# OO# ,2#1& .#, A
28# 5-0*"al *# "', % .3

H#, #1111 --)1
3'*2 7 11'#,2'121A $-C

5,000 125,000 140M

154  TOP 1% 12.2%




&KDSWHU

$FFXUDF\ ,PSURYLQJ OHWKRGV LQ (VWLPL
1RGXODULW\ RI 'XFWLOH &DVW ,URQ E\ OF
SOWUDVRQLF 9HORFLW\

OLQRUX +DWDWH 7RKUX 1REXNL DQG
6KLQLFKLUR .RPDWYVX

$GGLWLRQDO LQIRUPDWLRQ LV DYDLODEOH DW WKH HQG RI WKH FKDSWF

KWWS G[ GRL RUJ

Wil —e>7eZ2E""—

JE'eZ1ESeel > —1'0el"—Z1"e1'21Y7Z>¢1720221S—¢17ZE"—"-"ES-
o7—170718S0el1¢'21-Se7>'Sele 51 21—-7—-<2>001'Se185Z2Z1>7282'>Ze1e¢ e

Sel'e‘leZ—@'eZ1lee>Z—ee'1S—el1"e‘1Ze"—eSe'"—j1 ‘Z1-"E>"ee>2E7
E" —e'eeel™ele 1" —e@1 1S EL1E"-™M"—7 —e@file'Z1-ZSee'E1-
"e71—"e7e701le’e™7Z5007¢1S-"—e1¢'7Z1-Se>"jil oele'Z1<¢ —e'—eloee>Z—:

0'71-Se¢>' 1S —el1e¢'Z1e>S™M e7] _"e7e7@1'1E " —0’'¢Z>7Z1"1<Z21YZ>¢1
Sele'Z1-ZE'S—" ESe1™> " ™MZ7se' 71 01 7Z1e>S™ 'e71 —"e7e7001l'Z—0ez2
eZeele'S—1e¢'"Z1 01 Z1-Se>"|dle'Z1eZ—0'eZ1™>"™M75e' 71 012
™7 el _"ceeeC¢17Z™ " —1e'Z1le "1" —el el E " —e'¢’"—@l1"el1¢'Z1-Se>"jil
—Sey’jl' el sl -—"E>" > >72E*7>7Z10007ZE'1SwleZ>>'¢7Z31 ™M7S>0’¢71S—-
e>S™ U e7]1 _"e7eS5'e¢1l “"E'1leZeZ>—"—7Z01e'Z1E  —e ' —7'e¢1E " —e'e’ " —
7072See¢1Zi™>7Z@eZe1<t1S1" —el " el1E —-™S>’ " —1—72—-<Z>1ESeeZe1 «
"eZ1@ ™ Zy e — 0158’ 1 E'L'—e'ESeZel'” 1-72E‘1‘Z17 7751 @‘ST™
S>Z1Ee"Z1le 1o "Z1"e1™7Z>eZEele™ ' Z>7Zi

—1S1ESeZ17+1S1e7E+'eZ1ESeel'>" —1™"e7Eel72—e7>181e7Z—0'eZ1le
e "1SE*1Se1Y el H1IESY ¢’ Zeil "el-ZS—@le'Sele'Z1™>707Z—EZ1
e E"—e' —7'eC1lZeeZEele "1 Z1 -S> il ‘Z>Z >7Z81'—1'Z1ES0eZ1 " +1W
—7S—0ele'Sele'Z177e7>10'S™Zel ele'Z1e>S™ "e71—_"e7e701S5521S+-"C
E~—e'e'"—1701e'Z1-Se>" 1™ e7EZelct1le'Z@Z1e>S™ " e7Z1—_"e7e7Zc1l 0]
¢ el -ZE'S—"ESe1™M>"™MZ73¢' 701 01z Ee’eZ1ESeel > —1ES—1<Z217]

INTECH i +DWDWH HW DO OLFHQVHH ,Q7HFK 7KLV LV DQ RSHQ DFFHVV DUWLFOH G
&RPPRQV $WWULEXWLRQ /LFHQVH KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV E
open science | open minds GLVWULEXWLRQ DQG UHSURGXFWLRQ LQ DQ\ PHGLXP SURYLGHG WKH RULJLQD



6FLHQFH DQG 7THFKQRORJ\ RI &DVWLQJ 3URFHVVHV

‘'S™MZEl1 ele>S™ ' e71 _"e7¢7Z1E " ¢eS™MEZle>"—1™Z5¢7ZEele™'Z>7Z0
©'eZB1e' Z1E " —e —7'eC1lE"—e ¢’ " —17e1e'71-Se> j1«ZE " -Z1l ">eZ1S—
—ZE'S— ESe1™>"™MZ3e' 701 ele'Z1e7Ee’'eZ1ES0el’'>"—31Z@™ZE See¢
o'e771eesZ—ee'il ‘257757231 -S—¢17075001 e1e72Ee'e+Z1ES0cel’>"—1T
>S™ U e7] —"e7e85'e¢1YSe7Z@1le" 51 Z1™>"e7EZ>001 ¢l Z1e72E"+Z1ESO

— 7171 71S7e " >01<Ze —e@1e"1S1>7Z0ZS>E ‘1> 7™1% el —"—eZ0e>7(
o7l e1EScee’—emel’'—1 ‘Z1 S™MS_—1 "7—e5¢1 —e' —77> —el “E'ZeCd.
7 ¢'—1eZ0oeel el7ee3Se"—" EL1YZe " E'e¢1le>1@ZYZ>Sele7Ee'«Z1ESce-1"
Z—21¢S¢ 5S¢’ 7@17e1E -™MS —"7Z®@1S—e1>7Z@ZS>E'1l’ —es’'ezeZ@il oo
"—1Seele'71eSc"5Se™ ' Z@1le'Z¢1le"7—ele'Sele'7157Z™ 307e1YSe77Z021 1
E™MZE -Z—1YS>"Ze1E —0e'*Z>S¢e¢1Se1Z7ZSE‘'1+S<>Se"5¢i1 ‘Z—81e"7Z(
SeS'—1 "e'1e' 71— >—Se’"_1"ele' 71" E"—Ze1 " *1ZSE‘'1le™ZE -7 —
—72S@72>21' 7172055 — " E1YZe " E ' ¢¢1"¢1ZSE‘'1le™ZE ' -Z—1 '«‘1S1ce
—Z0eeil ele'Z1>7Z0czeele'Z¢C1E  Zeel oS —1e'7Z17%¢e5S"—" E1YZ+"0
“e'Z>1>7Sree7@@leZleZ e’ —921eS< >S5 Z0eil "®1Z{™Zy'Z—EZ1 —-
—72S®i>Z-7—*1"e1le™7ZE' -Z—1+""E"—Ze®el1-St1>7Z07¢°1'—1S1E"—«
YSe7Z01 e172005S0™"—" EL1YZe E'e¢1S—ele'70l —1e¢'Z1e>8S™" 671 _"0s;
—S—C¢1" —e@1 e 1S™MM,"SE" —el—-Ze¢' "e@le 1’ -™" V71 Z1SEEZ>SEC¢
" —" ELYZe " E'e¢l elezEe'«Z1ES0oeel > —dlczel —1e’celoeezetl Z1-
™™ __e]1%e1-7S@2>72-2—175>"51"—10e™MZE ' -Z—1¢""E"—7Z00e1S—ele7]

~

X171 ZeSe'"—@l<Ze Z27Z—1¢>S™ 671 _"07e¢S5'e¢1S—e17¢¢5S0
e JEeZ1ES0e1l'>"—

e757Z1W1loe'” @l1e'Z1YS> " 721 0'S™MZael e1e>S™’e7]1 —"e7e7@l ‘"E"'
eeS—eSsele”1-7S@7>7Z1¢'Z1>S™e71 —"07¢S5’¢¢10">1¢>S™ 7071 T
ESeel’ > —1yWpil ee'"7e'1e'Z1e>S™ " e710'S™MZ1 ele'Z1e¢™Z1 ele‘Z1e
Zeele 1 ™MZse7Eeloe™'Z57Z@1S-"—ele'Z1e'YZ10@'S™MZele'~ —31 01’
™My~ M 756’7001 —1eZEe’' e Z1ES@el > —1e>"—1¢'Z1Y’'Z 1™ ' _e] ele>S™""
‘S™MMZ__1e71'SYZ1e'Z1e>S™ 7071 —"e7¢701 "E'1'SYZ1-"0'0"Zele"1e'7
'™ —1'—1e'Z1e’ 075710271 1e'Z1eSe’ —el ™7 __~_7_ " _1%e1e;8™"e71
ESeZ17¢1S1e72E*1ESe+1'>"—1 ‘"@Z1>S™ " "e710'S™MZel1E " >>Ze ™" —
e'” —1' —1e'e7>7Z1W1 Z170@72See¢1720721S1 ¢>S™"e71—"¢7¢S5'¢¢ 1YSe7
SYZ>Se7Z10'S™Z1 ele'7Z1e>S™ 7e71 —"e7¢701 0171 >"—il —1+'Z1CE
CE'1EeSere’’Z0ele'Z1e>S™ e 71 @ 'S™MZe1SEE e —oele 1’7571 W1l
'e71@'S™Z7@1S571cee ™7e8¢7e¢1¢71¢Z1V1-81YV1-81]V1-81 _V1-1S—-«1
e” 7>1eS>15’ef el —1e' 71 7571 W1>Z™ZE'YZe¢1yWpil —e1’—1S1(
>S™ ' e710'S™MZE1IE >>ZE@™ " —ele”1™e75Sele¢™7Zl 0le'Z-1"0021>S"
> —1e'Z1ESeE7eSe’"—1"ele'Z1 Z'e'e7e1SYZ>Se717¢1e'71 ¢>S™M 071 —
— o770 17¢1ZSE‘1e¢™71 “"E‘'1S5217«eZ>YZe1S—e1E"2—eZele'>"7e'1



