ ~11n~b~'W(;]N~ rl1 VI 'W(?I bb~ (?I " 1,xb~'W~":) ~a.Ja.J ~ ~1'W~ WJ1a.J Cl n ~'B'l ~'l L~'B~'"ll J'rulJ'U~ 
'U dJI III c:u 

3.14 '"l::::L~'Wmia.J,]'Ba.J~~bL'W'dbila.J~'"l::::nJ'::::'"lltl dj'WJ'uJ'::::~'l f1~1 
q qJ qJ 

Normal Probability Plot of the Residuals 
(response is Fx) 

99 

95 
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l <10 r 
30 r, 
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ResIdual 

tU~ 3.13 fl'dla.Jtll'"l::::dj'W"lI'B'l~l,",'dla.Je1(?1~~l(?1~~n1J'nJ'::::'"llmbuu,Jn~ ~lV1fubLJ''lbb'W'dbLn'W X 

(Fx) "lI'B'lnlJ'(;](?ILbUUbUtln 
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." 

Histogram of the Residuals 
(response is Fx) 
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Residuals Versus the Order of the Data 
(response is Fx) 

0.50 

0.25 

~ 
1I 0.00

S 
-0.25 

-0.50 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Observation Order 

, , 

fi 1~'fl'tJ'Vl~ (?)Vi r1'J1lJ b~'J~'fl1J 1000• 

: 

ij~~ blJ LOl~ Vl1'fl~ rJ'J1lJ~ n r1l(?) ~1 L(?)~ n~1yJ rJ'fl'W~'Jfbb~ (?)..:J ~..:J~~~1J rJ'J1lJVl~11J~'J~ rJ'J1lJ b~'J~'fl1J 

bb~~rJ'J1lJ~nr1l(?)t?i1..:J 1 L(?)~~'W~~b~mTi'fl'W '"l~bb~(?)..:J~..:J1J1b'Jru~bb~..:Jr1l(?)bbn'W X (Fx) ~1~~(?) 

Surface Plot of Fx vs D, S 

Fx 4 

1.5 

t1.J~ 3.17 rJ'J1lJ-K~~'Wfi~:;Vl~1..:JbbNr1l(?)bbn'W X (Fx) n1JrJ'J1lJb~'J~'fl1J (S) bb~~m1lJ~nr1l(?) (D) "11'e:l..:J 

n1 ~r1l(?) bb1J1J bUU n 
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Contour Plot of Fx vs 0, S 

s 

Fx 

<.11-J 
• J - • 
• 4- 5 
• > 5 

Hold Values 
F 0.02 

bb~~ 3.20 YlU~1bb:i''11'Wbb'W(mmJ X (Fx) ~Fi1,J'elLJ~'Cl~b~'el Hr[L01nU'el'W~1 bb~~1"1'J1~~n~~~1 ~'1 
., q 

n~'elU1b'J ru~tJ1 b~'Wb.jJ~1'Wn:i'1YJ 1"1'el'W~'Jf 

Surface Plot of Fx vs 0, F 

1.5 

0.03 

http:b~'Wb.jJ


45 

Contour Plot of Fx vs D, F 
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.' 
... .. AI AI J( ... ... ..... 

3.4 n1'i'J bf'l 'i1~~ f'I'J1a.J bb-u 'i-u 'i'J'l.!bb~~'VflJe.J'J e.J~ 1n'f11.J"lI'fl.:J f'I'J1a.J~!J11.J e.J'J"lI'fl.:Jn1'iUl 1PI bb1.J1.J 

bU!Jn 

Input Value Responses 
Standard Order 

S (rpm) F (mm/rev) D (mm) Ra (micro m) 

1 1,000 0.01 1 0.1530 

2 3,000 0.01 1 0.0900 

3 1,000 0.03 1 0.222 

4 3,000 0.03 1 0.1429 

5 1,000 0.02 0.5 0.2400 

6 3,000 0.02 0.5 0.1570 

7 1,000 0.02 1.5 0.1480 

8 3,000 0.02 1.5 0.1110 

9 2,000 0.01 0.5 0.0990 

10 2,000 0.03 0.5 0.1751 

11 2,000 0.01 1.5 0.0890 

12 2,000 0.03 1.5 0.1350 

13 2,000 0.02 1 0.0736 

14 2,000 0.02 1 0.0758 

15 2,000 0.02 1 0.1070 

1" ... """ variance) '"l~ (?li:J~(?l-.:)'W 
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I?lln..:!~ 3.7 ~'Jl~ ~~1.JJ'1.JJ''Jkl''ll'e.l'':! ~'JI~VlmtJ~'J n'el'WnlJ'!?l(?l'l"l"'l'l1~hJ t:JI'W~'JI~ ~~'enrkl"ll'fl..:! nlJ'!?l(?l 

~~tJtJ~utJn 

Source DF Seq AdjSS Adj MS F P 

Regression 9 0.033585 0.033585 0 .003732 10.82 0.009 

Linear 3 0.020452 0.020452 0.006817 19.76 0 .003 

Square 3 0.012313 0.012313 0.004104 11.9 0.01 

Interaction 3 0.00082 0.00082 0 .000273 0 .79 0.548 

Residual Error 5 0.001725 0.001725 0 .000345 

Lack-of-Fit 3 0.001027 0.001027 0.000342 0.98 0.541 

Pure Error 2 0.000698 0.000698 0 .000349 

Total 14 0.03531 

," , 

1?l1J'1..:!V1 3. 8 ~~nlJ'nlJ'rl (?l rl'e.ltJ"lI'e.l..:!~kl~,) t:J'ClI?l'e.ltJ"lI'e.l..:! ~'JI~VlmtJ~')n'flklnl J'!?l(?l'l"l"'l'l1V1hlt:Jlkl 


~') 1~ ~~'e.l~kl"ll'e.l'l nIJ'!?l(?l bbtJtJ ~UtJn 

Term Coef SE Coef T P 

Constant 

S 

F 

D 

S*S 

F*F 

D*D 

S*F 

S*D 

F*D 

rpm 

mm/rev 

IVlm 

2 
rpm 

mm 
2
/rev

2 

2 
mm 

rpm*mm/rev 

rpm*mm 

mm 
2
/rev 

0.085467 

-0 .032763 

0.030500 

-0.023513 

0.052992 

0.013517 

0.025542 

-0 .004025 

0.011500 

-0.007525 

0 .010723 7.970 

0.006567 -4 .989 

0.006567 4.645 

0.006567 -3.581 

0 .009666 5.482 

0.009666 1.398 

0.009666 2.642 

0 .009287 -0.433 

0 .009287 1.238 

0.009287 -0 .810 

0.001 

0 .004 

0.006 

0.016 

0.003 

0.221 

0.046 

0.683 

0.271 

0.455 

S =0.01857 R-Sq =95.1% R-Sq(adj) =86.3% 

"'lln-if'e.l~'Cl-ifI'1~kl'l"ltJ~I~~nlJ'nlJ'rl(?lrl'fltJ~rhml~~~'e.l~kl95 % ~1~IJ'rll.]t~ A'e.ln~1 
'" , 

iI I I .c::i • .:S 

P-value kl'e.ltJn,)1 0.05 ~b'Cl::::~I'VlmtJ'e.lnrl'ln1J'''lIl(?l~,)I~~VI~I::::~~''lI'fl..:!~~nlJ' (Lack of fit test) 

n~1 P-value 0.54 ~'1~lnn~1 0.05 VI~ltJ~..:!~~n1J'n~,)I~~VI~'l::::~~ b~'Cl::::~n'e.l~"'lIJ'rul(?\'e.l11.J 
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'V'lU~1 ~';l bbllJ'~~ fOil P-value ~'e:ltJ n~1 0.05 ~\I~:\..JltJ ~';lI:\..J~1 btl'W~';l bbllJ'~f.'l1:\..J1J't:) 1-n~lh.!f.'ld. .JnlJ' 

t:)(9lt:)'eltJ Ulbbri fOil~\I~ r1';lI:\..Jb~':lJ''elU (S) ~l9lJ'IU'el'W~(9l (F) ~';lI:\..J~n~(9l (0) ~':lI:\..Jb~';lJ''elU~'W~U 
2

f.'l'el\l (S2) bb~~fl';lI:\..J~nLOl(9l~'W~Uf.'l'el\l (0 ) ~\I'Vln'V'lIOl,r~ P-value ~'eltJn~1 0.5 vr\li'W bb~~LOl':lbbllJ', 

~'W1~~ ~';lI:\..J~:\..J~'WfiJ'~~~I\1 Fl'W v'iI nlJ''Vl (9l~'el\l LOl(9l 'V'l1Ol,r~'W~1~ ~1'W~';lI:\..J b~'elJ'W (P-value ~'eltJ 

n~1 0.05) 'V'lU~11~t:,J~ ~\l1?i'el11l~ 

1911J'I\1~ 3. 9 ~';lI:\..J bbllJ'llJ'';l'W''lI'el\l ~';lI:\..J~tJ1U ~';l~~\1 nlJ'LOl~'V'l~,r~1~ ~ 1'Wr1';lI:\..J b~'elJ'W"lI'el\l nl J'LOl(9l 

bbUUbUtJ n 

Source OF Seq SS AdjSS Adj MS F P 

Regression 5 0.03209 0.03209 0.006418 17.94 0 

Linear 3 0.020452 0.020452 0.006817 19.06 0 

Square 2 0.011639 0.011639 0.005819 16.27 0.001 

Residual Error 9 0.00322 0.00322 0.000358 

Lack-of-Fit 7 0.002522 0.002522 0.00036 1.03 0.575 

Pure Error 2 0.000698 0.000698 0.000349 

Total 14 0.03531 

I?lln\l~ 3.1 0 f.'l:\..JnlJ'nlJ't:)~t:)'eltJ"lI'el\l~'W~';lt:,J~I?l'elU"lI'el\l~';lI:\..J~mU~';l~~\lnlJ'LOl~'V'l~,r~1~ ~1'W 

ml:\..J b~'elJ'W"lI'el\l nlJ'LOl(9lbbUU bUtJ n 

Term Coef SE Coef T P 

Constant 

S 

F 

0 

S*S 

D*D 

rpm 

mm/rev 

mm 

mm 
2
/rev 

Mm
2 

0.09378 0.009086 10.322 0.000 

-0.03276 0.006687 -4.899 0.001 

0.03050 0.006687 4.561 0.001 

-0.02351 0.006687 -3.516 0.007 

0.05195 0.009814 5.294 0.000 

0.02450 0.009814 2.497 0.034 

S = 0.01891 R-Sq =90.9% R-Sq(adj) =85.8% 

'V'lU~If.'l:\..JnlJ't:)(9lt:)'eltJ~1~~\I~\I~fOil R-Square bb~~fOil R-Square Adj. ~\I bb~~~fOil P­

Value ~'eltJn~1 0.05 bb~~fOil P-value "lI'f)\lfOiln1J'''lIl(9l~';lI:\..Jb~:\..Jl::;f.'l:\..J''lI'el\lf.'l:\..JnlJ' (Lack of fit) ~ 
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I I 'l.I 'l.I 

~1 0.575 ~ 'Ul1nn~l 0.05 ~~~:::i:J~l~Yi3.J~'IJ vt3.J1t:Jf)'J13.J~1~3.Jn1~\l~vt3.J1:::~3.J ';h1-«t~~3.Jn1~ 

f)'Jl3.Ji3.J~'IJ€~:::vt~l'1 A'Jl3.Jvtm'U ~'J ~'U~tJl?l'eWl'J ~~iJ~~'IJ(?h'l 1 ~'el 

2 2 
Ra = 0.451150 - 2.40570E-04S+ 3.05000F - 0.2430400 + 5.19519E-08S + 0.09800770

rol1n~3.Jn1~A'J13.Ji3.J~'IJ€~13.J1Hl'elfi'U1t:J1~~1 ~!?l~lU'el'IJl11~ (F) ~~~:::f)'Jl3.J~nl11~ (0) i:J 

~'Vlfi~ ~ I?l'el ~L~'1~ ~n ~~'IJ1'IJ~~'IJ'J L~n'IJ x 3.J1 n 1'IJ~'J'IJ"lI'el'l f)'J13.J ~~'J~'el'U (S) A'Jl3.J L~'J~'el'U~1 ~'U~'el'l 
, " >­

(S2) L~~:::A'Jl3.J~nl11~~l~'U~'el'l (0
2
) i:J~'Vlfi~~I?l'el~~NVhn~~'lJ1'IJ~~'IJ'J~~n'IJ X U'eltJ ~'1't!'IJ~11'IJn1~ 

111~i:J~!?lnlJ'el'IJl11~ L~~:::A'J 13.J~ n 111~~'1 '"l:::~'1 ~~1~LL~'11'lJbL'IJ'J ~~n'IJ X i:J ~1~J1 n bti'el'l'"ll n n1~111~~i:J 
'lJ 

Normal Probability Plot of the Residuals 
(response is Ra) 
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Residual 

llJ~ 3.21 f)'Jl3.Jk!l'"l:::dJ'IJ"lI'el'l ~1 f)'J13.J~ ~~~1~~i:J n1 m ~:::'"llmb'U'UiJ n ~ ~lvt~'UA'J13.Jvtm'U~'J 
L'U~tJ(Ra) "1J'el'ln1~l11Vl~L'U'UbUt:Jn 
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ltJ~ 3.22 r1':lI:1-!til"'l::;djt.l"lJ'e:l'lrilr1':lI:1-!e1(;)"ti~I(;)~~n1m~::;"'llmb1J'UtJn~ ~1~f'Ur1':lI:1-!~m'Ue1':l 

b'il.~tI (Ra) "lJ'e:l'l n1~!?l(;) bb'U'U bUU n 

6 

5 

o I 
-0.03 

Histogram of the Residuals 
(response is Ra) 

-0.02 -0.01 0.00 
Residual 

I 
0.01 0.02 

Residuals Versus the Fitted Values 
(response is Ra) 

0.03 

• 
0.Q2 

0.01 •• • •~ 0.00 .11 • •i 
-0.01 • 
-0.02 •• 
-0.03 • 

0.05 0.10 0.15 0.20 0.25 
RttedValue 
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Residuals Versus the Order of the Data 
(response is Ra) 

0.03 

0.02 

0.01 

i 
~ 0.00 


-0.Q1 


-0.02 
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Observation Order 

Surface Plot of Ra vs D, S 

I. S 

lU~ 3.25 l")"J'l~~~~'Wfi:i'::::~~'l.:jl")"J'l~~tI1'lJ~"Jb'U~tJ (Ra) n'lJwn~~nr;il9i (D) bb~::::"""J'l~b~"J~'fl'lJ 
(S) ']J'fl.:jn'l~r;il9ibL'lJ'lJLtltln 
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Contour Plot of Ra vs D, S 

Rio 

• < 0.10 
• 0.10 · 0. \2 
• 0. \2· 0. \4 
• 0.\4· 0. \6 
• 0.\6 · 0. \8 
• 0. 18 · 0.20 
• 0.20· 0.22 

• > 0.22 
Q Hold Valu~ 

F 0.02 

5 

~tl~ 3.26 nn~r1'el'W'Vi'Jfl.l.~(?)~~:;~'IJ"lJ'el~r1r.l1a.J~tJ1'IJEJ'JI.'U~t1 (Ra) n'IJr1,)la.J~nr;l(?) (D) I.I.~:; 

r1'Jla.JI.~')~tl'IJ (8) "lJtl~n1~r;l(?)I.I.'IJ'lJI.Utln 

Surface Plot of Ra vs D, F 

0.15 

R. 
0.10 

1.5 
0.05 

-~0;-;;.0~2--_w o.s 
f 0.03 
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Contour Plot of Ra vs D, F 

Ra 
< 0.06 

0.06 . 0.00 
0.00 . 0.10 
0. 10 . 0.12 
0. 12 . 0.14 

••••••• 
0. 14 . 0.16 

> 0. 16 

Hok1 Values 
5 2000 

:i"tJ~ 3.28 m'lyjf1'e)'W~';lfbb'M1~~~~U"ll'e)~f1';lI~~tI1U~';ll'U~tI (Ra) ri'Uf1';lI~~n~1?l (D) bl~~r5l?1n., 

,J'e)'W (F) "lI'e)~m~~l?lbluultltln 

" '" I

d:J'e)~"lI~rul~I"lI?l~I~I?l"ll'e)~f1';lI~~tI1u~h"llnY1'W~he.J'6'II?I'e)u d~'e)rh~'Wl?ll"ill,JI~~It1H 

lVl1ri'U 0.15 1~tr1n~l?IJ' bl~~ril"l1'e)UU'W (Upper value) HlVl1ri'U 0.9 hltf1n~l?I~ 'Y'IU~1 f1';lI~ 

~tI1Ur:J,)"l~~I~~l?lld'e)1-iff1';lI~l~';l~'e)U 2639.44 ~'e)U~'e)'WIYi r5f?ln,J'e)'W 0.02 ~'6'I~;h~f?lJ'~m''e)u• 
I I I I 11 II 

ll'6'l~f1';lI~~n~1?l 1.46 n'6'l~h~(;IJ' utJ~~It1n~r1';lI~~tI1Ur:J';l"l~~IYi~(?1lij'e)U"l~tI~~~I~i:JI"iI~~lJ• 

New 
o 

1.0000 

Hi 
Cur 
La 

Ra 

S 
3000.0 

[2323.3650] 
1000.0 

F 
0.030 

[0.010] 
0.010 

o 
1.50 

[1.2492] 
0.50 

Minimum 

y = 0.0525 

d = 1.0000 

I I '" I I 

XtJYi 3.29 n1J'~lf1J'1::;'l%ynI"i1~1~(?1"l1nY1'Wr:J';le.J'6'IlwelU In'tl~''l1J'ru1 f1';l1~~tI1U~,)l'U~tI (Ra) 

ll~:::~';llllh~'W "lI'e)~nl~~(?1lluultltln 

ll'W';llln'W x t(?1t1~~1"i1l,J1~~1t1 (Target value)HlVI1ri'u 0.15 1~tf1n~f?lJ' ll'6'l~ril"l1'e)UU'W 
(Upper value) HlVl1ri'U 0.9 1~tf1n~(;I~ ~1~ful"ile.J'6'If?l'e)Uf1';lI~~tI1U~';l ll'6'l~ ~~l"ill,J1~~It1 

HlVl1ri'U 0.9 U';l~'Wll'6'l~ril"l1'e)uu'WHlVl1ri'u 10 U,)~'W ~1~fUlbN~(?11'WbmtJ x (Fx) 
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eJ~I?1'f)'lJ dh\!I~1t.J 011 ~ihl.~:J.J1t.J "11 'f)'lJ 'lJ'W 
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o '" 
'"l(?)1?11Yl~(?)Ra 0.15 'l:J.JtfOln:J.Jl?1~ 0.9 'l:J.Jtmb:J.Jl?1~ 

q q 

, , 
o '" '"l(?)1?11Yl~(?)Fx 0.9 il'J!?l'W 10 U'J!?l'W 

q q 
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0.88115 La 

S F D 
3000.0 0.030 1.50 

[2 323.3650) [0.010) [1.2584J 
1000.0 0.010 0.50 

Ra 
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y = 0.0525 

d = 1.0000 l~L L l~~ 
Fx 
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y = 2.9346 

~ 
L.

I~
,....-::::-.d = 0.77642 i;:;r 

, '" fOI'J1:J.Jb~'J:i''f)'lJ =2,323.37 ~'f)'lJ{?]'f)'W1Yl 

~1?1~111'f)'W =0.01 ~~~b:J.JI?1~~'f)~'f)'lJ 

=1.25 ~~~b:J.Jl?1~ 

, 
.,. '" 

~:J.Jm:i'm1:I.JVlm1JeJ'Jb1).~t.J (Ra) 

2 2
Ra =0.451150 - 2.40570E-04S+ 3.05000F - 0.2430400 + 5.19519E-08S + 0.09800770

~:J.J mnb:i'-:J bb'W'J bbn'Wl1'f)'W!?l(?) (Fx) 


Fx =-0.483571 + 0.00243768S -91.0000F - 0.4325000 -7.46607E-07SS + 0.0560000SF 


+ 154.000FD 
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'U'Vl'Vl 4 

.Q. .Q. a I .Q, 

4.1.1 'fl'VIfi'W~"lJ'fl~A'J13JL'l'J'l'fl'U!PI'flA'J13J'VItl1'l...JeJ'J 

r.:nm'tJ~ 4.1 bb~~ 4 .2 b~'W1~~ 'W1'Jl:Wb~'Jj'flu1'Wmj~en~~19~1'IXrlIA'JI:w~mU~'J
'lJ 

~~ n~1 A'Jl:W b~'d ~'flU1'\.In 1 ~~en ~~ ~ l:Wl jbl'fl~Ul[J1~'"l1 n m ~~en~ A'dl:W b~'d ~'elU~~vll1 'IX btl en A'd 1:W 
'lJ '" 'lJ 

'J.I I 'P' I iI q.. 

~'el'W~~U1b 'd ru~'WVl ~enb~'el'W ~~~~eJ~1'IX~'W~I'WU:W~'WvlI1'IXnlj~en~I[J~'W ~~l'IXrll A'dl:w~mU~'d 
I 	 I II I I i.I 

~ln~lm~1.jfA'dl:Wt.~'dj'flU~1 bb~~'W'fln91n\ld:J'elj~[J~b'd~11'Wn1j~enVlm'd'Wl'W~'W rllA'Jl:w~mU 

~'diJbb'W'dt'IJ:W~9~b~:W~'W bti'fl~'"l1 neJ~"lJ'fl~mntl en 	 BUE vlll'lXA'dl:W~I:Wljbl1'Wnl~~en t.~'fl'W~en~~ 
" , " 

~1'fln1j~enb~'fl'W:whJiJb~~mJll~bb~~vll1m~~'d~'W~I'WhJ~ b~n~d1'fln1~~enm'd'Wl'W~'W~!?ljl 
.0::::\ ~ J' d .::i 0 i.I ~ ~ X ~ 2.1

n1~bnen BUE ~~~:Wb~:W~~"lJ'Wbj'el[J1 9~V111~A'dl:w~mUeJ'd"ll'W~I'W~~"lJ'W!?lI:W btJen'J[J 

I -

1.0 

30 60 90 120 

I 	 I !I i.I 

U!?l'el£.J 1~hn !?l1:W b~'fl~~[J ~ b'd ~11'Wm j~enVl[J I'd 'W 1'W~'WA'Jl:W ~[J lU~ 'd"lJ'fl~~'W~I'W 
I iI" I 	 I 

A'd ~9 ~b-W:W~'W bl.!?l nlVi 4 .2 n~u I.b~ en'l('.l1 I"l'Jl:W b~tJU ~hiJ bb 'W'd t'IJ:wVi~ en~'l ~ 1:W 1 H1flfi1Jl[J1~~1
'" I I 'lI I II 

~ I .Ql Q,o'q, Q/ I I .c;::,I.::.. Q Q,I..:::I~.::S.::S 

b'W'el~91 n AI ml:W~ n!?l en'Vl !?l1'l n'W9 ~~~ eJ~!?lfl A'dl:W I.j[JU eJ'd"lJ'el~"ll'W~1 'W1.1.~~bl.~'l!?l enVll.n en"tl'W ~'d:W bI~ 

~~'l'lI'W~~fl'l1-if1'Wm~~"lb~fl'Wb~'fltJ~ ~1'lXl.mn'el'el n91 n ri'Wn9~bt.!?ln!?lI'lri'W I.ti'fl'l91m'tJ~ 4.1 iJ 
q 	 'lJ 

'iI I I I 	 if 

btl ~~'W:Wl n n~1 1'W"tI ru~Vl A'dl)J~ n ~enVl ~19~vl l1'IX~!?l~1 n1 ~~ n~~'fl"tlfl'liJ en ~~ btl ~~'W'IJ'fl[l ~~vll 

http:en'l('.l1


56 

1,xn1~~mWrJ bbVl'W~~'1 e.J~ b~tJ 1?!'e11"l'J1:J.J ~tJ1J~'J'lJ'e1'1~'W'I1'Wn~1J~'1 e.J ~~ ~mii11,x1"l'J1:J.J b~tJ1J ti'JiJ fOi1 

tJ'e1tJ re1'Wb ti'e1'1:J.J1'"11 n n1~~ nVl ~'e1r111,x'lJ'e11J 1"l:J.J ~i?\iJ 1"l'J1:J.J:J.J'WbmtJ1J b~i1'e1'WbU'Wn1~b~:J.J fPliJ'lJ'e1'1 

" 'lJ'e11JI"l:J.J~i?\~'1r111,xti'J~'W'I1'W'e1'e1n:J.J1~Vl1'e1fOi11"l'J1:J.JVltJ1U~'J~i?\~~ 

1.0 

0.5 -+-~'ll:1.Jbf'lJ''1lU 1000 

J''1lur>lmdvl 

0.0 

30 60 90 120 

I .~ 

J'tlUlflflU1Y1 

r 

, 
.Q. .Q. , Q a I 

0.02 :J.J~~ b:J.JI?l~(we)~'e11JVlI"l'J1:J.J b~'J~'e11J 1?I1'1 1 

4.1.2 ~'Vlfi~~"l.I'el.:Ji'~~1il'el'U~'el!Ol'J13.J'Vttl1'U~'J 

'"I1nnl~ 4 .3 bb~::; 4.4 ~1:J.J1~mmtJ1JbVltJu1~~1~re11?l~1n1~U'e1'W~i?\~~~ r111~l"h 
~ ~ 

