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  !"# $%#!&' ()*+) ,-.)FDC(  /0*' /12 ,3%14 (567

/-89:#*; $-&<=>!6?%@ A*B  

 !" #$%&' ()*+, (-+.#$%/ 0(12&34 56!7, 0829:  

 !"# $%&'( )*+,-./  

feinkhah@alum.sharif.edu 

8;!<=: 0!1234*5   674."8 6!"%9:. ;<7= >*?-@;A BC >"D7E=  $4 B%F*8 $GE%H4 >*?   BI5 J-2#

  I- BI!K @;A   L.MI4 674."I8 $-*,(fused deposition of ceramics) FDC   NI!. 1. $I9! 

@;A  08. *? .                O9I# P;JIC QI:*R 0F*8 SA2( BC >J&C B8 S*&TR 0F*8 @;A 6! U@;A N!. 

SFF (solid freeform fabrication)$4  J#*C .     ; BI!K BIC BI!K SA2VIC S*&TR @;A N!. A/

  OI!*W 1. "X2734*I5 Y82X )J# Z"%'5 CAD (computer-aided design)    [TI8 6I! >;A "IC 

     $I4 B%F*I8 )J-A.J\+- P;JC  J-2I# .                  0F*I8 A/ ]7^%_I4 "I7` *I! ]7^%_I4 SA2VIC aI!"b NI!. 1.

0!1234*5  "D7E= >*?-   $4 )/*G%8. 674."8  /2# .         1. UL.MI4 674."I8 $-*,I- BI!K ]7^%_4 @;A A/

     >;*c 08d=24"X >"D7E= P*DE7W%55-50   "Ib 0F*8 0\e $974."8 A/2=     )/*G%I8. "If- /A2I4 g

$4 /2# .         Q75"X *C J!Je >*?A*%F*8 /*h!. P*94. @;A N!. 6D5 BC     $+%I827= ; *I?      IE%H4 >*I?

0II!1234*5 0F*II8 0II7EC*R N7II'iD? ; j2II'%4 >*II?/"CA*5 0II\e 0k_II- *IIC *II?  ; $IIDhc >*II?

 /A./ /2e;  E%H4 >*?A*%F*8<!A .   BI7^C BIC 0k_I- L.M4 674."8 $-*,- B!K @;A >*!.<4 1. $9! 

@;A  B-2D- >*?    l!"8 >1*8)RP (                "I? *IC U)/*I4 j2I- "? *C S*&TR 0F*8 >."C B8;"= N!. 07EC*R

 )J7i7= >*?A*%F*8 ; )1.J-.)"%D7E74 J'm 1. "%D5 /*&C. *C $%c ($4 J#*C.  

             0!1234*5 0F*8 A/ @;A N!. Q!*&4 ; *!.<4 US*7E5 $8A"C NDn A*%#2- N!. A/    6!"%9:. ;<7= >*?

(*c o!*%- $F"C08. )J# Bp.A. P*^^q4 Y82X O.  

>$*-?-? !;@: 0!1234*5 UL.M4 674."8 $-*,- B!K B-2D- U6!"%9:. ;<7= >*? l!"8 >1*8.  

1- 5A;BA  

  $4 .A B%7_!"%9:.;<7=                    r-"I5 ; r'IX *IC Q8*'%4 $9!"%9:. A*C /*h!. >."C )/*4 6! 07EC*R ; $!*-.2X BC P.2X

   /2D-  !"&X U$:*Ds. $97-*94 . 9:.;<7= 07(*F      0I8. BW"b ;/ 07(*F 6! B%7_!"% .     6I!"%9:.;<7= 0I:*c A/

         $4 /*h!. $9!"%9:. P.J74 )/*4 BC r'X Z*Ds. *C U]7^%_4           $:*IDs. $I9!"%9:. P.J74 t29&4 0:*c A/ ; /2#

$4 )/*4 A/ r-"5 /*h!. us*C /2#]1[.  

        >A25 P.A/."C Y82X A*C N7:;. 07(*F N!.)  L25.v ; "7= (   Z*8 A/1880  J#  ,5  . w *X      j2I- ;/ Y^W P*41 P

           ]7I8*%= Pv;AJI7? >/ S*G_IW ; O#.A 6D- 6!"%9:.;"W )/*4 ,     /2IC )JI# B%F*'I# .       BI?/ $Ib *I4.1940U 

                   $b o!AJX BC ; J-J# BW*n. 6!"%9:.;<7= /.24 );"x lDe BC ]!A*C S*-*%7X y38 ; ]!A*C ; ]7-*%7X >*?J7_5.

 Z*8 N!.    $E(. ; N!"%D\4 *?    674."I8 );"x N!"X   9:.;<7= >*I? 6I!"% ,     )/.2-*IF $I'&!PZT)     ]7-*I%7X J7_I5.

 L"8 S*-25"!1 (                  $%&'I( S.<I7\hX 0F*8 A/ >/*!1 >*?/"CA*5 U*\-w B&82X ; J#A *C o!AJX BC ; J# B%F*8

J!/"x g"T4]2[.  

         ]%_78 j.2-. A/ P.;."W >*?/"CA*5 O7:/ BC 6!"%9:. ;<7= /.24            )/2IC BIe2X /A2I4 A*7_IC 6I7-*94;"%9:. >*?

08. .  -. N7C 1. 674."8 j.2     U6!"%9:. ;<7= >*?PZT  ]\4 z<e    $EI(. ; N!"X          $I4 A*DI# BIC );"Ix N!"IX  JI!w .

674."8   >*?PZT           @;A $%c.A ; >/*V%R. BW"( UP/2C P.1A. O7kR 1. >A*D,7C >*!.<4 U     JI-A./ 0F*I8 >*? .

$4 K*C 6!"%9:. >/ Q!"n ; Q8*'4 Z*97-*94;"%9:. {'7E=25 Q!"n >.A./ N7'iD? J'#*C.  
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);ds     6!"%9:. ;<7= U|2W >*!.<4 "C    >*?PZT    $4 <7- 0!/;Jq4 >.A./  J'#*C .      67X*%I8.;AJ7? Q!"In d}I4

)dh (     67X*%8.;AJ7? v*%:; Q!"n ;)gh ( J-A./ $'7!*= .            7&In >A*x1*I8 ; K*IC 67%825w y-.J34. $W"b 1.

    Y7q4 ; Lw *C $97%825w       $4 0W*!A/ *! ; Z*8A. *\-w 1. ~.24. B5 $!*? A./ UJ-2#$4 . J#*C .  UPw "IC );dsPZT 

$D-           $D- ; /"7+C O9# A./ z*'q-. g2T8 >;A $%c.A BC J-.2X           0I\e )J7i7= ; A./z*'q-. Z*9#. BC .A *\-w P.2X

 ZJk4 $c."b  0F*8 *? .          $4 /"X ; )J''9# A*7_C A*%F*8 >.A./ B5 O7:/ N!. BC J'#*C .    ]c.<4 >*?<!2- $W"b 1.

e; *\-w y-*-;1A /A24 A/ >/*!1A."R "7��X 0qX .A *\-w @"%_x B5 /A./ /2 $4  J?/]4;3[.  

         08. )/2C g"T4 rHC N!. A/ ]\4 A*7_C BE�_4 ;/ . J'!."W $9! /        *IC S*I&TR A/ �*(2VH4 0F*8 >*?J'!."W

             ]%_I78 $!*\- �.2F >"+!/ ; $%!1234*5 *! ; )J7i7= $c."b *! ; O9# .          BIC $C*7%I8/ ; Z"I%'5 0I\e A/

     / "? A/ "f- /A24 �.2F     0!1234*5 0F*8 A/ *?"D7E= UrHC ;    "D7E= >*?-       J-JI# BI%W"x A*I9C 674."8  . 1.

        674."8 ; *?"D7E= �.2F B5 $!*e Pw 1. $W"b              )/A;w"IC .A $%&'I( >*I?1*7- $!*I\'X BC 6!"%9:. ;<7= >*?

$D-   0!1234*5 0F*8 U/"5  "ID7E= >*?-   BI?/ 1. 674."I81980      /"I5 .JI7= >"7+D,Im JI#A ; JI# j;"I#  .

0!1234*5             $4 Z*&W "7` "D7E= B'741 A/ Z*&W >;<7= 674."8 O4*# 6!"%9:. ;<7= >*?      �.2IF >.A./ B5 J#*C

       $4 67%7:2-24 /.24 *C B_!*^4 A/ Q8*'4 A*7_C J#*C .      @;A P*I^^q4 U"7F. B?/ ;/ $b       0F*I8  IE%H4 >*I?

0!1234*5 )/"5 $8A"C .A *\-w �.2F /2k\C ; 6!"%9:. ;<7= >*?  J-.]6;5[.  

 @;A "}5.        $c."b *C S*&TR 0F*8 A/ )J# "5� >*?    0!/;JIq4 U)J7i7= >*?      JI-A./ >/*I!1 >*I? .   BI'741 A/

       0R; Oc."4 1. $9! B-2D- 0F*8 USK2Vq4 B&82X      0I8. 0F*8 B'!<?"= ; "7x .         "I7F. BI?/ JI'm Z2Ib A/

@;A            >"X2734*5 O!*W 1. Pw A/ B5 )J# $8A"C >J!Je >*?CAD          U$974."I8 >/"CA*I5 ZJI4 0F*I8 >."C 

EW        $4 )/*G%8. Q:*R BC 1*7- P;JC >"D7E= ; >< /2# .        ; $Ic."b /2Ik\C BIEDe 1. >A*D,I7C >*I!.<4 @;A NI!.

     /A./ .A /.24 A/ $!2e BW"( .  @;A N!. BC  @;A U*?  B-2D- >*?        O9I# P;JC J4*e 0F*8 *! l!"8 >1*81
   BI%Gx 

$4                 0W",I7= *IC BI9EC UJI-A./ /"CA*I5 B-2D- 0F*8 0\e *\'X B- B5 /2#      "I7F. >*I?      ]7^%_I4 JI7:2X 0I\e

                 $4 )/"C A*5 BC <7- $974."8 *! ><EW A.<C. B7^C ; Q:*R 0F*8 ; ]5 v."7X *C SK2Vq4 J-2#]7[ .   @;A N!. A/

�*T&-.              /A./ /2e; �*F A.<C. BC 1*7- P;JC )J7i7= Z*9#. *C B-2D- 0F*8 0\e >"!M= .      NI!. 6ID5 BC )1;"4.

          / $!*\- Z2Vq4 BC P.2X $4 1;A J'm $b U*? @;A          B%G? B5 $%'8 >*? @;A *C B_!*^4 A/ B5 0W*! 08  *?

)*4 *! $4 Z2b S*&TR )J7i7= A.<C. *! S*&TR 0F*8 >."C *? 08. Bfcd4 OC*R A*7_C UJ7,5.  

    0!1234*5 ; 674."827C U6!"%9:.;<7= S*&TR    @;A *C >/J&%4 >*?          B%F*I8 l!"I8 >1*I8 B-2D-  E%H4 >*?

          I\e $kI8*'4 @;A P.2's BC .A Pw ; )J#              )/A;wA/ 0I7EC*R N!"I%\C *IC $97-*I94;"%9:. >*I?A.<C. 0F*I8 0

08.]10-6[.  

B-2D- @;A >*!.<4 1. J'XA*ks l!"8 >1*8 A.<C. ; >1*8: 

  A.1*C BC l78; A2b BC J!Je SK2Vq4 PJ-*8A ; 0F*8 P*41 r?*5  

  0F*8 >*?A.<C. �Mc "b*F BC >/*V%R. BW"(  

  �*T&-. ; O7\_X S*&TR $c."b >"!M=  

  $&8 r?*5 A.<C. 0F*8 >."C *TF ;   

  $974."8 )J7i7= S*&TR 0F*8 P*94. 

