
1

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

1234567890

7th International Conference on Key Engineering Materials (ICKEM 2017)  IOP Publishing

IOP Conf. Series: Materials Science and Engineering 201 (2017) 012033 doi:10.1088/1757-899X/201/1/012033

 !"#$%&'() *+,"-.+!) &-/) #$%,0*+,1%+1,") %!&,&%+",$2&+$0-) 03)

4&'$-"*") 5&#500*) &*) &%+$6&+"/) %&,50-) *01,%") 30,) &/*0,5"/)

-&+1,&').&*)&77'$%&+$0-

8)9):);1+,&)9".&,&
<(=(>
()?)@)?$,+&)9$-/!$&

=(>
( A)B)C1,&+&

=
&-/))D)C1%$7+&

=

 
!"#$"%&'()$*+,-$(".(/-01-,,%1-0()#1,-#,(".(2+&3&-&(2-14,%51$36(!,-7&5&%6(

8&'16 9-+"-,51&
:
;,#<&-1#&'(/-01-,,%1-0(!,7&%$=,-$(".(2+&3&-&(2-14,%51$36()$%,,$(".(8*>1$(

?1=@&%&-6(8&+*-06(8&'16 9-+"-,51&(
A
+,47*$%&-,0&%&B0=&1'C#"=6(-1-+<1&B3&<""C#"=

E5*+,&%+F)8&=@""(15("-,(".(7%"=151-0(@1"=&55(%&D(=&$,%1&'5($<&$(<&5(@,,-(D1+,'3(%,5,&%#<,+6(

+,4,'"7,+6(=&-*.&#$*%,+(&5(&#$14&$,+(#&%@"-(EFGH(&-+(&77'1,+(1-(=&-3(.1,'+5(".('1.,C(I"D,4,%6(

$<,%,( D,%,( "-'3( &( .,D( %,.,%,-#,5( &55"#1&$,+( $"( $<,( *5,( ".( @&=@""( FG( &5( &-( &+5"%@,-$( ."%(

F+5"%@,+( J&$*%&'( K&5( EFJKH( &77'1#&$1"-C( L<,( 7*%7"5,( ".( $<15( 5$*+3( D&5( $"( #<&%&#$,%1M,(

#<,=1#&'6(5$%,-0$<(&-+(=1#%"5$%*#$*%,(".($D"($37,5(".('"#&'(8&'1-,5,(@&=@""($<&$(D,%,(L&@&<(

@&=@""(EK10&-$"#<'"#(J10%"#1'1&$&H(&-+(L&=@'&-0(@&=@""(E)#<1M"5$&#<3*=(8%&#<3#'&+*=H

&5( FG( 5"*%#,C( G<&%&#$,%1M&$1"-( D&5( #&%%1,+( "*$( @3( *-+,%$&>1-0( 7%"N1=&$,6( *'$1=&$,6( $,-51',(

$,5$56(O&-()",5$(&-&'3515(&-+(=1#%"5$%*#$*%,("@5,%4&$1"-C(L<,(%,5*'$5(<&4,(5<"D,+($<&$(L&@&<(

@&=@""( <&5( ::CP Q (R( '10-1-6( SSCPSQT(R( #,''*'"5,6( USCQT(R( 4"'&$1',( &-+( SSCSV(R( #&%@"-6(

D<1#<(D,%,($<"5,(#<&%&#$,%15$1#5(<10<,%($<&-(L&=@'&-0(@&=@""C((W*%$<,%="%,6(L&@&<(@&=@""(

&'5"(<&5(<10<,%(@"-+(+,-51$3(4&5#*'&%(@*-+',56(<10<,%($,-51',(5$%,-0$<(E:SXCUQ(Y( VCQA(J==Z:H(

&-+( .%&#$*%,( 5$%,-0$<( E U:CAP( Y(  VCST( J==Z:H6( '"D,%( &5<( E:CP:( RH6( 51'1#&( E CUS( RH( &-+(

-1$%"0,-(EXCPQ(RH(#"=7&%,+($"(L&=@'&-0(@&=@""C((!*,($"(5*#<(#<&%&#$,%15$1#56(L&@&<(@&=@""(

<&5(0%,&$,%(7"$,-$1&'(&5(&-(FG(7%,#*%5"%($<&-(L&=@'&-0(@&=@""C

<F A-+,0/1%+$0-

F#$14&$,+( #&%@"-( EFGH( 15( #&%@"-(=&$,%1&'( <&41-0( &( <10<( 7"%"51$3( [ \6( <10<( &+5"%7$1"-( #&7&#1$3( [:\6(

<10<(=,#<&-1#&'(5$%,-0$<([A\(&-+(&(4,%3('&%0,(5*%.&#,(&%,&( [S\C(F#$14&$,+(G&%@"-5(EFG5H(&%,(D1+,'3(

*5,+(1-(1-+*5$%3(5*#<(&5($"(5,7&%&$,($<,(4&%1"*5($37,5(".(7"''*$&-$5(5*#<(&5(+3,5(&-+(=,$&'(1"-5(.%"=(