1"l'J1:J.JVltJ11J ti'J~~ 'e1fiU1tJ1~'"I1 nre1I?l~1U'e1'W~:J.J1n n~1 Vl1'e1n1n·ih~i?\~'JtJre1l?ln n1~n'Wb~'e1 b~VI::;~ 

:J.J1nn~11?!'e1~'e11J~'1~i?\tJ1nn~1 ~'1 e.J~1,xbn i?\1"l'J1:J.JVltJ11J~~'1 n~1 ~'1 bu'WhJI?I1:J.JVl ~~D'lJ'e1~ fOi11"l'J1:J.J 
" , , 

VltJ11J ti'J'lJ'e1'1~'W'I1'W (-W'"l1~ru 1'"1 ::;~:J.J n 1 ~Vl 2.1 0) ~1:J.J1nl'e1fi1J1tJ1~~1 bii'e1re11?l ~1 n1 ~UmJ~i?\ 
iJ I g., I I 

~\l~'W1"111"l'J1:J.JVltJ11Jti'JVl1~'"I ::;~'1~'W1?l1:J.J bb~::;~ n b VlI?le.J~Vl11'1 ~'e1 n1~~i?\ ~'J t.Jre11?l~1U'e1'W~i?\Vl~~ 
qJ qJ q qJ 

'"I::;~'e1'11.jfbLN 1'Wn1~~i?\~~'1 n~ 1 iJe.J~ 1?!'e1 n1nn i?\ n1 ~i'W'lJ'e1~iJ i?\ ~i?\~'1~'1 e.J~1,x1"l'J1:J.JVltJ1U ti'J~~ 
~ ~ 

, I I I g., 

n~1 n1~ni?\Vlre1l?lnU'e1'W~1 ~~ Lb'W'J btJ:J.JVl bn i?\~'Wn Lu'Whn'WVl PlVl1~ L~m nu n1~~i?\bb1JULtlt.J n 
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r.l1n~tl~ 4 .5 bb't1::; 4.6 ~~~~\ll~b~'WrJlnl~~~(~htlr1';lI~~n~~~~lnnrJl ~\le.J'tl1,x
'IJ 

I I it I 

bfl ~ r1'Jl~VlmU~'JVl~\I nrJl ~1~I~Cl'flfiUlt11~'"Il n nl~VliJ ~~~fl'W~ih.l~ 'JVl~ n nrJ1'vh 1,x bfl ~ l'fl nl~ 
'IJ 

I I I' I it I iJ 

1'Wn1 ~i'W~\I nrJ1Vl r1';lI~~n ~~ ~1 bC'fl\l91 nVl r1'Jl~~ n ~~~\lnVl'WVli~ er~ ~::;VlrJl\1n ~ ~~nU~'W\ll'W 
'IJ 'IJ 
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nj~ 4.6 bm~'lJbV1~'lJ~'Jl~'Vitn'lJ~'J"lJ'il~n')~~cnbb'lJU'iU.mjl~ ~'Jl~ b~'J~'il'lJ 2 ,000 ~'fl'lJlYl'fl't,nV1
'IJ 

'fll'lnU'fl'tJ 0.01 ~~~b~Il'l~1Yl'fl~'fl'lJ~~'Jl~~n~cnlYll\l1 

b~'flbm~'lJbV1~'lJ~~'Jl~b~'J~'il'lJ~lYll~n'W ~'fl ~ 2,000 bb~:; 3,000 ~'fltllYl'fl'tJ1V1 '"l:; 

'W'lJ~I~'Jl~ b~'J~'fl'lJ~\l ~1 ~'Jl~'VItnu~'JilmJ'Jb-w~~cn~\l b~'il~:;~:;b'J~11'Wnl~~cn'Wl'W~'W ~1~1~b1 
'IJ 

, 0­

~'Jil bb'W'J b-w~~ cn~~ bb~:;bU'fl\l'"l1 n"lJ'fl'lJ ~~ ~cn"lJ'fl\lil £'I n cnil ~'Jl~~'W~1 n~'W';;11,xn1J'~£'I b~'il'W1~ 
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4.2 FI'JI3-1i3-l.w'Wfi'a:;~~'.:J'a:;~:;b'J~1'L'Wnl'alKl?ln'U bb'a.:J.vhfi 1?l;fi'W"lJ tU:;lKut'L'Wbbn'lJl?h.:J "1 "lJ'el.:J 

m 'a IK~Hb'U'U~ 3-1 b':h 

t;nn~u~ 4.7 ~-:J 4.12 1Ol:;~U~lbb~-:J~bni?)~'W1'Wb'J~11?11'l 1 ~1"11hjI?11'ln'Wl.Jlnti?)mbN1'W 
bb'W'Jbbn'lJ x bni?)~'Wl.Jln~~i?) ~1l'l~-:Jl.JI~llbbN1'Wbb'W'Jbbn'W y ~-:JIOl :;~rhhjI?11-:JlOllmbN1'W bb'W'Jbbn'W z 

l.Jlmln ~-:Jt!'W1'Wn1~'Vl i?)~1l-:J~-:J1.l1bbN1 'Wbb'W'J bbn'W x 4J1'WIOlIHWI bb~-:J b~m 
4.2.1 	~'V1fi~~"lJ'el.:J FI'JI3-1 b~'J'a'el'U I?i'el bb'a.:J IKI?li.'W~I3-1 bbn'lJ 

IOllmU~ 4.7 bb~:; 4.8 1Ol:;~U~lri'Jll.Jb~'J~llU~bbl?lnI?11-:Jn'WlOl:;hl~'l~~l?1llbb~-:J~i?)~
" 

bn i?)~'W btill'llOll mbN ~i?)~ bn i?)~'Whhbl?ln 1?11-:J n'W ~'lIOl:;bbl?ln 1?11-:JnUn1~~i?)bbjJWUtln ti?)t1n1~~i?) 

bbUU bUtI nlOl:;b~'W~I~ ri'Jll.J b~'J~1lU~-:J bn i?) ri'Jll.J ¥ll'W~-:Jvh1~b~1l1~ i?)'el1l'W~'J bb~-:J ~i?)~ bn i?)~'Wri'J ~1Ol:;" " , 
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... ., nl nl ..¥ ... ~ '!"I...... ...... 
4.3 n1'i'J bf'l 'i1::'V! f'l'J13J bb1.J 'i1.J'i'J'LJ bb~::'VnHJ'J (:.I~ U1'e1'l.J"l.I'e1~ bb'i ~'V1 L"lf L'LJ n1'iUlIPl"l.l'e1~ n1'iUl UI 

bb'l.J'l.J~3Jb':h 

Standard Order 
Input Value Responses 

S (rpm) F (mm/rev) o (mm) Fx (N) Fy (N) Fz (N) 

1 1,000 0.01 1 2.61 0.94 1.05 

2 3,000 0.01 1 2.70 1.09 1.34 

3 1,000 0.03 1 5.90 2.41 2.09 

4 3,000 0.03 1 7.54 3.21 2.72 

5 1,000 0.02 0.5 3.11 0.76 0.63 

6 3,000 0.02 0.5 3.30 1.13 1.27 

7 1,000 0.02 1.5 6.24 2.89 1.99 

8 3,000 0.02 1.5 7.12 3.29 2.33 

9 2,000 0.01 0.5 2.27 0.86 1.06 

10 2,000 0.03 0.5 5.29 1.85 1.93 

11 2,000 0.01 1.5 3.53 1.41 1.44 

12 2,000 0.03 1.5 9.58 4.49 3.23 

13 2,000 0.02 1 4.93 2.03 1.65 

14 2,000 0.02 1 5.19 2.07 2.06 

15 2,000 0.02 1 5.46 2.40 1.93 

"'l1n.jJ!l~~LLJ"I~(91~LL'W':lLLm'!l9h\j1 (Fx FyLL~~ Fz) 1'Wf?l1n\j~ 4.1 Lri!ltnh.frhfDl~1~~ 

fDl':l1:wmJ~tJ~'.l'W (Analysis of variance) "'l~1(;)i:J~~\j~ 
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I?iln'l~ 4.2 r1'lI~ LLU~U~'l'W"lJ'fl'l bb~'l1 'WbL'W'l bbn'W x ri'fl'Wn1~(;]{?\'Y'l~'l1~1:W~I'Wr1'lI~ L~'fl~'W"lJ'fl'l n1~ 

(;]{?\bb'lJ'lJ~~ bill 

Source OF Seq AdjSS Adj MS F P 

Regression 9 61 .1308 61 .1308 6.7923 61 .71 0 

Linear 3 57.4913 57.4913 19.1638 174.1 0 

Square 3 0.6247 0.6247 0.2082 1.89 0.249 

Interaction 3 3.0149 3.0149 1.005 9.13 0.018 

Residual Error 5 0.5504 0.5504 0.1101 

Lack-of-Fit 3 0.4099 0.4099 0.1366 1.95 0.357 

Pure Error 2 0.1405 0.1405 0.0702 

Total 14 61.6812 

.d 11 I I I 

1?11~1'l'VI 4.3 ~~ n1ml~b1 {?\b1'fltJ"lJ'fl'l~'W~h e.J~ 1?i'fl'lJ ri'fl'Wn1~(;](?1'Y'l~'l1Vl1:W~I'Wr1'lI~ L~'flar'W"lJ'fl'l n1~ 

n(?1 bL'lJ'lJ~~ bill 

Term Coef SE Coef T P 

Constant 

S 

F 

0 

S*S 

F*F 

0*0 

S*F 

S*O 

F*O 

rpm 

mm/rev 

mm 

2 
rpm 

mm 
2
/rev

2 

2 
mm 

rpm*mm/rev 

rpm*mm 

mm 
2
/rev 

5.1933 

0.35 

2.15 

1.5625 

-0.3654 

-0.1404 

0.1146 

0.3875 

0.1725 

0.7575 

0.1915 27.112 

0.1173 2.984 

0.1173 18.329 

0.1173 13.321 

0.1727 -2 .116 

0.1727 -0.813 

0.1727 0.664 

0.1659 2.336 

0.1659 1.04 

0.1659 4.566 

0 

0.031 

0 

0 

0.088 

0.453 

0.536 

0.067 

0.346 

0.006 

S =0.3318 R-Sq =99.1% R-Sq(adj) =97.5% 

, , , 
11 cu 'lI I .cI I .di Q,.I' 

~ln"lJ'fl~~"lJI'lI?l'W'Y'l'lJ'lI~~n1~b1(?1b1'fltJ (Regression model) 'VIr11r1'lI~b"li'fl~'W 95 % 

~1~1~b11.nJl n~h'l ~'fl ij rll P-value U'fltJ n~1 0.05 bb~~rll Lack of fit test ~'l Ltl'Wrll~iJ'l'lJ'fln 
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.­

rl'J1:IJ b'l..U,J1 :;~:IJ 

bri'El~fOl1~ru1l9i'ElhJ'W'J~rll'l'J bblh~i:jrh P-value ,J'EltJ n~1 0.05 ~\l~:lJ1tJ rl'J1:IJ~1 bll'Wl'l'J 

bbtl~~~1:IJ1U)1-ncJl1'W~:lJn1~ Regression 1cJlbbn ~1rl\l~ ~'J1:IJb~'J~'El1J (S) ~!?lnil'El'Wl'l(9l (F) 

fI'J1:IJ~nl'l(9l (D) rl'J1:IJ~:IJ~'W€n'W~:;~~1\l~!?lnil'El'Wbbtl:;r1'J1:IJ~nl'l(9l (FO) ~\l'Vln'WfOlui:j P-value• 
iI i.I I I , 

,J'EltJn~1 0.05 Y1\l~'W bbtl:;v'hn1~'Vl(9ltl'El\ll'lVl'W'"lUVl1:IJ~1'WfI'J1:IJb~'Ell1'W (P-value ,J'EltJn~1 0.05) 

'W1J~11cJle.Jtl ~\ll9i'El1tl~ 

!?l1~1\l~ 4.4 fI'J1:IJ bbtl~tl~'J'W"lJ'El\l bbJ'\lL'Wbb'W'J bbn'W x ~~\l n1 ~l'l(9l'WfOlu~1:IJ ~1'Wrl'J1:IJ b~'ElJ'W"lJ'El\l n1 ~ 

n (9lbb1J1Jtl:IJ b1J1 

Source OF Seq SS AdjSS Adj MS F P 

Regression 4 59.7865 59.7865 14.9466 78.89 0 

Linear 3 57.4913 57.4913 19.1638 101.14 0 

Interaction 1 2.2952 2.2952 2.2952 12.11 0.006 

Residual Error 10 1.8947 1.8947 0.1895 

Lack-of-Fit 8 1.7542 1.7542 0.2193 3.12 0.265 

Pure Error 2 0.1405 0.1405 0.0702 

Total 14 61 .6812 

Iii' I I 

!?l1 n\lVl 4. 5 ~:IJ n 1J'n1~bI (9l bI'El tJ"lJ'f)\lY/'WeJ'J e.J tl !?l'El1J~ ~\l n1 ~l'l(9l'W fOluVl1:IJ e.i1'Wrl'J 1:IJ b~'Ell1'W"lJ'f)\l n1 ~ 

Term Coef SE Coef T P 

Constant 4.9847 0.1124 44.352 0 

S 

F 

D 

F*O 

0.35 0.1539 

2.15 0.1539 

1.5625 0.1539 

0.7575 0.2176 

2.274 0.046 

13.971 0 

10.153 0 

3.481 0.006 

S =0.4353 R-Sq =96.9% R-Sq(adj) =95.7% 

'W1J~1~:lJn1~bI(9lbl'EltJ~1cJl5\lrl\li:j~1 R-Square bbtl:;~1 R-Square Adj. ~\l bbtl:;i:j~h P­

Value ,J'EltJn~1 0.05 ~1~f1J'VlmJfOl~tJ bbtl:;~1 P-value "lJ'f)\l~1n1~"lJ1(9lfl'J1:IJb~:lJ1:;~:IJ"lJ'El\l~:lJn1~• 
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, ~ 

(Lack of fit) ~ril 0.16 ~ ,n.nnn';h 0.05 '\.nntJr1'JI~~I~~n1~Ub'tnJI~~~ .yh1m~~~n1~ 

r1'JI~~~~\!fi~~~~I\l bb~\l1\!bb\!'Jbbn\! x i?l'elI?i'Jbblhr;]\!i?lI\l 1 ~'el 

Fx = -0.110333 + 0.00035S + 63.5F + 0.0950 + 151.5FO 

IOl1n~~n1~r1'JI~~~~\!fi~I~lnl'elfiLJltJ1~~1 ~~~IU'el\!I?i(?J (F) bb'i'l:::C-J";H·H1.J"lJ'el\l~~~1
'IJ 

, ~ 

U'el\!I?i(?JnLJr1'JI~~nl?i(?J (FO) ~~'Vlfi'Vj'i'li?l'elbbHYhn(?J~\!1\!bb\!'Jbbn\! x ~ln 1\!~h\!"lJ'el\lr1'Jlm~'J~'elLJ 
, ~ ~ 

(S) bb'i'l~r1'JI~~nl?i(?J (0) ~~'Vlfi'Vj'i'li?l'elbbNvhn(?J~\!1\!bb\!'Jbbn\! x oW'eltJ ~\l,:r\!1l11\!n1~I?i(?J~'rJ~n 

U'el\!I?i(?Jbb'i'l~r1'JI~~nl?i(?J~\l iOl~~\lm'l1~bb~\l1\!bb\!'Jbbn\! x ~ril~ln 
'IJ 

Normal Probability Plot of the Residuals 
(response Is Fx) 

99 

., - •95 

90 

DO 

70... 
C 60

i 50 ,, . 40 

30 

20 

; 
.+10 

'-.-.. --"..,.5 • 
1 

-1.0 -0.5 0.0 0.5 1.0 
Residual 

, 

li.J~ 4.13 r1'JI~'I..!liOl:::dj\!"lJ'e)\lrilr1'JI~e:i(?J'Vj'i'lI(?J~iln1~n~:::iOllmbuui.Jn~ ~1~fUbbNbb\!'Jbbn\! x 

(Fx) "lJ'el\ln1~n(?JbbLJLJ'i'l~blh 
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.. 

5 

Histogram of the Residuals 
(response is Fx) 

4 

>­
g 3 
8 
i 
II:: 2 

o I 
-1.00 

I 
-0.75 -0.50 -0.25 

Residual 
0.00 0.25 0.50 

t"Ll~ 4 .14 ~'Jl:wkll'"l::;dj'W"l.I!l'l~l~'Jl:W~(?l~~l(?l~ijn'lm:i'::;r.nmbtJtJJJn~ ~lV!ftJbbNbb'W'Jbbn'W X 

(Fx) "l.I!l'ln'l:i'n(?lbbUtJ~:Wbth 

Residuals Versus the Fitted Values 
(response is Fx) 

0.50 •• 

jij 

'" :g 

~ 

0.25 

0.00 

-0.25 

-0.50 

• 
• 

• 

• 

• 

• 

• 

• 
• 

• 
• • 

-0.75 

-1.00 
2 3 4 

• 
5 6 7 

AttedValue 
8 9 10 
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Residuals Versus the Order of tfle Data 

0.50 

0.25 

(response is Fx) 

O.OO+-="______-/--4--+--\-~----_\_-+_-~ 

1J-0.25 

-0.50 

-0.75 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Observation Order 

i 

i.t I i.t I 

fOl'J'l:IJ b~'JJ''elU bb~~m1~~ n ~(?l L.h'l 1 t(?lrJ~1..!.y]~U1 b~1..!b.jJ~ '"l~bb~ (?l'l1l'lU1b'J ru.y]1.jfbbJ''I11..!n1J'~(?l 
, , 

o '" bbn1..! X (Wl'Vl~(?l• 

Surface Plot of Fx vs 0, F 

1.5 

0.03 

lU~ 4.17 fOl'J1~~~~1..!fiJ'~~~1'1bbJ"l~(?lbbn1..! X (Fx) nUfOl'J1~~n~(?l (D) Ll~~~!?IJ'1U'el1..!~(?l (F) 'lI'el'l 

n1J'~(?llbUU~~bth 
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F 

Contour Plot of Fx vs D, F 

Fx 

•.3-< 34 
. 4- 5 
. 5- 6 
. 6- 7 
. 7- B 

• B - 9 

• > 9 
Hold Values 

S -= 

nJ~ 4.18 nn~f1'el'W~'Jfbb'Ml"~~~'lJ"lJ'f)"~~NI?l~~~n'W X (Fx) n'lJfI'J1l-J~nl?l~ (0) ~~~~~~nU'el'WI?l~ 
-. '" 

(F) "lJ'el"n1J'I?l~~~'lJ'lJ~l-J~th 
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.... d' tIti -K.... .... <V4.4 n1'a'J b~'a1:::'VI ~'J13Hb 'a 'a'J'U bb~::: ...n,II:J'J eJ~ I;),El'l.J"lI'fI.:I~'J13.1'V1~1'I..HJ'J"lI'fI·:m1'a1Pl1Pl bbUIJ 

~3.lbth 

Standard Order 
Input Value Responses 

S (rpm) F (mm/rev) D (mm) Ra (micro m) 

1 1,000 0.01 1 0.3304 

2 3,000 0.01 1 0.3180 

3 1,000 0.03 1 0.4331 

4 3,000 0.03 1 0.4069 

5 1,000 0.02 0.5 0.3532 

6 3,000 0.02 0.5 0.3052 

7 1,000 0.02 1.5 0.2828 

8 3,000 0.02 1.5 0.2500 

9 2,000 0.01 0.5 0.2688 

10 2,000 0.03 0.5 0.3599 

11 2,000 0.01 1.5 0.1260 

12 2,000 0.03 1.5 0.3319 

13 2,000 0.02 1 0.3529 

14 2,000 0.02 1 0.3486 

15 2,000 0.02 1 0.3618 

>­

variance) "'l:::1r11t.1'Cl~..:l'n 
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!?lln'l~ 4.7 rJ'dl:W bbtJ~tJ~'d'W"1I'el'l rJ'dl:WVltJ1U e1'd ri'eli..ml~~~Yi'"l,r~laJ ehWr1".l1:W b~'enr'W"lJ'el'l n1 ~~~ 
LLUU~:WLth 

Source OF Seq AdjSS Adj MS F P 

Regression 9 0.071684 0.071684 0.007965 20.35 0.002 

Linear 3 0.042605 0.042605 0.014202 36.28 0.001 

Square 3 0.025679 0.025679 0.00856 21 .87 0.003 

Interaction 3 0.0034 0.0034 0.001133 2.9 0.141 

Residual Error 5 0.001957 0.001957 0.000391 

Lack-of-Fit 3 0.001867 0.001867 0.000622 13.73 0.069 

Pure Error 2 0.000091 0.000091 0.000045 

Total 14 0.073641 

!?l1~1'l~ 4. 8 ~:w n1~t1 ~ t1'eltJ"lJ'el'l~'We1'd e.J ~ !?l'elU"lJ'el'l rJ'dl:WVltJ1U e1'd ri'el'Wni ~~~Yi"'l,r~laJ t:.il'WrJ'dl:W 

b~'elJ'W"lJ'el'l n1~~~bLUU~:W bUI 

Term Coef SE Coef T P 

Constant 

S 

F 

0 

S*S 

F*F 

0*0 

S*F 

S*O 

F*O 

rpm 

mm/rev 

mm 

2 
rpm 

mm 2/re/ 
2 

mm 

rpm*mm/rev 

rpm*mm 

mm 
2
/rev 

0.3544 

-0 .01493 

0.061075 

-0.03705 

0.021908 

-0.00424 

-0 .07854 

-0.00345 

0.0038 

0.0287 

0.011423 31.028 

0.006995 -2 .134 

0.006995 8.731 

0.006995 -5.297 

0.010297 2.128 

0.010297 -0.412 

0.010297 -7.628 

0.009893 -0.349 

0.009893 0.384 

0.009893 2.901 

0 

0.086 

0 

0.003 

0.087 

0.697 

0.001 

0.741 

0.717 

0.034 

S ::: 0.01979 R-Sq::: 97 .3% R-Sq(adj) ::: 92.6% 

, , , 

"'lln.jJ'el~~.jJl'l~'WYiU~I~:wnl~t1~t1'eltJ (Regression model) VlrilrJ';ll:Wb~'el~'W 95 % 

~1:Wl~t1H1~ mh'd~'elijril P-value ih1tJn~1 0.05 Lb~:::f11 Lack of fit test ~'lbtl'Wf11~U'lU'eln~'l 
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b'\.nJ'l::;~~ 

b~'e)~'"l'l ~ru'l!?1'e)hJ~iJ~'lI1i''J bbll~~iJ ~h P-value il'e)tJn~'l 0.05 ~~~~'ltJrl'J'l~~'lbU'WI1i''J 

bbll~~~'l~'l~f.l1.n~'W~~n'l~ Regression Hlbbrl ~,)rl~~ 'el(?]~')i1'e)'WI1i'~ (F) rl'J'l~~nl1i'~ (0) rl'J'l~ 

~nl1i'~~'l~iJ~'e)~ (0
2

) rl'J'l~i~~'Wfin'W~::;~~'l-:J'el(?]~'li1'e)'WLL~::;rl'J'l~~nl1i'~ (FO) ~-:J'Vln~'"l,m P­, 

'" n~') 0.05) ~iJ~'l1~t-J~~-:J!?1'e)11l-n 


(?]'In-:J~ 4. 9 rl'J'l~ LLll~ll~'J'W"lI'e)-:J rl'J'l~~miJ~'J~~-:J n'l ~11i'~~'"l'l1~1lJ eJ'l'Wrl'J1~ b~'e)ar'W"ll'e)-:J n'l~11i'~ 


bbiJiJ~~Lth 

Source 

Regression 


Linear 


Square 


Interaction 


Residual Error 


Lack-of-Fit 


Pure Error 


Total 


OF Seq SS AdjSS Adj MS F P 

4 

2 

1 

1 

10 

4 

6 

14 

0.067894 

0.040823 

0.023776 

0.003295 

0.005747 

0.003547 

0.002201 

0.073641 

0.067894 

0.040823 

0.023776 

0.003295 

0.005747 

0.003547 

0.002201 

0.016973 

0.020411 

0.023776 

0.003295 

0.000575 

0.000887 

0.000367 

29.53 0 

35.51 0 

41.37 0 

5.73 0.038 

2.42 0.16 

dill 
(?],)~,)-:J'Vl 4.1 0 ~~ n1~f.l~ f.l'e)tJ"lI'e)-:J~'W~'J t-J'C1 (?]'e)iJ"ll'e)-:J rl'J1~~miJ~'J~~-:J n'l~I1i'~~'"l'l1~1lJ eJ'l'Wrl'J,)~ 

L~'e)ar'W"lI'e)~ n'l~I1i'~LbiJiJ'C1~ bih 

Term Coef SE Coef T P 

Constant 0.36453 0.009061 40.23 0.000 

F mmfrev 0.06108 0.008476 7.206 0.000 

o mm -0.03705 0.008476 -4.371 0.001 

0*0 
2 

mm -0.0798 0.012408 -6.432 0.000 

F*O 
2

mm frey 0.0287 0.011987 2.394 0.038 
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, 
Value U'eltJn~1 0.05 Vi~lfl'1d~'el(ph P-value "lJ'el.:J(P·hn1~"lJ1c?\(Pl'Jl~b'\ll~I:;IM.j"lJ'el.:J~~n1~ (Lack of 

fit) nril 0.16 ~.:J~lnn~1 0.05 bb~:;nrilb~~~'W '\II~ltJ(Pl'Jl~~I~~n1~~b'\ll~I:;~~ .yh1m~~~n1~ 

ml~~~~'Wfi~:;'\II~I.:J ml~'\IItJ1'lJe:i'Jb'U~tJl?l'el~'Jbbtl~~'W(?h.:J 1 ~'el 

2
Ra = 0.112064 + 0.367500F+ 0.449529D - O.319214D + 5.74000FD 

(FD) n~'VlfiYl~I?l'el(Pl'Jl~'\IItJ1'lJeJ'J~ln 1'W~'J'W"lJ'el.:J,gI?l~IU'el'W~C?\ (F) (Pl'Jl~~n~C?\ (D) bb~:;(Pl'Jl~~n 