$FFXUDF\ ,PSURYLQJ OHWKRGV LQ (VWLPDWLRQ RI *UDSKLWH 1RGXODULW\ RI "XFW

KWWS G[ GRL RUJ
JLIXUWMDULRXV VKDSHV RI JUDSKLWH QRGXOHV LQWURGXFHG LQ -,6 * 1IRGXODU
I[URP WKH XSSHU IDU OHIW WR WKH ORZHU IDU ULJKW UHVSHFWLYHO\ > @

eleZeE>'<Ze1 —1¢'Z1@ZEe" " —1 el —es 07 Ee'"—1e¢'Z1e>S™" 671 —_"07
E~"—e'e'"—1701e71-5¢5"{81S—e1'e1>7¢SeZ@leSreZe¢1l—"01"—eCle " 1e‘Z:
o' 717ee>S ™" —"ELYZe " E ' ¢¢l —1e7Ee ' eZ1ESceel>"—0eil '+2>Z1X1 1S—
o 77 —1e>8™ 671 _"e70S5'e¢1S—e17¢e58S 2" —"E1VYZs ~GE’-¢1~-1-205-’-21C

e71<S—e1'@10ZZ—1Se " —e1e'71-S" —1e¢" " E"1e'—781e'Z1e’e2>721" —<'(E
oZeC1570SeZele”1e'71e>S™ 671 _"e7eS5’e¢1 ' —1e7E+'*Z1ESEe1l">"—]
©1¢71¢7Z1-S " —e¢1>7ZeSeZele”1e'Z1 ¢ Z>1eSEe">@1lcZ0’'eZ1e>S™ "e71—
™CeZ710 “E1-SC1IE 2™ —ele"1e'Z1ES>"—1E " —eZ—e1"e1e'71
ell "E'1-SCt1E >>ZE@™ " —ele"1ESEe —ele" " E"—ZeUdLl" —el1"e1
VYZ7>81'—1S1ES®Z17e1-Seel™> e7Ee’ "—1"ele‘Z1™>"e7Ee@l el —
>1S—e1S1-">Z1™>7ZE ©Z1>7Z¢Se’ " —1e' —71'1E " —@’'eZ>7Z1¢ 1<Z1"7 ¢

Z>
®)>

7o

N< N« U)‘ N( v

~

>

N«

"o 7 >21x1 — ' ESeZ0el1e'Sel1e'Z21-7280252-7—+1"e172e5Se"—"E1YZ"E"
“317Z0e’—SeZ1 —"—eZ@e>7Ee’YZe¢1S—e1See"1e —™e¢le'Z1e>S™e71]
~ZYZ>1 Z1le'—ele'Sele'Z1e'eel7—EZ1 —17¢>S e —" ELYZ+"E'*¢1ES
'e71—"e7¢S>’e¢1’el—"¢10"1¢S>¢Z1E " -™S> —ele"1e'7Z170e5S™"—'"E1Y
—EZ1 ' —1 2e5S @™ —" EL1VYZe " E'o¢l “"E'l1 E>>7Z0@™ " —epe]l o"1 ¢'Z1 ¢’
<Ze 272—1\W1-1S—e1"V1-1"l1-72>Z¢10e" -Z1WYV1-&@®l1S-—"—e¢le'Z1ce
e "E’e¢1Sel1e'Z1 ™ _e] el AV1 -1 —1e>S™ 071 _"e7eS5’e¢i1l 021+'Z1>S
e 77Z—1\V1-1S—e1/rV1-1"01¢'7Z1>S—eZ1@7<“"Z@EeZe1-S" —e¢tle"1<Z1 —o0
e 7—e>¢1eSE+">¢01S—e1Sele'Z1e'eeZ57Z—EZ1 o1 Z1%2005S0e"—"E1Y?Z
E"-™S> —ele"1e ™ —Z1[\YV1-&el "E'1l' cle'Z1YZe " E ¢¢1Sele'Zz1™"

“eelTelZeesS @ T —"E1YZe T E'eC¢1S>Z1E " —0’eZ>71 1>7282'>21YZ>¢1 "

N(



6FLHQFH DQG 7THFKQRORJ\ RI &DVWLQJ 3URFHVVHV

5700 176

T

/7

A
v/

5300 152
20 40 60 80 100

Ultrasonic velocity, VL (m/s)

Young's modulus calculated from velocity, E
(GPa)

Graphite nodularity (%)

J)LIXUKQ H[DPSOH RI WKH UHODWLRQ EHWZHHQ JUDSKLWH QRGXODULW\ DQG XOWU

‘Z1>S e Ul ele‘Z1le’eeZ>7—EZ1 ¢1705Se™ " — ELYZ"E ' +¢10%LWYV1I-—&
>S™ 671 —"e7eS5’e¢1e”1[\WVV1-&elle'Zl®weS—eS>el7ee5Se™"—"E1YZ
E72eSeZ¢1Smele"ee” 1S —el'le™ 72—l 1<Z1>72¢Se'YZet10e—Seei

5 P V P V

ele'Z1le'ee7>7Z—EZ1 ¢1XV-1"—1¢>S™M 7] _"e7e85’e¢1E >>Z0™ —e(e
7eesS " —"E1YZe"E'eCdLle‘Z1le' 0o 57— EZ1 " ¢1W1-1"—1e>8™ 671 07!
el —e¢1IViIWW\1-1"—17¢e>S0”"—"ELYZe"E ¢¢il 'e72>Z1X1S—ele'Z1eZs!
071088171~ —717iS-™e71S—01e'70721-S¢1<¢Z10"—7 ‘Sele’eeZ>7—-
Zi™Z>' -7 —2001¢72e1¢'Z¢1S>7Z1E " — @’ eZ>7Z¢1—"ele"1cZ10e 1o’ eeZ>7—¢1
>'Sele’Zeel " ele7Ee’'eZ1ESeel'>"—eil ‘Z>Z >7Z1 Z1a' " Z2eel”"—" 1e'Sels
YZe " E'e¢loe' 72001 <Z1E " —eZ2EeZ*1 '¢*'1YZ>¢1" ' 1SEEZ>SECL1Seele'Z1

"e75721Y1e'” elS—"¢'7>172iS-™eZ1 "E'l'—e' ESeZx1S1™>SEES-1
¢eZ(EeZ1ES@el>"—il “"ele’'ez>710'” ©1S1>Z¢Se’"—1<Ze 727 —1'7Z1e7-
S—el’e@l ™M e7Eel " e17ee>Se™"—"ELYZe " E'¢¢1S—el >’—Z7¢¢1'Sre—7c
¢ el E " >>72e8e " —1<Ze 727—1'72-01S—e1¢'721>72S@" —1¢ 51" 1ES—1<Z
e’eZ1lcee>Z—ee'17¢1S—1"5¢"—S>5¢1e7ZEe’eZ1ESceel’ > "—107Z>>'«Z&™7ZS>
" lE " —oe’eZ>Z7e1e 1<Z107¢75—"—7¢1-S" —e¢1lctle "1¢<Se'EL+SE+*">010
‘21" —71¢SE*">51'01¢'Z1e>S™"eZ71 —"e7e¢S5’e¢1l “"E'leZeZ>——Z01le'Z
—Se>’j1S—el e 7@l Z170e>Se™"—" ELYZe" E’e¢il ‘Z1 ¢ Z>1+SE">1"ce:
0—S'—e¢1e'Z1Y e7-71>SEe""—@l eleZ>5’¢721S—e1™Z7Sse’e7{i1"e1’ee1l
ZeCl>7eSe7ele”1'eel >'—Zeel1‘Sse—70eil ele'Z®Zle "1¢SE">¢!
1e

[ >e
Z>Ze1le"1eZ¢7>—"—71eC¢—7Z>0"e' ESeetl1e'Z1<Se'  EleZ—e'sZlee>Z—ss"



