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  ! "#$%&' ( )*&+,- .&/0123&! 4$5 ( 6789:  ;7 )<0 !

)2' 3= . 9>?* =71@ 3A  .&B: C )D389- E7$F ( G&DHI<7 

 !"#$ "#$%&'(1 )* +&($ , $-. /"!$0 1!234 , 5672 

1%89*76:;<$-=">? @ 67-?  A%BC? /73!7 DEBF @ +GH 5"I9*76 ,  

hrezaie@iust.ac.ir 

5%&8J:  !"#$%  !"#$% &'()!*+  ,-.!/(Zircon Patching Mix)  012!*&  3,4 5%6789. 

  (:,; 3 1<7=,2       ><,. ?3@ >; >2 (ABCD 5%,ECF  ,D   5G2(Trowelling)   H@72 I'!"#$% @+    J3K  ,D

   5. L!8. >G"M N$AO (:7M .             &,PF I679% Q": 3 5B$AO R,9< &' I6789. 1*' S'7T >$<,U.

(:,;     ' 5%,ECPF  ,PD        NPV' @'+@7PT!; 5PO,T NP"#D' & .            J,PWB:' &' XPY 5%,PZ"Z9% H[3!PY 1P*' @+

>:'+ ,; 12!*&  3,4 \]BW.  ,-:7"V67.!F        01<7=,P2 \P]BW. !*+,PZ. ^+3QPF' 3 I3,PEB.  ,-*(A;

    3,4 I,_"2!%P2O5   >:7#: 0J` 3   (M >BT,V 5*,D .   1".,%  '!;P2O5        0a*(PV I,ECPF,B. 'QPbD &'

    I,ECF 0a*(V I,ECF 5]Y  !%         (PM H+,EBV' c*!ECF ("V' 3 a*(V d7"A.7<` ^[3@("D  +  .  &' XPY

>:7#: >"-%     1"P; 5*,PD,.+ @+ ,P-:` NPWY 3 ^+!2 cGT 3 eV,A.  ,D° C 1450-500  S'7PT 0 

        ,D+@'(:,BV' ,; f;,U. 5g":,g. 3 5g*Q"FASTM H&'(:'   (M  !") .       !% (:,;  !%!; &' 52,4 h*,B:

    ,D@(A*,; !*,V >; N_C: I,ECF 5]Y +7P; 5g":,g. S'7T R,9< &' 5%,ECF  .  >P:7#: 1"PAi#D    ,PD

  3,4%10-7 3 1<7=,2  % P2O5 5-3 >P:7#: !*,V >; N_C:  !%!; S'7T  '@'+    (P:+7; ,PD . @+

   >:7#: &'  +'($% N*,-:                      ,PDQ"<,:` +@7P.  @,BT,PVQ*@ 3  &,PF  ,PD 5PV@!; d,Pj:' @7PkA. >P; ,D

 5Y7gV3!g".(SEM+EDS) >$M' ?'!Y 3 (XRD) X (ABF!) @'!l . 

 !"#$ %&'#$:()!*+ +'7.  5%,ECF (:,; 012!*& 0 !"#$% d!/ 0c"B"<7A. 0&' 

1- ()!*) 

  5; &'()!*+ +'7.    mgM(Monolithic)            >P; >P2 (ABCPD H(PAD+ n,8%' m.'7o 3 &'()!*+  ,-B"b*!)' &' 5p7]W. 

       (:7M 5. >q!o J7p!. ,* 3 cGT I@7O .       P";72 !"k: 5E]BW.  ,-M3@ ,; +'7. 1*'     0^("PM,Y 01BPW*@ 0^(

    ><,. ,* 3 ^+!2 H!_*3   5. e8: 5G2                 mP"_l &' ,P-:`  3@ !; 5O,T I,"]#o 0+!;@,2 &' m_l NV' 1g#. 3 (:7M

 ^+@3` m#o (Curing)*& ,* 3 ^+!2 cGT 0A    +7PM d,Pj:' >P"<3' !PB]1[ .   5P; &'(P)!*+ +'7P.     !P; H3rPo mgPM

      5. 0H(AD+ n,8%' m.'7o 3 &7C:  ,-B"b*!)'    m.,M (A:'7%            0H(PAA2!Y QP*@ @,"CP;  ,PD@+7Y !P"k:  !b*+ +'7.