1-+*5$%1&'(D&5$,([Q\6(&5 0&5(5$"%&0,([TZ X\(&-+("$<,%5C(G"==,%#1&'(FG5(&%,(0,-,%&''3(+,%14,+(.%"=(#"&'(

D<1#<(15(&(-"-Z%,-,D&@',(#&%@"-(5"*%#,(D1$<(%,'&$14,'3(,N7,-514,(7%1#,([  \C(F5(&-(&'$,%-&$14,6(1$(<&5(

@,,-(,N$,-514,'3( %,5,&%#<,+(&-+(+,4,'"7,+(FG5(.%"=(@1"=&556( 5*#<(&5(#"#"-*$(5<,''( [ :Z A\6(7&'=(

[ S\6(&-+(@&=@""([Q6( SZ V\C

8&=@"" 15(&(@1"=&55(=&$,%1&'(D1+,'3(5$*+1,+(&5(&(5"*%#,(".(&#$14&$,+(#&%@"-C(9$5(0%"D$<(15(4,%3(.&5$]

=&N1=*=( &'$1$*+,( #&-( @,( %,&#<,+( 1-( ^*5$( &( .,D(="-$<5( [ U\( &-+( =&$*%,5( 1-( $<%,,( 3,&%5C( 8&=@""(

#"-5$1$*$,5(&($%"71#&'(7'&-$(&-+(0%"D5(-&$*%&''3(1-(&''(#"-$1-,-$5(,N#,7$(/*%"7,([ P\C(9-(F51&6 @&=@""(

0%"D5( 1-( G<1-&6( L<&1'&-+6( O1,$-&=( [:X\( &-+( 9-+"-,51&C( 9$( #&-( @,( #"-4,%$,+( 1-$"( &#$14&$,+( #&%@"-(

$<%"*0<(#&%@"-1M&$1"-(&-+(&#$14&$1"-(7%"#,55,5C(G&%@"-1M&$1"-(7%"#,55(15( 1-$,-+,+( $"(,-%1#<(=&$,%1&'(

#&%@"-(#"-$,-$(@3(,'1=1-&$1-0(-"-Z#&%@"-(,',=,-$5(*51-0($<,%=&'(+,#"=7"51$1"-([: \ &-+ $" %,+*#,(

$<,(#"-$,-$(".(4"'&$1',(&-+(#"-4,%$1-0(1-$"(#<&%(D1$<(<10<,%(.1N(#&%@"-(#"-$,-$C((_<1',($<,(7*%7"5,(".(



2

1234567890

7th International Conference on Key Engineering Materials (ICKEM 2017)  IOP Publishing

IOP Conf. Series: Materials Science and Engineering 201 (2017) 012033 doi:10.1088/1757-899X/201/1/012033

&#$14&$1"-( E7<351#&'("%( #<,=1#&'( &#$14&$1"-H( 15( $"( +,4,'"7( &+4&-#,+(7"%"51$3(&-+( $"( 7%"+*#,( %,0*'&%(

5$%*#$*%,($<&$(D1''(,4,-$*&''3(."%=($<,(<10<(7"%"51$3(".(5"'1+(&#$14&$,+(#&%@"-([V\C

)"=, %,5,&%#<,%5(<&4,(+,4,'"7,+(@&=@""(FG5(."%(4&%1"*5(&77'1#&$1"-5(5*#<(&5(."%(5,7&%&$1"-(".(

<,&43(=,$&'5([::\6(."%(7*%1.1#&$1"-(".(D&5$,(D&$,%([ S\6(&5(&(#&$<"+,(=&$,%1&'(".(5*7,%(#&7&#1$"%([ V\(

&-+("$<,%5C(F'$<"*0<(@&=@""(FG5(<&4,(@,,-(5$*+1,+(&-+(&77'1,+(1-(=&-3(.1,'+56(&'="5$(-"(%,.,%,-#,5(

D,%,( ."*-+( %,'&$1-0( $"( $<,1%( &77'1#&$1"-( &5( &-( &+5"%@,-$( ."%( FJKC( 9-( FJK( $,#<-"'"036( &+5"%@,-$(

5,%4,5($"(5$"%,+(=,$<&-,(0&5C(;,$<&-,(0&5(="',#*',5(#&*0<$(1-51+,($<,(7"%,5(".($<,(&+5"%@,-$(+*, $"

$<,1%( 5$%"-0( 5*%.&#,( $,-51"-( ."%#,( EO&-( +,%( _&''5( ."%#,HC( !15$&-#,( ="',#*',5( 1-( $<,( 7"%,5( ".( $<,(

&+5"%@,-$(15(=*#<(#'"5,%($<&-(1-($<,(0&5(7<&5,(&$( $<,(5&=,(7%,55*%,(&-+($,=7,%&$*%,($<&$(#&*5,5($<,(

+,-51$3(".( $<,(=,$<&-,(="',#*',5( 1-( $<,(&+5"%@,+(7<&5,(@,#"=,( '1>,( '1`*1+(7<&5,(&-+(<&5(&(0%,&$,%(