$FFXUDF\ ,PSURYLQJ OHWKRGV LQ (VWLPDWLRQ RI *UDSKLWH 1RGXODULW\ RI "XFW
KWWS G[ GRL RUJ

e 7170e5S@™ —"E1YZe " E'e¢1YSe72721S—el1e'7Z1 >'’—Z7ee1'S>e—70e0el1YSe7
“el'—eZi1YSe771e 17’ —SeZ1>5 70 e¢1le'Z1eZ—’eZ1lee>7—ee'1"¢1S—1

800

600

400

Tensile strength, o, (MPa)

200

40 45 50 55 60 65

Product of ultrasonic velocity and hardness
(m/s X HRB X 10*%)

J)LIXUKMQ H[DPSOH RI WKH UHODWLRQ EHWZHHQ WHQVLOH VWUHQJWK DQG SURGXF'
LQ GXFWLOH FDVW LURQ IHUULWH SHDUOLWH PDWUL[ > @

‘Z1@Ee " Z1>72¢Se'"—@‘""™M1<Ze 77—1%>Se"—" ELYZe " E'¢¢1S—e1>8
Y — 1’1 E " —'eZ>Z1¢ 1<Z1 ™ " e7(EZele> —1¢'Z1Ee"Z1E 5525’ " —
S—e17ee>S " —"ELYZe" E 'e¢1'—1e"¢'¢1-Se¢7>'Sexedl "E‘'l'ccele” —1'-

(11 AW a
> o

“7>7200 elzee>Se”— [ DVILE3 DI ¢ o1 * @ deeeZ E 0L OIS “aeloe " — 0el1>S e’

‘Z1—"e72e7001"¢1Z7ZSee’'E'e¢1 elezEe'eZ1ESeel' > —1'01SeeZEeZo1ls"
“e1e'Z1-Se>'{01S—ele'Z1E " —e —7'e¢1E " —e'e’"—1"01e'Z1-Se>’j1’eleZ:

eCil —17¢'Z>1 ">e@Ble'Z1e>S™ ' e71 —"e7eS>'e¢1eZe¢7>—"'—701'Z2Z1E"—
> i01S—ele'Z1E  —e' —7'eC1E " —e' ¢’ "—1"e1e'7Z1-Se>'jleZeZ>—"—701le"'7
—"e7e70@1"01ZSee’E'eCleleZ>—"—70le'Z17>S e "—" E1YZ"E ¢Ci

6818 —e1 "—See710"—Z1"%1'2Z1S7e 50l el el ™MS™MZy11"—EZ1
3708’ " —\"™ML(Ze 77Z—1>S™ 671 —"e7eS5'0¢1S—eleZ—@'eZ1l0ee>Z—>
o> —1'Z1Y'Z 1™ —e1% el ' 717¢e7ZE*'YZ10ZE+'"—S¢15>781>8«'~ 171
>S™ e71 —"e7eS5'e¢1y[pil ‘Z1E —e —Z7'eC1E —e'e’"—1"e1-Se>'j1-7—
Y'Z 1™ el ele‘Sel™MS™Z,j

Yil ™MZ>' —Z—eSe1l™> " E®Ze2>Zce

‘71-72Se72> —e17872'™M_7 el el17e>Se"—" E1YZe " E’'e¢l1700Z1 —1-¢"
e¢t™Z1 CYXWXE&YXWX 1-SeZ1<¢¢1 § 1S—e1S1e>S—ee72E&Z>1—8S-7-1



6FLHQFH DQG 7THFKQRORJ\ RI &DVWLQJ 3URFHVVHV

1’—1 S™MS 41 ‘Z1>2827Z—E¢1720Z1 SelWV1 £il '«7>72e1Y1S
S—ele'Z1e>5S—ez2EZ>17@7Ze1 —1le’@®loeeze¢1>Z™ZE+'YZeCil ZYZ>
—Z—c0el 72>21™>7Z™S37e1'—1"5e751"1"'—VYZ0ee'oSeZ1e' 71 —ee727—EZ1"s
el "1 e™MZE ' -Z—1""E"—Ze@eeil ‘Z1eZ¢S’eel ¢l Z1@™MZE -Z—ce
RZEe"—1"—1'721 Zezeee1S—e1l ";cEZZee'~"—eil 'Z1 “>ecl c™ZE"’-
— 78 —ele'Z1eeS—EZ1e>1¢Z1 ™" ™MGeSe'" ] el 70e5S"—"E1 SYZi
o' —701>7275>21501 e™ZE —-Z—1eZ—ee¢* 1751 c™ZE ' —=Z—1 "ee¢' 1'—1¢

JLIXUBOWUDVRQLF YHORFLW\ WHVWHU XVHG

JLIXUHUDQVGXFHU XVHG



$FFXUDF\ ,PSURYLQJ OHWKRGV LQ (VWLPDWLRQ RI *UDSKLWH 1RGXODULW\ RI '"XFW
KWWS G[ GRL RUJ

Zil ZoezeelS—ele eEZee'"—o0e

ZiWil eeZ@Ee'~"—1"e1-72Sw2>2-2—*17>>">1"—1e™MZE -Z—1+""E"—Z®
l—Z—e¢"—Zel' —1e¢'Z1 —e> e7Ee’"—1'21-72S00e2572-72—+17>>">1"—1c
2>71¢71<Z1™>"e7EZe172Se’e¢1cCle'Z1e’0eZ>7Z—EZ1 —1 ' —™ZE+">1
‘Z2—01'—17>¢7>1"1@72721S510S-™eZ1ES®Z1 ele''l” —el1 1755751 7
—"1-2S0e252-2—+172{™MZ>’Z—EZ1Sele>0ele"1-72S0e?>7Z1«'Z1%++>S0e
0 Y[ 01<S>1@™ZE " -Z—1 "¢*'1YX1--1S—e1ZV1—--1"—1'S—7¢7>1S—+1-
" ele'Zl>Z2cezeeel el 21 -7280w2>52-7—+0il ‘"cele’'e7>721" —e'ESZe
YSs>'ZeleSseZe¢1eZ™7 —o’—e]1"—1'—@™MZEe">1S—ele'—71"e1¢'Z1-7S¢
©S-7Z10e™ZE ' -Z—i1 el Z1e 7—ele‘'Sele'Z0Z1S>¢217>>">001'Sel1<Z27Z
»"72e'1-72Se?252-2—1-S——7>@17¢1¢'Z1e™MZE -Z—1«"E"—Zeeltl
1~—1-‘210eCES-21a—é-—’-z-Zur-l-‘212>>~>oe1’—1z-->éoe~—’(

7>2-7—e17>>">1"¢1e™MZE -Z—1¢"" E"—Z0®@l-">Z1™>7ZE ”Z"

<

5985 —"
5975 |
5965 |
5955 | 4

5945 | > L 4
5935 ¢ ® ”0 K

0, L 20 4 P 4
5025 @@ % o%¢ ¢ o o
** 0
5915 ' ' -

0 10 20 30
Number of measurement

Ultrasonic velocity (m/s)

JLIXUHQ H[DPSOH Rl PHDVXUHPHQW HUURU LQ XOWUDVRQLF YHORFLW\ IRU D VDF
LQVSHFWRUVY DQG WLPH

072S8eetd1le'21-2Se2>2-7—e1"e1%205800"—"E1YZe"E'+¢1"¢1S10e™ZE"’
>S—@eZEZ>1"1 " —7107>SEZ17+1S10e™MZE ' -7Z—81S—ele'Z17¢e>S0e
oS ' —7¢1¢Ct1e'Z1ESeE7e8e’"—1e>"—1e'Z1e "1-72802>21Y82Z@il ‘Z1s’
—Zeel "E'1E >>Ze™M " —e@le le'Z1le'eS—EZ1<Ze ZZ—1'Z102>+SE
7>¢SEZ1'Sel>ZeeZEeele'Z170e5Se™"—"E1 SYZed1S—e1e'7Z1ZE"
o'—71%e12ee5S0e™"—"E1 SYZoelc«Ze ZZ—1e¢'Z0Z1le "102>*SEZ0il ‘Z17es
" 1lESeE7eSeZelct1l700 —e1e'Z17282Se’ " —1Xi