~C?\tJ n rll ~.:J~'el.:J (D2) n~'VlfiYl~ l?l'elbb~.:J~ bilc?\~'WI?l'el (Pl'Jl~'\IItJ1'lJeJ'JU'eltJ ~.:J~'Wnl1'Wn1~~C?\n~l?In 

U'el'W~C?\bb~:;(Pl'Jl~~ n ~C?\~.:J 1Gl:;~.:Je..J~ 11X(Pl'Jl~'\IItJ1'lJeJ'JnrilU'eltJ
'lJ 

Normal Probability Plot of the Residuals 
(response is Ra) 

99 

95 


90 
 .. •
•80 ..70.... 

c 60 

~ 50 

r <10 
JO 


20 


10 • 
• 

1 
-0.050 -0.025 0.000 0.025 0.050 

Residual 
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4 

3 

o 

r-----' 

-

Histogram of the Residuals 
(response is Ra) 

~ 

iii -

r-­

-0.03 -0.Q2 -0.01 0.00 om 0.02 0.03 0.04 
Residual 

Residuals Versus the Fitted Values 
(response is Ra) 

0.04 
• •0.03 • 

0.02 

• 
0.01 ••1 

11 0.00 +-------.--.- .. ------- - - - ---1•S • 
-0.01 • 

•-0.02 • 
-0.03 • 
-0.04 

0.15 0.20 0.25 0.30 0.35 0.40 0.45 
Atted Value 
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Residuals Versus the Order of the Data 
(response is RaJ 


0,04 


0,03 

0.02 

0.01 
1 
i 0.00 

~ -om 
-0.02 


-0.03 


-0.04 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Observation Order 

r1'Jl~~~~'Wfi~:;VI~l..:)filr1'Jl~e:J~"v'l~l~ (Residual) ~..:)1aJ~nJbb1JiJn1m~:;"'l1t1 Vl1'E)~n1~m:;"'l1t1
'IJ 

bbiJiJ~~, 

Surface Plot of Ra vs D, F 

0.,4 


Ra 0.3 


0.2 
0.,03 

0.,5 0.0.1 
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Contour Plot of Ra vs D, F 

Ra 
< 0.20 

• 0.20· 0.25 
• 0.25' 0.30 
• 0.30' 0.35 
• 0.35 ' 0.40 

• > 0.40 

F 

~1.J~ 4.24 m1~1")'e)"lJVl'.lfll~i?l'l~~~U"1J'e)'lrJ'.l'1:I.J'VImU~'.ll'U~t..I (Ra) nUrJ'.l1:w~nl9i'i?l (0) ll~~,gl?ln
<u 

U'e)"IJ (F) "1J'e)'ln1~l9i'i?lllUU~:Wlth 

l'Vl1nU 0.2 1:wtl")n:Wl?l~ ll~~~1"1J'e)UU"IJ (Upper value) HbYl1nU 0 .9 1:wtl")n:Wl?l~ ~U~1 rJ'.l1:W 

'VImU~'.l'"l~~1~~i?lbri'e)HrJ'.l1:Wb~'J~'e)U 2737.79 ~'e)u~'e)"lJ1Vi ,gl?lnu'e)"IJ 0 .01 i1~~b:WI?l~~'e)~'e)U
q 

Optimal Hi 

o Cur 
0.99855 La 

Ra 

Minimum 
y = 0.1511 

d =0.99855 

S 
3000.0 

[2737.7918] 
1000.0 

F 
0.030 

[0 .010] 
0.010 

o 
1.50 

[1 .5000] 
0.50 

J'1.J~ 4 .25 n1~~ bl")n~~'VI'l ~1'"l i?l~1~ i?l'"l1 n~"IJ~'Je..J~ l?l'e1U bri'e1~'"l1n1.l1 1")'.l1:W'VImu~'J b'U~t..I (Ra)
<u q q 

bb~~l9i''.l bb1.J~~"IJ"1J'e)'l n1~l9i'i?lbbUU~:W bth 

I " iJ I 

-v11 n1~~ bl")~1~~'VI1 ~1 ~1~ i?l'"l1 n~"IJ~'Je..J~ l?l'e)u~nl")f'lti?lt..l~u'"l{t..I b~:W l-if1:W1~'e)bbN1"IJ
q 

bb"IJ'.lbbn"IJ X ti?lt..l~'l~1bU1'V1:W1t..1 (Target value) HbYl1nU 0 . 21:wtrJn:Wl?l~ bb~~~l"lI'e)uU"IJ (Upper 

value) HbYl1nU 0.91:wtl")n:Wl?l~ ~1'V1fu~1(:..J~I?l'e)urJ'J1:W'VImU~'.l bb~~ ~'l~1bU1'V1:W1t..1HbYl1nU 

2 .3 U'.ll9i'"lJbb~~~1"lJ'e)Uu"lJHbYhnu 10 U'Jl9i'"IJ~1'V1fubb~'ll9i'i?lt"IJbbn"IJ x (Fx) 

http:bri'e1~'"l1n1.l1
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t:J~(MlU biJ'l'VI:J..J 1 tJ f11 biJ'l'VI:J..JltJ "lI'elUU'W 

Ra 
, , 

o <>I 
'"lcPll?llVl~cPl 

q q 
0 .151:J..Jbfln:J..Jl?IJ' 0.91:J..Jbfln:J..Jl?IJ' 

Fx 
, , 

o <>I 
'"lcPll?llVlMl 

q q 
2 .3 U'd~'W 10 U'd ~'W 

New S F D 

D 
Hi 3000.0 0.030 1.50 

Cur [2177.4861) [0 .010) [1.50)
0.90441 La 1000.0 0.010 0.50 

Ra 

V l~Minimum 

y =0.1442 

d =1.0000 I ~ -::: 

Fx 

~-Minimum 

y =3.7018 

d =0.81795 1­ r~ 
, ,>­

J'tJVi 4. 26 n1J'~bflJ'l~1XVI1 f11 ~l~mln~'W~'d t:J~ l?I'elU"lI'el'l n1J'~cPlbbUU~:J..J bUl.. . 
I I II t 

'"l1 nJ'tJVl 4 .26 n1J'~ bfln~1X~l'"l cPl ~1~ cPl'"ll n~'W~'d t:J~ l?I'elU bcPltJ'V'lU~l f11 f1'dl:J..J~mU~'d ~1 
.. q • 

, <>I 
f1'dl:J..J b~'dJ''elU = 2,177.49 J''elUI?I'el'W1Vl 

tll?lniJ'el'W = 0.01 il~~b:J..JI?IJ'[?\'elJ''elU 

= 1.5 il~~b:J..Jl?IJ' 

http:2,177.49
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"'"'U'VI'VI 5 

.Q ~ a I ~ 

5.1.1 'fl'VIfi~~"lI'fl.:JfI'Jl:IJb~'J~'fl'IJl?l'flfl'JI:IJ'VI~I'IJe..\'J 

r.nnnJ~ 5.1 bb~::: 5.2 b~'W1~r)If)'JlaJb~'J:i''eliJ1'Wn1:i'~~~~11Dl:::1'IX~If)'JlaJ'IMJliJ~'J
" 

", , 
INaJ bill ~laJl:i'I.l'elfiiJlt11~1Dl1 nn1:i'~~Yl f)'JlaJ b~'J:i''eliJ~,l'v'h1'IX bn ~ f)'JlaJ¥'el'W~-:jiJ1-b'J ru~'WYl ~~ b~'el'W 

" " 

0.20 

-+- fl ,)l:IJ lf 'd d' 'el lJ 1 000 

d'tl lJRf:rUl;,1 

___ fl'dl:IJ lr'dd''tl lJ 3000 

d' 'ellJ Rm~lV1
30 60 90 120 

0 .05 

0 .00 
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0.20 

0.15 

0 .10 II; :::: 
I 

0.05 -f.--­
0.00 ___ f1'll:\..ll~'l~'flU 3000 

, ad 

~'flu [?J tl'\nvl
30 60 90 120 

5.1.2 ~'VIfi'W~"1I'fI.:siln';j'1i]'fI'\.l~'fIFl113J'VItl1'U ~1 

'"I1n~tJ~ 5 .3 W~::: 5.4 ~1~1~mmtJ'lJbVitJ'lJ1~~1~'el[;l~1rl1~U'el'WI?1(;)~~'1 "t111~Fi1 
~ 

" 
~ 

, , 
~'J1~VltJ1 tJ~'J~'1 'elfitJ1tJl~'"I1 n'el[;l~1u'el'WVi~1 n n~1 Vl1'el rl1 ~b·ih 1?1(;) ~'JtJ'el[;l~1 rl1~n'Wbv''ell'cm:::Vi 

~ 

~1nn~1l?i'el~'el'IJ~'1I?1(;)mnn~1 ~'1e.J~ll~\n(;)~'J1~Vlm'IJ~~'1n~1 ~'1ltl'WltJ[;l1~Vl~hD"lJ'el'lFi1~'J1~ 

VltJ1tJ~'J"lJ'el'l~'W'I1'W (Yl'"l1~ru1'"1:::~~n1~~ 2.10) ~1~1~rl'elfi'IJ1tJl~~1 b~'el'el[;l~1nJ~U'el'WI?1(;) 
'iI I 'iI I , 

~'1~'WFi1 ~'J1 ~VltJ1'IJ ~'JVil~'"I :::~'1~'W[;l1~ bb~:;~ n bVI [;l e.J ~VI.w'l ~'el nJ ~1?1(;) ~'JtJ'el[;lnU'el'W1?1(;)Vi~'1
ClJ \J q <u 

n~1 rl1~ri(;)~'el[;l~1U'el'W~1 ~'1lb'W'J l ~~~ In (;)~'Wn bU 'WltJ1'WVlPlVl1'1 b~tJ'J ritJrl1~I?1(;)bb'IJtJ btJtJml~:; 

rl1~1?1(;)bb'IJ'IJ~~ lth 

0. 30 ...J_.....__.__.. _.-_.._-_.. _.__ ......._.... ...-.......---........-..-.-------.--. " 

0;­

G: 
;::I: 0.25 -1-·---- .._._-_. __.M.____ ...-.---...-.------.-- ­
C; 
Ii: 
~ 0. 20 .-1- .. ...._--..._...._..._..-....._.........__ .......- .-.... --.-...--...-..-.---­

;;::l 
r ___ tl~ln{JtlU 0.03 
~ 0 .05 -:--------------------­
;<: i:jl'liiL lJ l'1rl'ifl1tlU 

~ 0 .00 
G 

30 60 9:) 120 

C 
(l 0 .1 5 

<:"­
'AI 0 . 10 



• • • • 

80 

.­
0 .30 

~ 
6 

~ 0 .25 

u: 
G:...-­ 0 20 

C 
~ 

ro 0 .15
0:: 
c:v­

0 .10 ~"" ;;::l, 
U')5::s: '" , ~ 

C" 0 ' ) 0 
u: 

30 6 0 90 120 

5.1.3 ~'V1 fi'Vi~"lI'eI.:J ~'J13-J~n~~ ~'eI~'J1:lJ'VItJ1'1J tj'J 

r.nn:i'1J~ 5 .5 bb1:1::; 5 .6 bb~(?)-:J1~b{h.d1n'1J'~(?)Ji''dtJfOl'd1~~n~(?)~~.J1nn~1 ~-:JC,J~1~
'IJ 

' I I I I iI I 
iI ..:;::j I.Q ~ IV 0 ~ Q .:::S IV .d~.Qcv IV l .::::l tV IV 

J'~~~::;~~~~~n'd1~fOl'd1~~n~(?)~1 b~~~~1n~fOl'd1~~n~(?)~~~~~~~~C,J~J'::;~'d1~~(?)~(?)nu
'IJ 'IJ 