@;A  B-2D- >*?     $W."x2%7:2p"%8. @;A O4*# l!"8 >1*8 (SLA)     >A<7: $#2e  X U(SLS)    BI!K 0F*I8 U  >.

  S*&TR(LOM)  >A2- 68*4 U (SGC)     >J&C B8 �*m U)3(D-Printing        L.MI4 674."I8 $-*,I- B!K ; (FDC) 

$4 J#*C.  

  $4 $:*De. A2TC      $W."x2%7:2p"%8. @;A 0Gx P.2X(SLA)           BIC l!*I4 0:*c 1. >"D7E= /.24 P278.<!"D7E= O4*#

                                                           
1 RP (Rapid Prototyping ) or (SFF)  Solid free from fabrication 
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       rG'C z.A;*4 B&#. "7�*X 0qX J4*e(UV) $4  J#*C]11[ .     >A<7: $#2e  X @;A(SLS)     P/./ @2e >*'k4 "C 

 A<7: B&#. BE782C <!A /*&C. *C O9# >A/2= /.24 Q75"X *!CO2  K*C SAJR *C)50S.;  (*'C08. )J# ]12[.  

  B!K 0F*8 @;A A/ B!K 1. S*&TR U>. $4 B%F*8 6!A*C >*? J-2# .B!K   1. )/*G%I8. *C $= A/ $= SA2( BC *?

          $4 OV%4 "+!J9! BC A*,W ; *4/ BC t*_c Q_m 6! J-2# . B!K N!.        A<I7: B&I#. Y82X *?CO2     $XAJIR *IC 

 /;Jc50-25 <4"R P;/*4 B&#. ~24 Z2b *C S.; 6/104;"974 $4 )J!"C "% J-2#]13[.  

               $4 >A<7: $#2e  X @;A BC B7k# UN!1A "D7E= 2%W /*Dh-. "f- 1. >A2- 68*4 @;A J#*C .       BI5 S;*IGX NI!. *C

        $4 )/*G%8. rG'C z.A;*4 B&#. 1. A<7: A2- >*hC /2# .              "IC /.2I4 A/2= P/"5 N\= ; rH= *C U>J&C B8 �*m @;A

     $4 1*`w �*( [T8 6! >;A /2# .  C )J'k_m /.24            $I4 ]I\C .A *I?A/2= )JI# Z"%'5 ; $C*H%-. SA2V  J-*k_Im .

     $4 A."R $XA."c S*7EDs 0qX Z2Vq4       /2# ~A*F Jp.1 /.24 ; �*h-. $!*\- 0H= *X /"7x .  A*I5 B&TR [T8 y38

         $4 N7p*= >J&C B!K 04*Hn A.J^4 BC P2%_7= 6! Y82X              /2I# B%F*I8 Pw >;A ./JIh4 >JI&C BI!K *X /;A . 1.

   2X U@;A N!. >*!.<4                   674."I8 O4*I# /.2I4 1. $&7I8;  I7b 1. )/*G%I8. *IC BI-2D- N%F*8 $!*-.      ; S.<IEW U*I?

0!1234*5   <EW >*?-$4 >"D7E= /.24 ; 674."8   JI#*C . @;A 1. $I9!       L.MI4 $-*,I- BI!K @;A Ug"IT4 >*I?

$4       $4 )/./ [7n2X B4./. A/ B5 J#*C /2# .     674."8 j.2-. 0F*8 0\e @;A N!.      B&82X 6!"%9:. ;<7= >*? B%W*!

      08. )J4w A/ <7- >A*hX SA2VC ; .             QI75"X *IC >/*I!1 J!Je >*?A*%F*8 /*h!. P*94. @;A N!. 6D5 BC    ; *I?

$+%827=        08. )J# ]?."W S;*G%4 >*?/"CA*5 0\e U E%H4 >*? .      0I!1234*5 0F*I8 0I7EC*R N7'iD?     *IC *I?

0k_-      A A/ P*94. N!. B5 /A./ /2e;  E%H4 >*?A*%F*8<!A ;  E%H4 $Dhc >*?@;     0I!1234*5 0F*I8 >*I?

  0#.J- /2e; $%'8. 0!1234*5             0F*I8 $%'I8 @;A BC 0k_- >"%\C �.2F >.A./ @;A N!. BC )J# J7:2X >*?

0!1234*5  $4 *? J'#*C .              /A./ /2Ie; ;"5*4 ; ;"974 SA2( BC A*%F*8 A/ $C;*'X SA2VC >1*W Z"%'5 P2m .  j.2I-.

$c."b U>J&C B8 U>A2k-1 B-K O4*# )J# B%F*8 >*?BE74 U$-*C/"-  B#2F ; >2^Ec U>. $4 >.  J'#*C]14[.  

      @;A B7^C BC 0k_- @;A N!. >*!.<4 1. $9! B-2D- >*?   S*I&TR 0F*8 0\e J'!."W N!. 07EC*R Ul!"8 >1*8

 )J7i7= >*?A*%F*8 ; )1.J-. "? U)/*4 j2- "? *C)"%D7E74 J'm 1. "%D5 /*&C. *C $%c ($4 J#*C.  

674."8 $-*,- B!K J'!."W    674."I8 0F*I8 0I\e L.MI4     >A*%F*I8 >*I?)structural ceramics(  $&C*IX U

)functional ceramics ( 27C ;)Bio ceramics ( O}4Si3N4 UPZT UAl2O3    {I-1 /K2IW ; 0I7X*=w $_5;AJ7? U

  P<-)      674."8;"%9:. U>A*%F*8 >*?/"CA*5 A/ )/*G%8. A2f'4 BC   674."827C ; *? *? (A*9C $4 /;A .   /.2I4 S*IGEX 

$4 <7m*- A*7_C J'!w"W N!. A/ $W"V4 J#*C .$4 P.1A. ; )/*8 UJ'!w"W S.<7\hX N7'iD? J#*C]15[. 

2-  C2DA E!A2&4 (,$F, 5%G HI# 51 @/$4 5,9*,)FDC( 

       @;A 1. $9! L.M4 674."8 $-*,- B!K J'!w"W       "C ; J4*e O9# P;JC 0F*8 >*?        $-*,I- BI!K 6I7'9X �!*=

L.M41
      05"# Y82X B5 08. Stratasys        �2I4 U*I?"D7E= 0F*I8 >."IC     674."I8 U*I?     0I!1234*5 ; *I?   >*I?

674."8- B?/ A/ "D7E=90J# >A*hX >/d74.  

                  $I4 )/*G%I8. 0I8d=24"X Q_Im A/ $974."I8 S.A� >;*Ic P*DE7W 1. @;A N!. A/  /2I# .   O9I#)1 (  ;)2 (

         $4 P*,- .A L.M4 674."8 $-*,- B!K @;A 1. $97X*D# J?/ .    ;"%_I5. B7k# @;A N!.     ]7^%_I4 P2%_I7= Pv

  P*DE7W B5 08.         $4 ODs P2%_7= P.2's BC )J# B!M�X /"8 >*? J''5 .        BIC �"q%4 )"R"R 0Ge 6! *C P*DE7W

 �"x )J''5 l!*4 0D8)Heated Liquefier ($4 0!.J? /2#.  

    )"R"R 05"c @;A N!. A/      $4 Z"%'5 "X2334*5 *C �"q%4 >*? /2# . P*DE7W $%R;   $I4 )JI''5 �"x BC *?  UJ'I8A 

                   $I4 OIDs $974."I8 S.A� OI4*c P.2's BC ; )J# �"- ; L;� *\-w A/ /2e24 Q_m  JI'5 .    Z2VIq4 y3I8

$4 ~A*F ]%_78 1. ; )J# /;"%_5. U�2EH4  /2#]17;16[. 

                                                           
1 FDM(Fused Deposition Modeling) 
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 !" 1-   !"#$%& '( )*+,-./#0-10 2)3(%4 + 5(63 7]16[.  

       $4 A."R [T8 >;A /;"%_5. 1. O(*c /.24     BE74 B5 /"7x)Road ( $4 )J-.2F J-2#.     BE74 N!. 04*Hn ; *'\=   *?

$4 N77&X )J''5 �"V4 Y82X //"x.  

  
 !" 2-  !"#$%& '( )*+,-./FDC ]16[.  

          $4 L*H%-. Pv;"%_5. >."C Q8*'4 Z1*- U*'\= N!. BC Be2X *C /2# .    K2D&4 BE74 >*'\=2/1   *X 5/1    )1.JI-. "C."C 

 08. Z1*- .$8A"C   $4 P*,- *?     A*,W B5 J?/             r!.<IW. UZ1*I- Z2Ib r!.<W. ; Z1*- )1.J-. r?*5 *C UPv;"%_5.

$4 JC*! .P*DE7W          $4 0_,- "i_97W P;JC [T8 >K*C A/ )J# /;"%_5. >*? J''5 .     Z1*- 05"c UBEc"4 N!. A/

   0\e A/x   ; y       $4 Z"%'5 B&TR B8J'? t*8."C "X2734*5 Y82X  /2# .    $4 /*h!. $E5 g"b .J%C. lR.; A/   ; /2I#

 J-27= y38   $4 O9# $-;A/ >*?     $4 O4*5 B!K ; /"7x /2# .            A/ [TI8 U0IW"x O9I# B!K N7:;. B9'!. 1. J&C

  0\eZ    $4 05"c N7!*= BC     B!K y38 ; J'5      $4 Z;. �!K >;A >J&C >*? J'7,- . B!K 04*Hn  $4 *?   1. J-.2X

µm25   *X mm1  J'5 "77�X  .      $4 O9# �*F B&TR Q7X"X N!. BC /"7x .  B!K N7C J-27=  / *?     ; "D7E= $xJ'k_m "�. A

        $4 /*h!. $EkR �!K $k_- PJ# L;� )A*C;/ *! /2# .$x�!;       ]\4 1. $9! )J# B!M�X P*DE7W >*?   *?"%4.A*= N!"X

 08. L.M4 674."8 $-*,- B!K J'!w"W 07^W24 A/]18;15[.  

        $4 0!.J? $XA."c S*7EDs �fGq4 0D8 BC S*&TR U@;A N!. Y82X �*F B&TR 0F*8 1. J&C J-2#Q_m *X    *I?

J-2# "%'!1 $!*\- B%7_-./ BC PJ78A *X ; )J# ~A*F .$4 �*h-. $qT8 0F./"= S*7EDs 0!*\- A/ /2#.  

                       >*I?"7�%4 �A/ ; Z"I%'5 BIC UQI7s P;JIC BI&TR J7:2X ; L.M4 674."8 $-*,- B!K J'!w"W $!*\- 07^W24

 *\-w N7C �*kXA. ; *?"7�%4 �D? Z"%'5 B9'!. *C U/A./ $+%_C J'!."W)/*8 A*5 $D- >. J#*C]14.[  

             $4 L2_q4 0_H- �*x Q8*'4 P*DE7W B7\X ; $9!<7W S*VH,4 UP278K24"W UJ'!."W N!. A/ /2# .  L*IH%-.

         08. >J&C BE�_4 UQ8*'4 A*%WA ; �.2F *C Q8*'4 "D7E= .    07EC*R *C >"X2734*5 ]%_78 N%#./    0\e K*C >*?