6FLHQFH DQG 7THFKQRORJ\ RI &DVWLQJ 3URFHVVHV

9 — axa

‘757201’ celzee>Se”— EVETEIEII — 11" @"1>2200e,2S MII™"™MSeSe’
“el7ee5S " —'"E1 SYZoeil ‘Z1 X 1'—1'Z1—7-7>8¢ 51 E ™ >>Ze™ " —ecel
e'@eS—EZ1 1 Z172e>Se"—"E1 SYZeil —1-S—¢1ESeZel +lezE"’
QULle"1<Z1 «“Z@EeZole 5121 -2Se2>2-72—e1"e1l72e5S " —"EL1YZs"E'+¢
S—e1¢'Z¢1S>7Z17202See¢1-7ZSwe7>7Z1<t120'—1YZ>—"7Z>1ES"™7Z501
—7S@752-7—172—"¢1<C1S1E " —YZ—e¢'"—Sel1VYZ>—"7Z>1ES"™Z>1’@1Vi\
Z1le>'Zele™ 1’02571 721" 1-7E ‘1Yid e " B ol VAE»APeZe1 ' —1¢'Z1ESeZ1-
252-7—¢17>>">1"¢1ViV[1--1 S@1-SeZ7Z1"—1¢'Z10e™MZE -Z—1«"E"—Z0e
e T1ESeE7eSeZ1'" 1-ZE '1e>S™ e Z 1Lt "ZeSZQWEES»TVr1 —1'1ESce:
e'Sele'Zle'eeZ>7—EZ1"+1WYV1I-&rl —17¢>Se"—" ELYZ+"E'«¢C1E">>7Z
>S™ U e71 _—"e7eS5'e¢1 "E'l Sel-Z—¢'"—Ze1'—1 'ez2>21Xi

3 PP
9HORFLW\HUYRYE—3 P V PV

P V
1RGXODULW,) HH—U—%HT/(’S

‘Z®Z1>Z@7ee@]l’ —e ESeZ1e'Se1S1®—-Seel-72Sw®i>Z-7Z—<17>5>"5>1"+1ViV]
'@ 170072See¢1™S'e1YZ5¢10—-SeelSeeZ —¢'" _1<ZESZ70Z1 1’ vel<Z’ —eols"
Z>1ESe"™7581-S¢1>7Z0eze¢1 —1S1E~"—@’'¢Z>S<eZ217>> 51’ —17¢e>Se”"—"'G
—"e7eS>'e¢17Z0ee'—SeZ¢il ‘ZeZ1YSe2Z7Z01e'” —1S<"YZ1S8>71«">1«'Z1ES
—70eelcze1e'700721YSe272@1S>7Z1E " —c’'eZ>Z21¢"1'—E>72S0Z71’'—1+'714
——1S—¢1¢"1¢ZE>728S00721'—1¢'Z1ESeZ1"+1e™MZE ' -Z—1¢""E"—Ze®eleS>
07271 Z1E ", 528" —@" " ™MEl1S-—"—e1¢'7Z1"751YSe72S<eZ@1>7ZSe’ —ele"]
e E"—Z®®ADNS e i> -7 —175>" 51— 1 WEAIEZ2F Al B 2Tl —17 e
YZe " E o@NS—e1-728Swe7>Z-72—e175>">1" —1e ST 71212 S0 70 Z»A4¢1L Z>>">1 -
>SS —"ELYZe"E ' +¢1-S¢1«Z1ES e E72eSeZ¢1<¢17282S¢’ " —1YJLS—el1e'7Z1-
70S>'e¢17Z0e’' —SeZaBet1«A1ESeE7eSe71<¢1282S¢’~"—1Zi

o(, o

(P V ——38 P V uyu
(o PV L

Z

(4 5 Va aziu

'e7571)1ce'” ®le'Z1>7¢Se’"—@17¢1 §72Se'"—1Y1 "E'1'®@1eZ1>ZSe""—
Z>5>51l1S —e1e@™MZE -Z 41 E"ZV@ESA7iel 1 -7ZSod7»AVIVI41LZ0T VW |
——81ViX1-=1S—elVi[l-——-1"—1@M™MZE ' -Z—1"E"—Z@®ril .l 257
—~2S8S07>72-2—+1725>"517¢1ViV[1l--1 “"E‘1’ele'Z1-—"—"-72-1-72S®i>72-7—
YZ>—"7Z>1ESe ™M751E>Z2SeZ@1E " —e'eZ>Sce¢1eS>07517¢e5Se™"—" EL1YZ
“el1>7eSe’YZe01®—-SeeZ>1YSeiZ@1l’ —1@™MZE -Z—1+"E"—Z@®il ‘ZeZ



$FFXUDF\ ,PSURYLQJ OHWKRGV LQ (VWLPDWLRQ RI *UDSKLWH 1RGXODULW\ RI "XFW
KWWS G[ GRL RUJ

e"1700Z21S1-"E>"—Z¢2>51" —@eZ2Se1 e1S1VYZ2>—"72Z>1ESe"™M751S—ele"1-—
o' 701 ™>7ZE ' eZs¢1l ' —1">e7>1e 1 «eS' —1e""e1-7Sei>2-72—e1>7Z07%°°0e
o'YZetle—-SeeZ>1e™ZE ' -Z—1¢""E"—Zcecel

- 100 Me\;uremen errorin
E spec|Men thidkness
i—l 80 \+ﬂ.ﬁmm
g \ \+ D.2mm \
3 60 \—\ N
5 \ %.1mn\
=
o 40
= +0.05
&0

0 20 40 60 80 100

True specimen thickness (mm)

JLIXUBBHODWLRQV EHWZHHQ WKH VSHFLPHQ WKLFNQHVYVY DQG WKH XOWUDVRQLF YH
VSHFLPHQ WKLFENQHVYV

30

*rrorin

25

} TESS

N

20

15

10

M —
\
T ———

Error in graphite nodularity (£ %)

0 20 40 60 80 100
True specimen thickness (mm)

JLIXUKBBHODWLRQV EHWZHHQ WKH VSHFLPHQ WKLFNQHVV DQG WKH JUDSKLWH QRG>
LQ VSHFLPHQ WKLFNQHVV

"e7571M10e'” ele'Z1>ZeSe’"—17e1 878’7 —1Z1 “"E'1’1+'Z1>Z+Ss’"—1

Z>5>"5101S—eloe™Z7ZE - 741 E"2ZV@SdNe 1”1 -ZSid7 »IVIV]I1L 20T VEW i
——31ViX1-=1S—elVi[l--1"—10e™ZE -Z—1«""E"—Z0eil "ele’'+7571"



6FLHQFH DQG 7THFKQRORJ\ RI &DVWLQJ 3URFHVVHV

e"le"eZ17el "> 71|l ZIESARZIE 1 ™I MR E = 121k ¢l §7Se'"—12Zi1
§7S8¢' " — 1S —ele'e7>7001 —e' ESeZ1e'Sel1e'71-72Se7>72-72—175>">1"+1
¢ IXV1I-——1E>72Se7Z010 " -Z1ZiY1-1"—1'Z17>>">17¢1e>S™ " e7]1 _"e7¢S>"
¢l —1SEe7Sel1™> e7Ee'"—1"ele7E+s'«Z1ES@el' > —1™>"e7Esceil ‘Zce
e Z—ele'71'—@™ZE*" 50112072181 -"E>"—Z751" —eZSe17+1S1Y7Z
™y7E'eZl1 -72Se>72-7—eel ' —1®E™MZE ' -Z2—1«""E"—Z0celZe™ZE'S:
e™MZE' -Z—1e""E"—Z0ecel

N

ZiXi1l eeZ@Ee'"—1"01@™MZE'-Z—1¢72-™7>Se7>7

ele'Z1™>7Y " 7201 0ZEs " —1 ' —e' ESeZe1¢'Se1S1@—-SeelS—"7—¢1"e1-
e E"—Z0emel1-S¢t1>7Z007ee1 —1S1E " —@’'*Z>S<eZ175>" 51" —1e58™e71 —
5ZeSe'YZet1le—SeeZ>1 e " E"—Z@edle'Z1S7e " 501e>'Zele 1 —YZ0e S
oZ-™Z758e7571 "E‘'l-"0'¢1<Z1E " —0’'eZ>Z1"1™> " e72EZ1e " -21-72S072
e E"—700e1<ZES70eZ1 721 75-817Z{™MS—'"—1Z¢eZE*1'1Z{™ZE-
“el>" " —1eZ-™Z75Se757711 'e725721 1" wele'Z1-72Sei>72-7Z—e1>Z@7ec01"
ES®Z1¢'Se1S1 Y[ 10e™MZE -Z—1¢S>1 "¢'1YX1—-1"—1'S—7¢7>1S—e1"
e T1E‘'S—eZ1'erlE™ZE —-Z—1¢7Z-™755¢75721YS>""Z0eet1<Ze ZZ—1W"1S

5960

5950 |

5940 |

5930

5920

Ultrasonic velocity (m/s)

5910 |

5900 1 1 1 1 1 1 1
18 19 20 21 22 23 24 25 26

Temperature (°C)

J)LIXUK PHDVXUHPHQW H[DPSOH RI WKH UHODWLRQ EHWZHHQ VSHFLPHQ WHPSHUDYV

“oele'ez>71 —e'ESeZel—"10'e—"o'ES—eleZ—e7—(ECL1 01 Z1SeeZE-
>SS " —"EL1YZe " E'+¢1-72S0ez2>Z¢i1 Z1Se0e"1e>'Ze1¢ "1 ESeE7+Se71+°'21S
> —1e'Z1Y'Z 1™ —e1 el 7Z5-Se17{™MS —'"—1Z¢eZE+il ‘Z1le ee” "—er
—72Sei>72-7—17>>">01" —1Z2eeBloS—2IRIYPé" @ 14 Mil7 «SE*L1HC1<Z