        3 L,"<' 0&,C:'3@ 0!BA*& c#2 !"k: 5*,-":+3QF'… (AM,;  .  n3(/1       ^,G: '@ c"B"<7A.  ,D&'()!*+ 5]O' s'7:' 

5. (D+]332[.  

  5;  ,D&'()!*+ t67#$.    H,)(*+ &' '@ mgM            eP"2!% 0?!") s7: 0+!;@,2 ?3@ 05g*Q"F N<,4 !"k: 5E]BW.  ,D

"#"M        >Z_p +@'(:,BV' s7: Q": 3  ' H+7% 5<,bu 05*,  5.  (A; (:7M .        >PZ_p  ,-PM3@ 1*!PB#-. &' 5Pg*    (PA;

 5;  ,D&'()!*+        NV' ,-:` ?!")  ,D@,23&,V 3 s7: v,V'!; mgM .     5;  ,D&7C: @+ 5]2 @7p >;    &' XY mgM

    (;,* 5. w*'QF' d,g9BV' e8:  .       W. s'7:' m.,M t67#$. Q": H(AD+ d,g9BV' m.'7o      5:($. 3 5<` +'7. &' 5E]B

5. (AM,; . n3(/2a"CZ%  5;  ,D&'()!*+  (A; 5. ^,G: ,-:` ?!")  ,-.Q":,g. v,V' !; '@ mgM (D+]332[.  

           >_%@ @+ 1".& >BV7Y @+ 5:'3'!F R,9< &' d7":72!*& !8Ao21 5.  (M,; .           >PV @+ d7P":72!*&  3,P4 >P"<3' +'7P.

 ". >BV+!A    d7":72!*& ("C2'  +  3,4  ,-<') N"<+,;(    d7":72!*& I,g"]"V7%@' 0) 12!P*& (     H(P"i"Y I,P_"2!% 3

  d7":72!*&  >2 ,-%,g"]"V t,%(#o   (ABCD   5. @'!l  (:!").          mO,4 I6789. 3 5*,"]l  ,-bAV @+ t,.7#o 12!*& 

    5. NF,* ,-:` >*Qj% &' +7M .      n7P.!F ,; e"2!% 1*' ZrSiO4     3,P4ZrO2  %2/67   3 SiO2 %8/32    aBCP"V 3 



 

 

10

5<,BC*!2      S78W. ^&3 ,; n,:7)'!B% gr/cm
3  

56/4 5.  (M,; .   5; ^` x<,T y:@          mP"<+ >P; 5P<3 NPV' y:@

            H7-l ,% y:!#2 +@&  ,-b:@ @+ ^` &'  !b*+ s'7:' \]BW.  ,-"8<,T,: @7z4       H(M H(D,G. Q.!l >; m*,.  '

NV']431[.  

 +,!-1-c"B"<7A.  ,D&'()!*+ 5]O' s'7:' ]3[  

./- 012 3"4&) 

5ABW*@  ,-.!/  

  

5:("M,Y  ,-.!/  

c"BVrY  ,-.!/  

  

5:(";72  ,-.!/  

 !"#$%  ,-.!/ 

  

5Z*@Q%  ,-.!/  

wM7Y &'()!*+  ,D  

Ir. &'()!*+  ,D 

; J` ,; ^+!2 {7]W. &' XY >2 eV,A. 5<,8%' ^,#"V 3 Q*@ 3 NM@+ I'@K  3,4 &'()!*+ d!/ >1BW*@ >]"V3, 

^+!2 H!_*33 5. e8: 5:& >]".  +7M.  

3,4 &'()!*+ d!/5. e8: wM ,Y 1"M,. ,; >2 eV,A. 5<,8%' m.,o 3 Q*@ 3 NM@+ I'@K   +7M.  

           eCu ,* 3 J` ,; ^(M {7]W. &' ($; >2 &'()!*+ d!/ ,   5. '("Y eV,A. >B"C"BVrY           |Pq7. @+ ^(P";72 ,P; 3 (A2

+@7. 5. H+'+ mgM !k: +7M.  

 c"BVrY  ,-.!/ >;,G.5<3NEV  (4 ,%  5. !% (M,;.  

 &' XY >2 5*,-.!/m#o  eCu ,* J` ,;  @3` N<,4 '!; 5_V,A. c"BVrYd,j:' !"#$% I'5. '("Y  (AA2.  

 J,}3+ N<,4 >; >2 5*,-.!/@+5. f*@Q% H@72  (:7M.  

; ~&,: N.,Wq ,; @,2 �UV  3@ !; >2 5*,-.!/ >5.@,2 (:3@.  