 $c."b P*94.       08. S*!A;"n 1. <7- >J&C B8 >*?.         O9I# 1. yI= $IXA."c S*7EDs Z"%'5       >*%I8.A A/ $I?/

08. P.;."W 07D?. <p*c <7- "f- /A24 S*VH,4 *C ]:*8 B&TR BC PJ78A.  
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2-1-  !"# $"%&'(  

   !"#$ % &"'%(                    )*+ ,*-./+ 0.*12( % 3(4*5 .*2 )67849+.*$ :.*;#"< =5.- >?1@A =5.- ?#BC+ &7CD  !*E.2 .

)-FC2   )+ :.GH .I       $ ?2 F0 JH.+ &7C6KFL2 ?$ !I0            >M(N*+ O"+(C*- )H.GH ?7P ?-%CQ F0 !7!R 0(4+ :0C2 F.
=-( ,-./+ 3(45 .2 :.;#"< =5.-.  

       )+ SF4T &7( ?2 )67849+.$ :.;#"< =5.- UB(C+           V@- =B.W+ >S(FX Y8(!H( .2 )Z"+(C- F04Q (!62( ?$ !E.2
         )+ Y0(0 [E4Q ,-./+ 8.- Y!/$(CQ .2 \]G+ ?6"WH(0 % 04E ]17 .[    *-  .I!/7^C< C_$( F0 O"+(C*- =5.   .*I

      )+ []Q `."- `aB O7 F0 F04Q                =*-( Y!*E M%X bCH.*+CK ,Wc O7 `."- >d%F &7( 0F4+ F0 ?$ 04E .

                     U*2.e+ F0 f4*#]+  F(!*7.Q  (C*2 8.*- Y!/$(CQ  C- O7 >=-( g#6]+ h(LR( U+.E )Z"+(C- i6W"- :4c
  =-( b8P :4"-(C+4#K^ .       0%!B .2 :.;#"< ?#BC+ &7( F055-35 %  + ?"jD O"+(C-) 04E .     C*;"#Q F0 F04Q []Q

        0F(0 Y!E !"'4D :.;#"<  k4'4lF 3(45  %F  !7!E Cm( .          >04*E []Q C6j2  C;"#Q `."- O7F0 F04Q ?c CI
     ( F0 % C6;$ `4no+ ?6784ZW7%     )+ Y!E ?<.p( !+.R !TF0 >:k%C6W$    !*E.2 C6G"2 !H(4D .      !*7.qH 8.*- Y!*/$(CQ

      4#]+ C;"#Q )Z7k4'4lF .7 )DF(CB >)Z"H.Z+ 3(45   !I0 C""rD (F f .          :.*;#"< O"6*-P( `%!*+  %F )*<Cs 8(
  0F(Nt2 C"m.D !7.qH .                 .D 0C$ uF.5 )DF(CB ?7LvD w-4D U+.$ F4s ?2 (CH^ :(462 !7.2 ?1@A =5.- 8( !12 &"/x;I

04;H  C"K4#R C6/78 b.t/I )Z"+(C- S.1@A )K04'^ ?H4KCI 8(]19[.  

   ?'4#K M."-^ F0 F04Q  !12 ?#BC+ F0 8 S!+ ?2  (      C*6#"< ?#*T.B f4*#]+ y9*- % Y!*E f4#]+ ,-./+ :.+
)+ 04E .                       F(!*e+ .*2 )G*5Cc C6+4*lF F0 y9*- % Y!*E OG5 &$ OG5 F0 ,-./+ :.+8 S!+ ?2 `4no+

    )+ f4#]+  C;"#Q ,Wc )q-./+ 04E .          )*+ `4*H(CK ?#*T.B f4*#]+ >!12 ?#BC+ F0  04*E .     >[7.*+8^ 8( U*qA
`4H(CK         ( =;- ?2 y9- % =z<.o+ F4D.Z"-0 F0 .I  )+ =7(!I :k%C6W$ !H4E .:.;#"<       .*2 Y!*E 0%C6W$(  .I

                )*+ `C6/$  0.12( CzH 8( % Y!E J;R >0F(0 :k%C6W$( ={C- .2 ,-./6+ )6{C- ?$ )#+.B  !H4*E .   ?*#BC+ F0
:.;#"< !12  Y!E `C6/$ w"o+ O7 F0 % Y!E Y!"x"Q YCACA F%0 .IPH)+  F(!jtH  04E]17.[  

2-1-1- # )*+,"%&'(  

H.Z+ 3(45 !7.2 :.;#"<!E.2 ?6E(0 )q-./+ )Z7k4'4lF % )DF(CB >)Z".  

                       (F YC*ACA 8( :!*E 8.*2 &"*B >=W*ZE 8(  C"K4#R  (C2 )<.$ b.Zo6-( !7.2 :.;#"< )Z"H.Z+ 3(45 CzH 8(
 !E.2 ?6E(0 .             ̀ 8.H `4s F0 M(N+ Y0.+ :k%C6W$( :46W"Q :(4/{ ?2 :.;#"< :4c :^ C2 Y%a{     i*$ 0.*12( .2  .I
)+ U;{ !/$ .b.Zo6-( !7.2!E.2 ?6E(0 iI (F F.$ &7(  (C2 ,-./+ ]20[.  

             ?6784ZW*7% >=*-( bCK :k%C6W$( ){4H M(N+ O"+(C- )H.GH ?7P !/7^C< :4cL"H )Z7k4'4lF 3(45 CzH 8(
      !E.2 )n]G+ Y0%!o+ F0 !7.2 M(N+ Y0.+ .               `4*s F0 .*D !E.2 i$ )<.$ Y8(!H( ?2 !7.2 ?6784ZW7% |Cs O7 8(

        ./jQ % 04E };Q Y!//$ J7.+                !*/$ 0.*v7( ,*-./+ M4*-F ~C*H % i*vB .*2 )q-./+ ?#"+ .     >C*t70 |C*s 8(
                   :.*Z+( !*B .*D )7.jH =5(0CQ SaZG+ 8(  C"K4#R  (C2 V@-  %F ,-./+ =WGH  (C2 )<.$ ?6784ZW7%

=-( b8P]21[.  

)-FC2   )+ :.GH .I                        C*2 Cm4*+ U*+(4{ &7C*6;j+ 8( >Y!*//$ [*]Q F(!*e+ % !*+.R );vB =qWH >.+0 ?$ !I0
784ZW7% !/6WI ?6 .`!+               ?*$ =-( Y!E dF(LK J2./+ F0 O"+(C- ?6784ZW7% F.6<F )-FC2 =jR g#6]+  .I

 ?2 ?+(0( F0c)+ YF.E( 0F4+ !/ 04E:  

1 (&+8.$ `!+ :)+ ="1qD C78 ?@2(F 8( ?6784ZW7% `!+ &7( �.-( C2 !/$:  

:^ F0 ?$:  

A’%  B’ :=2.m 0(!{(  

T :SF(CB ?RF0  

Tk : &+8.$  .+0)=2.m(  

'/'
/

ln

ln

k
T

T

B
A  !"
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2 ( `!+VFT :)+ U7X SF4n2 .+0 .2 ?6784ZW7% S(C""rD >`!+ &7( �.-( C2 !E.2 :  

:^ F0 ?$:  

A’ % B’ :=2.m 0(!{(  

T :SF(CB ?RF0  

T0 :=2.m  .+0  

3(  !7F!"H^ `!+ - UZHC<  :           =-( 4#< 84ZW7%  kCH( :4"-(4"6$( �.-( C2 ?$ =-( )'!+ >`!+ &7( .  UZG*+
+0 ?2 :4"-(4"6$( 045 )t6W2(% `!+ &7(=-..  

  

 
  045u    =-.+0 J2.D U=U0f(T)       045 :4c Ct70 SF.q{ ?2u            ?*2 `4*+C< =-( C6j2 =-( SF(CB ?RF0 8( )12.D 

04E ?6E4H C78 SF4T .  

  

  

            + [I.$ ?6784ZW7% >.+0 [7(L<( .2 ?$ =-( Vp(% `!+ ?- CI �.-(C2)  !2.7 .  ̀ !+ F.6<F ?6q'(     Ct7!*Z7 .2 >.I
       ( F.6<F 8( iI �P4;1+ % =-( S%.�6+Y!7    )+ :.GH |(CoH( )'( !/I0 .          ?6784ZW*7%  %F .*+0 C*m( `._+ :(4/{ ?2

)+ >)7.jH `!+ �qs =W"H F4@/7( �a;{ )'% !/$ ="1qD )-4"HF^ ?@2(F O7 8( =W7.2]17[ .  

                   )K!/qW*c F.*6<F % b.Zo6*-( >)Gx"Q `%!+ >?6784ZW7% U+.E 0F(0 Y�7% ?R4D ?2 8."H ?$  !"#$  .IC"r6+
 =-( !H4"Q .  C_$(        =70%!o+ 8( )E.H M(N+ O"+(C- )H.GH ?7P !/7(C< M4"{  =]-  .I    F(L<()   Y8(!H( % UZE

`8.H( =70%!o+ >      F(L<( bCH  .I) =5.- d%F ( )K�7% %    Y0.+  .I)      >)K!/qW*c > k4'4lF >:!E =�- :.+8
)Z"H.Z+ 3(45 % ,Wc F0 F04Q []Q >:k4;I 0.12( ()+ !E.2]22.[  

     -./+ 3(45 .2 ?1@A =5.-  (C2       ?#"+ &"2 !H4"Q 0.v7( b!{ ?H4K CI ,    ?*7P % F%.*v+  .*I     .*7 F%.*v+  .*I
)+ )7.jH ?1@A F0 M4"{ 0.v7( �{.2 ?1@A =;WA CI :!ECQ F0 )#+.$.H ?H4KCI 04E .  

       d%F .2 L"H )o@- M4"{ 8( )5C2 ?6q'(          )*+ ?*1@A =5.- 8( !12 )o@- =5(0CQ  .I      !H4*E |N*B !*/H(4D .

     .Q `C6/$ .2 >Ct70 Y!;{ M4"{   ?/"j2 % :.;#"<  .IC6+(F    =]*-  .IC6+(F.Q  8.-     bC*H %  F(L*<(     !*7.2  F(L*<(
 04E `C6/$ .    )+ U+(4{ &7( `C6/$ .2                 % �.*qeH( >)Z"H.*Z+ 3(4*5 >?6"W*H(0 C*zH 8( )q-./+ 3(45 ?2 :(4D

=<.7 =-0 ,"{ :%!2 �.q7CeD F.65.-L7F]23.[  

2-2- -!.*/0 1&"('2-345/6457 8 -5*97 :;<   

 )-FC2 �.-(C2  (  .I ?6<CK b.vH]24 [   O7C6;7%(CK4+CD L"'.H^ ?7.Q C2 )TGA (  ?*H4;H F0       =*7849+.$ %L*"Q  .*I
)+ C78 ?#BC+ ?- U+.E )7(08 ,Wc !E.2:  

           0%!B  .+0 % &$.-  (4I C�W;D( F0 )DF(CB S."#;{ (!62(°C500    S!+ ?2 4   )+ b.vH( ={.-  04E .   SF(C*B ~CH
  )I0°C/hr60      .D �.D(  .+0 8( °C200   % °C/hr10 (   8°C200   .D °C500 )+  !E.2 . ?H4;H y9-     )7./"+4'^ ?D42 F0 .I

     =EF0 S(FX C6W2 %PZT  )+ F(CA  !HC"K .     P.2  .+0 F0 �/7C6/78)   )'(4B �P4;1+°C1285 (     F0 ={.- O7 S!+ ?2
    %.B C�W;D(PbO   )<.p( )      �/7C6/78 &"B MC- [I.$ 8(  C"K4#R  (C2 (          d4*Q F0 .*2 )7.*/"+4'^ ?*z�o+ F0

)+ b.vH( 04E . )I0 SF(CB ~CH°C/min5/3)+  !E.2 .=-( Y!GH `C6/$ YF4$ :%F0 :�"W$( :(L"+]24[.  