E>72Se0Z¢1<C1e'Z1eZ-™Z7>SepbZeNXMIIY —EZIWES®Z1e'Sel —etle'Z1l0e
CZE"—Z01S>e7>1<t1 71 7Z>-Se1Z{™MS—0e'"—1Z7¢¢ZEe1S—e1Seel e’
2>7200 S—yl1S>71 721758 @™ — EL1YZe " E'e¢1S—ele'Z1™MZE -Z—1e"
C™MZE -Z—1"—1¢'7Z17> ¢ 1 SSHiBrsF1230DbS52141-1'Z10™MZE -Z—1"—1+";



$FFXUDF\ ,PSURYLQJ OHWKRGV LQ (VWLPDWLRQ RI *UDSKLWH 1RGXODULW\ RI "XFW
KWWS G[ GRL RUJ

S<"YZ1e'Z1 > ¢’ —Sel1l2eeSlee/ A1 > SeSe’ —ele’'—-71 "E‘'1’lSceez-Ze1-
E " Zeo'E'Z—o1" 01l — 725282 MSZbxS@IE1YSe771 «17r2> e Lad8ENIYZe
™~ eZele  1<Z1WKWE{IWS—1[\VV10-&@eUl>Ze™ZE+'YZetle >1e7@Ee"eZ1

(o 919 [ 72/ 7 AW 7i/ 7 AW 7 Aw
5 ! 5 k) P V P V
(; (o0 P V P V3 P V

‘J@Z1ESeE2eSe'"—1>7Z0070e®1S8>Z1E " —’'eZ>721Se@™1e"1'—e'ES+Z1
™758e7571ESZ70eZel<tle' 710’0757 —EZ1 1> ""=1e7-™M758e7571 "¢''—1
SeeZ@Ee'"—1e"1'21-2S0e2>2—-72—e17>>">1"—17%¢e5Se"—"E1YZe"E'e¢1 1]

ZiYil eeZ@Ee' " —1"e1@7>*SEZLle’'—'&'"—->

—1-S—¢1ESeZel1Sele " 2—e>¢1eSE+">'Zcle'Z1722>Se™"—"ELYZ+"E’~
™y e7Eeel @l ™Zs>¢">—701¢¢t1™MeSE —¢1S1e>S—eZ2EZ>1¢"1'Z107>*S
—SE''—Z,0—"@‘'Zele 171" —,9>7271S—e1eeSe1<¢1-72S—0el el7@ —
—7—e81lc¢7¢1"—1-S—C¢1ESeZele'Z1e7>SEZ1"e1le'Z1 ¢ 7Z5172—e1 “"E"
" —"E1l SYZe1'SwelcZZ—1eZ¢el’ —1¢'Z1E —e'¢'"—1"¢1Se,ESe1">1
"1’ —VYZ0ee'eSeZ1e'7Z1SeeZEe'"—1"el@7>¢SEZ1le’'— ' ''—el " —1'21-7F8
e TE'eC1 e leZEeZ1ESel > —1™s"eZErcel

JLIXUH7KH VSHFLPHQV ZLWK WKUHH NLQGV RI VXUIDFH FRQGLWLRQV DV FDVW PD
FRQWLQXRXVO\ FDVW EDU

"e75>7Z1WV10e'™ ele'Z1082S>7210'S™Zele™MZE' —-Z—@l eleZ2E+'+21E
‘71-Se¢7>'Sel1"ele'ZeZ1™Z7ZE -Z—@1' 1S1E " —e'—7"70@*¢1ESce-1lc
WVV1I——1"—1e¢ "10e’'eZ0Bd1S—ele'Z1'Z’e¢'e@l ¢le'Z10e™MZE -Z—01S>7]
——1"1][1-=71 "e1-SeZ>'Sel e lE —e' —7"7@*C1ES®elezE+'+Z1">"—1«
“elZ{™MZ@EeSe’ " —1e">1cZeeZ>1' " —"07—7"e¢1 —1¢'Z1-"E>"e>2E*257201"



6FLHQFH DQG 7THFKQRORJ\ RI &DVWLQJ 3URFHVVHV

"7l —e@l el E"—Z7Z0e1«ZESZeZl " e1l'eelZi—"e">—1 @ e’ ESe"-
—Se7>'Seel1ES@elctle'Z1 e 751" —e@l~el—Z¢'"oeil —1"5¢7>1"1"'—Y7Z
E~—e'e'"—1"e1@™MZE -Z—1>72721""—eel1 e1le™MZE -Z—cel ‘"Zle?
"__egel Z>7Z1™>7™S57ei1 ‘Z1®7>SEZel "E‘'1S572102<“ZEZ1"1E
E''"—Z,o"—"'Z°10ez>*SEZre]1 —1Seele'Z1e@™MZE —-Z—01lcZele'Z1l0Z>
e 717ee5Se"—"E1 SYZ®e1l Z521YS>'Zele 5172721 E " —e'e'"—el "E‘1S
Ze 1S—e1 ‘"¢, <eSm@eZes 81 “"E'1-2S—0e1e'Sele'Z1e'>72721" —e@l1 eloe™
el @7>eSEZ1IE —e’e’ " —®1S>7Z10SU1-SE""—7Z107>*SEZ1&1Se,ESc
E''"—Z1@7>*SEZ01S—10EU1-SE''—Z+1072>*SEZ1&1e"'"+,<eSceeZ+10
Zele 1e'Z1-72S@7>72-7—e1"e170e>Se™"—"ELYZe"E i

"e7>7Z1WW1le'~” ele'ZleZ@el>sZezee@l ™ el7ee>S ™" —"ELYZe"E'e¢1 ole"7Z
——1 “"E‘'l'cele'Z1e—-SeeZ0eelS—"—e1Seele'Z1le™MZE -Z—>xl Z1-S+781S
'Z1e™MZE -Z—cel "elZleE"—Zeel'el][l--1 "E'1’'ele'Z1+S>eZ@-1l

“531Z28SE‘'1e™ZE' -2—121-28S0w252-2—e1"e1700>Se"—"E1LYZe"E e¢]
S—el1e'Z1e'YZ1>7Z0020001 ¢17ZSE'1e™ZE ' —-Z—1S>Z1'ee7@e>SeZe1’ — 1"
Seel ele'Z-11 "1’ —1e'ZeZle'¢25200d1e'Z1e’ —701 —e' ESeZ1 " —e¢1+'S
S$>717¢1"—7100™MZE —-Z—031S—el1e'Z1 50751 ¢1¢'71eSeS1Se"—0e1e'71 !
o' —7@1'SYZ1—"1e e—'"¢'ES—e1-7S—"—e1Sel1Seeil ~ ZYZ>1e" 1" —>«
Z>71 1<Z17207Z201" 172iS—"—Z1'Z1¢'0e7>7Z—E®Z1<Ze 272—1'2Z1SY7Z>°
et 1E"-™MS> " —1¢"1¢'Z10ESeZ100@ £Z01171YS>»'Se’"—1S—-"—el1e‘71¢8

5800
5750 | .\._ machined/as-cast
- 5700 |
€
< 5650 |
> —o—®
§ =680 T machined/machined
@ 5550
(&)
| ‘\‘\._./‘
2
@ 5450 |
§ 5400 | machined/shot-blasted
5350 |
5300 ' ! ! L '

Number of measurment

JLIXUH&RPSDULVRQ RI WKH XOWUDVRQLF YHORFLW\ PHDVXUHG E\ WKH VSHFLPHQ
6SHFLPHQV PP WKLFN

'e7>Z1WW1e 51 Z1@™ZE ' -Z—@1IWXi[l-=1+"E"10'~ ®le'Sele'Zle e
eS1S—e1e¢‘710@—-SeeZ70ee1+S¢S1'"—172SE‘1ee™MZE ' -Z—1"""1-2E"'1S>:



$FFXUDF\ ,PSURYLQJ OHWKRGV LQ (VWLPDWLRQ RI *UDSKLWH 1RGXODULW\ RI "XFW
KWWS G[ GRL RUJ

Z1e™MZE' -Z—@l1][1l-=1+"E"i1l "®el ®e®lE " —®'eZ>Z¢1e " 1<Z1%221 1
—Z—e17>>H>1'—1ee™ZE ' -Z—1«""E"—Zmeel>Zoezeeel’ —1S1S>¢7>1-7S¢
' 1e'Z1ESeZ17¢1S1e™MZE —-Z—1 '+'1S1e-SeeZ>1e""E"—Zc0els'S—1"
Z>1e " E"—Z0e®edl "E‘'l SeleZeE>'<Ze1l' —1e'Z1e 5—7>10ZE+’"—1"els"