+,-51$3 $<&-($<,(0&5(7<&5,(&$(,`*1'1@%1*= #"-+1$1"-C(L<,(%,5*'$(15(&-(1-#%,&5,(1-($<,(.1N(4"'*=,(".($<,(

535$,=(&+5"%7$1"-(+*,($"('&%0,%(&="*-$(".(&+5"%@,+(0&5($<&-($<,(4"'*=,(0&5(D<1#<(D&5(%,7'&#,+(@3(

&+5"%@,-$([:A\C(F5(&-(FJK(&+5"%@,-$6(FG5(=*5$(<&4,(<10<(=1#%"(7"%,(&-+('&%0,(5*%.&#,(&%,&C(F5(&(

=&$,%1&'(5"*%#,(".(FG56(@&=@""(<&5(0%,&$(7%"7,%$1,5($"(.*'.1' $<"5,(%,`*1%,=,-$5C((9$ <&5(<10<(#&%@"-(

#"-$,-$( ESUCTS RH(&-+( '"D(#"-$,-$5(".(-1$%"0,-(EXC S RH6( 5*'7<*% EXC  RH(&-+(<3+%"0,-(ETCVQ RH(

[:S\C((L<,(#<,=1#&'(#"=7"51$1"-5(".(@&=@""(&%,(51=1'&%($"(D""+(D1$<(#"-$&1-1-0(#,''*'"5,6('10-1-(&-+(

<,=1#,''*'"5,(="%,($<&-(PXR(".(1$5($"$&'(=&55C(9-(0,-,%&'6($<,(#"-$,-$(".(&'7<&(#,''*'"5,(".(@&=@""(15(

SXZQXR6(D<1',( $<,(#"-$,-$(".(&'7<&(#,''*'"5,(".(5".$D""+(&-+(<&%+D""+(&%,(SXZQ: R(&-+(AUZQT R6

%,57,#$14,'3( [:Q\C( L<,( '10-1-( #"-$,-$( ".( @&=@""( %&-0,5( .%"=( :XR( $"( :TRC( _1$<( 5*#<( #<,=1#&'(

#"=7"51$1"-56(@&=@""(<&5(&(0""+(#%1$,%1"-(&5(&(%&D(=&$,%1&'(".(FG5C 8&=@""Z@&5,+(&#$14&$,+(#&%@"-(

<&5( ."*% $1=,5 @100,%(=1#%"(7"%,(&-+( X $1=,5(0%,&$,%( 5*%.&#,(&%,&(D<,-( 1$( 15( #"=7&%,+( $"(#&%@"-Z

@&5,+(D""+([:T\C(9-(&++1$1"-6(@&=@""(15(4,%3(,&53($"(.1-+(&-+(<&5 &(5<"%$(#*$$1-0Z&0,(#3#'1#(EAZQ(3,&%5H(

[:Q\C(a-,(".($<,(.&#$"%5(&..,#$1-0($<,(#<&%&#$,%15$1#5(&-+(`*&'1$1,5(".(FG5(15($<,(#<,=1#&'(#"=7"51$1"-5(

".( %&D(=&$,%1&'(*5,+C( 9-( $<15( 5$*+36( $<,(7%,'1=1-&%3( #<&%&#$,%1M&$1"-(&-+( ,4&'*&$1"-(".( $D"( $37,5( ".(

8&'1-,5,(@&=@""(D,%, #&%%1,+("*$C(

=F D"+!0/

L<,( @1"=&55( %&D(=&$,%1&'5( *5,+( D,%, $D"( '"#&'( 8&'1-,5,( @&=@""5b L&@&<( @&=@""( E !"#$%&'()&'*
+!",&'!)!#%#H( &-+( L&=@'&-0( @&=@""( E-'(!.&/%#'(012* 3,#'(0')#412HC( 8&=@""(D&5 #*$( 1-$"( 5=&''(

71,#,56( +%1,+( +*%1-0  X +&35( *-+,%( $<,( 5*-5<1-,( &-+( <,&$,+( 1-( $<,( ,',#$%1#( .*%-&#,( ."%(  ( <"*%( &$( &(

$,=7,%&$*%,(".(  X
X
G(*-$1'(-"(#<&-0,5(1-(D,10<$C()7,#1=,-5(D,%,(."%=,+ 1-$"(7"D+,%(,&#<( X(0%&=5(

."%(#<,=1#&'(#"=7"51$1"-6(7%"N1=&$,(&-+(*'$1=&$,($,5$5C(c%"N1=&$,($,5$(D&5 #&%%1,+("*$(@3(*51-0 LKF(

VX 6(XCX: R(d)!(c%,#151"-($"(.1-+("*$(".(="15$*%,6(4"'&$1',6(.1N(#&%@"- &-+(&5<(".(@"$<(@&=@""5C(L<,(

*'$1=&$,( $,5$(D&5 @&5,+("-(F)L;(!VQU:(81"=&55(&-+(*51-0 GIJT:U)(=&#<1-, $"( 1-4,5$10&$,( $<,(

#"-$,-$5(".(#&%@"-6(<3+%"0,-(&-+(-1$%"0,-(".( $<,( %&D(=&$,%1&'5C O&-()",5$(F-&'35156(&'5"(>-"D-(&5(

2)!F( E2-1$,+( )$&$,( !,7&%$=,-$( ".( F0%1#*'$*%,H6( D&5 *5,+( $"( +,$,%=1-,( $<,( #"-$,-$( ".( '10-1-6(

<,=1#,''*'"5,6(#,''*'"5,(&-+(51'1#&C L,-51',($,5$(D&5 @&5,+("-(F)L;(!( SAZPS(*51-0(<3+%&*'1#($,-51',(

=&#<1-,(D1$<(&(#&7&#1$3(".(A6XXX(>0C 9-("%+,%($"("@5,%4,(=1#%"5$%*#$*%,6(@&=@""(D&5 #*$($"(51M,(:(N( (

#=6(7"'15<,+6(,$#<,+(&-+("@5,%4,+(@3(*51-0(;1#%"5#"7,(a7$1#(E XZ 6:XX("7$1#&'(M""=HC

>F G"*1'+*)&-/)/$*%1**$0-

5676 8(92!'#)*'&2:&/!%!&$/
G<,=1#&'(#"=7"51$1"-5(".(@"$<(@&=@""5 &%,(7%,5,-$,+(1-($&@',( C(9$(#&-(@,(5,,-($<&$($<,(=&1-(#"-$,-$(