?H4;H   .I UZE F0 �/7C6/78 % ,Wc u%C5 U+.E )DF(CB S."#;{  .IF(04;H 8(  (3 % 4=-( Y!+^ .  

                  2 i'.- ?1@A =5.- % CzH 0F4+ )7.jH 3(45 ?2 )2."6-0 =jR )7P.2 =";I( 8( ?#BC+ %0 CI `C6/$ F(0F45C
)+ !E.2.  

'

0

'

ln
TT

B
A

#
 !"

KT

u
exp0"" !

KT

Tu )(
exp 0

0"" !
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 !" 3-   !" #$%& '()*+,PZT  ]24[  

  
 !" 4- - '()*+,.%/0. 1,*+, 20]24[  

2-3- =7&> /"? 8 @ABC 1&"('2  

    ?H4;H >S.1@A �/7C6/78 8( !12   )+ )q@A .I !H4E .    ?H4;H  8.-C"Q S."#;{ 8( !12     S!+ ?2 .I24   F.65.- >={.- 

"+(C-  )+ F(CA )W$4Q( C;"#Q F0 ?#T.B )Z 0C"K .=7849+.$ u%C5 =jR    >?<.*p( )W*$4Q( &6E(0C2 % ?7.Q 8( .I
?H4;H    )+  F.$ &"E.+ .I !H4E .  O"+(C- F.65.- y9--            w7(C*E :.*;I .2 YF.2%0 % Y!E  F(NK 0%C6Z'( C;"#Q 

)+ )q@A !H4E . F(CA [7.+8^ =oD >)Z"H.Z+%C6Z'( 3(45 )-FC2 =jR =7.jH F0)+ !HC"K]25[.  

3- *DE5&= 9/F.&G H I8.5J&KJ $-E*/> "L*ME N  

          ,"$CD .2  0.78 !7!R  .IF.65.- =5.- :.Z+( d%F &7( O;$ ?2     )t6*-4"Q % S%.�6+  .I     >g*#6]+  .*I
     =-( Y!E iI(C< 0!16+  .I0C2F.$  (C2 .     =*7849+.$ =5.*- =*"#2.A      =qW*H .*2 .*I        % g*#6]+ )*;vB  .*I

   (0 04R% :4K.H4K  .IF.65.-L7F     d%F F0 :.Z+( &7( ?$ 0F           ?*2 .7 % =E(!H 04R% )6/- =7849+.$ =5.-  .I
)+ UT.B )6]- !E.  

=7849+.$              !/6WI )6/- d%F ?2 =qWH  C6j2 3(45  (F(0 d%F &7( ?2 Y!E !"'4D  .I .     8.*< `C6/$ :4c
           )B(Cs >0F(0 04R% %C$.+ % %CZ"+ SF4T ?2 F.65.- F0 )2%./D SF4n2          *+ CW*"+ L*"H :4K.*H4K  .*I)  !*E.2 .

)B(Cs > F4qH8 ?HP U+.E Y!E ?65.-  .I ?#"+ ?E45 > 4e#B > ( )+  ( !E.2]14[.  

        d%F ?"e2 ?2 =qWH d%F &7(  .7(L+ 8( )Z7    .IRP              �4*H C*I .*2 S.*1@A =5.-  (C2 ?-%CQ &7( ="#2.A >
 Y!"x"Q  .IF.65.- % Y8(!H( CI .2 >Y0.+)C6;"#"+ !/c 8( C6;$ 0.12( .2 )6B ()+ !E.2.  

C°20031h 

C°50032h 

C/h°60 

C/h°10 

4'*5') 678 )%9 

#$%&(h) 

$%') ºc( 

C° 1285 min60 

C/min°5/3 

4'*5') 678 )%9 

$%') ºc(  

%&#$(Min) 
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4- F>./-E*/> OPQ "N 7+RE&G 8 &S5T &S=I8. $F UVQ $6,&>  FDC  

H4tH.;I*               O"+(C*- �(4*H( =5.*- =jR M(N+ O"+(C- )H.GH ?7P !/7(C< >!E YF.E( ?$ ?       .*I0C2F.$ F0 .*I
   6<F F.$ ?2 g#6]+* =-( ? . /{ ?2*     1@A :(F.Z;I %  C�T `._+ :(4*  *16+ S.*    )Z"+(C*- 0!PZT      !" #$% &" 

  ' ()*+) #,-$ . /0.&1 #23*' 4&5 6)& .     789 ": #; "<=)*>?)5 (  !)6 (   ($. @6?*+$.     A*?"*23*$' B&<$)& :<$9
Annular Ring , C-Ring Actuato 2-2  !3-3@69 #23*' ! (C&1D ()*%:1)  6)&]22[.  

  
 !" 5- C-ring actuator  !"#!$ !% 3 -3&!%'(& ) ]22[. 

  
 !" 6-   !"#!$2-2 Annular ring  *3-3 Ladder ]22[. 

  789)7 ( *23*' E,"  "3-3    /0.&1' ()*%:1) PZT                ()*+$) #$,-  !" F$'<G #$; (H;<I& *% J69 1I K& 7LM 
(. J*+) &" NO'& @69 60P<G 4&5. /0.&1' 6?:]22[.  

                 J*.6$0Q K& !1%!" A*>) N(R0,*I SQ O>' 789 ! (L)*T A*>) -*% SQ O>' 7893-3      J*+$) &" ()*$%:1) 
(. 6?: .   #,- "*23*' U,& ":     10V OWT *% (P&<2. A*?   #$,!&K ": A900     O$'& @6$9 #23*$' .      K*$X ($>YC ZE$T

         J&E0. #% @69 @:&: J*+) "*23*' ": (80.&1'70 %(.   (. ! 69*%         #$[0. U0% #[\*X ! ]1^ 100_G *% 6)&<G   A*$?
   6R; 100_G N`*3 (80.&1' . 789 #; #)<a)*>?7(. J*+) -*% SQ O>' "*23*' E,"  #[0. N6?:   (80.&1$' A*?

  b*L,1cG ]1^ #% µm300 !     b*L,1cG 7\&<X µm200)   #LP U,128,:E) U0% ( #2X1V "&1M 6)& .    @"*>$9 7897   O>$' 
              (. J*+) &" 6C&! d<[' e'*R. "*0H% A1,5I "&18G O0[%*M *% O3&<R8, "*23*' NU0,*I SQ 6?: .    O>$' 78$9

        (. J*+) &" 1a,: (L)*T A*>) E0) -*% O'&"             $% ! !1$%!" A*>) N(R0,*I O'&" O>' 789 #80P*C ": 6?:  &" -*
 (. J*+) 6?: .  (. @6?*+. #8,"<=)*>?     #,- 789 U,& ": :<9 OWT ": (P&<2. A*?  A1$0V    K& 1$0f (,*$?900 

 @69 #23*' 6)& .   OWT K& @:*g2'& *% A10V   O,K<h.*; (80)*8. i&<3 1% A10V OWT 10j*G Nk!*g2. A*?   7$%*M *?
 (. (%*,K"& 69*% .         @:&: J*+) "*23*' ": (80.&1' K*X (>YC ZET   b*L,1cG @6960 %   ($. ($>YC  6$9*% .   U$,& ":
 #[0. 789       b*$L,1cG ]1$^ #% (80.&1' A*? µm275       b*$L,1cG 7$\&<X ! µm200)      #$LP U,1$28,:E) U0$% (  "&1$M
#2X1V 6)&.  
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 !" 7-  +  !"#!$ ,3 -3&!%'(& )-.($ / 0PZT1234. !% 567 (4 8. 9:; )]22[.  

 @"*>9 789 ":)8 ("*23*' Radial-poled Moonie(. @6?*+.  :<9 ."*23*'   O$,K<h.*; K& @69 #23*' A6l%
1>0[I PZT/  (a2'<0I *% 2-2  789 ": )9 (O'& @69 @:"!m .   *$% e$0;1G U,& K& @6.m O'6% A*?"*23*' 1a,: K&

       789 A6LRV n1o. Ne'*R. A:*l%& OM:)  78910 ((. 69*% .       1$=M #% "*23*' U,& :*l%&mm30    O.*p$q ! 
mm4(.  69*%]18[.  

    
 !" 8-  <(=Radial-poled Moonie   !" 9-  <(=2-2 PZT/>4/ (?]18[  

  
 !" 10- 6:@A B(C-D E@F 8. 9G7 PZT/ >4/(? ]18[.  
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           OH%"&: O3*' A&1% 7.*; "<D #%  !" U,& E0) A"<[% OP*C ":     O$0cX<. J&<p2'& 7p[p2. A*?     @:<$% E$0.m
O'& .U0>?                  r$8^ /$>; #$% J6$% ([3&: "&E%& A6l% #' d6. O3*' A&1% "<DMRI       "&1$M @:*g2$'& :"<$. 
(. :10V]21[.  

5-  !"#! $%"& '%() *+)%,- .!/0!  12 345  6 789  :&/- ;/<  

d!6T)1 (                     !E$,& s1$I N4&5$. /0.&1$' ()*+$) #$,-  !" #$% @69 #23*' k*l=M (80)*8. i&<3 #H,*c.
      (. J*+) &" Jt!12H;& ! :1' /0G*2'& 6?: .   (. @6?*+. #; #)<a)*>?           ": #20H$)&: ! (80)*$8. i&<$3 :<$9

   ' ()*+) #,-  !"          O$'& #$2X*, :<LW% (WT<G 7%*M "&6c. #% 4&5. /0.&1 .   d!6$T)2 (   #H$,*c. E$0)    U0$% A&
#)<>) /,128P& !E0I i&<3  !" #% @69 60P<G (2,K<h.*; A*? (. J*+) &" u[2p. A*? 6?:.  

#$%& 1- !H-+&!G- I.3# J1/G)K L*  J% M67 J"#!$ N!OP; +&!Q& J)-.($ /. R(4 * S.T- 0+ *,

U!"$./0]20.[  

J&3?&  J+K S.T- 0/-.($ )&!Q&  5V*("12.  '($ 0/U!"$. *,+. R(4

 W+83X-!2FDCYZ CD. J 96> 98> 57  

D !G7(% W+83X-!2  98>  99>  99> 

 0[!% J&3?&FDC  
X-Y 6/16%  3/1%  

Z : 3/19%  6/1%  
18%N!\F J?]  '   16% N!\F J?]  '  

M67 R(4 J&3?&  824  110  150 820  50 867  

  10 354  10 345  5 365  

#$%& 2-!H-+J1 .D% /4 I.3# ^/("G[. *,+J&3?& 0 !]D83X-!2 +")[3U /L*  J% M67 6 !]D_>"`- ]20.[  

J&3?&  Z(MRayl) 
J"/1&.'  