5800

5750

5700 F machined/as-cast
T 5650 | O—O——0—0
;:; 5600 | machined/machined
(S}
o
@ 5550
9
a3 machined/shot-blasted
s 5450
= |

5400 |

5350 |

5300 L L L 1 1

0 1 2 3 4 5

Number of measurment

JLIXUH &RPSDULVRQ RI WKH XOWUDVRQLF YHORFLW\ PHDVXUHG E\ WKH VSHFLPHQ
6SHFLPHQV PP WKLFEN

‘Z—1 Z1E " —™S>71'Z17>07517¢1'Z1SYZ>Se721YSe77Z01 e1e'Z1%¢>S0e
el el e™ZE -Z—0]l —1< el 0757001 Z1ES—10Z71'Sele'717
‘SeleS>e7>1 ' —1¢'Z1ES®Z1"+1 —SE*"'—Z+&S®e,EScee 1+'S—1'—1'Z1E
See™l Z1ES—1@7Z7Z1+'Sel’'el1«ZE " -Zele -7 ‘Sel@-SeeZ>1'—1'Z1C
e'S—1"—1¢Z1ES®eZ1"*1 -SE"'—Z+&-SE""—Z+ i1 "e1l-72S—01¢'Sels
" —"ELYZe " E'e'Z01-2Swz5Z1<t1le'ZZ1'>7221"" —eel~“ele™ZE -7
" J10 "eZ1e'Sele'Z17>SEZ1e">1¢'Z1e>S—e+e2EZ>1'@1Ss S¢te1S1-S«

—SE''—7&Se,ES®*1A1-SE'"—Z7+&-SE''—Z7+1A1-SE'"'—Z+&e'"+, <+ S0

—"—e1Seel"el e 7157717 —eel el Z10e™MZE -Z—01le'Z1e™MZE -7Z—
’eZ>Ze1e " 1<Z1'Z1<Zele”1-2S0e?5721'Z1e5271%2¢¢>Se™"—" ELYZ"E"’*
E>"e>7Ee7>721° 001 -">7217—"e">—1e¢'>"7e'1Seele'Z17Z—o'>7107—ee'1(""C(
o717 Z>1e "1@™ZE -Z—0]1 '+'1e'Z10” —@l ele’'eeZ>7—e1"" —ejl “"0&
e'Z1leZeelsZezee@le'Sele218Y72>8¢721%¢¢>S00"—"ELYZe " E's¢1 0121
E—Ze1®7z>*SEZ®1’1YZ>¢1@ —'eS>1e¢ 1e¢'Selele'Z1le™ZE -Z—1]]1
~Z2YZ7501'—1¢'7Z1ESeZ1" 1 7Z1e™MZE -Z—0el '+'1S—1Se,EScle?
—"E>"ee>7Ee2>721 01 Z1S¢7Z5001<Z2—7Se'1¢'ZZ10ez>*SEZ0]l " e1>7Z¢¢



6FLHQFH DQG 7THFKQRORJ\ RI &DVWLQJ 3URFHVVHV

‘Sele’'ee/>7—90]e> —1e'Sel"e]e‘7Z1 3¢’ —Se]1-Se75'Se1S—e1e"-Z2Z1-7ZSce
YZe " E'oC1l—"0'01<Z1E>2SeZe¢lctle’ @l — ' "—"eZ—7"e¢1"—1-—"E>"0e>2E-*;

“—7152S 0" —el1-S¢1<Z1E " —e'eZ>Z%1le >1e ' 717 —e7 —(ECL e1<ZE"—"—=¢
YZe"E'e¢1l ‘Z—1'¢1'@1-72Se7>Z1<¢t1le™Z7ZE -Z—cel '«*1S0e,ESceslce?
—7280252-7—175>"51"—10e™MZE ' -Z—1¢""E"—Z0®@dle'Z17—e7eSe'"—1'-
o 7 —01-">71"0e7—1S—e& >1-">71S>07¢¢1e'S—1"—1'Z1ESeZ1"+1-S
C™MZE —-Z—1e""E"—Z0e0ele " 1<Z21-72Sw@7>Z1@ -7 ‘SeleS>¢751¢'S—1¢'7
J—e7eSe’ (11701 Z10e™ZE'-Z—1<ZES7002721'21YZ>—"7>1ESe"™7518S.
™MZ787] —1e‘717—e7e8e’"—j1 ®@le‘'Z1e>S—ce-"e®’"—1¢'-71'1-2S0e7>7
—SC1<Z1E " —0e’'eZ>Z21¢ 157007 E+1Se1e'Z1E 700’ —eleZE+""—1"¢1'2185"
e7eSe’ " (11701 Z10e™ZE ' -Z—081¢'Z17%¢5S0e”"—" ELYZe" E'«¢C1EScE7+S-
™yZeZ—ele"1cZ10e™ =7 ‘'SeleS>e7>1¢'S—1e721>72721YZ2Z " E'e¢il —"e'Z51>7
' Z1Y'Z 1™ —el1"el—"(E>"ee>72E*72>771 @2Seetle'Z1-"E>"e>2E2>71
o'eeZ>@les " —10'Sel1el1e'71-Se75'Sel’ —'eZle7271¢ 1'¢e1>S™ el e’ e’(
ESe1>ZSEe""—@l '¢'1-"eeel1S—el1"e'Z>@il '¢'¢e1—" 1 7Z1'SYZ— «17Z;S-"-
—Se71e'Sele 717200580 — " E1YZe"E ' +¢1-S¢1<Z1S1e’eeeZ1c’eleS>e7>1"—1.
™ 50" _1¢Z—27S8¢'1¢'71eS¢7>1<ZES7200Z1 el e0cle’—751S—e1'S>¢751-"(0
S—el@ £717e1e>S™ 'e71—_"e7e7010271¢ 1'¢e@1>S™ el e’e’ e’ ESe’"—j

‘Z—1 Z1E -™S8571e'Z1e "17¢>Se™"—" ELYZe E'¢’'Zel ¢l Z1™ZE"’
¢ 07>7Z@1IWWI1S—e1WXd1 Z1e —ele'Sele'Z17ee5Se™"—" ELYZe"E’'e¢1—7
e "E"1’01S1e’eceeZl el @—-SeeZ51¢'S—1e¢'Selctle'Zl™MZE -Z—1WXI]
e'Selele'Z1le™ZE -Z—l '¢'1-SE""—Z+107>*SEZeil "l l«<ZES?
Zele> —1e'717—e7eSe'"— 1S —ele‘Z1e'ee757—EZ1 —1-"E>"es>2E*2>721"
E"—eeS—¢1>7¢SreeZele'Zle™MZE -Z—1¢"E"—Z0®d1S—e¢l'eelSee
0Se701¢¢1782S¢ " —1X1<ZE " -Zele—-SeeZ>1"'—1'Z1ESeZ1"+1S1e™ZE
ESeZ1 1 Z1e7E+'«Z1ESeel > —10e™MZE ' -Z—cel 5121 ™ e7Esce
S —el-—"eeel Z1-S¢1—771"1™MS¢1-">Z1™>7ZE 0Z1SeeZ—¢'"—1e 1"
75> 51 E>728eZe1<t1le'Z17—e7eSe’ " —1">1E " —e'e'"—@l1 1251850, ESc
ESkeelwe?z2>*SEZ0e1-SeZ7Z1<t1@S—el—"ee@le'Z1-72S®@7>2-7—127>>">1"
/>701¢"1<21—-SeZ1—"el1"—et¢le> " —1e'Z17—e7¢Se’'"—1"e1e'7Z1@2>*SEZcei
' 721-72S0?>72-7—+1"¢10e™MZ7ZE -Z—1¢""E"—Z00welc«t1S1YZ>—"7Z>1ES'T
o' 71> 7' —7001-Se71¢t100eS—e1 ™S> e’ EeZ®@dlczele'Z1l®r7>*SEZ1 ""E
SYZe1-8¢1<Z1e " ESeZel1Sele‘Z1c oo™ —1"0l1e‘Z1>"7¢'—7Z0eel1-S8¢Z1C1
eS—EZ1<Ze 7Z—1'Z0Z1 "1@7>*SEZl’ ' lE " —’'eZ>Z1"1¢'YZ1S1(
e TE'e¢1-72Swez>Zil ‘Z>7>781" —1«'Z1ESeZ1"+1-72S0ez>2-7—+1"+181
<¢loeS—el—"eeel Z1S>Z1>7ZE " ——7Z—eZ1"1>72-"YZ1+'Z1Se,ESele”
>S—@eZEZ>1e'eZ1<71Se@ " 1e> " —1e'Z1>7¢e7ZEs'"—1@’'eZ1 ¢17ee>Se™"—