".(@&=@""(D&5 #"=7"5,+(@3 #,''*'"5,6(<,=1#,''*'"5,(&-+('10-1-C(L&@&<(@&=@""(#"-$&1-,+ SSCPS R(

#,''*'"5,($<&$(<10<,%($<&-($<,(L&=@'&-0(@&=@""6(D<1#<(D&5 S:CQ: RC L&@&<(@&=@""(&'5"(#"-$&1-,+

<10<,%(<,=1#,''*'"5,(&-+('10-1-($<&-(L&=@'&-0(@&=@""(@*$(1$(1=7'1,+ '"D,%(51'1#&C()"=,(%,5,&%#<,%5(

<&+ #&%%1,+("*$($<,(#<,=1#&'(#"=7"51$1"-($,5$(".(+1..,%,-$($37,5(".(@&=@""C()#*%'"#>(,$(&'(%,7"%$,+($<,(

#,''*'"5,(#"-$,-$(".(&(?&7&-,5,(@&=@"" &%"*-+(SACAX(R([:V\C(L<15( %,5*'$(D&5 #'"5,( $"( $<,(#,''*'"5,(

4&'*,(".(L&@&<(&-+(L&=@'&-0 @&=@""5C(e1(,$(&'(,N&=1-,+($<,(#,''*'"5,(#"-$,-$(".(@&=@""($&>,-(.%"=(

f15&$#<1,(J&$1"-&'(W"%,5$6(e"*151&-&6(2)F(&-+("@$&1-,+(4&'*,( 1-( $<,( %&-0,(".(STCXU( Z SVCP R([:Q\C(



3

1234567890

7th International Conference on Key Engineering Materials (ICKEM 2017)  IOP Publishing

IOP Conf. Series: Materials Science and Engineering 201 (2017) 012033 doi:10.1088/1757-899X/201/1/012033

e*M(,$ &'( [:U\(0"$( $<,(#,''*'"5,( #"-$,-$(".(S( $37,5( 1#41# @&=@""( E;#'#$#6(89<&))#=*>#0#4#*#$4*
8#/%!)#H(4&%1,5(.%"=(AVR($"(SSRC(L<,5,(4&'*,5(D,%, &'5"(51=1'&%( $"(#,''*'"5,(#"-$,-$(".(L&@&<(&-+(

L&=@'&-0(@&=@""5C

?&5'")<F)G<,=1#&'(#"=7"51$1"-5(".($&@&<(&-+($&=@'&-0(@&=@""5

56?6**@,&A!2#%9*#$4*1)%!2#%9*#$#)0/!/
L&@',(:(5<"D5($<,(%,5*'$5(".(7%"N1=&$,(&-+(*'$1=&$,(&-&'3515(".(@"$<(@&=@""5C((L&@&<(&-+(L&=@'&-0(

@&=@""5(<&4,(&(.1N(#&%@"-(AC:: R(&-+(SCT (R6 %,57,#$14,'3C(W1N(#&%@"-(15(&(#&%@"-($<&$(5$1''(@"*-+(@3(

$<,(@1-+1-0(,',=,-$5(5*#<(&5(I6(J(&-+(aC((L<,(*'$1=&$,(&-&'3515(5<"D,+ $<&$(L&@&<(@&=@""(#"-$&1-,+

<10<,%( #&%@"-( ES:CSV(RH( $<&-( L&=@'&-0( @&=@""( ES C:T(RHC( L<,( 1-#%,&5,( ".( $<,5,( #&%@"-5 +*,( $"(

,',=,-$5(5*#<(&5(I6(J(&-+(a(5,7&%&$,+ .%"=(.1N(#&%@"- +*%1-0(*'$1=&$,(&-&'3515C(W*%$<,%="%,6(&.$,%(

$<,(#&%@"-1M&$1"-(&-+(&#$14&$1"-(7%"#,55,56 $<,(.1N(#&%@"-(&-+(#&%@"-(#"-$,-$(&%,(,N7,#$,+($"(1-#%,&5,C(

L<,( 4"'&$1',( #"-$,-$( ".( L&@&<( @&=@""( EUSCQT(RH(D&5 <10<,%( $<&-( L&=@'&-0( @&=@""C(;,&-D<1',6(

L&@&<( @&=@""( #"-$&1-,+ '"D,%( &5<( E:CP:( RH( &-+( -1$%"0,-( EXCPQ( RH( $<&-( L&=@'&-0( @&=@""( &-+(

%,'&$14,'3(<&+ &'="5$( $<,( 5&=,(<3+%"0,-(#"-$,-$C( (e"D(&5<( #"-$,-$(D1'' %,5*'$( 1-(=1-1=&'( ,..,#$( ".(