Q*@ &'()!*+ +'7.  &'()!*+ n,gM' ,* ,D!/` n,8%'  '!; J` ,; ^+!2 {7]W. &' XY >2 ><,. I@78;  5GP2  P; > 

5.@,2 3@:(. 

 +,!-2- a"CZ% ?!") dQ":,g. v,V'!; c"B"<7A.  ,D&7C:  (A;]3[ 

./- 012 5678, 9/"6  &4 

5ABW*@  ,-.!/ ,5:("M,Y  ,-.!/  

c"BVrY  ,-.!/ ,5:(";72 ,Ir. ,D  

c"BVrY  ,-.!/ ,5:(";72  

Ir. ,D ,5ABW*@ ,D ,5:("M,Y ,D 

c"<3@("D ?!")  

D @+ ?!")'7  

^+!2 d!) ,; ?!")  

5*,"#"M ?!") 

      @+ 12!*& 5*,"#"M !k: &'HF     5. m4 �"]} c*@7E<7V("V' 3   +7PM .        >P:,T+3@ !BCP; @+ 12!P*& !*,PTK    3 ,PD

               5P. +7P/3 >P; 5:,GEG%`  ,-bAV 5)+&'7D !�' !; 3 H(M |l'3 ,*@+ m4'7V  (PA*` .        ,D(PA*`!F &' H+,EBPV' ,P;

,2:>  5*'@` 3]T ,; 5A2!*& >V,. 0�"]�% 6,; S7) H&'(:' ,;mm 3/0 !B#2 3 (5. NV+ >; ^+!2 J,"V` ,; >2 (*` 

 w. !*& >; ^` I'@K +,$;' 200 ,% 325 d,: ,; 3 >BF,* wD,2  Zircon Flour5. >q!o   ++!P) .   5]PO' ^+,P$.

       5. (AD 3 ,"<'!BV' 0m*&!; 0,g*!.` @+ 12!*& (M,; .     ,; 5A2!*& >V,.(Au    5. >q!o S7]T >/@+    #$. 3 ++!) t67

 Q"<,:`  '@'+ZrO2 %66-65   0 SiO2 % 33-32   3 TiO2 % 3/0-05/0 5.  (AM,; .     @'(PZ. 1"Ai#DHfO2   QP": 

       +@'+ +7/3 ^` @+ (.,/ n7]9. I@7O >; . n3(/ @+3      H(PM H+@3` 5PA2!*& >PV,. s7P: (PAu 5*,"#"M e"2!% 

NV']5[.  

 +,!-3- 5A2!*& >V,. s7: (Au 5*,"#"M Q"<,:`]5[ 

Australia 
India Malaysia 

West coast East coast 
Compositions (%) 

85/3172/3186/32 25/32 SiO2 

38/002/02/0 18/0TiO2 

51/6683/6602/66 53/66 ZrO2 

37/035/02/0 27/0Al2O3 

14/045/033/0 08/0Fe2O3 

38/01/031/0 43/0CaO 

05/004/008/0 05/0MgO 

02/003/002/0 01/0Na2O 

02/002/001/0 -K2O 

24/028/011/0 19/0L.O.I 

d'!),*+ f;,U.&,F  5*,%3+  ZrO2 – SiO2)  mgM1 (*,.+ @+ 12!*& +3(P4 5° C 1700     n7P]9. 3 J'�P. >P;
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 (.,/ZrO2 &' !%6,; 5*,.+ @+ ^` m.,2 J3K 3 H(M >*Qj% ° C2250 5.  3@ (D+ .  &' mPO,4 I6789. !)'

'@` >;  >*Qj% 1"; 5*,.+ @+ t'+(j. ,* 3 H(M +!V 5.° C1500-1400      m*(P_% 12!P*& >P; (:7PM H+'+ I@'!4

5. +7M]6[. 