N

0757001 WW1S—e1WX1See™10e'” 1¢'Sele'Z17¢e>Se™"—"ELYZs"E’'+¢1-
e, <oSeeZelez> > SEZ@leZ—o0le 1<ZE " —Z1S1le’eeeZ1lc’ele—SeeZ>1e"
—72S0ez57Z1<¢1'Z1™ZE -Z—0l '+'1-SE*""—Z10ez>*SEZxil ""el’'ce.
' 71SeeZEe’"—1"01e¢'71072>¢SEZ1S¢7Z>1 “"E'1'Se1<ZZ—1eZe¢ >—Ze1™
o' 71—"e70e7@1"e17S @’ E'e¢1"¢1S1e7>>' ¢ EL1-Se7>'Se1«ZE"—-Zele—-Se-e



$FFXUDF\ ,PSURYLQJ OHWKRGV LQ (VWLPDWLRQ RI *UDSKLWH 1RGXODULW\ RI "XFW
KWWS G[ GRL RUJ

oo’ " _1e'S—1"—1S—17See’EL1E " —e' ¢’ "—31le'Z17ee>Se™"—" ELYZ"E’~
©—-8ee751"—18S1™eSe' ESee¢lelZe ™ s—ZelE " —e'e'"—1¢‘S—-1"—185—17S
"EL1YZe"E'eC1' @1l —1e¢>ZEel™> ™ 30"~ _Je"1e'7Z]1—-"e7e71"¢172Se'E
7ee>Se"—"E1 SYZ0e1+S"Zel-">21¢"-71"1™>"™MSeSe71e'5 7171 e
™MeSpe’ ESeetleZe”>—Zelctloe "o,<oS0pe’—edle'Z1e " eSele/—0e']l e] ™)~
<'ele”—e751¢'S—1"—1'7Z1ESeZ1 " e1e'Z1@™ZE -Z—1 """ 2ele'Z1@" ", <
e¢le " —e7Z51e’ —7Z1>7Z07%°e01 —1S1@ZZ-"—ee¢tl0e—SeeZ>17¢e5Se™"—"E1Y
e >781 '—1 721 ESceZ1 "*1 —-72S0ez>72-7—e1 "1 71 ESoee’—eel '+l o0
yZE " ——Z7—90Z01¢"1572-"YZ1e'Z1™eSe’ ESeetleZe >—7¢1eS¢7Z>1¢ eSee¢1"
' 71-72S@7>721YSe27Z@1 'e'1¢'Z1>7Z0020001e> 1S —"'7517i™MZ>" -7 —e1;

ZiZil eoZEe' " —1"e1l—"— ™S5SeeZe’®@-1"01e™MZE -Z—0e

—18S—18SE+72Se1-72S0e2>2-7—+1"e172¢>S @ —" E1YZ+"E'+¢1"¢1S1e™7
¢ Z1 ™" ™MGeSe’'" 1o —71<Ze 77Z—1% "102>SEZeAle'Z1e7>SEZ1SE
eSEZL1e 51 Z1>Z0eZEe’ " —1"0170¢5S0e"—"E1l SYZeil —1-S—¢1ESeZ
e "1 0e7>eSEZe1<«t1-7S—0el "¢l 721V 2SS 1E'ZE "]l '+'1'—e™ZE-
e’ —1'—1™572Y" " 70eleZE " —el'SYZ1l' —e' ESeZ¢1¢'Se172Y7Z—1S1ce-"
e E"—7Z0e0el1-Stl1>7ZwZeel —1S1E —0e’'*Z>S«e721-72Sw@i>7Z-7—127>>">"
>S™ U e7]1 —"e70855'¢¢31S—¢1S10—-8eel—"— ™S,SeeZe’ge—1"—1eZ1e
eZ2EZ1l0e" =7 '‘Sel7Z>> 501 —1'Z0wZ1-2Swei>72-72—e1>7Z@7eeeil —1¢"

~

SeeZ@Ee'"—1"01e'Z1—"— ™S,SeeZe’@—1"01e¢‘ZeZle "1e7>*SEZel"*1e"

JLIXUH6SHFLPHQV ZKRVH QRQ SDUDOOHOLVP DQJOHV DUH GLIIHUHG YDULRXVO\

"e7>Z1WY1le'" ele'Z1e™ZE'-Z—cel “"E'l Z1720Zl' —1e""®®l1®ZE+'~"—
E" —e'—7"7@*C1ESeelezEe'eZ1'>"—01S—el1e'Z1@'£Z217¢12ZSE‘1lee™ZE"



6FLHQFH DQG 7THFKQRORJ\ RI &DVWLQJ 3URFHVVHV

‘21@72>¢SEZ1e" >1>7¢07ZEe’ " —1"0170e>Se™"—"E1 SYZ®e1"+1ZSE'1lee™Z(
— " — M™MS,SeeZe’e—1<Ze Z7Z—1V1S—e1WV1eZe¢>7721SeS’'—eele"1le'Z1l0e?’
ZYZ—1"—1"—710e™MZE -Z—1¢'Z1¢"" E"—Z0el1YSe77Z1’cel—"¢1E"—oce-
C™MZE —-Z—1"—1e'Z1e>"72™j1 ‘Z17¢e>S 0" —" EL1YZe"E’'¢¢1"¢1S1le™7ZE -.
—S>7"7Ze1 81 18 —e1 102" —1'—1e'e7>7Z1WZil ‘Z1™""—el1 1E " >>Z0™ " —ee
yZ0e ™ —e1e”1¢'Z1SYZ>SeZ10—"90¢eZU1S—el1e'Z1™" —e1 1E " >>Z0™"—
¢« >771™M" _eel’—1@™MZE -Z—1"" E"—Zce®il ‘Z12+>S0e"—"EL1YZ+"E"’
¢ Z1™>"™MGeSe’' el 718 —ele'Z1e""E"—Z0ceel “"E'l 2>21-72S®72>72+1S
e E"—7Z00el1S8e1™ " —e1 1 Sel <eS' —7Ze1<t1-72Sez>'—ele'Z1le'eeS—(E.
™M™ __e]1ele‘Z10ee>S e‘ele’ —717ele'Z102>¢SEZ1le 515707 Ee’~"—1"el7ee>
CELRI™MZy™Z o' EZeSs1e 107100750 SEZL1e" 510 Z1e>S—@eZEZ>1S1
o' 71e™MZE -Z—cele'™ —1'—1'¢72>7Z1WYJ1 Z1e " 7—ele'Sele'Z1See7Es""
e "10e72>*SEZe1'®1Zi*>S >e'—S>'e¢1eS>07Z81 7257 5721 Z1 —e>"e2EZ1"
“E'l Scele'Z1e—-SeeZ@el1S—"—e1Seele Zle™ZE -Z—0l Z1-SeZi

JLIXUH7KUHH PHDVXULQJ SRLQWYV RI D VSHFLPHQ $ ODUJHVW % PLGGOH & VPD(

'e7>7Z1W[loe'” ele'Z1l>Zcezes@1l el Z17e5S@™ —" E1YZe"E ' «¢1-Z2Se?>
S—el 17¢1e'Z1le™7ZE ' -Z—1 ‘"@Z1—"— ,™S>See7e’@-1S—eeZ1’'@1WI1
21-72S@2>Z¢1YZe E’e¢le">1e’'YZ1e' -Z0d1S—ele'Z1>7Z027%c0el e1e'Z-1
'—ele’ — 71 —1e'Z1e’e757711 'e7>7Z1W[1 —e'ESeZele'Sele'Z1eSse7Z@elZe
™~ el 1 E‘'1’l1e'Z1eSreZ0eel ™ —e]l'—1@™MZE -Z—1+""E"—Zc0®
e—SeeZeelzee>Se™"—" E1YZe"E’'+¢1 Swel-72Sez>7Z¢1Se1™™ —e1 1 “E"‘1
o E"—70el1S-—"—e1e'71¢'>7781S—el1e¢'Z170>Se”"—"ELYZe " E ' +¢1Se1T
<2 272—1™"7 —_eel 1S—e1 1 Sel-72S07>72¢1S™™,~;"_SeZe¢le"1cZ1¢"
™Y ee]l 18—l 11 ‘Z15728 0" —1e¢"51¢7215>7¢8e¢’VYZet1leS>e751%0e5S™"—