1=7*%1$1,5("-($<,(."%=&$1"-(".(7"%,5(+*%1-0($<,(&#$14&$1"-(7%"#,55C(F##"%+1-0($"(;&<&=1-(,$(&'6(&(0""+(

&#$14&$,+(#&%@"-(5"*%#,(5<"*'+(@,('"D(&5<(&-+(<10<(#&%@"-(&-+(4"'&$1',([ Q\C(F5<(#"-515$5(".(="5$'3(

=1-,%&'5(5*#<(&5(51'1#&6(&'*=1-&6(1%"-6(=&0-,51*=(&-+(#&'#1*=($<&$(&%,(*-+,51%&@',(+*,($"(&''(".($<,=(

&%,(1=7*%1$1,5C(9-(0,-,%&'6(&(=&$,%1&'(D1$<($<,('"D,5$(&5<(#"-$,-$(D1''(0,-,%&$,($<,(="5$(&#$14,(#&%@"-(

[ Q\C

))))))))))))))))))))))?&5'")=F c%"N1=&$,(&-+(*'$1=&$,(&-&'3515(".($&@&<(&-+($&=@'&-0(@&=@""5

?&5'")>F 2'$1=&$,(&-+(.%&#$*%,(5$%,-0$<(".($&@&<(&-+($&=@'&-0(@&=@""5

;&$,%1&'5 L,-51',(5$%,-0$<(EJ==
Z:
H W%&#$*%,(5$%,-0$<(EJ==

Z:
H

L&@&<(@&=@""( :SXCUQ(Y( VCQA  U:CAP(Y( VCST

L&=@'&-0(@&=@""(  UQC:S(Y(:XCQU   :CPU(Y( PCUU

;&$,%1&'5 I,=1#,''*'"5,(ERH e10-1-(ERH G,''*'"5,(ERH )1'1#&(ERH

L&@&<(@&=@""(  TCPP ::CP SSCPS  CUS

L&=@'&-0(@&=@""  TCVA : C:A S:CQ:  CPT

;&$,%1&'5 ;"15$*%,(

ERH

O"'&$1',(

ERH

F5<(

ERH

W1N(G&%@"-(

ERH
 !

"#$

%!

"#$

&

"#$

L&@&<(@&=@"" PC:V USCQT :CP: AC:: S:CSV TC X XCPQ

L&=@'&-0(@&=@"" VCTV UACSU SC:T SCT S C:T TCXP  CXA



4

1234567890

7th International Conference on Key Engineering Materials (ICKEM 2017)  IOP Publishing

IOP Conf. Series: Materials Science and Engineering 201 (2017) 012033 doi:10.1088/1757-899X/201/1/012033

H$.1,")<F)O&5#*'&%(@*-+',5(".(L&@&<(@&=@""( H$.1,") =F) O&5#*'&%( @*-+',5( ".( L&=@'&-0(

@&=@""(

5656 B#/'1)#,*<1$4)9/*#$4*1)%!2#%9*/%,9$"%(*&C* %#<#(*#$4*%#2<)#$"*<#2<&&/*
L&@',(A(5<"D5 $<,($,-51',(&-+(.%&#$*%,(5$%,-0$<(".(@"$<(@&=@""5C(L&@&<(@&=@""(<&5(<10<,%(*'$1=&$,(

&-+( .%&#$*%,( 5$%,-0$<( $<&-( L&=@'&-0( @&=@""C( L<,5,( <10<,%( 4&'*,5( =&3( %,'&$,+ $"( $<,1%( 4&5#*'&%(

@*-+',5(&5(5<"D-(1-(.10*%,5  (&-+(:C( W10*%,( (&-+(.10*%,(:(1''*5$%&$, $<,(=1#%"5$%*#$*%,(5<"D1-0($<,(

4&5#*'&%(@*-+',5(1-($<,(#%"55(5,#$1"-(&%,&(".(L&@&<(&-+(L&=@'&-0(@&=@""56 %,57,#$14,'3C(L<,%,(D,%,

+1..,%,-#,5( 1-( $<,(4&5#*'&%(@*-+',5(@,$D,,-(&+^&#,-$(7&%$5(".( $<,(,71+,%=15( &-+(7&%$(&D&3( .%"=($<,(

,71+,%=15C(L<,( 4&5#*'&%( @*-+',5( &+^&#,-$( 7&%$5( ".( $<,( ,71+,%=15( <&4,( 5=&'',%( 51M,( #"=7&%,+( $"( $<,(

&D&3(.%"=($<,(,71+,%=15(&-+(L&@&<(@&=@""(<&5(<10<,%(@"-+(+,-51$3(4&5#*'&%(@*-+',5($<&-(L&=@'&-0

@&=@""C(L<15(7%"+*#,+ &(<10<,%($,-51',(&-+(.%&#$*%,(5$%,-0$<(".(L&@&<(@&=@"" #"=7&%,+($"(L&=@'&-0(

@&=@""6(&5(5<"D-(1-($&@',(AC(F##"%+1-0($"()&<*(,$(&'([A\6(%&D(=&$,%1&'(D1$<(<10<,%(*'$1=&$,(5$%,-0$<(

<&5(@,$$,%(7"$,-#3($"(7%"+*#,(@,$$,%(`*&'1$3(".(&#$14&$,+(#&%@"-C

IF  0-%'1*$0-

8"$<(L&@&<(&-+(L&=@'&-0(@&=@""5(D,%, `*&'1.1,+(&5 & %&D(=&$,%1&'(."%(&#$14&$,+(#&%@"-C(I"D,4,%6(

L&@&<(@&=@""(D1''(7"$,-$1&''3 7%"+*#,(@,$$,%(`*&'1$3(".(&#$14&$,+(#&%@"-($<&-(L&=@'&-0(@&=@""C(9$(15(

+*,( $"( 1$5 <10<,%( #,''*'"5,6( #&%@"-6( &-+( 4"'&$1',( #"-$,-$56( <10<,%(@"-+(+,-51$3(4&5#*'&%( @*-+',5 &-+(