~ ~ 

~~~1~~~ ~~.yh1~bfi (?) fOl'd1~ ~~~~~ ~~.yh1~ btl~rj~ (?)'el~~~'d bb~::;1Wll ru::;b~tJ'dn~r'i1Ji'fu n'lJ' 
'IJ '" • 

~1mb~::;vl11mJi'fi1fOl'd1~ b1tJuch~ ~1 ~~~'fl(?)fOl~'fl~ nun1J'~(?)bbU'JbtltJ n 1~"1J ru::;~ n1J'~(?)bbUU~~ 

bth~::;bn(?)C,J~~Nn~-n1~nUn1J'~(?)bbuubtltJnbb~::;bbUU~::;~~~~1J'W~'flb~~ ~~n~1'ddJ~C,J~~191n 

n1J'1-n~1J'~~'flb~~-n'dtJ1~n1J'~(?) 

0.20 

C" (jO 0.15 
(61 G: 

;:J 3 -'- fl 'l1:w~ n ~r;) 0.5 r (jO 0.10 
Oil a: 

n~~b:W l9lj'~ ~ 
r ~ 0 .05 
C" 
a: ___ fl rn:w~n~r;) 1.5 

0 .00 

ri~fi b :W l9l j' 
30 60 90 120 
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0.20 

0 .05 
a:::'" 
~~ 
c 

...+............. ..........._......._----------_....._- ........._............._-_...__.. 


~ -+- f'I,)l:IJ~ n ~(i) 0 5--- iiir -- ... _-_ ........ ... _- =iiii..... __....
+- • 
l:i ~~ b:l,J(ill' 

.... f'I')l:IJ~ n ~(i) 15 
H'O 0 .00 ...L._......... .. 

~ l:i~~b:IJVll'r 
G: '" 30 60 90 120 

..., • a 
n1'a1n I?I bb'U'U~::'e:l'e:l~~1'a'VI~'e:l b!l'W 

r.nnttl~ 5.7 ~~ 5.12 '"l:;b~'W~'lbb~-!i~bn(?)~'W1'WL'J~I~I~ 1 iJl"ilhl~I'ln'W:Wlnt(?)mL~'l1'W 
bb'W'Jbbn'W X bn(?)~'W:Wln~~(?) ~'el'l~'l:WI~'elbb~~1'Wbb'W'JbLn'W y ~'l'"l:;iJl"ilhl~I~'"llmb~'l1'Wbb'W'JbLn'W z• 

1~~1~ rl'Jl:I-J L~'J~'el1J ~,v'h1~\n (?)'el ruVlnl:j1'Wni ~I?i'(?) hi bVl:WI:;~:W nI ~I?i'(?) b~'el'WbiJ'W1tl1~m n~,1~ 
• 'Il 

" ,
~'el'l1.jf'W~'l'l1'W1 'Wni ~I?i'(?) b~'el'Wb11'elr)~ (?)1~bbtl n'el'el n'"ll n n'W~~ bb~:;1 'W"lI ru:;b~tI'J n'WVl rl'Jl:W L~'J~'el1J 

q 'Il 

I II I I I I 

1~bbNI?i'(?)iJbb 'W'J tu:w b~:W~'l~'W ~~~'el(?)rl~'el~ n1J~tlVl 5.5 Vl rl'Jl:W b~'J~'el1J~''"l:;1~rl'JI:WVlm1Je4'J~'l
'Il 'Il OJ 
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1'Wnl~~I?l~-.:J bb~l 'W"lJ ill::: b~[J'J ri'W,r'W~I?ldi n1 ~~ n'VI~!lYi bn ~~'Wri!l'W-ifI-.:J'"I :::fl-.:JYi~-.:JvlI1~bbN ~~Yi 
" 

'U 

, 
bn ~~'WhJ bbl?l n ~1-.:J ri'WVh:::[J:::b'J~11'Wn!~~~ ~1-.:J1 

5.2.2 ~'VIfi'W~"lI'fl.:lil?lrti1'fl'lJ~'fl bb'i.:l~1?Ii.'lJ~13mn'lJ 
I I 'V I 'lI 

~uYi 5.9 bb'6'l::: 5.10 bb~ ~-.:J bbN ~~Vl bn 1?l~'Wl 'W"lJ ru:::Vlvll n1 ~~~I b~!l'W~'W-.:JI'W '"11 mu 
'U 'U 
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1n~b~tJ\!nkl b~'f)bmtJUbb:i'\!~~~di~~kl~-el11l:i'1n1:d:J'f)kl~~~~1\!n'IJ ~'f)~-ell1lnll'f)kl~~ 0.01 bb~~ 

0.03 ij~~b~I1l:i'~'f):i''f)U ~-el11l:i'1n1:i'1l'f)kl~~~~\!n~1"'l~bn~bbN1kl"lJru~~~~\!n~1~-el11lJ'1n1:i'iJ'f)kl~!?1
~ ~ 

~1 ~1~1:i'n'f)fiu1tJl~~1 ~-el11lJ'1 n1:i'iJ'f)kl~!?1~\!"'l~iJ~kl~1'lJn1:i'~~ b~'f)kl~\! (~kl~~~ er~:i'~VI~1\! 
~ ~ 
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iJ!?1 ~!?1 nu btl'f)~kl\! 1kl) btl'f)\!91 n:i'~tJ~1'lJn1:i'brl~'f)klVl boih ~!?1~kl\!1kl~\!~klb~'f)~I1ln n1:i'iJ'f)kl~!?1 

b~~~kl ~\!vh1~bn!?1bbN1kln1:i'~~~\!11l1~hJ~(W ~\!~'f)~rl~'f)\!nUn1J'!?i'~bbUUlUtJnbb~~bbUU~~b1J1 
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~\!Vll~'f)fiu1tJ~1 bb~'J n'f)klVlih-w 
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~h-;:q.:j-;:q(?l bb~~bb~.:j~(?l1'wbb'W(mn'W y bb~~ z ~,"h~fi'f)'W-ifrWOj~1n~b~mn'W b-rl'Wb~mn'lJ~'Vlfi~~"1l'f).:j" , 
~[?Wln1~U'f)'W~(?l ~rlr;]I:w~n~(?l~-;:q.:jn~I~~bn(?lbb~.:j1'W"1lru~~(?l-;:q.:jn~l~rlr;]I:w~n~(?l~1 ~.:jb~I?1{!,J~

" " , 
-;:ql:Wl~(l'f)fi'lJltJ1~b-rl'WI,~m n'lJ~l?1nn1~U'f)'W~(?l t±'W~'f) ~ rlr;]I:W~ n ~(?l-;:q.:j~~~~'W~1'Wn1~~(?l b~'f)'W

" iJ' I 'iI iI I 

-;:q.:j (YI'WVli:w er-;:q~~~~I.:j~ (?l ~(?l n1JI, ti'f)~'W.:jl'W) ~.:j;111'\~\n (?lI,I,Nl 'Wni ~~(?l-;:q.:j 1?11:whj~r;]tJ ~.:j~
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" 

U'f)'W 0 .02 iJ~~b:WI?1~!?l'f)~'f)'lJ bl,~~ rlr;]I:w~n~(?l 1.5 iJ~~b:Wl?1~ "1l'f).:jn1~~(?lbl,'lJ'lJ~~'el'f).:j-;:ql~~~'f)b~'W 
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Standard Order 
Input Value Responses 

S (rpm) F (mm/rev) o (mm) Fx (N) Fy (N) Fz (N) 

1 1,000 0.01 1 3.16 1.17 1.39 

2 3,000 0.01 1 2.88 0.85 1.32 

3 1,000 0.03 1 4.70 1.58 1.76 

4 3,000 0.03 1 4.40 1.29 1.66 

5 1,000 0.02 0.5 2.76 0.95 1.65 

6 3,000 0.02 0.5 2.29 0.65 1.06 

7 1,000 0.02 1.5 4.31 1.33 1.96 

8 3,000 0.02 1.5 3.58 1.16 1.42 

9 2,000 0.01 0.5 1.50 0.49 1.16 

10 2,000 0.03 0.5 3.12 1.00 1.47 

11 2,000 0.01 1.5 3.58 1.38 1.37 

12 2,000 0.03 1.5 4.05 1.68 1.89 

13 2,000 0.02 1 3.02 1.31 1.66 

14 2,000 0.02 1 3.68 1.40 1.73 

15 2,000 0.02 1 3.36 1.35 1.69 

IV 

bbUJ'UJ''J't.l (Analysis of variance) '"l:;1~e.J~~'l~ 

r 
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mn'l~ 5.2 ~rYl~bbtl~tl~'J'W"ll'el'lbL:N1'WbL'Wrmn'W X ri'el'Wn1~~(9)YlIOl,r~1,~~1'W~'J1~L~!l~'W"ll!l'ln1~ 
~(9) LL 'lJ'lJ~:::'el'el'l "ll'el'l~1 :i'v!~'el bU'W 

Source DF Seq Adj SS Adj MS F P 

Regression 9 9.4760 9.4760 1.05288 13.60 0.005 

Linear 3 7.9892 7.9892 2.66306 34.39 0.001 

Square 3 1.1392 1.1392 0.37972 4.90 0.060 

Interaction 3 0.3476 0.3476 0.11588 1.50 0.323 

Residual Error 5 0.3871 0.3871 0.07743 

Lack-of-Fit 3 0.1693 0.1693 0.05643 0.52 0.711 

Pure Error 2 0.2179 0.2179 0.10893 

Total 14 9.8631 

Term Coef SE Coef T P 

Constant 

S 

F 

D 

S*S 

F*F 

D*D 

S*F 

S*D 

F*D 

rpm 

mm/rev 

mm 

2 
rpm 

mm 
2
/rev 

2 
mm 

2 

rpm*mm/rev 

rpm*mm 

mm 
2
/rev 

3.35333 

-0.22250 

0.64375 

0.73125 

0.30208 

0.12958 

-0.42042 

-0.00500 

-0.06500 

-0.28750 

0.16065 20.873 

0.09838 -2.262 

0.09838 6.544 

0.09838 7.433 

0.14481 2.086 

0.14481 0.895 

0.14481 -2.903 

0.13913 -0.036 

0.13913 -0.467 

0.13913 -2 .066 

0.000 

0.073 

0.001 

0.001 

0.091 

0.412 

0.034 

0.973 

0.660 

0.094 

S =0.2783 R-Sq =96.1% R-Sq(adj) =89.0% 

, , , 

1Ol1n"ir'eld-J~-if1'l1?1'W'V'l'lJ~1~d-Jn1~rt(9)rt'ell:.J (Regression model) VlA1~'J1~L~mr'W 95 % 
'>J 

~1d-J1~rtHl~ n~1'J~!liJA1 P-value ilmJn~1 0.05 Lb~:::A1 Lack of fit test ~'lbtl'WA1~tl'l'lJ'elnn'l 
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L'\n..J1:;~~ 

L~'f),~'"l1~ru1!?l'flhl'V'l'LJ(;h!?l'JLLiJ~~iJ,"h P-value i('fltJn~1 0.05 ~~~~1tJr1'J1~~1dlW!?l'J 

mJ~~~1~1~(lH1~'\..l~~n1~ Regression 1J1LLfi 1"i1r1~~ t[r?l~1iJ'fl'\..l!?l~ (F) 1"l'J1~~n!?l~ (D) m1~ 
I iI iI I 

~n!?l~t['\..l~'LJ~'fl\l (D2) ~~'Vln'V'l'"l,riJ P-value i('fltJn~1 0.05 vl\l~'\..l LL~:;r11n1~'Vl~~'fl\l!?l(?l'V'l'"l,rV1hJ• 
, , " 

eJ1'\..l1"l'J1~lb~'flar'\..l (P-value i('fltJn~1 0.05) V1~:;iJ'"l~tJ'V'l'LJ~11J11:-l~~~ !?l'fl1iJ~ 

Source DF Seq SS AdjSS Adj MS F P 

Regression 6 9.3970 9.3970 1.56616 26.88 0.000 

Linear 3 7.9892 7.9892 2.66306 45.70 0.000 

Interaction 2 1.0772 1.0772 0.53858 9.24 0.008 

Residual Error 1 0.3306 0.3306 0.33063 5.67 0.044 

Lack-of-Fit 8 0.4661 0.4661 0.05827 

Pure Error 6 0.2483 0.2483 0.04138 0.38 0.849 

Total 2 0.2179 0.2179 0.10893 

.' 


I iI I I I 

(?nn~V15 . 5 ~~n1~(l(?l(l'fltJ"1I'fl~~'\..l~'JI:-l~r?l'fl'LJW~'\ln'W!?l~'V'l'"l,rV11~~.h'\..lm1~b~'flar'\..l"1l'fl~n1~n(?l 

Term Coef SE Coef T P 

Constant 

S 

F 

D 

S*S 

D*D 

F*D 

rpm 

mm/rev 

mm 

2 
rpm 

2 
mm 

2 
mm Irev 

3.4331 0.11596 29.606 

-0 .2225 0.08534 -2 .607 

0.6438 0.08534 7.543 

0.7312 0.08534 8.568 

0.2921 0.12525 2.332 

-0.4304 0.12525 -3.436 

-0.2875 0.12069 -2.382 

0.000 

0.031 

0.000 

0.000 

0.048 

0.009 

0.044 

S=0.2414 R-Sq = 95.3% R-Sq(adj) = 91.7% 
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~U~1~U.Jn1dr;)'?HliliJ~HltJ~~'liJrh R-Square bb~~fi1 R-Square Adj . ~'l bb~~iJfi1 P­

Value tJiliJn~1 0.05 bb~~fi1 P-value "lJil'lfi1n1d"lJ1(Plrl';l1~b·\.UJ1~'I;'l~"lJil'l'l;'l~n1d (Lack of Fit) iJ 
, ~ 

~1 0.849 ~'l~1nn~1 0.05 VlWliJm1~~1'1;'l~n1d-nbVl~1~'I;'l~ .yi11~1Jl'l;'l~n1drl';l1~i~~'Wfi 

d~VI~1'l bbNb'Wbb'W';lbbn'W x l?liltpj';lbbtld~'W1?l1'l 1 ~il 

Fx =-0.575000 + -0 .00139096S + 121.875F + 6.055580+2.92115E-07S
2
-1 .721540

2 
­

57.5000FO 

(F) 

rI';l1~ b~';ldilUiJ n n1~'l'l;'lil'l (S2) rI';l1~~ n tpj(PliJ n n1~'l'l;'lil'l (0
2
) bb~ ~t:J~ rH1J"lJil'l~[;]d1Uil'Wtpj(Pl rlU 

'lJ 

, ~ 

rI';l1~~ntpj(Pl (FO) iJ;S'Vlfi~~l?lilbbd'l.yhtl(Pl~'Wb'Wbb'W';lbbn'W x ~1n b'W~';l'W"lJil'lrl';l1~b~';ldilU (S) iJ 

;S'Vlfi~~ I?lil bbN~ btl (Pl~'Wl 'Wbb'W';lbbn'W x tJiliJ ~'l~'Wlh1'Wn1dtpjVliJ rI';l1~ b~';ldilU ~[;]d1Uil'Wtpj(Pl bb~~ 

m1~~ntpj(Pl'l;'l'l iOl~~'lt:J~l~bbd'll'Wbb'W';lbbn'W x iJfi1~1n.. 

Normal Probability Plot of the Residuals 
(response is fx) 
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4 
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o 

Histogram of the Residuals 
(response is fx) 
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Residuals Versus the Fitted Values 
(response is fx) 
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Residuals Versus the Order of the Data 
(response is fx) 
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1I -0.1 .. 
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". 
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q " " 

1'W'II'J\! 1 ,500 ~\! 3,000 :i''elU[9]'el'W1Vl b(?)tJ~'W~~~~tJ'J'fl'el'WIil~~~~(?)\!~\!1J1b'Jru~b~Nr;l(?)bbn'W X (Fx) 
, , 

o cj 

m'V1~(?)
q 

Surface Plot of fx vs F (mn/rev), 5 (rpm) 
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r. 
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F(nm/rev) 

Contour Plot offx vs D(mn), F(mn/rev) 

Ix 

• < 1. 5 
• 1.5 - 2.0 
• 2.0 - 2.5 
~ 2.5· 3.0 

• 3.0 - 3.5 

• 3.5 - 4.0 

• > 4.0 

Hold Values 
S (rp m) 200J 
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Standard Order 
Input Value Responses 

S (rpm) F (mm/rev) D (mm) Ra (micro m) 

1 1,000 0.01 1 0.1008 

2 3,000 0.01 1 0.0728 

3 1,000 0.03 1 0.1236 

4 3,000 0.03 1 0.1067 

5 1,000 0.02 0.5 0.1491 

6 3,000 0.02 0.5 0.1227 

7 1,000 0.02 1.5 0.1113 

8 3,000 0.02 1.5 0.0832 

9 2,000 0.01 0.5 0.1047 

10 2,000 0.03 0.5 0.1358 

11 2,000 0.01 1.5 0.0834 

12 2,000 0.03 1.5 0.1116 

13 2,000 0.02 1 0.0977 

14 2,000 0.02 1 0.0925 

15 2,000 0.02 1 0.0937 

" "" "I .,J d 0 1.~ ... .1 J'"l1n"]j'el~'Clfl,)I:w'V!mtll:J,) b'W1?11n~'Vl 5.6 b:W'fl'W1 u,)bfl~I::;'V!f1,)I:Wbbu~1 ~,)'W (Analysis of 

." 
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1?l1J'1'l~ 5. 7 f1'J1~bbunh'Jt.l"ll'el'l f1'J1~~tnlJeJ'J n'el't.ln1J'~ (Pl~'"l'l1~1~ ~TWA'J1~ b~'elJt.l"ll'eN mJ'~(Pl 

bbUU 'Cl :::'el'el'l "lI'el'l ~1J'~~'elbijt.l 

Source DF Seq AdjSS Adj MS F P 

Regression 9 0,005805 0,005805 0,000645 21 0,002 

Linear 3 0,004802 0.004802 0.001601 52,11 0,000 

Square 3 0,000969 0,000969 0,000323 10,51 0.013 

Interaction 3 0.000034 0,000034 0.000011 0.36 0,782 

Residual Error 5 0,000154 0,000154 0,000031 

Lack-of-Fit 3 0,000139 0.000139 0.000046 6.24 0.141 

Pure Error 2 0.000015 0,000015 0,000007 

Total 14 0.005958 

, " , 
1?l1 J'1'loVl 5. 8 ~~mJ'bl (Pl bl'elU"lI'el'lY1t.leJ'J t:.J'ClI?l'ellJ"lI'el'l A'J1~~tnUeJ'J n'elt.lm J'~(Pl~'"l'l1oVl1~ ~1t.lA'J1~ 

, , 
.dI IV IV I f;i

b"lI'el~ t.l"ll'el'l m J'1?l (Pl bbUU 'Cl :::'el'el'l"ll'el~~ 1J'~'Cl'el btJ t.l 

Term Coef SE Coef T P 

Constant 

S 

F 

D 

S*S 

F*F 

D*D 

S*F 

S*D 

F*D 

rpm 

mm/rev 

mm 

2 
rpm 

mm 
2
/re/ 

2 
mm 

rpm*mm/rev 

rpm*mm 

mm 
2
/rev 

0.094633 

-0.01 2425 

0,0145 

-0,01535 

0.007021 

-0,000679 

0.014921 

0.002775 

-0.000425 

-0,000725 

0.0032 29.573 

0,00196 -6,341 

0.00196 7.4 

0,00196 -7.833 

0.002884 2.434 

0,002884 -0.235 

0.002884 5.173 

0.002771 1,001 

0.002771 -0 ,153 

0.002771 -0.262 

0 

0.001 

0.001 

0,001 

0,059 

0,823 

0.004 

0,363 

0,884 

0,804 

S =0,005543 R-Sq = 97 .4% R-Sq(adj) =92 .8% 

, , , 

'"l1n.jj''el~'Cl.jj'1~~t.l~U~1~~n1J'bl(Plbl'eltJ (Regression model) oVlri1f1'J1~b~mrt.l95 % 
'lJ 

~1~1J'blH1~ n~1'J~'elijri1 P-value il'elUn~1 0,05 bb'Cl:::ri1n1J'''lI1(PlA'J1~b~~1:::~~''lI'el'l~~mJ' 

http:n'elt.lm
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, d! "" 
:wmn'd'l 0.05 '\!I~'ltJrl'l~~n1J'~I"1'd'l~b'\!l~'l~~~ 

b~'fl~~'lJ'ru'll?l'fll1J~U~'l~'dbb1JJ'~~fi'l P-value il'fltJn~'l 0.05 ~'1'\!1~'ltJl"1'd'l~~'lbll'W~'d 

bblJJ'~~'l~'lJ'rl1-if'l~'W~~n1J'rl~rl'fltJ Hlbbri fi'lI"1'1~ 1"1'd'l~b~'dJ''flU (S) ~~J''lil'fl'W~~ (F) 1"1'd'l~~n 

Source DF Seq SS AdjSS Adj MS F P 

Regression 4 0.005583 0.005583 0.001396 37.25 0.000 

Linear 3 0.004802 0.004802 0.001601 42.71 0.000 

Square 1 0.000781 0.000781 0.000781 20.85 0.001 

Residual Error 10 0.000375 0.000375 0.000037 

Lack-of-Fit 8 0.00036 0.00036 0.000045 6.07 0.149 

Pure Error 2 0.000015 0.000015 0.000007 

Total 14 0.005958 

,'" , 

~'lJ''l'lV1 5.1 0 ~~n1m'lJ'rl~rl'fltJ"lI'fl'l~'W~h:.J~~'flU"ll'fl'lI"1'd'l~'\!Imu~'d'\!li'ln1J'~~~~,rV1hJeJ'l'W 


Term Coef SE Coef T P 

Constant 

S 

F 

D 

D*D 

rpm 

mm/rev 

mm 

Mm
2 

0.09826 0.002314 42.466 

-0.01243 0.002164 -5.741 

0.0145 0.002164 6.7 

-0.01535 0.002164 -7.092 

0.01447 0.003168 4.566 

0 

0 

0 

0 

0.001 

S =0.006122 R-Sq =93.7% R-Sq(adj) =91.2% 

~U~'l~~n1J'rl~rl'fltJ~l~fi'lI"1'1~fi'l R-Square bb~~fi'l R-Square Adj. ~'1 bb~~~fi'l P­

Value il'fltJn~'l 0.05 bb~~fi'l P-value "lI'fl'lfi'ln1J'''lI'l~I"1'd'l:I.Jb'\!l~'l~~~''lI'fl'l~~n1J' (Lack of fit) ~ 



96 

t I 'V i.I 

f11 0.149 ~..:J~J1nn~1 0.05 bb~::;~f11b~~~'W V!~ltJfl'dl~~I~~mJ'-WbV!~I::;~~ ';hlm~~~mJ' 

fl'dl~~~i'WfiJ'::;V!~I..:J fl'dl~V!tJ1iJ~'d b'U~tJ ~'el~'d bb'l.h~'W~I..:J 1 ~'el 

2
Ra =0.182679 -1 .24E-05S+ 1.45F - 0.1464430 + 0.05787140

"'l1 n~~n1J'fl'dl~~~i'Wfi~I~IHI'elfiiJltJ1~~1 rei[?]J'1il'el'W~(?I (F) ~~V1fi'l"l~ ~'el fl'd 1~v!tJ11J 

~'d~ln l'W~'d'W"lJ'el..:Jwn~~n~~ (0) bb~::;fl'dl~~n~(?Inl~..:J~'el..:J (0
2
) ~~V1fi'l"l~~'elfl'dl~V!tJ1iJ~'d 

U'eltJ ~..:Jt!'W{l11'Wn1J'~(?I~ fl'dl~~ n~!?1 ~!?1~..:J "'l::;~\le.J~1~fl'dl~V!tJ1iJ~'d~ f11U'eltJ 
'lJ 

Normal Probability Plot of the Residuals 
(response 15 Raj 
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3.0 

2.5 

>­ 2.0 
~ 
!!if 1.5 
.t 

1.0 

0.5 

0.0 

r--­

-0.008 

-

Histogram of the Residuals 
(response is Ra) 

-

r---­

-0.004 

-

r--­

0.000 
Residual 

0.004 

r--­

0.008 

Residuals Versus the Fitted Values 
(response is Ra) 

0.010 

• 
•• 

0.005 • 

'j •0.000 • .J 
-0.005 •

• • 
• 

-0.010"'--. __,.-_...-_-,-_--,-_---,__.--_...-_--.' 
0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 

fitted Value 
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Residuals Versus the Order of the Data 
(response is RaJ 

! 
] 

0.010..-----­ --­ -----------'------, 

0.005 

0.000 

-0.005 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Observation Order 

Surface Plot of Ra vs D, S 

0.t4 

0.12 

R. 
0.10 

O·'/P.S 

3000 

nJ~ 5.25 fl'J1:w~:w~'Wfi~::;~~1..:J fl'J1:w~tJ1'IJ~'J L'U~t.J (Ra) fl'IJ r1'J1:W~ n~~ (0) LL~::;r1'J1~1 L~'J~!l'IJ 
'!J 

(S) "ll!l..:J n1~~(?J LL'IJ'J~ ::;!l!l..:J"ll!l..:J~1~VI~!l Lij'W 



99 

Contour Plot of Ra vs D, S 

Ra 

• < 0.09 
• 0.09 - 0.10 
• 0.10 - 0.11 
• 0.11 - 0.12 
• 0.12 - 0.13 
• 0.13 - 0.1. 

• > 0.1. 

Hold Values 
F 0.02 

5 

Surface Plot of Ra vs D, F 

0.14 

0.12 
R. 

0.10 

I.S
0.08 

0.03 
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Contour Plot of Ra vs D, F 

Ra 

• < 0.00 
• 0..00 - 0.09 

• 0..09 - 0.10I!! 0..10' 0.11 

• 0..11 - 0.12 

• 0.12 - 0.13 
• 0.13· 0..14 

• > 0.14 

I H~~~es 

F 

b'Vl1n'lJ 0.15 h/ll"1n:Wl9l:i' bb~~rll"l1'el'lJ'lJ'W (Upper value) Hb'Yl1n'lJ 0.9 1:Wbl"1n:Wl9l:i' y.j'lJ~1 W:J1:W 

t-It.n'lJ~'d"'l~~I~~Vlb~'elHml:Wb~'d:i''el'lJ 3,000 :i''el'lJI?1'el'W1Vl ~l9l:i'1iJ'el'W 0.03 ii~~h:Wl9l:i'I?1'el:i''el'lJ ll~~, 
, I I I 'iI 'V 

l"1'dl:W~ n ~t?l 1.50 ii~~ b:W 19l:i' "r'W~:Wl£J ~\lI"1'dl:w~m'lJ ~'d"'l ~~IVl~ t?l b~'el1f"'lr.rm1\1~I:W~ ro11 rK,:}'W, 

New 
Hi

0 Cur 
1.0000 Lo 

Ra 

Minimum 

y =0.0673 

d =1.0000 

S F 0 
3000.0 0.030 1.50 

[3000.0000] [0010] [1.2492] 
1000.0 0.010 0.50 

l~~- V­

, ," I I 

aJVl5.29 n1:i'~ll"1:i'1~oJt-Ilrll~I~Vl"'lln~'W~'d~~l9l'el'lJ l~'elY1"'lI:i'rul 1"1':l1:w~m'lJ~':lb'U~£J (Ra)
~ , 

I 'iI iJ I 

,yil n1:i'~ bl"1:i'1 ~oJ~1 rll ~1~ t9l"'l1 n~'W~':l ~~ 19l'el'lJ~ n 1"1 f\l bt9l£J ~1f"'lr.r£J lY1:w b-ih:Wl ~'el llN1'W 
q 

bb'W'Jlln'W X bt9l£J~'1rllliJlt-1:WI£J (Target value) Hl'Yl1n'lJ 0.15 1:Wbl"1n:Wl9l:i' bb~~r11"l1'el'lJ'lJ'W 
(Upper value) Hl'Yl1n'lJ 0 .9 1:Wbl"1n:Wl9l:i' ~1~f'lJr11~~19l'el'lJI"1'JI:w~m'lJ~'J (Ra) bb~~ ~'1r11 

liJlt-1:WI£JHl'Yl1n'lJ 1 . 5lJ'J~'W ll~~r11"l1'el'lJ'lJ'WHl'Yl1n'lJ 1 0 lJ'J~'W ~1t-1f'lJllN~t9l1'Wlln'W x (Fx) 

http:aJVl5.29


101 

e.l~(WeJU dllVlWltJ rl'l biJ'lVl~'ltJ "lI'eJUU'W 
, , 

Ra 
o "j 

'"l(?)(?]'lVl~(?) 
q q 

0.151~'i:fOIn~(;l:i' 0.91~'i:mb~(;l:i' 

Fx 
, , 

o "j 

'"l(?)(?]'l'VI~(?) 
q q 

1.5 U'J~'W 10 U'J~'W 

S F oNew 
Hi 3000.0 0.030 1.50 

o Cur [3000.0000) [0.010) [1 .2614) 
0.90582 Lo 1000.0 0.010 0.50 

Ra 

Minimum 


y =0.0673 


d =1.0000 


Fx 
Minimum 


y =3.0256 


d =0.82052 


~~(?)bb~~bn(?)bb:i',.:m'l:i'~(?)1'Wbb'W'Jbbn'W x (Fx) ii'eJtJ~~(?)bri'eJ
q q 

~ , "j 

fOI'd'l~b:i''J:i''eJU =3,000 :i''eJU(?]'eJ'W,)'VI 

=0.01 ij~~b~(?]:i'r;i'eJ:i''eJ'U 

= 1.26 ij~~b~(?]:i' 

.. 
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.d 
'U'Vl'Vl 6 

0.50 

-~ 

-ll-UUU~~~~~~l'~~~ 

LUV, 1'1,)1)J~U. 0.5 MPa 

0.10 ............ 

(" ". - ­

0.5 MPa 
~ 0.00 

4iiI 

011 
;; 
;:l 
r 1000 3000 

'"Is: 

~tJ~ 6.1 ~'J1l-Jil-J~'Wfi'J:;VI~1'l ~'J1l-JVlmLJe1'J 1.1.~:;~'J1l-J1.~'J'Jre:lLJ 1,000 I.I.~:; 3,000 'Jre:lLJr;ire:l'W1Vl 

"1Ire:l'lrell1l'J1Ure:l'W~1?l 0.1 iJ~~I.l-JI1l'JI?lre:l'Jre:lLJ ~'J1l-J~n!?l1?l 1 iJ~~I.l-JI1l'J~I.'J~1 60 'W1Vl "1Ire:l'ln1'J!?lI?lI.I.LJLJ 

0.50 

0.30 

0.10 1 

~~~~fJ~~l'~~'ElLtiV, 

1'1,)1)J~V, 0.5 MPa 

...... UUU~l-JL1.h I'1'nl-J ~v, 

0.5 MPa 

-+-UU ULuun 

"1Ire:l'lrell1l'J1Ure:l'W!?l1?l 0 .1 iJ~~Ll-JI1l'Jr;ire:l'Jre:lLJ m1l-J~n!?l1?l 1 iJ~~Ll-JI1l'J~I.'J~1 120 'W1Vl "1Ire:l'ln1'J!?l1?l 

I.LLJLJI?l1'l 1 

I iI I I 

LiJre:l~"'l1'Jru1'JtJLLLJLJn1'JH~1'JVI~re:ll.ij'W~'l~1l-JLLLJLJ ~'l'JtJVl 6.1 1.1.~:;'JtJVl6.2 "'l:;L{;'W~1
'" '" '" 

~'J 1l-J Vlt!1LJ e1 'J1'Wn 1 'J!?lI?lI.I.LJLJ ~ 4-J L U1"'l:;3'j ~14-J1 n n~1 n1 'J!?ll?l LL1J1J LUt! n I.I.~ :;1.1.1J1J ~ :;re:lre:l'l "1Ire:l'l ~1 'J 
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," , 
'VI~'eH~'W bt7\tJ m)'~t7\VI m16-J L~'J ),!l'U6-J 1 n~'W"'l ::;,yh1~ fDI'J16-J'VIt.J1'U ~ 'J ~ l?I j;'l'l ~'l '6'l16-J 1H)!lfi'U1tJLJl~1 

" m)'~l?I fDI'J16-J L~'J'6'l'lvl11~ Lllt7\!lru'VI.n3J'6'l'l~'W LL~tl'lhl Lll'W~h fDI'J1:W L'6'l ~m'Vl1'l fDI'J1:W~!l'W (Thermal
cu q '\I cu 

, " 
stability) ~'l i:J ~1~tJ'6'l (;J Lll l?I m),'el!l'W~'Jvl11~m)'~l?I L~'e.l'W~ltJ~'lLJl~'JVI ~'VI1-'e.l~'W'lI'WiJ fDI'J1 :W'VIt.J1 'U 

" " 
~'J ~1 LL~::;L.w!l'l"'l1 n n1~~ n'VI~!liJ t7\ ~l?I Lll l?I~'Wil!ltJ ~'l~'l i:J~ n~::;'VlUil'e.ltJ:Wl n ~'e.lfDI'J1:W'VIt.J1U~'J 

0.50 

___ LLlJlJ~:::'il'il~<'l11'Vl\'imti,.. 

V'1"1aJ~'" 0.5 M Pa 

..... LLlJlJ~aJlth V'1'l 1 aJ~'"0::'" 
<" 0.10 

0.5 MPa• OJ: 
;J 
r ­ 000 

ill 

:> 
;;l: 
r- 0.01 0.03 
<" 
G: 

, 
a I q .c:9: Q/ Q,.<::::I. Q .oC:II IV , 

"1J!l'lfDI'JI:WL~'J~'e.l'U 1 ,000 ~'e.l'U~!l'W1'Vl fDI'J1:Wj;'ln~t7\ 1 :W~~L:W~~'VlL'J~1 60 'Wl'Vl"1J'e.l'ln1~~l?ILLU'U~I'l 

1 

0.50 

& 0.20 

-iii- LLlJUfl:::'il'il~ ~ll''\.-I\'iil 

IU,.. V'l'l1aJ~'" 0. 5 MPa 

• 
~ 

,,~ 0 .10 • 
 0.5 MPa;J 
r ­
iD 0.00 _.l__.._..............._.......... .... ....................................... 

:> 
;; 
r­

0.01 0.03'" C>: 

"'l1nnl~ 6.3 Lb~::; 6.4 ~'U~lbd'e.l~~nn'l~iJ!l'W~(9lb~:w'6'l'l~'W vlI1~fDI'J1:w'VIt.J1'UEJ'JiJ 
~ ~ 

bb'W'J bil:w~'l~'W~16-JhjJl'JtJ ~'l bu'Whj~1:w'Vl~~~'jJ'e.l'l fDI'J1:w'VIt.J1'U~'J~'W'lI'W ('6'l:W m ~~ 2.10) bd'e.l 

bmtJ'UbVltJ'Ub1!l'WL"1J n'l~~t7\~ bb~ n ~1'1 n'W~!l n1~1'lt7\ llUUbtltJ n n'Wl'll?lbb'U'U~ :::!l!l'l '6'l1 ~'VI~!l bii'W 

http:W'VIt.J1
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bb'C'l~nl:i'r?lC?1 bbUU'C'l~ bUl ~U~l n l:i'r?l C?1 bbUU bUtJ n bb'C'l~'C'l ~'eJ'eJ'l~l:i'VI~'eJ b~'Wl~1"11 r1'dl~VltJ1U fj'd~hJ 

bbl?1 n 1911'l fl'W 1'W"lI bW~~ n1:i'r?lC?1 bbUU'C1~ bUll~1"11 r1'dl~VltJ1U fj'd~'l~ C?1"l1'eJ'l b1'eJ'W1"lI n1:i'r?lC?1i'l 3 bbUU 
'" q 

b~'eJ bmtJU bVlmJ r1'dl~VltJ1tlfj'd"ll'eJ'l n1:i'r?lC?1 bbUU bU tJ n flU n1:i'r?l C?1 bb1JU'C'l ~'eJ'eJ'l~l:i'Vi ~'eJ b~'W 

1il~~U~l n1:i'r?lC?1 bbUU'C'l~'eJ'eJ'l~l:i'VI~'eJ b~'WIil~l~fj'd~~ n~l ~'l bti'WbVI 1?1 ~ 'C'l~ llill n n1 :i'~'C1~'eJ'eJ'l~1:i' 
q 

0.50 

,
...•.._._._-_.__.- .......................................... ...... ....... ....... _.. _......_.... . 