$FFXUDF\ ,PSURYLQJ OHWKRGV LQ (VWLPDWLRQ RI *UDSKLWH 1RGXODULW\ RI '"XFW
KWWS G[ GRL RUJ

Z>791S0eleee” il o0 "7e'1e'Z17%ee5Se™"—"E1 SYZ0e1S>7Z10Z—1"++1S.
¢ Z1TTMIMT__ 7] ™™ _ o] (Je'Z1 ™™ —el ‘757171 E"—Z0ceel Sel1-75
Se@™le> " —1¢'Z1™" —_e@1(0™eSEZUL1l "E'1S>7Z10—-SeeZ>1¢'S—1e'7Z1+""(E
7ee5Se"—"E1 SYZel>ZeeZEe1—"01Sel1 " —71™ " _e1¢7¢1Se1S1«SEZ1 ’
“el>7eeZEe " —i1l ‘Z—081e'Z1%ee>Se"—"E1l SYZoel ""E'1l Z>Z1720Z1"1:
E"—eS —1¢'Z1SeeZE+e'"—cl e1e'Z1 SYZel>ZeeZEeZe1Sele'Z1 ™ —e
C™MZE —-Z—1e""E"—Z@0ele'S—1Sele'Z1™M o] §1S—el'el>ZZeccel’-
" 8518 —e1e'Z—1S1e'eeeZ1<'e1eS50751705S @ " —"E1YZe"E'*¢1 Scel-
“e'75>1'S—e81'—1Z1ES0eZ1 1215728’ YZe¢1le—-SeeZ>17%¢¢>Se"—"'E]
’eZ>Z1e 1715700707l e> " —1e¢'Z1" ™M™ " ®’e7157Se"—1e¢"1e'Sel1Sel1e'7
7>Z1W[1See"10e'” aele‘'Sele'Zle'eeZ>7Z—EZ1 —17%e¢>S0e”"—" EL1YZ+"E" ¢
'ee1S0e1¢S>¢721Sele " -Z1W]V1-&®dl "E'1E >>Ze™ " —eele 1e'71-7
>S™ ' e7]1 —"e7eS5’e¢i1l “"@1-72S—0el1e'Sel 7Z1S>Z1cee>"—eet1>ZE " ——7-
o7 —e'"—1e 5171 —"— ™SS eeZe’ -1l Z102>*SEZRL1e >1>7Z¢0ZE "
(eSS’ —1e""e1-7Sei572-72—el1l57Z@7ecel

JLIXUH$Q H[DPSOH RI PHDVXUHPHQW HUURU LQ XOWUDVRQLF YHORFLW\ FUHDWHG
WZHHQ WKH VXUIDFH IRU WUDQVGXFHU DQG WKH VXUIDFH IRU UHIOHFWLRQ

— e ’eloeezeCl Z1le>'Zele”1-78S@7521¢'Z1e>S™ 671 —"e7¢85'e¢1"1S1
7> '—ele'Z17005S0e”"—"EL1YZe " E'¢¢1Sele’50el1S—ele'Z—1E"—YZ>e'—el"
o’ " —1 e e7571 <70 27Z—1¢>S™e7]1 —"e7eS5’0¢1 S—el 7ee5Se”"—"ELVYZe (
™M SEeESe1-72Sez>'—e1S™MM™MS,Se7eZel "E'1E " —YZ>e1le'Z17ee>Sce
©S>'e01S7e"—Se’ESeeC1S—ele'” 1e>S™“e71—"e7¢S5’'e¢1le’>ZE¢1ly\pd
e "eZ172872'™_7—e@l Z1Sem"1l —7Z¢1¢"1"—" 1'721YS>""720@1SeeZE+" "-
—JEL1ES>Z0701SeeZ—e'"—@leH>1™M7E ©Z21-2S®7>2-7Z—eel' —1e™Z(



6FLHQFH DQG 7THFKQRORJ\ RI &DVWLQJ 3URFHVVHV

e7e85'e¢1 e le7(Ee'eZ1ES®el > —1<¢t1-272Se7>' —el7ee58Se"—"E1Y
E‘1Sele'Z1e™MZE ' -Z—1¢""E"—Ze®el-2Z2Sw2>2-72—e17>>">81*'Z1ce?
— " ™MS,SeeZe’@—1"—1e "1®72>*SEZ®1IS—e1"¢'Z>001S—e1"<eS'—Zele'y

Wi ‘Zle'eeZ>7Z—(EZ1 e1XV1-1"—1e>8S™"e71 —"e7e85'¢¢1 Sele"72—els"
Z—EZ17*10" -Z1WYV1-&e1H51"—e¢1XiY-1"¢10e"-Z1[\VV1-&cel
YZe " E'e¢ 1 ele7Ee’'«Z1ESmeel > —il “"01-2S—ele'Z1—Z72EZm’.
e""e1-72Sei>2-72Z—e1>7Z7eeel

Xi ®ele'Zl1ee™MZE' -Z—1¢""E"—Z®@e1S>7217072Setle " 1e-See1E -
YZe " E'e¢17¢10e -Z1[\VV1-8&0ed1S1-ZS®e?>Z2-72—17>>">1"—1oe™Z
eSr07¢C¢ 1’ —1¢'Z1ESeE7¢Se'"—1>7Z@7%ee1 01755 —'"E1YZs"E' ¢
CE1L'ele 21— —7—17—"e1"e1E " —YZ—'"—Sel1YZ>—"7>1ESe ™7
" -Z1IWWiX1-&e1l'—17+>Se@™ — EL1YZe " E'*¢1S—e1® " -Z1WIi]X1-
ES®Z17+1[V1--1"—1@™MZE' -Z—1"E"—ZkeE]l

7ee>Se " —"ELYZe E'e¢1S—e1e>S™ 671 —"e7eS5’'¢¢1S5721-7Sce:
©>7721YSe77Z01’ —1¢'Z1ESeZ1"*1-2Sw2>2-72—+1<¢1e'Z1e™ZE -7 —
é 21-72Se72>7¢1"1<Z10@—-SeeZ>1¢'S—1e'7">1>2721YSe27Z01'—1+'21
C™MZE —-Z—0el '+l "+, <eSeeZele?>*SEZedL1See " 2e'1e' 751" —1

Zi YZ—1S10e—-SeelS—ee710@72E'1S01W1leZe>771 el —"— ™MS,SeeZe @
e 7EZ>1S—e1¢'Z102>SEZ1e 5152007 Ee'"—1"e17¢e>Se"—"E1 SYZce
o' —85¢1eS5>021-728S07%>2-2—917>>">01' —1%2>Se"—' EL1YZe"E’'+¢1S-
[ —175eZ>1¢71' =™ "YZ1e'Z1SEEZ>SECL —1Z0e'=Se’"—1 el e>S™ "
T —1<¢1-72Swei>7-72—e1"e17ee5Se"—" EL1LYZe"E’'e¢1l 7Z1S>7Z1>ZE —-—
—'£721¢'721S—-"7—e1"01e'7Z1SeeZE+s'"—0el ele'Z>1 @ 72>EZ01S—e1-
Y'Z 1™ —eel1Sm®el-ZSwi>Z2-2—17>>>1"—10e™MZE ' -Z—1«"E"—Z0
e Z(Ee"—107>*SEZB17Z>> >1<¢1Zj 0ceZ—EZ1 ¢1+°'Z1S¢7Z>1"«1Sce,E

"—">71 SeSe781 “>71 "<z"'1S—e1 “"—'"E‘'>"1 "—SeeZ
ee3Z@ @18l E >>Z™ " —eZ —EZL1e"ALl"" =See? ‘7" —eeS'ISE“™

1 —'YZ>@'e0d1 ETTelTel —e'— 775 —ed1 'eSe'>"@'-S81 S™MS—



$FFXUDF\ ,PSURYLQJ OHWKRGV LQ (VWLPDWLRQ RI *UDSKLWH 1RGXODULW\ RI "XFW
KWWS G[ GRL RUJ

YyWp S™MS__1 —e70oee>’Sel ¢S—eSseel1,1 @ [[VXI

S—1 "7—es¢1l —e'—77>—e1 “E'ZeCil OXVVZUil —YZoee'*S
YSe7Se’"—17e1 5" ™Z75¢' 7525 SR YL BRIL X X i

yYp ‘21 S™MS_—_7@®@Z1 "E’'Ze¢le™ 51 "—, Zee>7E'YZ1 —e™ZE"—1T1
oS —eSse’£Se’ T 17l T— ZeeH>ZE’YZ1 YSATSA™MI 41 7«E - TAF L
2 e DdNXXI

yZp S™MS—1 "7—e>¢1 —e' —Z7> —el “E’'Z+¢il OXVVZUil —YZoee’ S

YSe7Se’"—17el1 >"™MZse' 7B GEZ S S0 YL BYEFL X Z T

y[p "~ "1 1S—el1 "—"E'">"1 i10W _JJuil ‘Z1>Z¢Se’"—@l<Z
®ZEe"—Se1S>72S1S—ele7—@'eZ1@DbA2»1Se1 EESN S L E L
—7Z— @1l 3EZZHUUV X, \V]i

y\p S77eS1 S™MS__1 il ‘LIIEHX\NOWXGATIL «“>1 ¢>S™eZ]1 —"e7e¢S>5 e¢1 —.
—7—Lee™A&E 0S5 eS“S™MS _TE"-&S7eTE@ES—&™T —ejle_ej



ntechOpen

ntechOpen