(kg/m3) 
(pC/N) d33  

abU. c+(d

0+("G[. D'
(%)Kp  (%)  Kt 

 6Z '

 )?ef

PZT 

 W+83X-!2

FDCYZ CJ D.
34/8  2880  16 397  023/0  32  68  27  

 W+83X-!2

D !G7(%  
75/9  2770  20 344  022/0  31  63  25  

 0[!% J&3?&

FDC  
54/30  7700  4 664  023/0  71  54  100  

 R(4 J&3?&

M67  
66/36  78000  645  022/0  68  56  100  
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I'! L32D  /$&0$' kAcAvA' IAMb-* /# kD#$@!5 );DNuD$K \A,# =( +=@!?u@/ /# =.a: k�q wD!NX! =3]9.[  

*+,- 2-F *G)+H"!I'()# J/(&7" K %&'()# *)+, %-$ *./01.2 *LMN 9-/]9[  

./01/  ,23+ *045 .(6) 789$:;3<8=  

  O8; (Å3)  c (Å) a (Å) 

Zirconium-Vanadium + silicon2/262 997/5 612/6 

ZrSiO4 + silicon 84/260  9798/5 6046/6 

4-3- &'.#C *09$8 B2DE) F5G9"; *+,&9   

             )>* "#$%&'! N*2b 15#$* )�;' �Az 1-* W  ! =@!?u@/ /$&0$' 2&J( )'/2( 7!2(    #->:)   \.>:4 .(   U>A61005 

   ?@-A6 =( r-(2*Si-O UA6 +455 ?@-A6 =( r-(2* Zr-O UA6 +1100-1200 IA,$(-&c>D23 =( r-(2*   U>A6 +535 

     UA6 5 $A@-32D  =( r-(2*730-915I'! o!/?Q!2&C IAMb-* /# kD#$@!5 72AO/!2b =( r-(2*  . =( =K-C $( LD!2($;(

 t-* #?< /# #-K-* UA6803)* + I'! "?: LDNuD$K kAcAvA' o!/?Q!2&C IAMb-* /# kD#$@!5 I%O 1!-C]5.[  

  
'() 4-   !"#$%&'() *+,-./ 012'3 0)4.5)6 $4 7#89 !:;'# 48/ 6; ,<:'=1# >]5[  

4-4-  !"#$%&' ( )*+,- .PEAS  

  !"#  !$ %!&'() *+ ,-+.#/0 1(-  2345*/4' 6!7(8 9/4$ :;< =!>+ 0+g16+*/+ +(70 :  

1-    ?#(!@ A(B V-O    .$ 4$/4$ Å76/1 %C/  .           A/*?DE/428 %!&'() *+ 6< F(G()  -/  2H#/+ .$  !IJKEg16  0+ 

  6;L.3Å76/1      6;L.3 0+  !IJKE 0 Å02/2 9/4$    ?#(!@ V-O          1(-  2345 */4' .$ 6< %C/ MN") O+*/+ +(70 

?P ?E/(N# +.Q-/  <4-R 9*(;$ 6STP *+ 9+.-R U.7(V/ %!&'()  -/ *+ ,-+.#/0.  

2-           1042S>/ W8 A.2!$*0/ ,!HX8 Y(Z# [(\] *+ 9*(^8 _.TC.Z) d    1(- 9/4$ V4+    1`  2345*/4' _*(L*+ 

      !"#  !$ %!&'() *+g16      %C?$ :;KV a-.2# 0     1()R` R/ Y?)`PEAS  ?#4b-?S- 6$.")  .    A.D2!$*0/ :;< 9.K#

d =SP *+ 5%C/ MN") ]11.[  

     ,-+.#/0 ,8/ :#042S>/ *.2].C[Kr]4d35s2    1(- 0 V4+  O[Kr]4d1 %C/  .  A.2!$*0/d           */4D' 4Dc/ *+ ,-+.D#/0 1(D- 1042S>/ W8 

%!&'() *+  2345 d3/4B/ 9.E?#.b!> 6;L.3 0 +/?&8 6$ 67(8 .$ 0 e;2N) 9.E=SP 6$  f&"I) e;2N) 9.E1:)  +(P.  

                                                           
1 Split 
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 !" 5-  ?'1&@6:4 $4 +,'()d] 11[  

  =SP6     2345 */4' V4+    :T&S) %!&'() *+ /* 1
      1*.X8 .$ %!&'() *+ OD2d     ,!I<4-R 9.7 6$ )     9*(D;$ 9.gD3 *+

4a (      ,!H!;!C 9.7 6$ .- 0)    9*(;$ 9.g3 *+4b (            1*.DX8 .D$  !"D#  !$ %!&'() *+  2345 */4'  !IJKE 0C2 

)'() *+ 9*(;$ %!&g16 (:) 1."# /* ?E+]6.[  

  R/482A  !-.@ O             %!&'() *+ ,-+.#/0 1(- 6< :2>.h *+ /* 9i4#/ jkC  -48g16  :) */4'    %C/*/+ +4!5 .   R/4D8  -/

*+  :#042S>/ W8 A.2!$*0/ 1.KE %X!Xhdx
2:)  ?P.$ .  

9i4#/               ,-+.D#/0 1(D- 6< :2>.h *+ 9i4#/ e;2N) 9.ER/48  !$ 1042S>/ A.X2#/ 9.E          *+ .D- 0 :DT&S) %D!&'() *+ 

   :) */4' :I!"#.7 %>.h  l!E O+4!5     9i4#/ .$ :#/(NKE 6#(5             1(D)R` R/ =DL.h :IZI) *+ Y?P Y?E.") mn7 9.E

PEAS +*/?# ) =SP7 .(9i4#/ 6S!8*(L *+  1042S>/ A.X2#/ 9.E2A 2A :IZI) *+ o.X!'+ PEAS:) Y?-+  +(P.  

  
 !" 6- ?'1&@6:4 !./ A&BCD  E'Fd !", V4+ ;64: G&H9"# 6; .)'5&I !4.&# 8J4 6; KL8,$ 6'12'3 6; -./  *M1N# E'F]6[  

  
 !" 7-  +OPO#PEAS KL8,$ 0,'Q 8@ A,;')4: +@% 0)4.5)6 ]6[  

                                                           
1 Cubic 
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$D     =SP Op.$ f>.k) q.C/48  \] *+ D            <4D-R *.2].C *+ ,-+.#/0 1(-  2345 */4' %!&'() [()    _*(DL 6D$

 !$  !"# (    %C/ Y?P +.rI"!@]6  O12 .[   s 6$ tRp  !IJKE       *(DZ) 6D< %C/ 4<C2        9*(D;$ %Dr7 4D$ ]110 [

%C/ uTkI).  

  
 !" 8-  K&R) K&@ G&H9"#g16) ?46.F481D ( KL8,$ 6'12'3 6; A,;')4: !", K1S8T 6489 '@]6 U12[  

5- &'/0 12/"3  

         :) %$.c :;KV 0 9*(^8 a-.2# O62345 _*(L _.X!XZ8 q.C/4$              *.2].DC +*/0 *.Drv %D!34w .D$ ,-+.D#/0 ?DI<

 :)  <4-R +(P .   !IJKE                  :b-.HDKE +?DV .D$ A/*?DE/428 %D!&'() *+ ,-+.D#/0 O9*(^8 a-.2# xy] 4$4  +*/0 

  :)  <4-R *.2].C +(P .         :) 1`  2345 */4' 1.S) 4C 4$ :;L/ zZ$ .)/ ?P.$ .     a-.D2# q.C/ 4$PEAS   A.DK2h/ 

  !"#  !$ %!&'() *+ ,-+.#/0 1(-  2345 */4'g16A.2!$*0/ dN@ A?) 6$ 67(8 .$  =K2Z) .E :) 48 .$?P.  

+"456  

1. R W Batchelor, "Modern Inorganic Pigments", Trans J Br Ceram Soc., 73 [8], 297–301, 
1974. 

2. M. Trojan, "Synthesis of a Blue Zircon Pigment", Dyes and Pigments, 9, 231-232, 1988. 
3. M. Trojan, "Synthesis of a Green-Blue Zirconium Silicate Pigment", Dyes and Pigments, 14, 

9-22, 1990. 
4. G. Monres, j. Carda, M. A. Tena, P. Escribano, " Vanadium clusters in doped ZrO2-SiO2 
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225, 1993. 
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 !"!#$ %&'( )*+,-./ 01  23 -4-*56  

 !"# $%&  '() *+ ,-+./0 *12)!"23 ,/43 *5.671'89:" ; <'9=  

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

Sahar.seyfi@gmail.com 

 >.=?:  ! 21#3     4-56 2787*9 :!2; 70-0 <=(>5 ?$       @7*AB C! D7E2 F(2 GH )I?J?-K# (    C! ,1-LMNE! -H

 O(! 1!7B?G = ?PQ(2R?P*QR?)  ! (  1 :-LP9742S 07B6 ?T7  2787*9 ( #RER#) U4 ?G  RNI  .     21 GN07J0 VWNE

-B1S 800  M0-E GX21 K     YO-Z-0 [\] 27^&B GH 1!"_ K -=S    !`N9! ( 2!"9 #<  27N*H #.&K  PN*Q ?G&  RNI  .

Ya/BG #H-K -=2175 S   E( GH b'-] ?G*  7BC6  -=S    74"5 F!"5 X (XRD) B c?d7eE("e  N0("MeO! K 

/H(2K) SEM (  f  7BC6 (?g h&E K  (1-B     `NB"i )FTIR (   \N5 :27N'#$9" . j27NO7927BS   217N5 

4-562787*9?$     I F(2 GH ,RI `M&E ?J?-K# ("Q S    17NH 70-N0 R] 21  6 :!2; ,C!R0! (  .  PN*Q C! VN5?G& 

  7*9 2175  1"Q4-56278?$    -B1 21 ,RI `M&E S °C800    :RB GH 3    27*H C-9 kl9 c$+-E #3 4-562787*9 ?$ 

   RI 27*mMB C-9 n4 .   ̀ _ oH-&B Gp06 R&0-B ,1"Q F2!   P*Q -H R0!?G&     4-562787*9 217N5  1"NQ  N?$   -NB1 21 S 

°C800    :RB GH 3  B c$+-E ? !` -X #`.#&K    !`9! 2-MZ-E 21 2787*9 #< B K #RH- .-lB N#GP  j27NO7927B S 

 4-562787*9 2175?$ P*Q ?G&   ! 21 ,RI #3     217N5 -NH <=(>5 S = F(2 C! GNQ  N?@-B"4(2R  O(! 1!7NB -NH  N?G 

# -Pe     Q-] c$E! ,RB6 $E1 GH K !  2 C#"4`    1(R] -4 (  17H S GI7Z  !S        C! ,RNB6 $E1 GH :!2;  17H 

= F(2?@-B"4(2R("Q :!2; GH $mP0 SI F(2 ?J?-K#B K RI-H.  

1- @A>BA  

         $JPi SC-EC-H  -eB!  (RH KeI`5 )*+ 27Y4 K*Q 27f GH        $E! be/B 2-?PH c -P0!  RH ,R#1 q?E6 S-= .

 C ,1-B#MPK       3#`.#-X S!"H GQ $E! K+7&YB ,1-B n#  -E           ,RN0C 17X7B -#  -P0!  RH C! K/aH r#7%4 -# SC

           KB ,1-LME! ,R0C $9-H -H n#1`0 s-J4 21  1"Q2-Q 27^&B GH -# 17I .  H ,1-B n#cKe#j7O7? ,1-B     G&?BC R&0-B S!