...- llUU<1::U'iH 01 m~u 

ltiV, fI'll:W~V, 0.5 MPa 

0.5Ml-'a 

0.5 1.5 
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0.50 
~ 
a;; 
~ 040 ...+...... --- ---_._..._..__._._..........._-­

___ l.LlJlJ~:::tlfh'l<'l'll''''~ tl0: 
Il>: 

<>-" 0.30 IJr 
~ bti'U l'I'l'l l-l~'U 0.5 MPa 
~ 

0::'" 0.20 

",­ I ...............t:
0.10 ..... ...
4;[ 0.5 MPa
;l t 
r 
m !0.00:s: 
;; 

r 

CO 
(l: 

0.5 1.5 

I i.I I I 

1~~'d 'UJV!tJ1U eJ'd l~l-J~'W 1 'W"1I ru~Vl nl ~n~ llUU ltltJn ll~~llUU'tl ~'e:l'e:l'l"1l'e:l'l~ 1 ~V!'Ci'e:llij'Wnln~:J.J 

~'dl:J.J~ n ~~~'1 eJ~m~'Vl'Lll~tm~ nU'e:ltJ [?]'e:l~'dll-JV!tJ1UeJ'd ll[?]~ ll'W'dbU:J.J~~ ~~'1 ~1l-J1Hl'e:lfiultJl~ 

'"llnn1~~~~l~V!'Ci'e:lliJ'W"lI'dtJ~~'e:lruV!Jlil~ln~~'W ~'1vhlm~~'WeJ'd~~ b~tJ~n1~H~~'e:l'e:l'l"1l'e:l'l~l~ 
• 'U 

I I I I '" 

V!'Ci'e:llij'W'"l~l~eJ'dVl~n~l ~'1Vl'e:lfiultJl'W~tlVl6.3 ll~~ 6.4 ll~~n1~Vl~l~'dl:J.JV!tJ1UeJ'd~~~'1tJ'W ~ 
'U 

, 0­

ll~'1Vlbn~~'Wl'Wn1~~~bbtJ'I~'"ll~rul'e:l'e:lmU'WllNl'W~l:J.Jlln'W l~bbri bbNl'Wbl'W'dbln'W x (Fx: 

tangential force) lb~'11'Wll'W'dlln'W y (Fy: radial force) bb~~ll~'11'Wbb'W'dbbn'W z (Fz: axial force) 

~'1 bb~'11'Wbln'W[?]l'1 1 lV!'Cile'"l~~'1 eJ~ [?]'e:l nl~~ nv!~'e:l"1l'e:l'l~~ ~~ ~'1 bti'e:l'l'"ll n n1~~~'e:l~ illUtJ:J.J (AI 

6063) 1'W"lI'J'I~vhn1~'Vl~~'e:l'l 'Y'IU~lln~n1~~nv!~'e:l"1l'e:l'l~~~~ (Tool ware) l~tJ'Il~nU'e:lmvllJ'W 

~'1hj~tJtJ~l ~b1J~'"l~Ull-Jl~'"llJ'rul 'e:lth'llJ'fi 1Ol1:J.JtJ'I ~'1 ~'e:l'l~ n1J'~ n~l blN1'Wn1~~~ ~'e:lltl 
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8.0 

~~ 
• UlJlJ rl:;tltl-:J rl'lllJC" 6.0 

a~ 
~U 0. 5 MPa 

~~ 4.0 
(p 
r 
c • IJ,lJlJ~lJll..h ~'lllJ 
;:l 2.0 
~ [9]U 0.5 MPa 
~ 0.0 

"7 
(p 
::j • IJ,lJlJltltJf1

Fx Fy Fz 

~,J~ 6.7 bb~\l~b·ifl'wm~l9lVl1'Wbb'W'Jbbm..l1Pi1\l1 "lJtl\lm~l9lVl~rI'J1~b~'J~tll.J 3,000 ~tll.JlPitl'WTVl ~1?I~1 

Utl'Wl9lVl 0.03 il~~b~l?I~ rI'J1~~nl9lVl1 il~~b~I?I~~b'J~1120 'W1Vl 

8.0 

~~ 
• llUU rl:;'iltl~ ~'lllJ~U 

a:;l 
C" 6.0 

05MPa 
~~ 4.0 

II" 
r 
C • u.uUrllJl1..h w,m.j~u
;:! 2.0 
~ 0.5 MPa 
~ 0.0 

"7 
II" 
...J> 
...J> • IJ,UUlUtJf1

Fx Fy Fz 

~,j~ 6.8 bbN~1-n'Wm~l9lVl1'Wbb'W'Jbbn'W1Pi1\l1 "lJtl\lm~l9lVl~rI'Jl~b~'J~tll.J 2,000 ~tll.JlPitl'W1Vl ~I?ln 

Utl'Wl9lVl 0 .03 il~~b~l?I~ rI'J1~~nl9lVl 1.5 il~~b~I?I~~b'J~1120 'W1Vl 

~tl\l~\l~1 ~tl bb~\ll'Wbb'W'Jbbn'W y bb~:::bb~\lb 'Wbb'W'J bbn'W z ~\li1 ~1bn~b~tJ\l fl'W cK\l~1J~ 6 .7 bb'6'1::: 6.8 

bVltli1 bb'W'Jbii~~1 m~l9lVl bbl.Jl.J'6'1~th~:::HIbbN1'Wn1~l9lVl~\l~ ~ Vl ~tl\l ~\l ~1 ~tlm ~l9lVl bbl.Jl.J b1JtI n bb'6'1:::'" , 

1~~1t1 n~1 bb~ :::m~l9l!1l bbl.Jl.J'6'1:::tltl\l"lJtl\l~1~VI~tl bij'W~ :::·I1'J tlb~~1 ~VI~tl bij'W~1~1~rI b-if1 ~\l ~'Ji~ ~~ 

m~l9l!1l1~~ btitl\l~1 ni1tl'W1l1 rI b~ n bb~:::hJVI~ Vltltl n 1,jl~~1t1 b~tli1Vll9lVlVl~'W~\l btl'Wm~-n'Jtl1'Wm ~ " , 
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8.0 ....----........... 


~~ Ie" .. 
-

-.... 

___ LLlJlJtl :; tl ", 'l~lJ' \-lii t1liJu
C" 6.0

(;;I 

ml:I.J~U 0.5 MPax u. 4.0 

X 

;;I 

... _.... _...... .. _... .... .... .. 
2.0 
~ 
C" 0.5 M Pa 
;;I 0.0 :::S 
(jO '" 
:::S 

30 60 90 120 

I I I iJ' I 

~tJl16 . 9 bb~'ll1bfl'Wn1~~(?lL'Wbb'Wrmn'W X (Fx) l1bn(?l~'Wl1I")')l3Jb~'.l~'B'lJ 1 ,000 ~'B'lJlPlm,nl1 ~~n 
'" 

6. 0 

)~ 5.0 III 
C" 

.. • .. -It- l.LlJlJtl:;tltl",~ 1J'\-I~tl l8U 
(;;I ..4.0 ... • • • ml:I.J li1u 0.5 MPa 

LL 3.0 
 ~" 
X • • • 

2.0 ;:J ...-LLlJlJtl:I.J L1..h fI'l l :I.J~U 
c
::: 1.0 
C" 0.5 M Pa 

;;I 
 0 0 :::S 
(jO

::: '" -o- U,lJlJlUtin 
30 60 90 120 

~'J~1 (u1Vi) 

I I , iJ' I 

~tJl1 6 .1 a bb~'ll11fl'Wn1~~(?lL'Wbb'W(;mn'W x (Fx) l1bn(?l~'Wl1I")'.ll3Jb~'.l~'B'lJ 2 ,000 ~'B'lJ lPl'B'Wll1 ~~~1 
'" 

1:l'B'W~(?l 0 .02 il~~b3J~~lPl'B~'B'lJ l")'.ll3J~n~(?l 1 il~~b3J~~"lI'B'ln1~~(?lbb'lJ'lJlPll'l1b'Wb'.l~11P1l'l1 

b~'B~lOjlnW1 ttJ~ 6 .9 bb~:; 6 .10 lOj:;b~'W1~~1n1~~(?lbb'lJ'lJ~:;'B'B'l ~'B'l1.jfbb~'l1'Wn1~~(0) 

~'l~ (0) ~'B'l ~'l3J1 ~'B n1 ~~(0) bb'lJ'lJ n1 ~~(0) bb'lJ'lJ bU ~Jn bb~:; 1.jf~ :;'B'B'l"ll'B'l~1 ~V1~'B bU'W ~'l'Bfi'lJlt!B1 'W 
'" q 

~tJ~ 6 .7 bb~:; 6 .8 
'" 

, • I I 'V 

1")'.l13J~'el'W~'l n~l nl ~~(?lVlI")'.l13J b~'.l ~'B'lJ ~1 ~'l rl'.l 13J ~'B'WVl ~'l n~'l'nb'B'l9 :;-ri'.lt!b ~'B~il biJt!3Jre)'B'W~,)
'" '" '" 

~'lbb~:;~(o)1~41t!n~1 vh1~HbbNL'Wn1~~(?l~ ~1 n~l t(O)t!n1~~(?lbb'lJ'lJ~3J bth~'lI")'lHbb~'lL'Wn1~~(0) 

~'l~ (?l ~'B'l~'l3J1 ~'B n1 ~~(?I bb'lJ'lJ bUt! n bb~:;n1~~(?lbb'lJ'lJ~ :;'B'B'l"ll'B'l~l~V1~'B bU'W~l3J~l ~'lJ'" . 



--------- -------------

108 

)~ 
C" 

a;I 

x 
lL 

X 
;I 

~ 
C" 
;I
::: 
'"IJo 
::l 

80 
7.0 
6.0 
5.0 
4.0 
3.0 
2.0 
1.0 
0.0 

1000 3000 

-.llUUfl:::'1)'1)'l f1'dld..1 

r;)'U 0.5 MPa 

...... llUUfll.Hlh ~'nd..l 

r;)'U 0.5 MPa 

91fllU~ 6 .12 -el(?]nUtl'W~!?l~'l~~t!?ltl(?]NnULLJ''l1'WLL'W'HLfl'W x ~'lLiJ'WLL'W'H~mnULL'W'J 

fl1dUtl'W b!?ltl-el(?]d1Utl'W~~'l~'W 9::;0{111~Ln!?l LLN ~h'W:l.J1 fl~'W Ltitl'l91 fl fl1dLfOl~'f1'W~~:l.J1fl fl':i1l'i'f1 
'" 

7.0 

6.0 ....-.-..-...--...- -~.._- .----.....J~ -,llUUfl:::tl'1)'l«l I J'I-Il'1tl 

C" 5.0 .
(;I 

LEJ 'U ~'dld..1r;)'U 0. 5 MPa4.0x 
lL 

3.0 


;I 
x 

2.0 ~ 
..::~=~~:~~~~---..-............---.-~~~:~~~--~:~~~::~~~~~:~~:~::::::~~:~~~~~.. 

~ 1.0 o5MPa 

;:l 0.0 

::l 


C" 

"7 

~ 0.01 003 

, 
~.t:::lIo I w I CII .cScv.:::...::::. Q Q 

:I.J~~ L:I-J (?]d(?]tldtlU"lltl'l fOl'J1:I-J Ld'JdtlU 2,000 d'f1U (?]tl'W1'Vl fOl'J1:I-J~ fl (?]!?l 1 :I-J~~ L:I-J(?]d'Vl L'J~1 120 'W1'Vl 

"lltl'lfl1d~!?lLLUUl'i1'l1 

I I i.I 

91fldUVl6.13 d'jtlV191dru1fOl'J1:I-J~flfl1d~!?lbb~::;bbNbn!?l~'W1'Wbb'W'Jbbfl'W x ~U~1 fl1d~!?lVl 
'" 

I 

http:91fldUVl6.13
http:h'W:l.J1


• • 

109 

8.0 
7. 0~~ ~u.UU\'l:::~~'1~IJ1A~~ 

('0 6.0 
42­ 5.0 Lti-U fl') 1~ ii1-U 0.5 MPa 
LL 	
x 4.0 
X 30 
;I 20 
~ 1.0 0.5 MPa ('0 

;::! 0.0 
~ ., 
flO 
~ 0.5 1.5 

iJ~~h:W'1~"lJ'el":!~'J1~l~'J~'elU 2,000 ~'el1JC9i'el'W1Yl rell?ln1J'el'W 0.02 iJ~~b~I?l~C9i'el~'elU~b'J~1 120 'W1Yl 

"lJ'el..:!n1~!?l~mUuC9i1..:! 1 

6.3 A'J1~i~~'Wfil~-d1'V1r'l.J'U~~~1Pi1~ '1 bb~:;;'Jbb'l.h-","~ 

'"l1 n 1?l1n..:!~ 6 .1 '"l:;b~'W1~rJ1 ~'J1~~~~'W{"lJ'el..:!t1'"l~tJ C9i1'l1~iJe.J~C9i'el ~'J1~V1tJ1U~'J b'U~tJ 

"lJ 'el..:! n1~!?l~~..:! ~ 1 ~ nhbUUt!kl (bb uu ltl tJ n, bb 'U'U~ :;'el'el..:!"lJ 'el..:! ~1 ~V1 ~'el biikl, bl~:; blUU ~ ~ lth)
'" 

th:::n'elu~'JtJ rell?lntl'el'W!?l~ ~'J1~ b~'J~'elU ll~:::~'J1~~ n!?l~ tJn V~kln1~!?l~ blUU~~ bth~hJiJt1'"l~tJ 

"1I'el..:! ~'J1~ b~'J~'el'U l.jf1~1 b~tJ'J.jf'el":! lb~1'W"lJ ru:;b~tJ'J nkl ri1~~tJ~:::~'Vlt"lJ'el":! m1~ b~'J~'elU"lJ'el":! n1~!?l~ 

bbU1J btltJ n ll~:;lbUU~ :;'el'el..:!"1I'el..:!~ 1~V1~'ellii'WiJ rhU'eltJ~1 n bb~~'J1~ b~'J ~'elU'"l:::lU'Wt1'"l~tJ~iJ e.J ~ 

1?l1~~~~ n1m~~..:! bb~ fl1~1~'"l1 n n1~~1kl'J ruhJiJ e.J~ ~'elri1 ~'J1~V1tJ1U~'d"lJ'el,:m1~!?l~bbUU ~1..:!1 
~ 	 ~ 

'"l1 n fl1"11 'el..:!rell?l ~1tl'elkl"lJ'el-:J ~'J1 ~V1tJ1 U ~'J "lJ'el..:! n 1~!?l~~..:!~1 ~ bb'UU '"l:; b~ 'W1~rJ1 ri 1 ~~ 1J~:;~'Vlfi"lJ'el-:J 

, 	 , ~ 

~~~VliJ~'J1~ lb~":! !?l'dU'eltJ tJ~:;n'elUnUr1'J1~~'el'W1'Wn1~!?lf?lv'h1~~~ ~ In ~ ~'J1~U~~kl~1 n iJf?l!?lf?l~-:J 

bn ~ n1~~ nV1~'elU'eltJ~1 n fl1~~,J~:::~'Vlt"lJ'el..:!11'"l~tJ ~1-:J1~-:JiJ ri1U'elmb~:;iJ~'J1~1n~l~tJ'lnkl 

bb~..:!1 'Wbb'W'J bbn'W X (Fx) ~'J1~~~~kl{"lJ'el..:!t1'"l~tJ C9i1..:!1~iJe.J~ C9i'el ~'J1~V1tJ1'U~'J b'U~tJ"lJ'el":! 
~ ~ 

n 1 ~ !?l~ ~-:J ~ 1 ~ ~ tJ bb U 'U 'I!'W (bb U U btl tJ n, bb U U ~ ::: 'el 'el..:! "lJ 'el-:J ~ 1 ~ V1 ~ 'el b ii 'W, bb ~ :; bb U 'U ~ ~ b111 )
'" 
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, 

~ "" ~'Jll-JVltJ1U~(Wur1tJ 

(Ra) 

Ra =0.451150 - 2.40570E-04S+ 3.05000F - 0.2430400 

+ 5.19519E-08S
2 

+ 0.09800770
2 

LLNU'W'J bLn'WU'1l'wl?T~ 

(Fx) 

Fx = -0.483571 + 0.00243768S -91 .0000F - 0.4325000 

-7.46607E-07S
2 

+ 0.0560000SF + 154.000FO 

LL'IJ'IJ'Gl:::'el'el.:J"II'el.:J 

rl')1l-JVltJ1UCJ'JL'il~tJ 

(Ra) 

Ra = 0.182679 -1.24E-05S+ 1 .45F - 0.1464430 

+ 0.05787140
2 

, cos 
'a1'a'\il'Gl'elb~'W LbNLL'W')bm'WU'1l'WI?T~ 

(Fx) 

Fx = -0.575000 + -0.00139096S + 121.875F + 6.055580 

+2.92115E-07S
2
-1 .721540

2 
-57.5000FD 

~'J1l-JVltJ1UCJ'JL'il~tJ 

(Ra) 

Ra = 0.112064 + 0.367500F+ 0.4495290 - 0.3192140
2 

+ 5.74000FD 

LLNLb'W'JLLn'WU'1l'WI?T~ 

(Fx) 

Fx = -0.110333 + 0.00035S + 63.5F + 0.0950 + 151.5FD 

>­
00' 0 ~ cr'1l aa.!Cil ~ oC::IIo '11 0 Q cr 

VI ~'l fOJl niJ1 e.J ~ n1:i''Vl (?I ~'el'l ~ 1 'J brl:i'1:;VI (?I 'J m fiy.j iJe.J 'J e.J ~ (?)'el'lJ bb~ 'J 'I'll n1:i''J brl:i'1:;VI e.J ~ fOJ iJ 

1~e.J~th~rJ!?lI'l1 ~~'le.J~1,x~lrl'Jl~iSrJ'lJ~'Jbn(?)~I~~(?) ~'l~ 

, "" (:i''el'lJ(?)'eliJl'Vl) 

tl(?):i'liJ'eliJ!?l(?) 

(iJ~~b~(?):i'!?l'el:i''el'lJ) 

2,323.37 0.01 1.25 

3,000.00 0.01 1.5 

2,737.79 0.01 1.5 
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(?l1n'l~ 6.3 rl1"lJ'el'lU"'lr.rtJ~1'l1 ~~'lCJ~'t~rl1fi1'J1:w(jmJ~(JLnf?l~1~~f?li'J:lJnUbb~'l~bfif?l~'W"lJ'el'l 

n1~~f?lbbUU~1'l 1 
.. 

"" fiI'J1:IJ b~'J ~'elU 

(~'elU~'el'W1Vl) 

~(?lnjJ'el'W~f?l 

(iJ~~ b:W(?l~~'el~'elu) 

bbUUbUtJn 2,323.37 0.01 1.25 

3,000.00 0.01 1.5 

2,737.79 0.01 1.5 
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." 

..::.I 
'lJ'VI'VI 7 

"llil'l b~'Mb~VI::;iiiltJ~'l Vl1il~ fl'J1:J..J b~'J~ilU ~1 n~1 b~'Mb~VI::;'"l::;m'J n~1 n1~19l!?l~iJ fl'J1:J..J b~'J ~ilU~'l 
'lJ 

I I I iI 11 11 r Y 

bUil'l'"l1n mnYl:J..J fl'J1:J..J b~'J~ilU'vhb'lXilruVlJl~Vl bfl !?l~'Wb'Wn1~19l!?l~'l~'W Vi1b'IX~'W'l1'WU:J..J~'W n1~19l!?l 
q 'lJ 'lJ 


'11 iI 11 I 


~1tJ~'W ~'l,r'Wfl'J1:J..Jm'J"llil'l b~'Mb~VI::;~'l ~'Wn~1 b~'Mb~VI::;'"l1 n m ~l9l!?lVl fl'J1:J..J b~'J~ilU~'l 
'lJ 

Q~ I .::S,cv QQ 

:J..J~~b:J..JI?l~l?lil~ilU fl'J1:J..J~nl?l!?l 1.5 :J..J~~b:J..Jl?l~ 
QQ I 4cv QQ 

:J..J~~b:J..JI?l~l?lil~ilU fl'J1:J..J~nl?l!?l 1.5 :J..J~~b:J..Jl?l~ 

"llil'lm~l9l!?lbbUUbtJtJn (~l?ln'i:'l'J'W 0.2 "llil'ln1~l9l!?lbbUUbtJtJn (~l?ln'i:'l'J'W 0.2 ~~~b:J..Jl?l~ 

~~~b:J..JI?l~l?1il 1 -nil'l) l?1il 1 -nil'l) 

, 
7.4 ~n'Mru::;b~'Mb~VI::;'Vl fl'J1:J..J b~'J~ilU 

3,000 ~il'Lll?1il'W1Vl ~1?l~1Uil'Wl9l!?l 0.02 1,000 ~iltll?1il'W1Vl ~l?lnihl'Wl9l!?l 0.02 

QQ I ..::S.cv QQ QQ I .::Scv Q"::::' 

:J..J~~ b:J..J 1?l~l?lil~ilU fl'J1:J..J~ n I?l!?l 0.5 :J..J~~ b:J..J I?l~ :J..J~~ b:J..J 1?l~l?lil~ilU fl'J1:J..J~ n I?l!?l 0.5 :J..J~m:J..J I?l~ 

"llil'ln1~l9l!?lbbUUbtJtJn (~1?l~1'i:'l'J'W 0.2 "llil'lm~l9l!?lbbUUbtJtJn (~l?ln'i:'l'J'W 0.2 ~~~b:J..Jl?l~ 

~~~b:J..JI?l~l?1il 1 -nil'l) l?1il 1 -nil'l) 
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b,",~t~~~"'l1 n~~ ~IU!lU~(?) ~1 b~ nU!ltJ bb~~~~~ ~IU!lU~(?)~~ 1 n b,",~t~~~"'l~~ f1,)I~~UI 

~1 n n~1 b,",~t~~~~~~nU!lU~(?)U!ltJ bti!l\l"'l1 n n!~~(?)~~~nU!lU~\I~(?)~(?)bf1~!lU~~(?)b~!l1'~(?)
~ , 

b~'dn~1 n1~~(?)~~~nil!lu~I~\lt:J~1~"llUI(?)"ll!l\l b'"'~t~~~~UI n~11U"ll ru~~ f1,)I~ b~,)~!l'U1Un! ~ 

~(?)bVh flU~\I t:J~1~f1,)I~m,)"ll!l\l b'"'~t~~~1n~b~tJ\I flU 

~.::::.t. I .::!i(V~.:::. 

~~~b~(?\~~!l~!l'U f1'dI~~n~(?) 1 3-I'6lm~~~"ll!l\l 
.:::.,.e:::t. I 4a/':::'.<:::I>. 

~~~b~~~~!l~!l'U f1,)I~~n~(?) 1 ~~~b~~~"ll!l\l 

n!~~(?)bbU'UbtJtJn (~~~I~,)U 0.2 ~~~b~~~l9i!l n1~~(?)bb'U'UbtJtJn (~~~I~,)U 0 .2 ~~~b~~~l9i!l 

1 "l1'el\l) 1 "l1!l\l) 

.Q.~ I .::::!CV~.Q 

3-I'6l~b~(?\~~!l:i'!l'U f1,)I~~ n ~ (?) 1 ~~~ b~ ~:i'''ll!l\l 
Q..c:". I 4<1.' Q.::::t, 

~~~ b~ ~~~!l:i'!l'U f1,)I~~n ~(?) 1 ~'6l'6l b~~~"ll!l\l 

n!:i'~(?)bb'U'UbtJtJn (~~~I~'dU 0.2 ~~~b~~~l9i!l n1:i'~(?)bb'U'UbtJtln (~~~I~'dU 0 .2 ~'6l~b~~~l9i!l 

1 "l1!l\l) 1 "l1!l\l) 
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.. 

I I I i,I 'i,I 2.1 I iI 

bUtl'llOlln nln~:w fYJ1:W b~'dJ'tl'IJvl11~tlru'VIJl~~ bn ~~'W1'WnlJ'lPl~~'l~'W vll1~~'W'll'WU:w~'W nlJ'lPl~ 
q <u <u 


iI 'V iI I 


~ltJ~'W ~'lil'Wf1'dl:wm'd"lltl'l bf'l1'jj'b~'VI~~'l~'Wn~l bf'l1'jj'b~'VI~lOll nnlJ'lPl~~f1'dl:W b~'dJ'mJ~'l 
<u 

, 
7.13 in'jj'ru~bf'l1'jj'b~'VI~ f1'dl:Wb~'dJ'tl'IJ 

3,000 J'tl'IJ~tl'Wl~ t5L91ntltl'WlPl~ 0.02 

~ ~ I ..:;;S. <V .<::lIr,.r::::. 

:W~~b:l.-IL91J'L91tlJ'tl'IJ f"1'dl:w~nL91~ 1.5 :W~~b:WL91J' 
o<:::Iio ~ I ...s. <V ..:::::.. ..:;;;:". 