'"D,%( &5<6( 51'1#&( &-+( -1$%"0,-( #"-$,-$5C L<,( -,N$( 7%"#,55( 15( $<,( 5,',#$1"-( ".( $<,( &77%"7%1&$,(

#&%@"-1M&$1"-( &-+( &#$14&$1"-( 7%"#,55( 7&%&=,$,%5 $<&$( #&-( 7%"+*#,( FG( D1$<( <10<( =1#%"( 7"%,5( &-+(

5*%.&#,(&%,&C()" $<&$(1$(#&-(@,(&77'1,+(."% FJK(&77'1#&$1"-C(9-(&++1$1"-6( 1-( $,%=5(".( $<,(&4&1'&@1'1$36(

L&@&<( @&=@""( 15 "@$&1-,+(="%,( ,&51'3( #"=7&%,+( $"(L&=@'&-0(8&=@""C(L&@&<( @&=@"" 15 "%101-&'(

57,#1,5(".(8&'1-,5,(@&=@""(&-+(#*'$14&$,+(1-(&'="5$(&''(+15$%1#$5(1-(8&'1([:P\(D<1',(L&=@'&-0(@&=@""(

=&1-'3 0%"D(57"%&+1#&''3(1-(L&=@'&-06(8*',',-0(%,0,-#3(&-+(&'5"(1-(8&-0'1(%,0,-#36(8&'16 9-+"-,51&C(

)"($<&$(L&=@'&-0(@&=@""(15 +1..1#*'$($"("@$&1-(1-(&('&%0,(5#&',C

G"3","-%"*

[ \ ?1-(g ?6(h*(i ;(&-+(_*(h :X X c%,7&%&$1"-(".(&#$14&$,+(#&%@"-(.%"=('10-1-("@$&1-,+(@3(5$%&D(

7*'71-0(@3(faI(&-+(f:GaA #<,=1#&'(&#$14&$1"-(89))1)6 8(926 D9'($&)6((IJ VPZUQC
[:\ I*(i(&-+()%1-14&5&-(; c(:XX (;,5"7"%"*5(<10<Z5*%.&#,Z&%,&(&#$14&$,+(#&%@"-(;!',&6*;9/&6

;#%9,6 I> :TVZVQC

[A\ )&<*(? J6(F#<&%3&(?(&-+(;,1>&7(8 G :X X6(a7$1=1M&$1"-(".(7%"+*#$1"-(#"-+1$1"-5(."%(&#$14&$,+(

#&%@"-5( .%"=( $&=&%1-+( D""+( @3( M1-#( #<'"%1+,( *51-0( %,57"-5,( 5*%.&#,( =,$<"+"'"03(

3!&,9/&1,'9*D9'($&)&"0 <K<  PVSZU:C
[S\ 9+%15()6(93&>&(h(F6(!&*+&(8 / J6(J+&=1$5"(; ; &-+(2=&%(; L :X : f1-,$1#(5$*+3(".(*$1'1M1-0(

0%"*-+(-*$(5<,''(&5(&-(&+5"%@,-$( 1-( %,="41-0(#<%"=1*=(&-+(-1#>,'( .%"=(+3,(,..'*,-$(E26

8(926 -'!6 F6((=  :j:SC



5

1234567890

7th International Conference on Key Engineering Materials (ICKEM 2017)  IOP Publishing

IOP Conf. Series: Materials Science and Engineering 201 (2017) 012033 doi:10.1088/1757-899X/201/1/012033

[Q\ G<,*-0 _( I6( e&* )( )( h6( e,*-0 )( h6( 97 F(_(;( &-+( ;#f&3 K( :X : G<&%&#$,%15$1#5( ".(

#<,=1#&'(="+1.1,+(&#$14&$,+(#&%@"-5(.%"= @&=@""(5#&.."'+1-0(8(!$9/9*F&1,$#)*&C*8(92!'#)*

G$"!$99,!$"((=K Q QZAQC
[T\ 95&@,'(F F G(/6(;&%$&() )(e6(c,+%"(; G J &-+((?"5k,(c 8(; :XXU(F+5"%7$1"-(".(-&$*%&'(0&5(

&-+( @1"0&5 #"=7"-,-$5( "-( &#$14&$,+( #&%@"- -9:#,#%!&$ #$4* @1,!C!'#%!&$* D9'($&)&"0 J=)

:U jPTC

[V\(((((9-"=&$& f6(f&-&M&D& f6(2%&@, h6(I"5"-" I(&-+(F%&>1 L(:XX: J&$*%&'(0&5(5$"%&0,(1-(&#$14&$,+(

#&%@"-(7,'',$5(D1$<"*$(&(@1-+,% 8#,<&$ IK UVZPAC
[U\ !1&-& G )(F6 ?( G&551&( )(F6(;"15l5(8 J6(F(/*%1#"(8(L6( /=,%5"-(W( ? &-+(G,'1"(e(G :XXV