                 KNB 1-Nh#! !2  6 ,R0C 17X7B "= -#  -P0!  RH GQ $E!  !R01 S-&?B -#  !7aME!  RN&Q .      1!7NB ,1-LMNE! 12!7NB

C#MPK  ̀.#-X 21 3#                   !2 17Z S"H2-Q cq?E6 -# S2-J?H "t! "H GQ $E!  RH C! K#-=-u+! ( T!R0! r#7%4 ( SC-E

  ,1!1 $E1 C!      X v#"f 3#! C! -4 R0!$]!"           bNJ+ -N# S"H2-Q cR0"#\5 T-?MO! 27Q\B S-u+! S2-J?H -#       wxN'! -NU06

   17I y?AY4 -U06 K%?mf"?z $?%{( -# S2-h&=-0 ( 17I]1 .[B!"E?nC #MPKc  ,1-NB nN# C  N#MPK  Ke?B!"NE 

$E! .    ,1-B GQ -&%B 3#! GH        KB  RH S-u+! -# $9-H 3#`.#-X cKe?B!"E S!  17NI .    B!"NE 21 $9"/N?5?n  -N=S 

C#MPK '-Z K    KPQ(2R?= c-?07Q"#C c-&?B7O6 R&0-B   S"4 c$?4-56 )?P*Q   G/?I ( :-LP9  C S-=#$P     |N+-H c@-N%9 

 G%E74 1-h#!  $L.I S!       ?L?Q <#!`9! ( KMBxE }L] 21 `?.0!      $NE! ,RNI "/H K_R0C $ .  B!"NE 3N#!?n  -N=S 

C#MPK KB         $JPi 3#`.#-X ( ,RI ,1-LME!  RH 21 R&0!74        NE! )MP?E 2-J?H ( ,R#1 q?E6 S-=KM*e  R07NI ]2 .[

   B!"E 3#! ,1-LME! T-.&=?n -= S C #MPK     KJE ,1-B G07.p?= c RH 21    KJ0 1!C6 17I .      GN07_ 3#! GH  RH ~E-5

     21 �C-0 S"m?9 S-/z b?e/4 c1!7B   $E! K&MI-Q [!"f!  .         S1R%MB bB!7+ GH ( $E! "?�MB G#� 3#! $B-a{

            NB bY9 21 $Q"] �70 c -H`?B $9-H ( K&MI-Q :-Ya/B G*JX C!�"M/   12!1 K.MPNH ]3c1 .[ ! 21 N#3 B  N? - 

KPQ(2R?=       K#-?J?I @7B"9 -H $?4-56Ca10(PO4)6(OH)2    ,RI GMZ-&I K0R%B q?Q"4 c     !7aMNE! S!"H S!    ( -N=

 !R01   ! -=              KB D7PAB D7?+  -B21 21  -P0!  !7aME! K0R%B <aH K*'! 3#`.#-X oi!( 21 ( $E 17I . 3#!

     9-H GH-/B K#-?J?I q?Q"4 S!2!1 ,1-B$         O-%9 C! ( $NE!  RNH $aNE  N?$ C  N#MPK   $PN#C (      KO-N+ S2-_C-NE

 $E! 2!127Z"H .            K&MNI-Q 21 )Q $PeI T-eAME! ( K.B"l� b?O1 GH ,1-B 3#! G�"_!  -N=S      "NMJQ 2-NH $NA4  

KB ( 12!1 1"H2-Q  (2 "H <I75  !7&+ GH `?0  6 C!  !74S$&*WJ#!  -=S`*9 S1"Q ,1-LME! ]1.[ 

KPQ(2R?=             21 `?0 S".#1 "'-&+ K&#`.#-X  -eB! GQ $E! S2-MZ-E S!2!1 $?4-56    12!1 17X(  6 .  K&#`.#-NX
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    ,("_ S!"H $?4-56 2-MZ-E 21    S-N=Ca  cPO4   ( OH          X C! c 6 �!7NZ 21 :!"N??�4 |N+-H       cGemNI "MB!2-N5 GN*J

   KB $?Ox] ( Sj7O7927B 17I .   G� "_!Elliott   ( Young [4]    X GQ R01!1  -/0 K&#`.#- Cl      2-Nl4 <=-Q |+-H 

     $?%i7B b?O1 GH ( ,RI @-07_!`.=     )4! D(-&MB S-=Cl                $NUX 21 RN]!( @7*NE  RNI �2`NH ( 2-MZ-E 21 b c

   KB 1-h#! n?&?*Q707B  2-l4  17NI .   K&#`.#-NXF    S!"NH OH %B           27NAB 21 �-Nml0! |N+-H ��7NJa    <#!`N9! ( 

             KB 1-h#! 2-MZ-E 21 !2 S"M/?H S2!R#-5 ( ,RI <0"Q <=-Q -# ( K.&#27*H  RN&Q)   beNI1 .( K&#`.#-NX   S-N=

   1-%H! :!"??�4 |+-H g*MaBS   27AB a    bH-lB 21 c  B S!"H K 17I  .        ,R=-/NB bN?O1 GNH `?0 "M/?H S2!R#-5   K#-N=

 "MJQ $?Ox] "H K&mB X -H $?4-56 K&#`.#-F  (RH S`M&E -# ( Ke#j7O7?H $?4-56 GH $mP0 F$E! ]1.[  

  
 !" 1-  !" #$%&'( )*+,-(  .,/OH 0F 1 Cl 234( 567( 89 Ca 8,:;,< 89 HA] 1[  

           12!1 "?t-4  7# D\X S(2 "H GQ $E! S12!7B C! Ke# K.&#27*H .          D\NX  -NeB! RNI-H "M/?H K.&#27*H G� "=

 7#      E 21 K&?/0-X :27' GH ".#1 S-=KB <=-Q 2-MZ-  RH-# .  c$NE! )Q K.&#27*H  !`?B GQ  !7aME! 21 �x�B

  !`9! D\X  -eB! KB <#     7# ( RH-#         KB R&MP= KJE KJQ GQ 3?.&E :!`*9 S-=      D\X  !7aME! kE74 R&0!74

     KB  !7aME! oi!( 21 ( R07I           RN&Q bNJ+ KJE"?z )MP?E n#  !7&+ GH R0!74]1 .[   N?4-56 27N87*9$  N#n   ,1-NB 

0R%BK    @7B"9 -HCa5(PO4)3F B K RI-H . 4-56 2787*9?$ #n  27*H RB-X #3   $NE! $aE  .   GN07J0 GN�"_!  -N=S   6 

BK  �02 R&0!74 -=S L*MaB K    R&I-H GMI!1 ) ,7Ui c`mE !Sc H6 Kc  <L&H  N#- NH K �N02 (  0RN%B ,1-NB cK   6 �O-NZ 

   !"H GQ 27f  -J=S    O-lM0! :!`*9  (RH ,1-B K  B 2-^M0! K  H c1(2K  $E! �02 . 56 2787*94- N?$    *N'! �`NX K B ? -N&S 

 B  !R01K RI-H]5 .[     KMaE S!2!1 K0-Q 3#!5  lB 21 ?s-               KNB "NH kNZ 7i-N� G*?NE7H ( ,17NH s7NB  12!1 .  C(

  6 �7YaB15/3 -4 20/3_ T"G/?I SxX S!2!1 ( q%eB "MJ?M0-E "H  $E! K�J' GJ?0 ( S!]6[.  

87*9N4-5627?N$ H ?M/N"#3    B 21 !2  2-l4 ? - 0-Q K -=S 4-56 ?$ 12!1  ] -u9 ,("_  K#)175(p63/m   GemI $H-t -H  A 

368/9=ac A 8841/6=c.[   E75 R{ "t! ?_RK !27*9 #R  ! GH #3        NB GNQ $NE! $N*+ K   = RN0!74? PNQ(2RK 4-56  N?$ 

4-&H"QK  B 21 ?-&S    4-562787*9 GH !2  !R01 ?$ #- =2787*9 ? PNQ(2RK 4-56  N?$  NH G   17B"4 :27N' # B-N&?eK -5  N#"42!R 

Rm4#b R&Q  . ] 21?3 !"9 #R& E75 ?_RK !27*9 #R  B 1!C6 K   1 GQ 17I#B-&?n  B ,2-H(1 ?O!"&?,`    RI  N#- 1 S B ?O!"& N?,` 

�4 !2  RI??"B K R=1]7.[  

!27*9#R  4-.0 ("MeO! ?"47#3    !2!1 ( $E! "Y&+ S   �-%I #07K   P0!1 -H n�7Q ?GM     -0!74 GQ $E! �-H 2-H K#  e/N4 ?b 

  R0-H#07K  = ( ?0j(2RK 7i S     B |+-H GQ c12!1 !2 K   17I# 7 !27*9 #R -M5 P0?b    -=C-9 -H )= bH-l4 S B ?O!"&K    )N= ( 

 @7eO7B("Q-B -H -=S O6 K      O1 GH ( RI-H GMI!1 !2 ?b ! #3          NB c 6 nN�7Q ,C!RN0! �7YZ GH c�!7Z K     GNH RN0!74

   !7&+"e/4?b ,R&=1 S 2-MZ-E "    R&Q bJ+ D6 21  .!#3   @7eO7B �"A4 "B!  -=S      � ( @7N*AB 21 D6  N#G  -N=S 

=?E!2R? 7�4("5 ?3 4-56 w7�E ( -=?$ B <=-Q !2K R=1]7.[  

     bB-I R]!( @7*E "=#n    R]!( @7B"9 Ca10(PO4)6F2 B K RI-H .  "_!# 7 -=S   ("NQ :-LP9 S      GNM9"_ "N^0 21 

    2-MZ-E VWE cR07IFAp B K      @-07_!`.=  !7&+ GH R0!74close-pack   C! # 7  -N=S      @-N0-Q -NH :-LPN9   -N=K#  C! 
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  UX( $/= :!"L]K   C!7B 2-MZ-E bZ!1 S    27AB -H c  c@-N07_!`.= )  @-N0-Q  -N=S X(  N{74 c?y   17NI ,1!1  .HAp 

mf?%K R&0-J= @-07_!`.= 2-MZ-E FAp12!1 ]8.[  

4-562787*9?$  -=27*H 21 S = ?PQ(2RK 4-56 ?$ lMPB ?�-J  7ME 21  -=S= ?PQ(2R?b-X #`.#3 NB K   17NI N#- -NX S 

O-ZK = ?PQ(2R?b   B @-�I! !2 K        -N="MB!2-5 21 <=-NQ qX7B GQ R&QS  GemNI  a   ( c  "Q 21  N#@-MP   = GNH   ,!"NJ

  j"0! 21 <=-QS  B 27*H K 17I .!#3 #n  Z 2-MZ-E ?*K -5 #2!R   B 17X( GH K   x] ( 12(6O?$ E! ?RS     27Nf GH -=27*H 

.J/�?"SB <=-Q K #RH- -=27*H GH ( #n'-Z ?$B  RI RE-9 R{ K R=1]7c9.[  

!27*9#R F
- -X#`.#3   ,("_ OH

-   21 HAp B K    B GH ( 17I? !` C #1-S  9 �!7Z ?`#eKc I ?J?-K#  C (  N#MPK   !2  6 

 B 17mUHK R/aH .&pJ=?3 !27*9 #R  "Q GH #O-MP?E!`? 7 HAp   B nJQ [27B6 K    4-562787*9 ( RN&Q N?$) FHAp ( 21

AB?kC #MPK_127Z GH $B(-lB KH ?"M/S12!1 ]10c11.[  

2- C.D'4: 0E'(F<'A#G ;'E  

2-1- C.H')G12I2J: K9L+  

!"HS U4 ?G 4-562787*9 ?$  = C! ?PQ(2R?*QR?P?) Ca(OH)2    �7*Z -H 96 % !"HS  B-N4 ?3  PN*Q ?c)    :-LPN9742! C! 