:W~~b:WL91J'L91tlJ'tl'IJ f1'dl:w~nL91~ 1.5 :w~m:WL91J' 

"lItl'l nlJ'lPl~ bb'IJ'IJ~:W bill (t5L91n~'d'W 0.2 "lItl'lnlJ'lPl~bb'IJ'IJ~:Wblh (t5L91n~'d'W 0.2 

~~~b:WL91J'~tl 1 6J1tl'l) ~~~b:WL91J'~tl 1 6J1tl'l) 

, 
7.15 in'jj'ru~bf'l1'jj'b~'VI~ f1'dl:Wb~'dJ'tl1J 

3,000 J'tl'IJ~tl'Wl~ t5L91J'ltltl'WlPl~ 0.02 
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, 

n~1 b~~bIN~:;'"l1 nt5l91ni:1Tl'W~!?I~1 b~ nUTltJ bbIN:;~t5l9I ni:1Tl'W~!?I~~1 n b~~bm'l :;'"l:;j'J ~';l1~~'W1 

~1 n n~1 b~~bIN~:;~t5l9Ini:1Tl'W~!?IUTltJ b~Tl'l'"l1n n1~~!?I~t5l91ni:1Tl'W~'1j'J!?I ~(9lb~~Tl'W~ ~(9l bdTl1'~(9l
~ q 

b~';ln~1 n1~~!?I~t5191~1i:1Tl'W~1 ~'1 ~IN1'IX"lI'W1 (9l"llTl'l bf"\~bIN~:;~'W1 n~1 1'W"lI ru:;~ ~';l1~ b~';l~Tl'U1'Wn1~ 

~(9l b'Vh n'W~'1 ~IN1'IX~';l1~t.I1';l"llTl'l b~~bIN~:;1n~b~tJ'l n'W 

Q~ I .dlcv Q.Q oQQ. I ~~..:::toQ 

~ININb~ml9ITl~Tl'U ~';l1~INnl91(9l 1 ~ININb~l9I~"lITl'l ~ININbl-Jl9I~l9ITl~Tl'U ~';l1~INnl91(9l 1 ~ININb~l9I~"lITl'l 

n1~~!?Ibb'U'UIN~blh (t5l91n~';l'W 0.2 iJIN~b~l9I~ n1~~(9lbb'U'UIN~blh (t5l91n~';l'W 0.2 iJIN~b~l9I~ 

~Tl 1 -nTl'l) ~Tl 1 -nTl'l) 

..:::to..::::.. I ..:::9.cv Q..Q 

l-JININb~l9I:i'l9ITl~Tl'U ~';l1~INnl91(9l 1 l-JININb~l91~"lI'El'l 
.QQ. I .dlCV.QQ. 

l-JININbl-Jl9I:i'l9ITl:i''El'U ~';l1l-JINnl91!?1 1 ~ININbl-Jl91:i'"lJTl'l 

n1~~(9lbb'U'UbUtJn (t5191~1~';l'W 0.2 iJIN~h~l9I:i'~Tl n1:i'~!?Ibb'U'UbUtJn (t5l91n~';l'W 0.2 iJIN~b~l9I:i'~Tl 

1 -nTl'l) 1 -nTl'l) 
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"nnnJ~ 7.21 n'l 7.24 '"l~b~'W~1m1J-J~n"ll'f)'1n1~L9lVl~J-Jln ~'1i:-Jtl1~~'J1J-JtI1'J"lI'f)'1b~~
" 

I i/ I I it 

ttlVl~~'1 Vl1'f)Vl ~'JIJ-J~ n L9l ~U'f)tI b~~ttlVl~'"l~~'W bU'f)'1'"llnVl~'J1J-J~ n L9lVlJ-J1nn~1 n1~~mr~ bU'f)
" " , 

~~ ~"lI'f)'1 n1~L9l~'"l:::~J-J1 n n~1 mJ-J1 rubU'f)~~ ~Vl bl n L9l~~J-J1 n n~1 ~'1 i:-Jtl1~"lI'W1 ~"lI'f)'1 b~~~~Vltl1'J 
q q qj q 

~ ~ I ..::9: Q..I .:::. ~ Q ~ I ~ tv Q Q 

J-JtltlbJ-J(?]~(?]'f)~'f)tJ ~'JIJ-JtlnI?lVl 0 .5 J-JtltlbJ-J(?]~ J-JtltlbJ-JI?l~(?]'f)~'f)tJ fl'JlJ-Jtln(?]~ 1.5 J-JtltlbJ-J(?]~ 

"lI'f)'1n1~L9l~bbtJtJtlJ-Jblh (-5I?l~I~'J'W 0.2 "lI'f)'1n1~L9l~bbtJtJtlJ-Jbth (~(?]n~'J'W 0 .2 

~tl~bJ-J(?]~!?l'f) 1 "ll'f)'1) ~tl~bJ-J(?]~!?l'f) 1 "ll'f)'1) 

, 
nJ 7.23 ~n~ru:::b~~ttlVl:::'Vl~'J1J-Jb~'J~'f)tJ
" 
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'I , iJ i.I i.I I 'iI 

b~'El'l'"l1nn1n~:J.J f1'J1:J.J b~'J:i''Eluvh1~tH1.lVlJln%n (?1~'W1'Wn1:i'~(?1'6'l'l~'W v'h 1 ~~'W'l1'WU:J.J~'W n1:i'~(?1
q ~ ~ 

~ ~ I ..:;;s, Q;' .c::.. ~ 

:J.J~~b:J.Jj;]:i'j;]'El:i''EllJ f1'J1:h1~nj;](?1 1.5 :J.J~~b:J.Jj;]:i' 
.c::.. ~ I ~ Q/ Cit..c::.. 

:J.J~m:J.Jj;]:i'j;]'El:i''EllJ m1:J.J~nj;](?1 1.5 :J.J~~b:J.Jj;]:i' 

'lI'El'l n1:i'~(?1 bblJlJ~::;'El'El'l'll'El'l'6'l1:i'VI~'El bij'W 'lI'fl'l n1:i'~(?1 bblJlJ~::;'El'El'l'll'El'l '6'l1:i'VI~'El bij'W 

(~(9l:i'1~'J'W 0.2 n~~b:J.Jj;]:i'I?i'El 1 "ll'El'l) (~j;]:i'1~'J'W 0.2 n~~b:J.J(9l:i'I?i'El 1 "ll'El'l) 
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I I I I I iJ 

~nnn~rlb~'jj't~"v1~Vl~(?lnihl'w~(9)ilmJ bU'fl~"'l1n n1~~(9)Vl~(?lni1'fl'W~~il(9)~(9)brl~'fl'WVl~(9)bU'fl1~(9),~ 

b~'d n~1 n1~~(9)~~(?l~1i1'fl'W~1~~ i:J~1~"lI'W1 (9)"lI'fl~ b~'jj't~"v1~"v1'W1 n~11 'W"lI ru~~ rl'd1~ b~'d~'fliJl'Wn1~ 

~(9)b'Y11 n'W~~ i:J~1~rl'd1~tJ1'd"ll'fl~ b~'jj't~"v1~1n~L~t1~ n'W 

oQoQ I ~Q,.' QQ 

~~~b~(?I~(?l'fl~'fliJ rl'd1~~n(?l(9) 1 ~~~b~(?l~"lI'fl~ 
Q.o;;;::r" I .dlev oQoQ 

~~~b~(?l~(?l'fl~'fliJ rl'd1~~n(?l(9) 1 ~~~b~I'l~"lI'fl~ 

n1~~(9)bbiJiJ~~'fl'fl~"lI'fl~~1~"v1~'fl bij'W (~(?ln~'d'W n1~~(9)bbiJiJ~~'fl'fl~"lI'fl~~1~"v1~'fl bij'W (~(?ln~'d'W 

0.2 n~~b~(?l~(;]'fl 1 -n'fl~) 0.2 n~~b~(?l~(;]'fl 1 -n'fl~) 

, 

7.31 ~n'jj'ru~b~'jj't~VI~ rl'd1~b~'d~'fliJ XU'Vl 7.32 ~n'jj'ru~b~'jj't~VI~'Vlrl'd1~L~'d~'fliJ 

3,000 ~'fliJ(;]'fl'W1Vl ~(?lni1'fl'W~(9) 0.03 3,000 ~'fliJ(;]'fl'W1Vl ~(?l~1i1'fl'Wl9i(9) 0.01 

...:::....:::::.. I .diev oC::IioQ ~..::::.. I o<::9.Q,.I.c::t.1'::lt, 

~~~b~(?I:i'(?I'fl:i''fliJ rl'd1~~n(?l(9) 1 ~~'Clb~(?I~"lI'fl~ ~'Cl'Clb~(?I:i'(?I'fl~'fliJ rl'd1~~n(?l(9) 1 ~'Cl~b~(?I~"lI'fl~ 

n1~l9i(9)bbiJiJbUtin (~(?ln~'d'W 0.2 n'Cl~b~(?I~(;]'fl n1~~(9)LbiJiJbUtin (~(?In~'d'W 0.2 n~~b~(?I~(;]'fl 

1 -n'fl~) 1 -n'fl~) 
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, 
J'U'Vl 7.35 ~n~ru::;b~~b~'l.!I::;'VlI"I'dId.Jb~'dJ'tlU
'lJ 
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"""'U'VI'VI 8 

... , 
~'i:'l n1~'Vl (?1'i:'l'El-.:J~1 n n1~l?1~'J~rJ(?1Uh.J1 ru~I~U'WbUmJ1'Wmn1PlVl btl (?1~1 nm~i.Jrmn1~i?l(?1 

, , 
i.I .dI c:I.ct cv 

(?1'Jmrl~'El-.:J Aerodynamic particle sizer spectrometer 'Vl~Wn~~I~I~m(?1"l1'WI(?1'i:'l~'El'El-.:J~I~ 

VI~'Elb~'Wb~n~~(?1~ 0.51~tmb~l?1~ ~r1'JI~b~'J~'Eli.J[;]I-.:Jn'W, 

~lmu~ 8 .1 bb'i:'l~ 8.2 ~1~I~blMUlrJl~I~r1'JI~b~'J~'Eli.J1'Wn1~j;](?1~-.:J ~1'W'J'W'el'WJlIr1~I~ 
~ q ~ q 

... ... , 
U'W bU'el'W~ 1 n n1 ~i?l(?1~ ~~1 n n ~ 1~ 1 'W'J 'W'el'WJlI rI ~ 1 ~U'WbU'el'W~ 1 n n1 ~i?l(?1~ 1 n r1'J 1 ~ b~'J ~'El1J ~1, 

n1~i?l(?1bbi.Ji.JbUtln~r1'JI~b~'J~'eli.J 3,000 ~'mJ[;]'El 

'WIVl ~l?1nU'El'Wi?l(?1 0 .02 n'i:'l~h~l?1~[;]'f)~'f)i.J 

ml~~ni?l~ 1.5 n~~h~l?1~"lI'f)-.:Jn1~i?l~bbi.Ji.J 

bUtlll 

.<, 

1.471 #/cm
s 

v, ,---~ 

~UVl 8.2 ~~n1~rJ(?1'El'WJlIr1~I~U'WbU'El'W~ln
~ , 

n1~j;]~bb1J1JbtJtln~ml~b~'J~'f)1J 1,000 ~'Eli.J[;]'f) 

'WIVl ~l?1~IU'El'Wi?l(?1 0 .0 2 n~~b~l?1~[;]'f)~'f)i.J 
..::9. Q..' ..r:::::. .::::. Q/ 

r1'JI~'i:'lnl?1!P1 1.5 ~~~b~l?1~"lJ'f)-.:Jn1~l?1!P1bbi.Ji.J 

blltln 
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, ' 
i.I .4 QQ CV 

(?l'Jml"l~'el'l Aerodynamic particle sizer spectrometer 'VlaJl"l'J1aJ~1aJ1~m(?l'll'W1(?l~~'el'el'l~1~ 

'I-1~'elbij'Wb'~n~~(?l~ 0 . 51aJbl"lnaJl1l~ ~t511l~1U'el'W[;]1'ln'W
q 

r.l1nnJ~ 8 .3 bb~~ 8.4 ~1aJ1~bl~~'LlHl~1~t5l1lnU'el'Wb'Wm~~(?l~'l ~1'W'J'W'el'WJl11"l~1~ 
'U q cu q 

" '" U'WbU'el'W~1nn1~~(?l~~aJ1nn~1~1'W'J'W'el'WJl11"l~1~U'WbU'el'W~1nn1~~(?l~1nt511l~1U'el'W~1
q 

bti'el'l~1 n'll'W1 (?l'll'el'l bl"l'r!b~'I-1~~t5l1lnU'el'W~'l~'lI'W1 (?lb'I-1run~ 1'l1'W1 (?l'll'el'l bf"l'r!b~'I-1~~t5l1lnU'el'W~1 
'\J ~ 

" ' ~'l,r'Wb'fl m~ b 'Wm ~n ~~'Vl1J~1~'I-1 ~'el bij'Wvh1'IX~ 1 ~'I-1~'el bij'Wbbl1l n ~'J dJ'W'el'WJl11"l~'l~aJ1 n n~1 ~'l 
" , 

q 

~'l e.J~b~~1'W'J'W'el'WJl11"l~1~'Ll'WlU'el'WYlt5I1l~1U'el'W~'l~aJ1 n n~1 
q '\J 

1.854 #/cm3 

," 
~'LlVl 8 . 3 e.J~n1~1'(?l'el'WJl11"l~1~'Ll'WbU'el'W~1 n n1~ ~'LlVl 8.4 e.J~n1~1'(?l'el'WJl11"l~1~'Ll'WbU'el'W~1 n 
'U q qJ q 

~(?lbb1J1JbtJ~Jn~m1aJb~'J~'el1J 1,000 ~'el1J[;]'el'W1Vl n1~~(?lbl1J1JltJl:.Jn~I"l'J1aJb~'J~'el1J 1 ,000 ~'el1J[;]'el 

t5l1lnU'el'W~(?l 0.01 iJ~~baJl1l~[;]'el~'el1J 1"l'J1aJ~n 'W1Vl t5(9lnU'el'W~(?l 0.03 iJ~~laJl1l~[;]'el~'el1J 

~(?l 1 iJ~~b:hJ(9l~'lI'el'ln1~~(?lll1J1JltJtJn 1"l'J1aJ~n~(?l 1 iJ~~baJl1l~'lI'el'ln1~~f?lbl1J1JbtJtJn 

1.471 #/cm
3 

",-_..... 


, , 
iI d . ,. .o:::lI.Q IV 

(?l'Jml"l~'el'l Aerodynamic particle sizer spectrometer 'VlaJl"l'JlaJ~1aJl~m(?l"ll'W1(?l~~'el'el'l~1~ 

'I-1~'ellij'Wb~n~~(?l~ 0.51aJbl"l~laJl1l~ ~1"l'J1aJ~n~(?l[;]1'ln'W
q 

~1nnJ~ 8.5 ll~~ 8 .6 ~1aJl~blMul~~1~1"l'J1aJ~n~(?l~'l ~1'W'J'W'el'WJl1fl~1~'Llm~'el'W cu q ClJ q 

~1 n n1~~(?l~~aJ1 n n~1~1'W'J'W'el'WJl11"l~1~'Ll'Wb~'el'W~1 n n1~~(?l~ fl'J 1aJ~ n ~f?l~1 lti'fl'l~1 n n1~~f?l~
q 

Hi' fl'J1aJ ~ n n1~~~I ~1~~vh1'IXIn (?l mnll1l n ~'J'lI'el'l~I~'I-1~'ellij'W~ln m ~~(?It.J1 n vhbID'el m ~ bn (?l 
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dJ'W~:;'e)'e)'l ~1~'l ~'HJ b~'e) bmtJU bYltJUrlUm:i't?1!?1~ r1,)1~~ n m:i't?1 !?I~~1 n n~1 bb~:;~ n mru'Vf~'l ~'e) 

~ r1,)1~~ n ~!?I~'lfOl :;Vl1 b~b~~b~'Vf:;m'e) m ~b'Wm:i'm:;b~'WhJb!?l'W~1:i''Vf~'e) b€1'Wb ~~~1 n~'Wn~1~ 
" 

~ ~ 

U'Wb1J'e)'Wb'W'e)1 m ~~'l~'WL9n~1u~')tJ
" 

1.284 #/cm3 

.-::,' 
~,' 

I tJ I V;--_..... 

:i'UYl8,S eJ~m:i',y!?l'B'WJl 1 r1~1:i'U'Wl1J'e)'WfOl1n :i'UYl8,6 eJ~m:i',y!?l'e)'WJl1r1~1:i'1J'Wb1J'e)'WfOl1nn1:i'
~ q ~ q 

m:i't?1!?1bbUUbUtJn~r1,)1~b~,):i''e)U 1 ,000 :i''e)U!?I'e) t?1!?1bbUUbUtJn~r1,)1~b~,):i''e)U 1 ,000 :i''e)U!?I'e)'W1Yl 

'W1Yl ~[?]niJ'e)'Wt?1!?1 0,02 iJ~~b~[?]:i'!?I'B:i''e)u ~[?]niJ'e)'Wt?1!?1 0.02 iJ~~b~[?]:i'!?I'e):i''e)U r1,)1~~n 

r1,)1~~n~!?I O.S iJ~~l~[?]:i''1I'e)'lm:i't?1!?1blUU t?1!?1 1 ,S iJ~~b~[?]:i''1I'e)'lm:i'~!?IbbU1JlUtJn 

bUtJn 

1.928 #/cm3 

, , 
'V d -=:,I.£::lI. cv 

!?I')tJbr1:i''e)'l Aerodynamic particle sizer spectrometer 'Vl~r1,)1~~1~1:i'm!?l'1l'W1!?1~:;'e)'e)'l~1:i' 

'Vf~'flbtTI'Wl~n~~!?I~ 0 , S1~br1n~[?]:i' ~r1,)1~b~,):i''e)U!?I1'lrl'W• 

bti'e)'lfOl1 n m:i''Vf~'W'1I'e)'li1!?1 t?1!?I~11~~1:i''Vf ~'e) btTI'Wm::;fOl1t1t?1') l1j'W~::;'e)'e)'l c;l'l,r'Wl~'e)i1!?1 t?1!?I'Vf~'Wb~,) m:i'. . 
n :i':;fOl1t1 t?1,) '11 'e)'l ~1 :i''Vf~'e) b€1'WfOl :;~1 n ~'l tJ~b~~1'W')'W'e)'WJl1 r1~1:i'U'Wb~'e)'WfOl1 n n1:i'~!?Ii1~1 n. 
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, ~~--~ 

:i'DVl8.7 e.J~nJ:i't)~!l'Wfl1,",~1:i'D'WLij!l'W"'l1nnJ:i'
~ , 

~~bb'lJ'lJ bUEJ n~ ,",'J1~1 b~'J:i'!llJ 3,000 J'!l'lJ [;]!l'W1Vl 

'fi'1?]J'1U!l'W~~ 0.02 ~~~b~I?]J'[;]!lJ'!l'lJ ,",'J1~~n 

~~ 0 .5 ~~~b~I?]J'"lJ!l'lnJJ'~~bb'lJ'lJ~~bth 

, ~~---
J'DVl8.8 e.J~nJJ't)~!l'Wfl1,",~1J'D'WbU!l'W"'l1n
~ , 

nJJ'~~bb'lJ'lJbUEJn~,",'J1~b~'JJ'!l'lJ 1,000 J'!l'lJ[;]!l 

'W1Vl 'fi'l?]nU!l'W~~ 0 .0 2 ~~~b~I?]:i'[;]!lJ'!l'lJ 

, , 
i.I ~ . , . Q.o::i <V 

Wltlb,",J'!l'l Aerodynamic particle sizer spectrometer 'VI~,",'J1~~1~1J'm~"lJ'W1~~::;!l!l'l~1:i' 

VI~!lbij'Wb'~n~~~~ 0.51~YMb~l?]J' ~'fi'l?]nU!l'W[;]1'1n'W, 

"l1mD~ 8 .9 bb~::; 8 .1 0 ~1~1J'~MD1~~1~'fi'1?]:i'1u!li..ll'Wn1:i'~~~'1 ~1'W'J'W!l'Wfl1,",~1J'cu q cu q 

" ", 
D'WbU!l'W"'l1 n n1:i'~~"'l ::;~1 n n~1~1'W'J'W!l'Wfl1 '"' ~ 1 J',J'W bU!l'W"'l1 n n 1 J'~~"'l1 n'fi' I?] J'1U!l'W~ 1, 

bti!l'l"'l1n"lJ'W1 ~"lJ!l'l b~~Y~VI::;~'fi'I?]nU!l'W~'1~"1I'W1 ~1VI nJ n~ 1"lJ'W1 ~"1I!l'l b~~Y~VI::;~'fi'I?]nU!l'W~1
'IJ ~ 

" , 
ril'l,J'WY!l n1 ~1 'Wn1 J'n J'::;'VI'J~ 1 J'VI~!l bij'Wvi11~~ 1 J'VI~!l bij'Wbbl?] n ~'J dJ'W!l'Wfi1 ,",~'1~~1 n n~1 ~'1, 
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"J"f: 

. 2.741 #lcrns 

"r-----' 

..... -0"" 
'"> 3

2.036 #/crn 

nJ~ 8 .9 e.J'i'lm:i'rJ(?Itl'WJl1rl~1:i'U'W~tJtl'W"'l1n
~ q 

m:i'tp](?I~~UUbtJtJn~f1'J1:h1b~'J:i'tlU 1,000 :i'tlU!?ltl m:i'tp](?JbbUUbtJtJn~m1:h1~~'J:i'tlU 1,000 :i'tlU!?ltl 

'W1~ ~1?l:i'1i1tl'Wtp](?I 0 .03 iJ'i'l~b:hlI?l:i'!?ltl:i'tlU 'W1~ ~1?l:i'1i1tl'Wtp](?J 0 .01 iJ'i'l~~:hII?l:i'!?ltl:i'tlU 

m1:h1~ntp](?I 1 iJ'i'l~~:hII?l:i'''lltl'lm:i'tp](?I~~uU'i'l:hlbth rl'J1:h1~ntp](?J 1 iJ'i'l~b:hlI?l:i'''lltl'ln1:i'tp](?IbbUU'i'l:hlbth 

, , 
i/ ~ " qq ~ 

(?I'JtJbrl:i'tl'l Aerodynamic particle sizer spectrometer 'Vl:hlrl'J1:h1~1:h11HI'J(?I"ll'W1(?1'i'l:;tltl'l~1:i' 

~~tlbU'Wb~n~~(?I~ 0 .51:h1lrl:i'b:hlI?l:i' ~rl'J1:h1~ntp](?I!?l1'ln'W
q 

j.I I ,I I 

"'l1nn1:i'tp](?J"'l:;:hI1nn~1~1'W'J'Wtl'WJl1rl~1:i'U'WbtJtl'W"'l1nn1:i'tp](?I~f1'J1:h1~ntp](?I~1 b~tl'l"'l1nn1~tp](?J~
q 

H f1'J1:h1~ n m:i'tp] (?I ~1"'l :;';h1~bll (?J mnbl?l n tp]'J"lltl'l~1 :i'~~tl bU'W"'l1n n1:i'tp](?1m n ';h1mtl n1~ bll (?J 

dJ'W'i'l:;tltl'l ~1'i'l'l ~'JtJ b~tl bmtJu b~tJU nu m ~tp] (?J~ f1'J1:h1~ n m:i'tp] (?J~:hI1 n n~1 bb'i'l:;~n mru~~'l ~tl 
, , 'V I 

~ f1'J1:h1~ n tp](?I ~'l"'l :;';h1~~'"'~l'i'l~d1ttl n1 ~1'Wn1:i'n~:; b~'W11Jt(?J'W~1:i'~ ~tl bU'Wb~:hI:hI1 n~'W n ~ 1 ~ 
'U 

, ~ 

1"),)1:h1 ~ n tp](?I ~1 ';h1~n1 nil (?J'i'l :;'Eltl'l "lltl'l~ 1 ~~ ~tl bU'W~'l~'W ~'l eJ 'i'l1~~ rl'J 1 :hI~'W1 bbU 'W"lltl'l ~1:i' 
'U 

~ ~ 

u'WbtJtl'W1'Wtl1m,",~'l~'W!?l1:h11u~(:m
~ 
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1.887 #/cm 
V 

3 0.711 #/cm3 

I I vr---~ 

nJYl 8.11 t:J~n1~~(?l'fl'WJlI~~I~U'Wl.tl'fl'W"'lln ~UYl 8.12 t:J~n1~~(?l'fl'WJlI~~IJ'U'Wl.tl'fl'W"'llncu q ClJ q 

n1~~(?lI.I.UUl.tl~Jn~~';l I ~I.~';l~'flU 2,000 ~'flU n1~~(?lI.I.UUl.tltm~~';lI~I.~';l~'flU 2,000 ~'flUI?1'fl 

1?1'fl'WIYl ~(?l~I1J'fl'W~(?l 0 .01 iJ~~I.~[?]~I?1'fl~'flU 'WIYl ~[?]nU'fl'W~!?l 0.01 iJ~~I.~[?]~I?1'fl~'flU 

~ , 
t:J~ n1 ~'Vl !?l~'fl'l"'l1 n n1~[?]~'J"'l~!?lm~1 ru~l~tJ'Wbtl'fl'Wl'W'flIn1~Yll.n !?l"'l1 n nJ'~U';l'Wn1~~(?l 

, , 
11 d , ., ~.::::::I Q.I 

!?l';lm~~'fl'l Aerodynamic particle sizer spectrometer 'Vl~~';lI~~I~I~m(?l"ll'WI(?l~~'fl'fl'l~I~ 

VI~'flI.~'WI.~n~~!?l~ 0.51~t~n~[?]~ ~~';lI~I.~';l~'flUI?11'1n'W. 
"'llmU~ 8.13 bl.~~ 8.14 ~1~1~!.lMtl1~~I~~'JI~I.~';l~'flul'Wn1~~(?l~'1 ~1'W';l'W'fl'WJlI~

qJ q qJ q 

~ ~ , 
~1 ~U'Wl.tl'fl'W"'l1 n n1~~!?l"'l ~~1 n n~I~I'W';l'W'fl'WJlI ~~I~tI'Wl.tl'fl'W"'l1 n n1~~!?l"'lln ~';lI~I.~'J~'flU~1• , ,~ 

I.U'fl'l"'l1 n n1 ~VI~'W"l1'fl'liJ!?l ~!?lVl11~~1 ~VI~'fl 1.~'Wn~~"'lltJ ~';l dj'W~~'fl'fl'l (?)'1u'Wl.n'fliJ (?l~(?lVl~'WI.~'J nl~ 
q q 
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25.045 #lcm 3 13.587 #/cm3 

~,----------------------
• I"" ~ • 1 ~I

:i'u'Vl8.13 (:..j~nI:i''J(?I'El'WJl1~~1:i'u'Wbu'El'WiOl1n
~ q 

~~--------------------~----~ 
:i'UV18.14 (:..j~nI:i'rr(?l'El'WJl1~~1:i'U'WbU'El'WiOl1n
'lJ q 

nI:i'~(?IbbiJiJbtltJn~~'J1~b~'J:i''EliJ 3 ,000 :i''EliJl?l'El nI:i'~(?IbbiJiJbtlt.Jn~m1~b~'J:i''EliJ 1,000 :i''Eltll?l'El 

'W1V1 ~l?lnU'El'W~(?I 0 .02 ~~~b~I?l:i'I?l'El:i''EliJ 'W1V1 ~!PIniJ'El'W~(?I 0.02 ~~~b~!PI:i'I?l'El:i''EliJ 

~'J1~~n~(?I 0 .5 ~~~b~I?l:i'"1J'El,.:m1:i'~(?IbbiJiJ 

~ :; 'El'El-:J"1J'El-:J ~1 :i'Vl~'ElbiJ'W 

8 .8 m'abmtl'U b Vitl'U'el'lUl1 f'l~1'atl'W bTI'el'W~1 n n1'a1Pl1?l bb'U'U~::;'el'el~"lJ'el~~1'aVl~'el b~'tJ;ji!PI'a1• 
i:1 'el 'tJ IPlI?l vh~ n'tJ 