;1#%"7"%"*5(&#$14&$,+(#&%@"-(7%,7&%,+(.%"=(#"#"-*$(5<,''5(*51-0(#<,=1#&'(&#$14&$1"-(D1$<(

M1-#(#<'"%1+,;!',&:&,&1/*#$4*;9/&:&,&1/*;#%9,!#)/ <KK AT ZTSC
[P\ i<&-0 L6(_&'&D,-+,% _(c &-+(&-+(W&- e(L(:X X K%&1-Z@&5,+(&#$14&$,+(#&%@"-5(."%(-&$*%&'(0&5(

5$"%&0,(3!&,9/&1,'9*D9'($&)&"0((<K<  PUAZP C
[ X\ ?"&--& )(J6(_,%"-1>&(f6(8,&$&(; &-+(i41(G f(:X A c%"+*#$1"-6(#<&%&#$,%1M&$1"-(&-+(=,$<&-,(

5$"%&0,( 7"$,-$1&'( ".(faIZ&#$14&$,+( #&%@"-( .%"=(5*0&%#&-,(="'&55,5( H$41/%,!#)*8,&:/* #$4*
@,&41'%/ IL  QAZQPC

[  \ c&$1' 8()(&-+(f*'>&%-1 f() :X : !,4,'"7=,-$(".(<10<(5*%.&#,(&%,&(&#$14&$,+(#&%@"-(.%"=(D&5$,(

=&$,%1&' H$%9,$#%!&$#)*F&1,$#)*&C*E4I#$'94*G$"!$99,!$"*#$4*-%14!9/*JHFEG>-K <  XPZ A
[ :\ !17&( !6( !,@1( c( )( &-+( ( &-+(;,1>&7 8( G( :X Q( c%,7&%&$1"-( ".( &#$14&$,+( #&%@"-( .%"=( 0%,,-(

#"#"-*$( 5<,''( &-+( 1$5( #<&%&#$,%1M&$1"- F6 8(926 G$"6 @,&'9//* D9'($&)6 J :SU(

+"1b XCS V:m: QVZVXSUC XXX:SU

[ A\ F<=&+7"*% F6(a><"4&$ F6(&-+(; ? !&%&@1(; :X A(c"%,(51M,(+15$%1@*$1"-(&-&'3515(".(&#$14&$,+(

#&%@"-5(7%,7&%,+(.%"=(#"#"-*$(5<,''(*51-0(=,$<&-,(&+5"%7$1"-(+&$& F&1,$#)*&C*@(0/!'/*#$4*
8(92!/%,0*&C*-&)!4/((LI UUTZP C

[ S\ f"" _(f6(K&-1 JF6()<&=5*++1- ;()6()*@>1 J()6( &-+()*'&1=&-(;(F(:X Q(G"=7&%15"-(".(

D&5$,D&$,%( $%,&$=,-$( *51-0( &#$14&$,+( #&%@"-( .%"=( @&=@""( &-+( "1'( 7&'=b( &-( "4,%41,D

F&1,$#)*&C*D,&:!'#)*#$4*>9/&1,'9*-1/%#!$#<)9*-'!9$'9 > QSZTXC
[ Q\ ;&<&-1= )( ;( F6( F5=&( 9( _6( d&.1+&< ?6( c*&+ /( &-+( )<&<&%*++1-( I( :X  c%"+*#$1"-( ".(

&#$14&$,+(#&%@"-(.%"=(1-+*5$%1&'(@&=@""(D&5$,(F&1,$#)*&C*D,&:!'#)*L&,9/%*-'!9$'9((=>((S VZ

:SC

[ T\ F+,=1'*31 W(L(&-+(8%&1+, a :X :(/..,#$14,-,55(".(J10,%1&-(@&=@""(&#$14&$,+(D1$<(+1..,%,-$(

&#$14&$1-0(&0,-$5("-($<, &+5"%7$1"-(".(3DM*F6*E::)6*-'!6*G$I!,&$6*;#$#"96 <J :TVZVAC
[ V\ L1&-.* I6(i,<&1(n6(!,D*(_(&-+(i<1@1&"(I(:X Q(8&=@""Z@&5,+( &#$14&$,+(#&%@"- B(;-a:(

-&-"#"=7"51$,5( ."%( .',N1@',( <10<Z7,%."%=&-#,( 5*7,%#&7&#1$"%( ,',#$%"+,( =&$,%1&'5( H$%6* F6*

G)9'%,&'(926*-'!6((<K TA :(Z :AC

[ U\ 9$"<(L(&-+()<1=&^1(f( PU e10-1.1#&$1"-(".(@&=@""(#*'=(E7<3''"5$&#<35(7*@,5#,-5H(+*%1-0(1$5(

0%"D$<( &-+( =&$*%&$1"- 3#2<&&* @,&41'%!&$* #$4*N%!)!.#%!&$ @,&'6* MBHH* HNL>O*8&$",9//*
 ,&1:*P656 G46*D6*Q!"1'(! R0&%&*F#:#$ <K  X ZS

[ P\ e*5( F( )( G6( K1"4&--&( F6( !1&-&( d &-+( ;&%1"( /( d( K( :X S G"%%,'&$1"-( @,$D,,-( #<,=1#&'(