1S 07B6 ?T7 (NH4)2HPO4    �7*Z -H 99 %   4-LP9 om&B  !7&+ GHK   2787*9 C! ( #R RE #) NaF    �7*Z -H 98/5 %

!"HSB�4 ?3RI ,1-LME! TC� 2787*9  .4-562787*9?$! -H #3O(! 1!7B ?Gmf v @7B"9 )1 (B $ERHK 6#R:  

 @7B"9)1 (6(NH4)2HPO4 +10 Ca(OH)2 + 2NaF   Ca10(PO4)6F2 + 6H2O + 2NaOH +12NH4OH  -H

! GH GX74#3Q7ME! @7B"9 ?"MB7Sc $mP0 #07K 67/1Ca/P = ( 5Ca/F=RI GM9"_ "^0 21  . "^0 21 GH GX74 -H

 3M9"_mol/lit  9/0[Ca
+2

]= $^*z c# 7 -=S"LP9  mol/lit 54/0[P
+5

]=  2787*9 (mol/lit 18/0[F
-
]= GmE-AB 

RI .!"HSlB  12(6 $ERH 4-56 2787*9 2175 C! TC� 2!R?c$ 3 )h] -H @7*AB 120E K EK RI GM9"_ "^0 21 

1-lB  6 GH GX74 -H GQ#"O7B KB"_ VWE ( K1-lB VWE ( RI GmE-AB T!RQ "= #"-U0 K# GH GX74 -H ,1-B "= 

RB6 $ERH  6 �7*Z .0! C! R%HT-h c:-mE-AB 33/8 T"_ Ca(OH)2 c65/8T"_  (NH4)2HPO4( 92/0 T"_

NaFRI  C( !RX "/H 21 T!RQ "=  . GH "�lB D6 -H T!RQ "= )h]120E K EKRI ,R0-E2  . @7*AB

Ca(OH)2(2 Sf-&�B  `J= ?PK :RB GH 20i1 ?Gl $+"E -H rpm4000I @7*AB ( RI ,1C )= ?"S.02 K 

!#1-hRI  .pH 1(R] 14-13 17H .@7*AB (NH4)2HPO4(2 Sf-&�B  `J= ?PK :RB GH 20i1 ?Gl+"E -H  $

rpm40009-LI @7*AB ( RI ,1C )= K -H pH 1(R] 4! #1-hRI  . @7*ABNaF(2 Sf-&�B  `J= ?PK GH 

 :RB20i1 ?Gl $+"E -H rpm40009-LI @7*AB ( 127Z )= K -H pH 1(R] 7! #1-hRI  . @7*ABNaF GH 

 :-LP9 742! @7*AB1S07B6 ?T7�7*aB VWE ( RI G9-{!  NaF ( (NH4)2HPO4,"�i :27' GH  !S -H 

@7*AB GH qE-&B $+"E Ca(OH)2RI G9-{!  127Z )= @-] 21  .4RB C! V5K pH C! 14-5 GH �("I ?#3 

1"Q  RB6 . 1(R]  1(`9! -H10B ?*KO ?"M07B6 ?�- (Amonia Solution 25%, Extrapure) cpH 1(R] 9 $H-t 

RI .!#3!"9 #R&O(! @7*AB  RI T-J4 -4 ?G5 GB!1! ?!R!( T-J4 3J{ 21 c1"Q <&Q AB 2-/9 ( -B1 21 -=?k T-h0! 

$9"_ . 1(R] b'-] @7*AB18 1(R] (  127Z )= ,!"J= GH $+-E 65 3Q-E :27' GH $+-E ?"C-E S 

RI .i kE74 D7E2 VWE?g9-' \z-Q ( K "�lB D6 -H ( RI !RX qE-&B #n!1 7/MPI 2-H ,1RI  . D7E2

 :RB GH 3Q n/Z 21 b'-]36-B1 21 $+-E S 80M0-E GX21 K _1"_ n/Z 1!"#R.  

2-2- 62.+'L.%JM12I2J: C.H')G   

   YO-Z-0 [\] 27^&B GHK -=S   !`9! ( 2!"9 #< 27*H #.&Kc 2!RlB S    4-56 2787*9 2175 C!  N?$        $+"NE -NH bN'-] 10 

  i1 "H GX21?Gl    :RB GH 3   -B1 21 $+-E S 800  M0-E GX21 K    ,27NQ 21 1!"N_ S"MeO! # NeK  O7NJ%B "LPNJ4! 21 K 

P*Q?G&RI  .!"H "^0 127B G07J0S #n-B1 21 $+-E SRI GMI!1 G.0 $H-t .  
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2-3- NO1 0P7<O $..4H ;'E Q"2R O 'E  

 %4 27^&B GH??3-=C-9 S! #1-h-4 ( ,RI ?#R-=C-9 27u] SQ"4 21 D7*�B  N?cq O-N06 ?`   7N4"5 F!"N5 X !"NH S GNJ=  S 

G07J0 RI T-h0! -= .!"HS! #3 o/%/4 C! 27^&B ! Cu-K  ,-.MNE1 (JEOL ,GDX-803) XRD  j-NMO( 21 30V= c  :RNI

"X# - mA 20IA=     �7B @7f (nm 154/0"=  RI ,1-LME! .&H? - -=S       &e4 C! ,1-LME! -H @7YAB 21 17X7B ?n f ?g 

h&EK  `NB"i  (1-B (FTIR) (FTIR, Thermo Nicolet)  ,1(RNAB 21 400-4000 cm
-1  RNI GN%O-�B  .2# 2-MZ-NE` ( 

j7O7927BSB nJQ GH 2175 :!2; ?d7eE("e0("MeO! K/H(2 K )SEM ( @RBLEO 1455VPE2"H KRI  .  

%4??3       RI T-h0! 2"I F(2 GH 27*H ,C!R0!  .       5  RI 3U5 21 GemI <0"Q )UE 2"I?n       T-J4 ( $9".0 "^0 21 !2 

4!;  RI 3U5K2 GH �7H"B !2 #` G�H!2 ( 1"Q �"9 -= -=27*H  RI )1 (5 !2?1-U&/1!1 ]12:[  

 G�H!21                                   t = 0.89 "/ B cos#  

 ! 21#3 G�H!2  t  cG0!1 ,C!R0! "      ,1-LME! 127B �7B @7f )!"HS 4 ?D7        -NH "NH!"H VNB nm154/0(  cB   5 �"N+  N?n 

       1!2 qP] "H �-L42! gY0 21 ,RI D-aM0!# -   ( # (!C #G 5  N?n        $NE! GNX21 qPN] "NH  .     !"NH 2"NI F(2 21S 

 GmE-ABB5 C! ?n) 002 (! D-aM0! RI ,1-LME!#35 ?n%i7B $*+ GH ?$O! 21  6 1"L&B 7.S17H F!"5 ]2.[  

3- S-5 O T<'9U  

3-1- ;#': K.D'UG  

  beI)2 (7.O!S    G%I! F!"5 X  4-56 2787*9 ?$    -B1 21 ,RI `M&E S    B  -/0 !2 �-4! K R=1 . ! 21#3       "NH ,(xN+ 7N.O! 

!#3   P*Q C-9 cC-9 ?)  0 :-LP9 ?` 1 #,R RI  . ! 21#3    5  17H 3U5 7.O! ?n  B -=K   NI-0 R0!74K     27N*H GNX21 C! #.&K   )NQ 

  2 ( 2-MZ-E#`  "Q  17H #@-MP   -=    beI 21 RI-H)3 ( 7.O! GQS !"5 F  ! G%I! #Ve 4-562787*9 ?$    P*Q ( ,RI `M&E ?G& 

 $E! ,RI .  5 T-J4 G�"_!?n -=S  7.O! (1 S XRD    GH �7H"B FAp   5 "= $E! ?n 4 ?`        T-h0! -H  6 :RI ( ,RI "4 

*J+?:- 42!"] K !`9! #<  G^]xB bH-i  !S #GM9- $E!  .!#3  &%B  !RH K   -=27*H GQ $E! S FAp  *J+ -H ?:- ]  N42!"K 

,1"Q RI2 R0! .!`9!#<I :R5 ?nP*Q G07J0 21 ?G&Q-] ,RI K!`9! C! #<B ? !`4-56 2787*9 C-9 ?$B K RI-H.  

-lB#GP 7.O! S   74"5 F!"5 X4-56 2787*9 ?$= ( ?PQ(2RK4-56 ?$-B1 21 ,RI `M&E S NB  -/0 !2 �-4! K  RN=1 . C!

    �-%I GQ -h06# 7 !27*9 #R )Aº 32/1(    �-%I C! # 7 = ?PQ(2R?R )Aº 68/1(  $E! "MJQ ]14c13[    -NX -NH c#`.#3 

   RIOH
-  !27*9 kE74 #R   27*H :-AL' G*'-9 S     GN�H!2 vmf ( <=-Q  S  "NH �!)  GN�H!22 (        17NH $NH-t -NH" c

(!C#G S  !`9! F!"5 #< B K #cRH-  M0 21 ?Gh  B 2-^M0! K  7.O! 1(2S   ! G%I! F!"5 #Ve 4-562787*9 ?$   7.O! GH $mP0 S 

! G%I! F!"5#Ve= ?PQ(2RK4-56 ?$!(C $JE GH #-SH ?"M/I ?$LRI-H GMI!1 .  

  
 !" 2- .'=>"  )%?" @"7AXBC? 5:D< #$!,AE 8'F'3G  H,!" .,(9 89  
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 !" 3-   !"# $#%& '()*#X+) a (',-. /. 01"  23456 738,&9/(:(5; C°800  <1-  =37>,?   

(b)/(:(5;  738,&9@A2? 01"  /.B,8# ',-. C°25  

3-2-   !"# $%&'! ()*+ ,-.  -/'01(FTIR)  

   !")5 (#$%& FTIR '( %)*+,-./.$0    *12 -2 34" 5678 9     %1 :*;< =- >*)= ?  4%@2 . *@4%<*A9  B%C;1 %  =D%A E9 

  3FDGPO4
3-   -2 cm

-122/1033 (v3)  Hcm
-197/567 (v4)  Hcm

-173/607 (v4) 2 I%34 1 ? "%2. .<*A% JK 4$%&  -2 

cm
-112/1469   F cm

-110/2008 EBC;1  9 3FDG  *@9 L, I347 9 CO3   %# EM ?      N%@ O*%P7@ 567%8    2-=F :2Q 

   1 H08= 34" E<.R<? 47"*A .*@4<*A9  3FDG EBC;1  *@9 @ $ S%MF-4$4  JT.1 -2  %$0  *%@9 cm
-1474  Hcm

-1632 H

cm
-11990   F cm

-13570    1 EM 4;< 34@*;1 ?    *U 347@2 :*;< 4<=.)I5PI7? OH
-   *A F

- 4"*A  .  2 VD# Q=IDP  4<*A 

   -2 WX+cm
-13424/32) ;;M? (   4<*A Fcm

-160/1631) ;RY? ( EA Z.AD1 [\7U  *@9 H2O      D%]< EA EM 08= 

1?   " ^, 48-$R$*?I A_U ? 08=  .  4<*Acm
-157/871     3FDG EA Z.AD1 HPO4

-2 08=  .*@4<*A9 cm
-196/3691 F  

cm
-169/377    ;;M `*"*J)-= EA Z.AD1 ? O…H    1 -*6Y*8 -2 2.U.1 ? 4"*A .=IW  !;) .Pa= $   )*+, -*6Y*8 $0  =- 

KF EAb.1 :*;< ? 5G cA*71 -2 Ed<, *A F 4@22-=2 0eA*f1 H08= 34" g-=]8-9H12H14-18.[  

  
 !" 4-  C3D (a FTIRB,8# ',-. /. 01" @A2? 738,&9/(:(5;  +(b',-. /. 01"  23456 738,&9/(:(5;  C° 800 

 <1-  =37>,?   
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 !" 5-  C3DFTIR+  (aB,8# ',-. /. 01" @A2? 738,&9/(:(5;   

:*R@     !" -2 EM -.#)4(  1 34@*;1?   S'M *A H2."$E7   ( -2.+ :2DM )*+,-./.' %$0   *%12 -2 9 °C800      `4%1 E%A 3 

  *@4<*A `4" H0h*89 PO4
3- EBC;1   9  )*+, -*6Y*8 $0 aF= $E E<.R<     =5(= `-=Di *A *@I[  %1 ?  I E%M4A*  %1 ?   4%<=.)