(:..j~ nI:i''Vl (?I~'El-:J'"l1 n nI:i'I?l:i''JiOlrr(?lm~1 ru~1:i'U'Wb~'El'W1'W'El1 nll'l1~ btl (?IiOl1 n n:i':;iJ'J'Wn1:i'~(?I 
, , 

iI ~ QQ ~ 

(?I'Jm~:i''El-:J Aerodynamic partic le sizer spectrometer 'Vl~~'J1~~1~1:i'm(?l"1J'W1(?1~~'El'El-:J~1:i' 

Vl~'Elb~Ub~n~~(?I~ 0.51~t~n~l?l:i' ~~l?lnU'ElUI?l1-:Jnu 
q 

'" ,
~-:J (:..j ~1,x91U'JU'ElUJl1 f01~1:i'UUbU'El'tJV1~m1iJ'ElU~-:JiJ~1 n n~1 

q 'lJ 
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34.142 #/cm 3 

~ 
18.957 #/cm 3 

v~--~ 

njVl 
, 

8.15 e.J~n1J'1'(y)'fl'WJl'H;1~1J''!J'W~iJ'fl'W'"l1n J''!JVl 8.16 e.J~n1J'1'(y)'fl'WJl11"l~1J''!J'W~iJ'fl'W'"l1n
q,r q qJ q 

n1J'~(y)bbUUbUtJn~I"l'J1~b~'JJ''flU 1,000 J''flU~'fl n1J'~(y)bbUUbtJtJn~I"l'J1~b~'JJ''flU 1,000 J''fllJ~'fl 

'W1Vl ~l?lnu'fl'W~(y) 0.03 ij~~~~I?lJ'~'flJ''fllJ 'W1Vl ~l?lnu'fl'W~(y) 0 .01 ij~~b~I?lJ'~'flJ''flU 

~ , 
e.J~ n1J''Vl(y)~'fl'l'"l1 n n1 J'1?lJ''J'"l1'(Plm~1 ru~1J''!J'WbiJ'fl'W1'Wm n1 MVl ~tl (Y)'"l1 n nJ'::::lJ'J,\..!n1J'~(y) 

, , 
iI ~ ' " od..:::::l cv 
(Pl'JtJbl"lJ''fl'l Aerodynamic particle sizer spectrometer 'Vl~1"l'J1~~1~1nl'J(Pl"ll'W1~~::::'fl'fl'l~1J' 

~~'flb~'Wb~n~~(Y)~ 0.51~bl"ln~l?lJ' ~1"l'J1~~n~~~1'ln'W• , , ~ 

'"l1nnlVl 8 .17 lb~:::: 8 .18 ~1~1J'r;)~J''!J1Ji'~1VlI''l'J1~~n~(Pl~'l ~1't..!'J'W'fl'WJl11"l~1J''!J'WbiJ'fl'W 
qJ q qJ q 

iI I I I I 

'"l1nn1J'~~'"l::::~1nn~1~1'W'J'W'fl'WJl11"l~1J''!J'WbiJ'fl'W'"l1nn1J'~(PlVlI''l'J1~~n~~~1 bU'fl'l'"l1nn1J'~~Vl• 

H' 1"l'J1~~ n n1 J'~(Pl ~1'"l::::v'i11~btl (Pl n1 nll?ln ~'J"lJ'fl'l~1 J'~~'fl b~'W'"l1 n n1J'~(Y)tJ1 n v'i11m'fl n1~ btl (Pl 

bU't..!~::::'fl'fl'l ~1~'l Ji''JtJ b~'fl bmtJlJ bVltJlJnlJn1J'~(Y)~ 1"l'J1~~n n1J'~~~~1 nn~1 bb~::::~n nJ'ru~~'lA'fl 
I I 'V , 

VlI"l'J1~~ n~(Y) ~'l'"l::::vl11~bM~b~~::::rJb'fln1~1'Wn1J'n J'::::~~'Wl,Jb(Pl't..!~1J'~~'fl b~'Wb~~~1 n~'Wn~1Vl 
'U 

, ~ 


1"l'J1~~ n~~~1 vl11~n1J'ln (Pl~::::'fl'fl'l"lJ'fl'l~1J'~~'fll~'W~'l~'W ~'l e.J~1~rJ 1"l'J1~~'t..!1 ~ltl'W"lJ'fl'l~1J' 

'U 
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'" / 

,.;~.. 
24.952 #/cm3 

n1~l?i'~~LUULtJtm~~'J 'U'Hr'J~tlU 2,000 ~tlul1itl 

'W1V1 ~l?lniJtl'Wl?i'~ 0.01 ~~~L~I?l~l1itl~tlU 

~'J'l~~nl?i'~ 1,5 ~~~L~I?l~"1Itl..:Jn1~l?i'~LLUU 

~~tltl..:J"1Itl..:J~l ~~~tl Ltj'W 

13.728 #/cm
3 

--~--------------------v~---
nJV1 8.18 1:J~n1~rj'~tlkllll~~1~iJklLUtl'W91n
~ q 

n1~l?i'~bLUULtJtJn~~'Jl~br'J~tlU 2,000 ~tlul1itl 

'W1V1 ~1?l~liJtl'Wl?i'~ 0.01 ~~~b~I?l~l1itl~tlU 
diev -=-.t:::lt. IV 

~'J1~~nl?l~ 0.5 ~~~L~I?l~"1Itl,m1~I?l~LbUU 

~~tltl..:J"1I'f)..:J~l ~~~tl L~kl 

_I":!! "" _I ~ ....,
8.10 m'ibu'itJ'lJ b 'VltJ'lJ'fl'4111 ~~1'i1J'tJbu'fl'tJ"n nn1'i~ lPl bb'lJ'lJ ~1.:J "1 

91 n~iJ~ 8.19 ~..:J 8.21 MiJl~~ln1~l?i'~LLUU~~tltl.:J"1Itl.:J~l~~~tlbtj'WiJ~l~iJ'WL~tl'W~ln
~ q 

~~ ~ L titl.:J91 ntl~lll ~"1Itl.:J~l~~~tl bi1'WiJ"lI'W1 ~ b~ n~l n ~..:Jtl'W~l nutl1 nl p\l~~ltJ n~l bbUU~'W1 
" LL~~m~l ru~l~iJklLU'f)'W~tl.:J~.:J~l ~tl n1~l?i'~LbUUbUtJn bb~~n1~l?i'~bbuU~~ bthiJm~lrutl'Wlll ~ 

" , 
q 

~l~iJ'WLUtl'WLJtltJV1~ ~ 
q 
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, ,,-< 
":,.<0'-­

"";0 .6e. 

'-> 0.854 #/cm3 

n1~~m~1J1J~Utln~~'l1l-J~~'l~rel1J 2,000 ~rel1J~rel 

'W1Vl ~(;]niJrel'W~~ 0.02 ij~~~l-J(;]~~mrel1J 

~'l1l-J~n~~ 1 ij~~~l-J(;]~"1Irel ·.:m1~~!?lbb1J1J~l-Jbth 

~~~---------------------v~--~ 
~'!JVl 8.20 [:,J~n1~.r~!l'WJl1~-;;q1~,J'W~iJ!l'W'"l1n
~ . 

n1~~!?lbb1J1JbUtln~f1'l1l-Jb~'l~rel1J 2,000 ~!l1J~!l 

'W1Vl ~(;]~1'J!l'W~~ 0.02 ij~~bl-J(;]~~!l~!l1J 

f1'l1l-J~n~~ 1 ij~~bl-J(;]~"1I!l'ln1~~~bb1J1Jbtltln 

25.014 #/cm 
3 
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..."j 

'U'VI'VI 9 

~~ltJ~'1 ~'W'Vl'W~ ~n 111'"l1 n n1~H'iJ 111 ~l1loX'JU'el'C1"1J ru:;'el£Jt'Wm:;u'J'Wn1~~l11l?ll~ d'el'Wl"1J n1~~111~1~ 
q '" 

" ~'1H bl11tJ~'"lI~rul'ell tJ"1J 'el'l iJ 111 ~l1loX'J U'el 'C1~15'1t-if'lI'W Hl'"ll n '"'1 ml~~ n ~~'el"1J'el'liJ 111 ~l1loX'JU'el 'C1 
q 

~n'W 0.2 ~'C1~ ~~ I?l~ 

~1~fun1~~l11 ~~uu~tJtJn ~~UU'C1:;'el'el'l ~~'C1:;~~'J'J'C1~ ~th t 'W~:;tJ:;~'J'C11 2 -B''J L~'1iJf11 f1'Jl~~ n 
I I tJ 'lI 

~~'el"1J'el'liJl11~l11'~J'eltJ~1 m~'el ~YJtJu flU ~n ruovlYJ ~'1H 0.2 ~'C1~ ~~ I?l~ ~'1't!'Wnl~'Wl11tiX~I'W'J'WiJl11 ~l11YJ 
" H'iJf11~'Vh fl'W ~'1tJ'C11~n1nmtJu ~YJtJu~'W'Vl'Wn1~~111 ~'1~I~I~bl'C1:;~'W'Vl'WiJ 111 ~l11'el'eln hJlrJl ~'1't!'W 

q q 

" n1~~I'W'J ru~mtJu ~YJtJu~'W'Vl'W~'1~'"lI~rul ~'U'Vn :;~'W'Vl'W"1J'el'l~I~~~'el ~~'W~'Vh't!'W t 'W~'J'W"1J'el'l~I~ 
q q 

n1~~l11~~uu~utJn n1~~l11~~UU'C1:;'el'el'l n1~~C?i~~uu'C1~~th 

~(91nn1~t-if~I~~~'el~~'W~jru:;~l11 

(~(91~~'el'W1YJ) 
16 0.09 0 

~(91~In1~'J'Wn~U~IHt~~ 100% 99.07% 0 

1,1lJ1W1,Hil: c1~~1-ifl1l1'l11wi'i1l LthJ.'lIll~ LI'111l~'ii L'iitJ.'ii LLl-i'll'ii"Uil~ L;n1..!L(WElfihJh.J 'Wll 19134 ~l1lr 

1l1£Jn1Jl-if~1"u'lI1l~1'!1J1,1~llLfi"U 1000 -B''l Ll.J~ 

'"lln(911~1'1~ 9.1 '"l:;~~'W~In1~~l11~~UU'C1~~thl~iJn1~l-if~I~~~'el~~'W n1~~l11~~Uu~utJniJ 

n1~H'~I~~~'el ~~'W~1 n~~ 
q 

111 ~~~iJ n1~'J'W~I~~~'el ~~'Wn~u~11-if1~i'l~~ 111 ~~'C1:;n1~~l11~~UU'C1:;'el'el'l 

~1~~~'el~ij'W~ dJ'W'C1:;'el'el'l hJ flU 'ell n1 f'l1~'1Yll1~iJ n 1 ~~1 ~1 ~~~'el ~ij'Wn ~u~11-if1~~1~ f1 ~ui'l~~ 111 

LC?itJ~I~I~bl ~nJ n1~l-n~1 ~~~'el ~~'W 1'Wn1~~111 ~~~'C1:; d'el'Wl"1J ~'1 (911 ~1'1~ 9.2 
q 

I 
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1,000 

3,000 

1,000 

3,000 

1,000 

3,000 

1,000 

3,000 

2,000 

2,000 

2,000 

2,000 

2,000 

0.01 

0.01 

0.03 

0.03 

0.02 

0.02 

0.02 

0.02 

0.01 

0.03 

0.01 

0.03 

0.02 

1 

0.5 

0.5 

1.5 

1.5 

0.5 

0.5 

1.5 

1.5 

1 

A 0.5 < W < M 0.5 

A 0.5 < W < M 0.5 

A 0.5 < W < M 0.5 

A 0.5 < W < M 0.5 

A 0.5 < W < M 0.5 

A 0.5 < W < M 0.5 

A 0.5 < W < M 0.5 

A 0.5 < W < M 0.5 

A 0.5 < W < M 0.5 

A 0.5 < W < M 0.5 

A 0.5 < W < M 0.5 

A 0.5 < W < M 0.5 

A 0.5 < W < M 0.5 

dO W Wtl ..J
'\,ll-.J1m'\,lliJ A 0.5 "''11 nl1C1l{i)LLUU~lJL 1'1l"''lIW)1V, 0.5 MPa 

W ~'11 n11I7iCllLLUULihJn 

M 0.5 ioi'11 n1rl7i{i)LLUU~:;'11'11~~"''lllJl7iV, 0.5 MPa 

VI~'fmj'W1~~'l!Yl1J'1'l~ 9.3 t~tJ,r'Jb~'fl~1J'VI~'flbt'i'W~nfl1~!YlJ'~~ 266.33 U1'Vl 'fl1umJ'Hf'l1'W 
q 

I 'iI I iI '11 

1000 -n'JhJ'llb~~~~!YlJ'1mJ'e.J~~tJ1'fl~Yl ~1J'VI~'flbt'i'W 1 ~'J'We.J~UW115 ~'J'W ~~,r'Jb~'fl~1J'VI~'fl 

" bt'i'WbU'W 6.25% "ll'fl'l~1J'VI~'fllt'i'W~'lVl~~ 
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(9l1J'1'l~ 9.3 bmtJ'lJ bYltJ'lJn ~1 ~klYJkl~1J'VI~ilb~kl"ll'el'ln1J'!?l~bb'lJ'lJ1?l1'l1 
~----~------------~-----, 

bb'lJ'lJ bb'lJ'lJ~::::'elil'l"ll'el'l bb'lJ'lJ~UJ 

bUtJn ~1J'VI~'elb~kl blh 

~(9lnn1J'H~1J'VI~ilbiJkl"llru::::vhn1J'!?l~ (~(9lJ'/ 
16 0.09 

kl1Yl) 

100% 99.07% 

6 .25% 6.25% 

0.003140.01196 

266.33 266.33 

3.185 0.837 

rh~1J'VI~'el b~klb~'el1-ntJ 1,000 on".} b~'l ('lJ1'Vl) 

nn1:1~ 11:wi1n1n~~~1J'VI~'elb~kl 3,185.04 3,185.04 

mru~ 2 i1n1n~~~1J'VI~'elb~klbtlklJ'::::tJ:::: 3,185.04 836.91 

I 'lI 'lI 'lI 'lI 

VI~ ~ ~'el'll.l n btJ~tJklVl'li'lVl~ ~ bVI :Wilklbb'lJ'lJ bU tJ n ~..:J U kl~klYl kl~ 1 J'VI ~ 'el b~kl"ll'el'li'l ~'el'l bb'lJ'lJ'Dl:::: 
~ , 

I , 'lI 'lI 

~1 btlkl~'el'l btJ~tJkl~1J'VI ~'el b~kl ~'l ~ ~ ~klYlkln1J'H~1J'VI ~'el b~klb1),~1 ::::Yl1·ifb'l'hUkl ~'lt!kl~klYlkl~1 J' 
q q 

http:3,185.04
http:3,185.04
http:3,185.04
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4,000.00 
~ 3,000.00r 

2,000.002­
1,000.00 ~~ 1 I<to 0.00 

r 
C 
;l ;;::::J ;;::::J 	 "7 ~ 

c;::J "~ ~ (::: ~~ 	 <P c;::J 
~. ~ o:;:l ~ 	 "7 -(l:;;

~E: g ~E: c;::J 
(r. (r. c;::J ::s: 

(r.;I~ e- e- II e­(::: (::: (l:;; 
"(i:; 

http:1,000.00
http:2,000.00
http:3,000.00
http:4,000.00
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Jl1fHJ't.!'Jn n 

Specifications of measuring equipment 

Measurement Model Uncertainty (%) 

Surface Roughness Tester Surfcom 14000-12 1.57 

Particle Sizer 3321 ±10 

Measurement Model Sensitivity (pC/N) 

Fx -7.922 

Force sensor Fy Kistler 92578 -7.912 

Fz 

-­
-3.701 
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ll1f'HJ'U'Jn "11 

J11'W r;h!l eh ~1.!-311.! 

, ", 
~iJV16)J1 ~'J6)J'fl'l~'W'I,")'WV1f01'J,")~b~'J~'fl'IJr;l11l~'11'W-ri'J'I 10000 - 12000 ~'fl'IJI?i'fl'W'IV1 
~ ~ 
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, , 
CVQ w; 0 

m:fIM1'Vl ~'.l1l-H:f'.l:f~'lJ IWl 

(um) Primary Profile H-Mag. :'10.00 

f--7-+-'-+--;-+-'--+-'-+---'----+-'-_+_'-+---'----+-'-_+_-'-t~+_'__+_~----:- Rz::: 0.9992 u m 

2.l 
Omm 5.0 10.0 15.0 20.0 

(um) Primary Profile V-Mag '10.00J 00 H-Mag '10 00 

2.0 . ' . : ' , : i :

H-,- : + :-' :' --:-r,:, :,H", H :' '-- :-I 

: i : i : : i ; 

...:.,'1.-'___ _ _ _ _ ____ _ -'-_____'_--_-:----------------ij 
Omm 5.0 10.0 15.0 20.0 
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(urn) Primary Profile V-Mag ·'10,000 00 H-Mag ·'1000 

I : , ! , : I : 

.______.!.l 
Omm 5.0 10.0 1~0 ~D 

-, -I 
Omm 5.0 10.0 15.0 ~.O 
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Rz = 1.5248 um 

--'-_____________ '--_____.-_._- .---­ ------­ -I 

, , 
CVQ ~cvo 

n1~1?1 ~'Vlrl'"J'l:W'6'l n!M11?I'l 

(um) Primary Prolile V-Mag. "10,000.00 H-Mag. :"10.00 

Omm 5.0 10.0 15.0 20.0 

(um) 

Rz = 0.9992 um 
I ' 

- j jJ 
Omm 5.0 10.0 15.0 20.0 

http:10,000.00
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, , 
cv.Q a 0 

nI:i'[;l(?)'V! ~'Yl:W b:i''J:i'tl'U19l1 

(um) Profile CUNe 	 V·Mag. :"10,000.00 H·Mag. :"10.00 

2. ._ . .. _._ .. . . . , . . ~__ . . •. . .. . . ~.. __ _ ._ .. . . , . . ~_' . • _. : .. . ~ . I0~~~ . .. 	 _ ' '~ ~
, " , " , " , ' I 

1.0 	 . t I ' : , : I ' : ,., ..' , "I 
filUli' ·~~·.l,;\llljt~,Ii.i ilJII ~Lr ---l iltw ai~j llL -J1~;k - · i-· "i ' :, ' -

OOW'f;"ruYlr. .I!.. Ir~m:11lf I.~.U~'I~J~ .. .. l: ~r P [· l! !:~!' .':P-'-l ... .. :- . . ~ Ra = 0,2011 um ~!ll 
.10 r ; I' r -': ' . I ~ I ~' : . ' . ; ' I : . , . 

...-. --j-.:- . -.. ---.. .. ,-.-. ----.- --.: ..., . .. : Rz = 1 5734 um : 
~ , 	 ~ 

._...._-_..._-------., - I 
Omm 5.0 	 10.0 15.0 20.0 

(um) Profile CUN. V-Mag. :"10 ,000.00 H·M_g. :"10.00 

;~ ~ ~T : -:t~l'~t ::tit . 
:-~. -+,-i--+++ 

. " . . _ _ _~ __ i ~ . • . _ .. ./. _.1. __'- .• 

Ra = 0.2267 um 

Rz = 1.7479um 

~t+~:i.~ - . ~ -- .-
f ..:....·-t- ..;..~· i..···~......r t ···, .. .. ·:....·it-j-- '· 

Omm 5.0 	 10.0 15.0 20.0 

http:10,000.00


145 

(um) Profile Curve V-Mag " 10,00000 H·Mag '10 00 

~: ~~:=~~~-:~ -~- -- ~- -,-·1-; ' . - -~- )::::t: l~·':·:~:~- ~~~r;~-~~i-~-~ l:~r-::~: · 
00 J.i· j ;V.lji:~; :&.:h1 ·--~- r-·il;,- :f.-- l j 'IaI!.tL,hL:itW - -I'_.,: J ; _. I 

r~: ~Jr-':r : ·.~m'- f- "'/ '-Tlr'rl • - - ;ll ·~ r 1 -~ ' ~ - ''"Wl' ' 111~''' + -- : ''- 'r Ra = 0.1695 um 

::: · ; ; - -·~--: -· ; -·-i-I- f · - :- :+ i-- i- --; i--: - Rz = 1.2241 um 
, : I : I : 

-I -I 
Omm 5.0 10.0 15.0 200 

(um) Profile Curve V·Mag. 'lO,Omoo H-Mag. :·10.00 

2.0 I-"--t-~I~:-+-"";""";~-j-~-;'-j--:-+-~--'--.j--;.-t-..:......t-;"""+-'--t-~-+i~+-'-+-..:.-.t--:'-+-'--I: 
: ; : I : 

-- ~. - " : - ~l ' -; - " - .~. - . . - - ~ .. 
.....- ~ -....+--.--'. _ ._.... 

: ! ' , 1.0 

Rz = 0,8855 um 
·2.0 '-....-'- .:..-J.-'-..J........;---'-...:.......l--:.--'---'---'-~'--'---'--''---L-'--'--'-_~___~--J ~
...;-~=:::==~~=~

_.. ... -"-.. --- 2..l 
Omm 5.0 10.0 15.0 20,0 
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(um) Profile Curve V-Mag. :'10,OXI.oo H-Mag. :'10.00 

: ! : : ! : l : 
2.0 f---:.---+-~--:'--i--!--+-..:.-.-t~...j---:-+..:.-.-t-:'-~-I-..:.-jl-_';'-i' .-+_---'__~---'_ .+....;._:---l-­-.--!-;_--+_ -__ .~:_' +-f-~-~-__ +-_..;...: .--1_-__ ,-!­. __+.~__~-._I 

Ra = 0.2267 urn 

Rz=1.7479urn 
~~~~~~~~~~~~~~~~~~~--~~~~~ 

._-----_._-----­ -.--.----.. --.-.---~ 

I 

h
II 

II 
~ 

Omm 5.0 10.0 15.0 20.0 

Profile Curve V-Mag " 10,0XI 00 H-Mag " 10 00(um) 

::: : --H-- -:- -- ·~-- - -;-. j - - ~ -- . - ~ .. - - i -- j-- ; --- - -- ~ -- -- i·­i-·i­--+ ' f- - ~ ' - ' Rz =1.0834 urn 
, I I : ! : 

Omm 5.0 10.0 15.0 20.0 

http:10,OXI.oo
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, , 
I cv ..:::lI a 0 

~1nn'J1 n1J'f?l~'V1 Fl'J1~ LJ''J J''f)1J f?l1 

(urn) Profile Curve V-Mag. ·'10'[XJJ.00 

~ 
i iI , 

Rz = 1.1930 um I I 
-2.0 L......:...--'--'--'---'-..l--."'---'--'--'---'-...l...-'--'--'--'--'---'-'--'---'-.J.........;.--'--'---'---'--'---'-'-_'---'--~_-----.J ~ 


_·I'--___________-'I----===~==~=__=~~=__== _____.!J 
Omm 5.0 10.0 15.0 20.0 

(urn) Profile Curve V-Mag. :'10.000.00 H-Mag. :'10.00 

· 1 ____,,______._. ___ =:.!J 
Omm 5.0 10.0 150 20.0 

http:10.000.00
http:10'[XJJ.00
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(um) 