#"=7"*-+5(&-+(=,#<&-1#&'(%,57"-5,(1-(#*'=5(".( $D"(+1..,%,-$(&0,5(".(0*&+*&(&-0*5$1."'1&(

>*-$<6(;#49,#*3&/S19/ =K UVZPSC

[:X\ f,1$<( f( I( G6( ?"<-( c( 8 &-+( K"%+"- ;( :XXQ c%"+*#$1"-( ".( &#$14&$,+( #&%@"-( .%"=( @&=@""(

5#&.."'+1-0 D&5$,Z7%"#,55(+,510-6(,4&'*&$1"-(&-+(5,-51$141$3(&-&'3515 8(92!'#)*G$"!$99,!$"*

F&1,$#) <KM  SVjTQC
[: \ J"%<*5-& ;(J6(e&*(e(G6(e,, f(L(&-+(F@+*'(d(; :X A )3-$<,515(".(&#$14&$,+(#&%@"-( .%"=(

'10-"#,''*'"51#( @1"=&55( &-+( 1$5( &77'1#&$1"-5( 1-( &1%( 7"''*$1"-( #"-$%"'b( &( %,41,D F&1,$#)* &C*

G$I!,&$29$%#)*8(92!'#)*G$"!$99,!$" < TQUjTTC
[::\ )<,-0( W e6( )"-0( h( _6( ;1-0( ?( L &-+( e&-0( !( e :X : F+5"%7$1"-( #&7&#1$3( &-+( %,="4&'(

,..1#1,-#3( ".( <,&43( =,$&' 1"-5( @3( ="5"( &-+( =&( @&=@""( &#$14&$,+( #&%@"-5( 8(92!'#)*
G$"!$99,!$"*>9/9#,'(*#$4*T9/!"$ MK  APVjSXTC

[:A\ e"M&-"ZG&5$,''" !6( F'#&-o1MZ;"-0, ?6( ;C( FC( +,( '&( G&5&Ze1''"6( G&M"%'&ZF="%"k5( ! &-+((



6

1234567890

7th International Conference on Key Engineering Materials (ICKEM 2017)  IOP Publishing

IOP Conf. Series: Materials Science and Engineering 201 (2017) 012033 doi:10.1088/1757-899X/201/1/012033

e1-&%,5Z)"'&-" F(:XX: F+4&-#,5( 1-( $<,( 5$*+3(".(=,$<&-,(5$"%&0,( 1- 7"%"*5(#&%@"-&#,"*5(

=&$,%1&'5 L19) N<  VVVZUXAC

[:S\ /+D&%+ e(f(;6( (G<,*-0 _(I6(O1-#1 f(G(e(&-+(K"%+"- ;(:XXU(f1-,$1#( 5$*+3("-(@&=@""(

73%"'3515 H$%9,$#%!&$#)*G$"!$99,!$"*8(92!'#)*>9/&1,'9/((IL QV XZ::C

[:Q\ e1 g( 86( )<*7, W( L6( c,$,% K( W6 I5, G( h &-+( /@,%<&%+$( L( e( :XXV( G<,=1#&'( #<&-0,5( D1$<(

=&$*%&$1"-( ".( $<,( @&=@""( 57,#1,5( 7<3''"5$&#<35( 7*@,5#,-5 F&1,$#)* &C* D,&:!'#)* L&,9/%*
-'!9$'9 <M TZ :C

[:T\ i<&" d()6(h*&- ?(c6(?1&-0 L6()<1 ?(86(&-+(G<,-0 G(G :XXU F77'1#&$1"-(".(@&=@""(#<&%#"&'(&5(

5"'1+Z7<&5,( ,N$%&#$1"-( &+5"%@,-$( ."%( $<,( +,$,%=1-&$1"-( ".( &$%&M1-,( &-+( 51=&M1-,( 1-(

,-41%"=,-$&'(D&$,%(5&=7',5(@3(<10<Z7,%."%=&-#,('1`*1+(#<%"=&$"0%&7<3Z*'$%&41"',$(+,$,#$"%(

D#)#$%# LJ PQTZQPC
[:V\ )#*%'"#> ?(;(a6(!&3$"- !(G( &-+(I&=,5 8( :XXX 8&=@""b &-( "4,%'"">,+( @1"=&55( %,5"*%#,

3!&2#//*U*3!&9$9,"0 <M ::PZSSC
[:U\ )p-#<,MZ/#<,4,%%1( ( e( F6( F1$& K6( d"@,%$ !( &-+( K&%#1& ;( /( d( :X S G"%%,'&$1"-( @,$D,,-(

#<,=1#&' #"=7"*-+5( &-+(=,#<&-1#&'( %,57"-5,( 1-( #*'=5( ".( $D"( +1..,%,-$( &0,5( ".( 0*&+*&(

&-0*5$1."'1&(>*-$<(B9,#$& =K)UVZPSC

[:P\( ( c*$%&( J,0&%&( ! J( f6 J1-+<1&( L( K( L6( )*%&$&( 9( _( &-+( )*#17$&( ; :X T !,4,'"7=,-$( &-+(

&77'1#&$1"-( ".( @&=@""( &#$14&$,+( #&%@"-5( &-+( $<,1% 7"$,-#3( &5( &+5"%@,-$( =&$,%1&'( ."%(

&+5"%@,+(-&$*%&'(0&5(EFJKH] &-("4,%41,D(R90*G$"!$99,!$"*;#%9,!#)/ LKO  :TZAXC