E<*;<  9!;) $ A $D6;j) -2 -*6Y*8 $I4*6< Ik*@.Pa= 9EJ"= g=D+  9 X= IW4"*A 32*1  . + V_%i %$l  F ^, W%X+ 

+$l cm
-112/1469  E<.R< -2  9 'M S$E7  E<*;< 34"   9     %" ^, mD%) $R$*?I    = -2 E!\%"  %IW    0%8= *%12  .  -.n%i

*@4<*A9 cm
-103/2007   F cm

-150/2086  E<.R< -2   9 S'M $E7  M*i 34" ?  A Q= $W   3FD%G W6(D<   *%@9  )*%7ADM ?   *%A 

 'Rh O*o<=$`* )-=Di ? 08=  .*@4<*A9   2F4i cm
-13700;;M `*"*J)-= -.ni ?3FDG  *@9 OH  E%<.R< F2 D@ -2 

  1 :*;< =-?  = 4@2IW    ;<*U O4h DP<*;< *@4<*A $7?    1*M OH
-   *A F

-     1 D]< EA F 08= ?  32*1 48-  9  p*i  FHAp 

1? 4"*A .   eq) EA EU.) *A$`*e   6i 34" O*o<= ?   1 ^*C6<= *A $:=5F   M.68= -=4e1 EA $D61.9H a*<, $5*@9     34%" O*%o<= 

DA=9J) $$W1 $:=5 FJT=F ?;<*U O4h Q= :*;< HE<.R< $7?  1*M OH
- *A F

- F !;)$  FHAp2-=2 ]13.[  

EA  1 D]< ?    S'M O*o<= *A 48-$8*7$:.  *12 -2 9 °C800      4<*A EA Z.AD1 4<*A HHPO4
-2 <$5  A Q= $W  %1 ? 2F- .  -.n%i

  4<*Acm
-1747   + EA Z.AD1 $4<. OH…F  E<.R< -2   9 S'M $E7        E%<.R< -2 :, -.ni O4h F 34"   9      -2 34%" 567%8 

*129=5(= Q= :*;< >*)= I[*U I5PI7? -2 -./.'( Rh O*o<= *A -*6Y*8'$`*)-=Di ?2-=2 .  

  
 !" 6- E(F 73!G(- <#%33H8 I1-  J46K/13LK/(:(5; /,AM,? /. E.#. </#%N O3N 1F#/(5; K 1346K/13L ',L

738,&9.[8]  

 U.) *A%  !" EA E% )6(   DG=I%:. *@9 =-.'( I%4    12 -2 -*6Y*8 -2 %*9  " >*)= % 77M 0MD%   %!\" -2 H4%   %# -2 E% r.

X-channels  1 -=DT ? G$<D4  ;CA F ?  o<Q Q= $D I:. *@9 =-.'( I4  !;) =- $  1 ?     (2*B) -.# EA F 47@2?  1 -2 $:* 

I:. *@9 @ $SMF-4$4  R< [C+ ?     RM 2=4J) *X7) st8 H4<."?   Q= I:. *@9 @ $SMF-4$H4 =-.'(  %I4      Vu%Y D%A =- 

Q -.niI2* I:. *@9=-.'( IH425< -2 I!?0"=2 47@=.Y 2.Y ].8[  

+$4<. @ $<vF-4? =-.'( I4   *A I:. @ $ S%MF-4$H4    mD%q)  %I:. @ $ S%MF-4$4   =D%A =- 9     -2 w.%x< X-channels   N%M 
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1? 47M .=DA*7AIW   1 D]< EA ?     w.x< EM 48-I:. =-.'( I4  *12 -2 9  Y >*)= $'?  < :*8, $0S .  1 D]< EA?   `-=Di 48-

@4<*1Q*8 3-*AF2 yh*A :2=2? I:. *@9=-.'( I46< -2 F E!\" -2 $EoG-=DT $D9(2*B) ?:,  2." *@]19.[  

Freund et alJT.1 $0 g*J)-= OHJA*) `-.p EA =- ?1 Q=  %$:=5 *%U I5PI7?  %I:.=-.'(  %I4 )*+, E!\%" -2  %$0 

8-DA? 2DM  .*6<Ik   C;) :*!1= *X<, $z 6-10 %I:. =-.'( I4  {) Q= $$D       4%<*A -2 :*%!1 cm
-1631   %7dR@ F $W  -2 

*@4<*A9 (*K= ?  i*< -2 $E cm
-1630-750  A =- $:* 1 ? 47M .JT.1 %$0  *%@9 Q  %I2*9  =D%A9  %I.: =-.'(  %I4   F  %I:. 

@$SMF-4$4  _+ :*!1= ID   = F 08= IW 1 % ( r4%       %T.1 D%@ EM 08= 32DM |D%J$0      %J)-= 4%<*A E%A %"*?  )F*%x61 ? 

 08= Z.AD1 .  1 EA E6SA=F$:=5 *U I5PI7? =-.'( IH4 )D) $} %p*Y ?   %1 }%a*~ -*6Y*%8 -2 ?  2.%"]20 .[= %IW  r4%1 

A$%DP<* P� %P<.? \) %4I   i 4<*A %  2F4cm
-1630   EA cm

-1747  =5(= *A I  *%U [I5PI7? F
-  %1 ?  4%"*A .  n%i -2% -.

2*e1I%D Q I2* '( %=.IH4  ]< EA % 1 D? 8-% 1 4$:=5   NM OH
- T*A %?    o<Q -2 H34%<*1  %$%D9   Q= F

-    %1 [%C+ ?  %"%  F 4<.

 -*6Y*8..FFF OH FFF ..4+ =-I41 ? = yh*A EM 2-F,I2*o 4<*A cm
-17471 ? 2.".  

*A   K.) EA EU.) $`*q Baumer   JT.1 [<=-*!R@ F $H0   U F 2=4J) ^_ *@9 \S< ? *@4<*A 9 ;;M ? OH  i*< -2 $E 

cm
-1600-800 1 ?  =DA 4<=.)9    -=4e1 2-F,DA I:. =-.'( I4     2F- -*M EA E<.R< -2  .1$:=5 =-.'( I4 1 ?     0\S%< Q= 4<=.)

    2." E\8*q1 4<*A F2 ^_U .7dR@$W   *@4<*A Q= 32*x68= 9 OH =DA 9 ,DA 2-F 1 $:=5 =-.'(  %I4 *A  %I4   E%<.R< -2   *%@9 

S'M$E7   ." O*o<= 34"   *6< *) 2Ik 7J1 ? -=2 9   Q 22DG  p*i I=D @ $� {) $$D9  JT.1 -2 $0   4<*A I*      -2 *@4%<*A 24%J) 

E<.R< *@9~ $DS'M $E72 I34R< ? 2."]21.[  

#$%& 1-  E#@3- ./K9%=F C3D P# FTIR Q(RQ /.  ',L  FHAp01"  23456  [20,21]  

  
      !" EA EU.) *A)5 (    4<*A ^_U 0\S<cm

-1747   EA cm
-1637          2F4%i E%M 4%1, 0%82 E%A  032/0      -2 E%M 2.%A 

*e1IES rF4U *A )1 (1 D]< EA? 1 48-$:=5=-.'( I4 E<.R< -2 2.U.1 76 %1? 4"*A.  

3-3-  (23%4 (0%"56/7 896+%"6-! :;< =3 4&9> 4'5?'+  @4 (+4"3(SEM) 

   !")7 (-I5   )*+,-./.'( -2.+ -*6Y*8 $0*12 -2 34" 5678 91 :*;< =- >*)= ? 4@2 .1 D]< EA?   `=-w  !%" 48-

 -.p EA FDM `9     - `=-w 2*JA= F 08= I5 Q= D6RM F 1001 D61.<*< ? 4"*A . 3Q=4%<= 9DM  %Ia*6S$0)*+,-./.'(  %$0 Q= 

]002 [EfA=- �8.) 9) 1 (4" E\8*q1 .3Q=4<= 9=DA -.'A 9 *A DA=DA 34" 5678 -2.+ 7/41 D61.<*< ? 4"*A.  

 !" 7-  %F(S8SEM ',-. /. 01" @A2? 738,&9/(:(5; 

B,8#  

 !" 8-  %F(S8SEM(:(5;  /. 01"  23456 738,&9/

 ',-.°C800 <1-  = 3 JF,R2T/@= ,= 7>,? 10000X  
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 = E6\a=IW   *fY *A gF- 9 Q I2*9   Q 08= 3=DR@ I=D     E%fA=- Q= 32*x6%8=  9   *A -D%"  %I4        32*%1 ^*%C6<= 3=D%R@ E%A  9 

  G O*o<= 2-=4<*68=$2D].22 [=DA*7AIW  = -2 IW     *e1 -.]71 EA �e( [@F�+ IES     \S< `-.p EA `=-w 3Q=4<= ? =  = Q %IW 

  4" 32*x68= gF- .   !")8 (-I5   )*+,-./.'( -2.+ -*6Y*8 $0 S'M $E7 4" 3  *12 -2 9 Cû800   1 :*;< -2 =- ?  4%@2 .

F*B)ID SEM  1 :*;< ?         1 3D1.'G,  1*" 341, 082 EA -2.+ EM 4@2? 4"*A .   1 -*]6<= EM -.f<*R@?    O*o<= *A 2F-

S'M$8*7$:.      1 -2 3D1.'G, `-.p EA `=-w ? ,I47   -.'A 4"- EM       )*+,-./.'( -2 `=-w r*B%)= F  %$0  S%'M $E7   34%" 

 1 2.X;1? 4"*A .  3Q=4<=9 DM Ia*6S$0 )*+,-./.'( $0 S'M $E7   Q= ]002 [ EfA=- �8.) 9) 1 ( 4" E\8*q1 . 3Q=4%<= 9 

=DA -.'A9S'M -2.+ $E7 *A DA=DA 34" 40/31 D61.<*< ? 1 :*;< =- `=-w :4" 3D1.'G, EM 4"*A? 4@2.  

  
 !" 9- %F(S8 SEM38,&9/(:(5;  /,U; ,= I,-%8 K/13L $K/  = 01" @A2? 7bar8/15  <1-  = 87>,? [13]  

   !")9( .B) HID SEM )*+,-./.'( $0     aF= 2=.1 *A 34" 5678 $E   2 `*xS%(.)-= 9 <.1,  %$O.   F Ca(OH)2   F NaF -2  

  -*;(8/15     `41 EA -*A 8  *12 H0h*8 9  :2DM l;Y  60   6<*%8 EU-2 ?    H2=D%G7pH=   F 67/1Ca/P=    :*;%< =- 
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