Rz =0.9894 urn 

: j 
~ 
i ! 
t I 
I i 

~~~~~~~~~~~~~~~~~~~~--~~~--~ ~ 
...;..· ....1 ______________--1..'-____ 

---------~ 
Omm 5.0 10.0 15.0 20.0 

(um) Profile Curve V-Mag '10.000 00 H-Mag " 1000 

_· .&-____________-'-_ ....... .....____.
I _ _____.._ _______ ~ 

Omm 5.0 10.0 15.0 20.0 
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, , 
CV,Q ..:::S.c:vo 

n1~~~~~~1~~n~~~1 

(um) Profile Curve V-Mag. ·"10 ,1lXJ.00 H-Mag. :'10.00 

Ra = 0.1201 urn 

:: ~=iT , 1 .•.. . , .~"h=~= -~ 
~.:;:.k:j~ : . i:..;.L - -:lJ-, :-~- -iLJ J. lo.:.u- ~ ti.iI-- l .- ~il.l •..w·.i --;­

::+!±±tt '--f ",' f #' E :±,J~" 
: I: . . -:! : Rz = 0.7726 urn 

• 
-2.0 

-----_.---_..__.._---_._._----'-' ~--------------------------~ 
Omm 5.0 10.0 15.0 20.0 

(um) Profile Curve V-Mag " 10,1lXJ 00 H-Mag :'1000 

~·L· __________________________~_________________________~ 

Omm 5.0 10.0 15.0 20.0 

http:10,1lXJ.00
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111~HJ'U'Jn ~ 

:;tl n1'ai n'VI'a'f)"1I'f)~ij ~ (;)~.yhi'e),lJ1"11 n1'a(;)~ Iph~ ., 

c;; 

rl 'J '1 ~ bJ''J J''eJ 'U rer1?lJ''1,J'eJ'W 

(J''eJ'UI?i'eJ'tJ1'rl) (ij~~ b~ 1?lJ'1?i'eJJ''eJ'U) 

1000 
 0.01 

3000 
 0.01 

1000 
 0.03 

'14 3000 
 0.03 

1000 
 0.02 0.5 

3000 
 0.02 0.5 

1000 
 0.02 1.5 

'18 3000 
 0.02 1.5 

'19 2000 
 0.01 0.5 

'110 2000 
 0.03 0.5 

'111 2000 
 0.01 1.5 

'112 2000 
 0.03 1.5 

'113 2000 
 0.02 
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tlIM1U'el'W 

, <OJ 

(~'el'l..HWfl'W1'Vl ) (~~~h~I?l~l1i'el~'el1J) 

'l14 

'l15 

'l16 

'l17 

'l18 

'l19 

'l20 

'l21 

'l22 

'l23 

'l24 

'l25 

'l26 

1000 


3000 


1000 


3000 


1000 


3000 


1000 


3000 


2000 


2000 


2000 


2000 


2000 


0.01 

0.01 

0.03 

0.03 

0.02 

0.02 

0.02 

0.02 

0.01 

0.03 

0.01 

0.03 

0.02 

0.5 

0.5 

1.5 

1.5 

0.5 

0.5 

1.5 

1.5 
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~tl'Vl .:]22
<IJ 
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~'J'nJ b~'J~'fl'lJ '" ~l?lniJ'fl'W 

(~'fl'lJ~'fl'W1.y]) (ij~~ baJ 1?l~~'fl~'fl'lJ) 

,,27 

,,28 

"29 

"30 

,,31 

"32 

,,33 

,,34 

,,35 

,,36 

,,37 

,,38 

,,39 

1000 


3000 


1000 


3000 


1000 


3000 


1000 


3000 


2000 


2000 


2000 


2000 


2000 


0.01 

0.01 

0.03 

0.03 

0.02 

0.02 

0.02 

0.02 

0.01 

0.03 

0.01 

0.03 

0.02 

0.5 

0.5 

1.5 

1.5 

0.5 

0.5 

1.5 

1.5 

1 
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n1~'fI'fImb'U'l.m1~'VIIPl~'fI,:j [10], [11] 

n1 :r'el'el nbb1111 Wi:r'Vl (?)'6'Hl-.:j ~'el n1:r'Vl (?)'Cl 'elm~ tJ -.:j '"' f-.:j b~ tJ 'J ~1'el1?l'el bti'el-.:j b(?)tJ Vl1 n1:r 

bU~tJ'WbbU~-.:j r11 l?l'Jbbu:rtn b-ih (Input variables) b'Wn:r~1I'J'Wn1:r~1tln:r~u'J'Wn1:r~'Cl'W1~~ m~n 

b~tl~~ ~Vhb~'Cl1:J.J1:r"i-.:j bn I?l bb~~~~-.:j'Cl1 b~ ~L9l1-.:j 1 ~ ntlb~bn(?) n1nu~tJ'WbbU~-.:j"lJtl-.:j (:.J~~~fi~Hl 

(Outputs or responses) 

l?l'JbbU:r~U1b-ii1 (Input variables) 'Cl1:J.J1:rmbtJn1~d:I'W 2 n~:J.J~tl l?l'JbbU:r~fi'JU~:J.J1~ ~1tl 

u~r.rtJ~fi'Jufi:J.Jl~ (Controlled variables or factors) ~1tll?l'Jbbu:r~'Cl1:J.J1:r"tltlmbuul~ (Design
q 

noise variables) 

t1~bfl'VI"ll'fl~n1~'VIIPl~'fI~ (Types of experiment) [11] 

b'Wm:r'Vl (?)~tl-.:j 'Cl1:J.J 1 :rmb'lJ-.:j 1~dJ'W 5 u:r~IJl'Vl~~n !?11:J.J-iitl:J.J~~'Vl:r1'LI bb~~t)'I?l "U :r~'Cl-.:j fl"lJtl-.:j
~ 	 q 

, ~ 

~.dj 0:::::1 cv Q ,

1) 	 m:r'Vl(?)~tl-.:jb(?)m~:rtlm:r'Vl(?)~tl-.:jb~tJ-.:jfiNb(?)tJ'J (Single experiment) 

~tl 	m:r'Vl (?)~tl-.:j~ ~'Vl (?)~tl-.:j'Vl:r111~-.:ju~r.rtJ~lJ fi'J1:J.J~1 ~rub'Wn:r~u'J'Wn1nrltl-.:j ~'Wbtl'Wtlt11-.:j
~ 	 ~ 

~ 	 ~, 
~ bbL9l~'el-.:j m:r'Vl:r1U bb~~~'lJ-.:j ~-.:j'Cl1 ml?l"lJtl-.:j n1:i'bU~tJ'WbbU~-:J (:.J~ I?lJlru"l'l..n'W'Cl ~V11tJ 

• 	 q 

2) 	 m:r'Vl~~tl-.:jtlt11-.:jL9ltlbUtl-.:j (Continuous experiment) 


~ 0 J .J d
I 

fitl 	n1:r'Vl1n1:r'Vl(?)~tl-.:jb~tl'Vl~~~~f"l1btl~tJ'WbbU~-.:j (Variation) b'Wn:r:::U'J'Wn1:r b(?)tJiJ 

bU1~:J.J1tJ1'Wn1:rUfUUN n:r:::u'J'Wn1:rtlt11-.:j-n ~ b~'W bbL9l ~'Vl (?)~tl-.:jhJiJ fi'J1:J.Jn 'Wn:r~u'J'Wn1:r~1tl 
q 	 ~ ~ 

~ 

3) 	 n1:r'Vl(?)~tl-.:jbbUU~(?)Yl-:J (Screening experiment) 
I 	 iI I I 

~'el n1:r'Vl (?)~tl-.:jVl~1~'Wtl1~fu~ m~1:r:::uu~1'el n:r:;u'J'Wn1:rbl.nJ ~-.:j dJ'Wn:r:::1I'J'Wn1:rVl 

-nueD'tl'W bb~~~'Vl (?)~'el-.:jiJfi'J1:J.J b·ih b~1'Wn:r~u'J'Wn1:ri(tltJ b!?WiJt)'I?lblU:r:;'Cl-.:j flb~tl ~mm:J.Jtlfu~ (?)
~ 	 q 

4) m:r'Vl(?)~'el-.:jbbUUb~1:;~-.:j (Focusing experiment) 

~tl mJ''Vl (?)~tl-.:j~~1~'Wb(?)tJlJ bU1~:J.J1tJ rh~'W~~1 n f"l'J1:J.J ~tl-.:j n 1J' 1 'Wm:i'bdlu'1J~1~ bfl (?)~'W 
b(?)tJ n1J'rh~'W(?) r11~ m:J.J1:::'Cl:J.J nuu~r.rtJ~ b~'el m!'W1 

http:n:r:;u'J'Wn1:rbl.nJ
http:fi'J1:J.Jn
http:u~r.rtJ~fi'Jufi:J.Jl
http:l?l'JbbU:r~fi'JU~:J.J1
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5) m),'Vl~~'tl'lb~'l~1~1J (Sequential experiment) 
Iii' I i,I 

~'tl m)''Vl ~~'tl'lVl~1~'Wb.w'tl'liOl1 n m:;1J'J't..ln1)'Vl~'W1iOl ~ n'lj'1~1~1)'mbU'l bti'Wi'WI11'tl'W Vl1'tl 

m:;1J'd'Wn1)'rlmJ 1 bu'W"h'W'd'W~1 n ~11~~th~~~~n'l~n1'Wil1V1 ),'d~1'Wbb~~:;.n-'WI11'tl'W~1n ~'l 
~1 bU'W~'tl'l bbU'lm:;1J'd'Wm)''tl'tl n dJ'W'tl'd'W 1 bb~:;~1 m)''Vl ~~'tl'l n1V1'W~th~~ iOl1 mr'W~'l111~1),'d~ 

, , 
bti'W.jJ'tl n1V1'W~"lJ'tl'l n),:;1J'd'Wm)' 1 'Wil1V1 )''d~ bVl'tl1~~1~1 ),bl~1 n 1),~ n'lj'1 n ),:;1J'd'Wm ),Vl1'tl),:;1J1JVl~ 

"lJ'W1 ~1V1'll~1n1.~ 

nl'j'V1!?l~'fl'U~tl3J~~l'W (Hypothesis testing) [11] 

bti'tl'liOl1 n n1nn1J.jJ'f)~~ bb~:;n1),';j bfln:;Vl1~~ n1),~1),'diOl.jJ'f)~~ bn'f)'l ~'WhJ~VI~n~1'Wn1),
'" 'U d.9 

m:;1J'd'Wm)' (Mean, J.1) bb~:;rh~1J'f)nn1m),:;iOl1~ (Variance, (J) b~'f)'Vln1J~'l~il1V1UiOl~'!J'W 

Vl1'f) bm~1J bVl~1J n1J fi1~1(11),~1'W~ n1V1'W~ (Specification)
d.9 

nnu~ 2 'tl~~'d'f)rl1'l 2 "]j~ (Two samples): ~rrl11bltJ~:;~'lr1b~'tlbm~1JbVl~1J.jJ'f)~~~1.~~1
q q q qJ 

iOl1n~'tl'l bbVl~'l~ ~1'ln'W Vl1'f) b~'f)'W1."lJ~~1'l n'W ~1~~n'jj'ru:;bVl~'f)'WVl1'f)~1'l n'W 'L~m~''d l.tJiOl:;~1 n1), 

'Vl~~'f)1Jfi1V11)'1iibl11'f)fVl~n ~'f) e.J~~1'l"1l'f)'lfi1b'U~~ (J.11 - J.12 =0) bb~:;~l11n'tl'J'W"lJ'f)'lfl'J1~ 
2

bbtJ)'tJ)''J'W ((J1 / (J; =0) 

, 

~'f) ojj'f)fl';I1~Vl~'f)'lm)'Vl~iOlU~1iOl1'l (Prove)
'" 

2) n1V1'W~),:;~1J'Vl~~'f)1JVl1'f)),:;~1J'W~~1~b]J (Significance level, a) 

'L~m~''J1.tJfi1~U~~1.jf ~'f) 5% Vl1'f) a = 0.05 bb~fl'J1~bti'WiOl1'lbb~'Jfi1 a ~H~1~1),bl 

H1.rJll'W-n'J'l 1% ~'l 10% Vl1'f)~),:;~1Jm1~b~'f)~'WhJ~1n~1 90% 

http:L~m~''J1.tJfi1~U~~1.jf
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3) 

3.1) ~'W11Ol'Vl~IM}U~~~('.lfl'lJfl'lb'u~~ bblj,:nll'W 2 nnl:l ~'el 

nnl:l'VlnUfllfl'Jl:!-J~btl~tl~'J'W~m11Ol1'\I (0- 2
) H''Vl~~'elU Z 

nnl:lhJ'Vln'lJ 0-
2 bb!?l'VlnU~lfl'Jl:!-J~~tl~tl~'J'WlOllnrfl'J'elrh\l (S 2) H''Vl~~'el'lJ t 

3.2) ~'W11Ol'Vl~~'elUb~mnUfl'Jl:!-J~btl~tl~')'W mJ\lbll'W 2 nnl:l ~'el 

nnw~n~ltl~~"lllnn~~'J (0- 2 ) H'rfl'J'Vl ~~'elU X 2 

nnl:l~n~I~'el\ltl~~"llln~ ((J'j2 / (J'~) H'rfl,)'Vl~~'el'lJ F 

4) nlV1'W~u1'~')ru~n~[1\ Vl1'elu1'b')rutlljb~fj~:!-J:!-J~~I'WVI~n (H0) 

~'el fll~ ~ll'Wrfl'J bbU\I'lJ1'b') rutllj b~fj H 0 bb'Cl~U1'b,) rutllj b~fj H 0 hl1~ ~'el fll~ n~ [1\ (Critical 
, ~ 

value) ~\ll~lGjl n nlntl ~[1\ln\l"JJ'el\l rfl'J'Vl ~~'elUU'W11'W1h~u'WHfttln~n~:!-J~1 ~~lOlltllOl~H'fll P-

Value dj'Wrfl,)·Jh~1'Wn1~rfl~~'W11Ol bb'Vl'W 

5) 

5.1) ~lOll~r;ulIOl1n~I~1~lOllnn1~'Vl~~'elU'Vll\1~ti~ (3) 11'el~1'W H 0 Vl1'ellaJ lOl~tlljb~fj H 0 

bri'el~11'W (3) [1\n1'Wu1'b'Jrutlljb~fjHo 
iJ I iJ I 

5.2) ~lOll~r;ulboVl~1J'~'WoVlb~~H'~1 P-Value ~oVltJun'lJ~'WoVl"lJ'el\lu1'b')rutllj~~fj Ho b~'Vl'W 1Gj~ 
, ~ 

tllj~~fj Ho (a) bij'elfll P-Value < a bvllU'W 

n1'a'VI~~'el'U~1I11 ~~1'1.{1.'lJ n'aiil~h~ 1 [11] 

1'Wn1:i''Vl~~'elU~:!-J:!-J~~I'W~I:!-Jlnmu\ll~ 3 nnl:l~\le 
, 

c:., ClI" cv I .dI:

1 ) n1 ~'Vl ~~'elU~:!-J:!-J [1\~I'Wn ~rubnUm'el~I\1V1'W\l1 ~ (One-sample hypothesis 

testing) b~tJvf'J ltl10n~1 Vlfu nl ~~ n~l~n~r;u~~n ~r;u~"lJ'el'l ~~u UVl1'eltl~~"ll1 n~b~'el.w11tl 
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~"1fn l1'e T.:1.ItIfIflUt~ 
2(,lI , 0- ) +--- " l'hI'l111llLUtflf" 

n 

j1~ + nTn.I':i~2nru 

L~UlJ'lh\l 

C9l'Jmh" o 

00 

(X , S2) +--- " fhai\~" 

2) 

testing for two independent samples) ~~ ~~m~I~In1nniJ#l'd~tJl-.:Jb!?lfJ1JJ~Il1-.:J~-.:J~I~iJ 

.jf~~~ "lJ'WI!?l.jf~~~ #l'd~tJl-.:J~1 n lll?1~:;LJ~:;"ll1 m''"l:;i'1''lJ'W1 !?llVl'l n'W~1~1JJ n1~ i'11'17l (lLJ~:;'Cl-.:J fll~~ 
~ ~ q 

1?11-.:Jn'W b!?lfJvf'd1LJ'"l:;~In')~Vl!?l'Cl~iJ~I'1"11ni1l171~f~~n ~~ i:J~~I-.:J"lJ~-.:J,"hl'U~fJ (f11 - f12 =0) 

bb~:;'fll7l:n~'d'W"lJ~-.:Jrt'dl~bbLJ~LJ~'d'W ((71
2

/ (7i =0) ~-.:JtLJ~ 2.18 

http:lJ'WI!?l.jf
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(llypnt::csis Testing for two Inm::p~nJcnl Samples) 

HJ:;'\jln'S1~~0j:;1Iil~r!'w.1"i) 

(Popula tion) 

(Sample) 

3) n1J'Vl(?)~tlU~~l-l~~I'Wnnihnu~,)'r.u.h-:)~tl\l1(?)~hlbtJ'W~M:::~tln'W (Hypothesis 

testing for two dependent samples) ';h1~(?)tJn1n~tlnV!il,)tJ~,)'r.ltJl\1l-l1b~tJ\I 11(?)bb~:::';h 

nl~~hfl~I::~nl~bllPlbl'fltlb:a.:Jbi'l.l'flti'l.:J~It1 (Simple linear regression analysis) [11] 

(Estimation and prediction) nlJ'bmtJUbVltJU (Comparison) 
, , 

(Optimization) ~\lb~~r.nnn1J'~~I\1~~n1J'~,)bbunbUUrl'll~il-l~'Wfi (Model building) '"l1n'll''W 
, " st ~d A tI .dl I ,q,q,q 

'"l::: b"ll'lnVll\1 rlru!?l~1~!?ln'V'ltlV!lrl1Vl(?)Vl~(?)'"l1n~l-lnlJ' (Model optimization) 

bl (?) bltltJ btJ'Wbrl1tl\l~tlV!ti\l~Ul~rI1fl.'WJ':::~Ubbm bb~:::J':::~U~ 
q 
(?)VlltJ 

n1 J''i'J brln:::oJnlJ'bl (?) bltltJ b~\lb~'WbtJ'WnlJ'~mj'1 rl'l1~i~~'WfiJ':::V!~I..:J ~,)bblh~~J'::: nu ~1 

!?ltlU~'Wtl..:JV!1'r.l ~'l bb1JJ'!?lIl-l ~1iJ A,)1l-lil-l~'Wfin'Win~ru:::1(?) L~tlUJ':::btJ"ll'W1'WnlJ''V'ItJlnnlI~1 ~') 

m.h!?lll-l ~\I btJ'Wlh:::btJ"ll'W1'Wni J'~1\1 bbe.J'WnJ':::U,)'Wn1J'e.J~!?l ufuuJ'..:J nJ':::U'l'Wn1J'e.J~!?l 
q 

" 
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! 
~ If"' Q,.I 11 I , " 

"lI'elU L"lII?l"ll'el\l m~'"J L~~1:::VI mnl r?l b1'eltJkli.ln'"J1\lm1 fl1 ~'el'el n LLUU LLe.Jkln 1 ~Yl r?l '6'l'el\l 'el11Dl n '6'l1'"J 

HI~ 1 fl1~'el'el mLUU fl1 ~Yl r?l'6'l'el\l LUkl~'"JklVl~\l"ll'el\l n1 ~~ L~ ~1:::~n1 ~b1 r?l bI'eltJ U'6'l:::4JnlDl :::1-ifi'"J~..Jflkl 

L~~'el br?ltJ ~~1Dl1 n n1~~ m~n~1l'1'"J LLU~UIDl~tJlr?l~iJ e.J'6'l !?I'ell'1'dLLU~I?l'elU~kl'el\l br?ltJ n1 mntJu bVltJU 

" ~'"JtJ ANOVA 1Dl1mrkl";hm~~¥1\l~~m~~mmnr~'d1~~~~klfi~:::VI~1\ll'1'"JbbU~I?l'elU~kl'el\l bL'6'l:::l'1'"J 

LLU~UIDl~tJ~iJ e.J '6'l !?I'elUIDl~tJ l?l'elU~kl'el\l b~'elVl1 ~1~~~~•(?)"lI'el\l n ~:::U'"Jkln1 ~,rkl ~ 1~1~mLtl\l1~ 
'el'el mUkl 2 ~mj'ru:::1?l1~~1kl'"Jkll'1'"J bbU ~;S~~::: ~'el n1 ~~ b~~1:::~n1 ~b1 (?) bI'elm~\l b~kl'eltJ1\l~1tJ 

(Simple linear regression analysis) dJklm~~mj'1~'"J1~~~~klfi~:::VI~1\lVl~\ll'1'"JLLU~~klLb'6'l:::VI~\l 

l'1'"JLLU~1?l1~ LL'6'l::: n1~~L~n:::~fl1~blr?lbl'elm~\lWVJ (Multiple regression analysis) dJklfl1~~mn 
" " ,

~'"J1~i~~klfi~:::VI~1\ll'1'"J LLU~;S~ ~:::l'1\l LL!?I~'el\ll'1'"J~kl1u bb'6'l :::WW\ll'1'"J bLU~1?l1~ 

~cwh ft.tI.ft 

I (Fitting Mode1) l 
n"uhn'l'fif»Jfl rh\lUl!J1.luuu.;1UW m~'Umllm'" 

(Data Exploration) r--> (MOOe1 Fonnulation) (St.at:istkallnference ) 
l­

i 1I11'ift6tl.nUW IblJJ'l'U H11l 
(Model Checking) 

n-mhlt11-6 

(Implementation) 

nl';j''VI~~'£ltJ.n'£l'6u.J~~I:l,!nl';j'~b~';j'I~~nl';j't;l~t;l'£ltl (Test of assumption in regression) [11J 

-n'el~~~~~L~tJ'"JnUfl1~~b~n:::~fl1~blr?lbl'eltJ~~1~'1!iJ 4 U~:::fl1~~'el 

1) -n'el~'6'liJfl1nLlDlmblDl\lUn~ 
" 

3) ~'"J1~ bLU~U~'"Jkl~\l~ 

4) ~1~(?)~'6'l1(?)bUkl;SM:::!?I'elnkl 

1klfl1~Yl (?)~'elu-n'el~~~ ~1Dl~l-ifn~l'y.j~ LLI?l n !?I1\l nkl~'1 ~'el 

1) nnyJ~'J1~'\..hIDl~LUklLUkln1nLlDlmLIDl\lUn~ (Normal probability plot) lflklfl1~ 

Yl(?)~'elu-n'el-n'el~ 1 ,f1nnyJiJ~mj'ru~Luklb~kll?l~\l Vl1'eliJLLkl'Jbi!~bUklb~klI?lN -n'el 
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2) 	Residual plot H1.kln1~'Vl~~!lU-n!l~~~~Hf!l~ 2 bb~~ 3 b~tJ~iOllHW1~1r11b'U~tJ 

biJklPlkltJ (iOl~m~iOllm!lUPlkltJ !lth~~~~~) bb~~rl(.l1~n~l~"1l!l~bbblUrl~~ (rl';ll~
qJ q 'U q 

, 
-=:a. 	 i.I Q~ 

~~'V'l~1~ 1?l~';liOl~!lU"1l!l~~~I?l'Vl 4 

3) 	 Residual plot (~';lbbU~~~~~) 1-nY1iOll~rulrl';l1~bUkl~M~!?l!lnkl ~ltJ~illtlbbUU 

~~~kI€nkl bb~~~~l~~n1~b1(?1rl!ltJ~HilJ'tlbbuuhhVl~l~~~
'" 

nl'i';hA'il~~n1'ir;H?1r;,'flm:n-:l'V'lVi (Multiple linear regression analysis) [11] • 
nl~'i'J brl~l~'l.fnlJ'rl (?I rl!lmon~'V'lVl ~!l nlJ''i'J brln~'I.frl';ll~~~~kI€~~VI~l~ ~';l bbtl~~~~~• , ~ ~ 

~1 n n~lV1t1~ ~';l VI~!l,JiOl~tJ ~~ bb!?l~!l~ ~';l~klttl nu ~';l bbtl~l?l1~ VI~!l r111?l!lU~kI!l~ ~kI'Vll~tllJU~ 

!lliOl bn ~ rl';ll~ n~l ~ brl~!lkl1kln1J'tlJ'~~l ruml~~~~kI€ ~l~l~mn~t~VI~ltJnntl b~tJ~~tlbbiJ~• 

1) 	 r11e:J~'V'l~1~iOllnn1J'tJ~ (Measurement error or pure error) bn~iOllnnlJ' 

rl~l ~ brl~'elkl1kln1J'tJ(?Ir11 

2) r11e:J~'V'l~1~~bn(?l~kliOllnn1J'~~~';lbbtlJ'~M~ (Omission error) bn~iOllnn1~1~~'J 
bbtlJ'1kI~~ n1J'tl~~~l ru.w!ltJ n~l rl';ll~ ~~~kI€~ bbVfiOl1~ 

3) r11e:J(?I'V'l~l(?1~bn(?liOllnn1J'b~~~';lbbtlJ'~M~ (Inclusion error) bn(?l1k1nntl1~~'J 

bbtlJ'~~~~~~1kI~~ n1~b1 ~ rl!ltJ~l n bnklrl';ll~~~~kI€~ bbVfiOl1~ 

4) r11e:J~'V'l~1~~bn~iOllnn1J'b~!lnltlbbuU~~n1J'e:J~ (Functional form error) bn~1k1 
n ntl~ ~~ m~t1nlV1k1~tl bbUU rl';ll~ ~~~kI€"1l!l~ ~';l bbtlJ'l?ll~ bb~ ~~'J bb tlJ'~~ J'~e:J (?Ittl . ... 

, '" '" 
.,. .:"1 

iOlln'Vlrl';lJ'bukl 

5) r11 e:J ~'V'l~1 ~~ bn~iOlln n1J'b~!ln'i'Jfin1J'tl~~~lrur11~~tl~~~'Vljf (Estimation error) 

n1J'~~l~~~n1J'rl~rl!lmon~'V'lVl ~l~l~b1Y1iOll~rult~ 3 'i'Jfi~'el• ,"'.,.
1) 	 'J fj' Backward elimination b1~iOll n nlJ'~ ~1~~~ nln~~J'tl bb~';l ~ ~ J'Ub~tJ 

'U '" 

, 	 , 
.c::::...::::1 ., • Q 	 I I .Q, Q cv 

2) ';lfj' Forward elimination bJ'~iOlln~~n1J'rl~rl!ltJ!ltJ1~~lmb~~'V'liOllJ'rulb'V'l~I?l'J 

bbtl~~M~Vl~~~,;) b~tJ~iOllnr11irm~1~ru P-Value ~.w!ltJ~~~dJkI~';l~~ bb~'Jb~~'" ~ 	 . 
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3) 	 ~fi Stepwise selection dJ'W~fi~iltJ~H'n'Wvr'dhJ bti'fl'l91mU'WVlinn1J'"lJ'fl'l~fi 

Backward elimination bb~::; Forward elimination I"in'W 'i:(?1tJ'Vlnf'lf'l~b~'fln~'d.. , 

bbtJJ'~M::;~'d1mJ b-ih1'W~~ n1J'9::;vh n1J'~91 J'rul~l ~'d bbtJJ'~~J'::; b~'W1'W~~ n1 J' 

9::;~1~1J'(l'fltJ1'W~~ n1J'1~ Vl1'fl f'I'dJ'~(?1'fl'fln1,J.. 

.... 
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