              

 :;<1- 5*,%3+ d'!),*+ ]ZrO2 – SiO22[ 

  12!*&@+     >%7; !"k: 5E]BW. &'()!*+ I6789.    0,D:  /` 3 ,-<&,   >BW*@ 3 J3K  ,D!    �(M  !)(ZAS)   H+,EBPV'

 ++!) 5. .         ^+3QF' 3 H(M J,"V` 12!*& &' 5A2!*&  ,-:,#"V10           >P"-% a*(PV I,g"]"PV eCu 3 v@ (O@+ 

5. (:7M .5. '@ ,-:,#"V 1*'    +!P; @,P2 >;  ("V'  ,D&'()!*+ 5A"u!/` @+ Ir. ^'7Ao >; ^'7%]7[.    ,P-.!/

     &  ,-:,#"V >; >"_M 5A2!*&  !"#$% 5. 5A2!* (AM,; .       ,M &' v@ 3 12!*& !; H3ro ,.'7.     ^'7Ao >; ,A".7<` 3 I

          %,ECF  ,-_Cu &' a*(V I,g"]"V eCu !; H3ro 3 >"<3' +'7.5    *,; ^'7Ao >; Q": A 5. @(      +7P#: H+,EBPV' ^'7P% .

>:'+       NM@+ 5A2!*&  ,-:,#"V &'  !"#$%  ,-.!/  (A;   NPV' !% .    n3(P/ @+4          d!P/ 5o7P: S'7PT 3 Q"<,P:` 

%NV' H(M H+@3` 5A2!*&  !"#$]8[.  

 +,!-4- 5A2!*&  !"#$% d!/ 5o7: S'7T 3 Q"<,:`]8[  

Zettramur SP  =&>? !$ 

12!*& 5#@A ("B,A CD&) 

./- 58&"'"< E"B&2F%)52G,( 

58 ZrO2 

33 SiO2 

3 Al 2O3 

25/0-0 >:'+ (A;(mm) 

36  &'()!*+(SK) 

1300 !BA*&  ,.+(°C) 

18-13 @'(Z.,. * '!; &,": +@7. |kg100 cGT d!/ (liters) 

1-1-  %H&I?A 0A12A  

         >:(; @+ eV,A. d,g9BV' +,j*' @7kA. >; 5]2 @7p >;              +,Pj*' NP-/ ,-_CPu \P]BW. s'7:' &' 05g".'!V  ,D

  5. H+,EBV' n,8%' +7M .a"CZ%             5P. I@7PO \P]BW. \*@,$% 3 ,-M3@ ,; I6,8%' s'7:'  (A;  +!P") .  I6,8P%'

A2'3G5) 5*,"#"M (          5. mO,4 5;` !"} �'Q/' 1"; 5*,"#"M wA2'3 d,j:' !�' @+      wA2'3 ^` 1*!B#-. >2 (:7M

        NPV'  ("C2' ,* 3 5%,g"]"V +'7. ,; c*@7E<7V("V' .               1P*' @+ QP": ,P-A*&@ 3 5%,g"]"PV  ,-_CPu 1"PAi#D



 

 

12

>BV+   5. @'!l  (A; (:!") .           ,-:7"C:,�V7V ,* 3 n7]9. &' J7V@ &' mO,4 I6,8%'       a"PkA% ,;  ("=7]2PH  0 

               !"} 5%'(.,/ |l'3 @+ 3 H(M mO,4 >"<3'  ,-<[ ^+!2 d!) ,* 3 ,-:7* !*,V Nk]} 1*@7P];  (ABCPD  .  1*!PB#-.

         5. a*(V I,g"]"V 3 m"%' I,g"]"V I,_"2!% I6,8%' 1*' >BV+ (AM,; .        ?!P") !P�' @+ c"<3@(P"D I6,8P%' 

 &' 5M,:    5. +7/7; ^7"V'@("D (A*`!F  (A*` . o s'7:'  :,; 1*' H(#(     ,A".7<` 0(A]%!Y  ,-:,#"V m.,M ,D5*  5%,g"]"V 0

  (ABCD 5#*@,; 3 .      *& wA2'3 d,j:' !�' @+ 5g".'!V I6,8%'A     ,D&'()!*+ @+ !B3,4         ,PD@+7Y ,* 3 @3` &'()

 ;  Q]F  > 5. +7/3 (A*` .              P2+ !P"k: 5P<` +'7P. ^+3QPF' !�' @+ 05_Cu I6,8%' 1"Ai#DC    05P;!o �#PO 01*!B

 B. 5C27;!2 Q<7]V m") (CMC   mg<' m":3 5]Y 0) (PVA      5. ("<7% S,T  ,-A*&@ ,* 3  (:7M .  ,PZ$:' I6,8%'+  

V@ >:'+ Q*@  ,D@+7Y m.,M Q":55*,A".7<` 05C"]"V  ,-]V 0 ("C2' ,* 3 3  …5.  (AM,;. ]12-9[  

1-1-1- 5?&JKL  &4!2&M 0A12A  

1-1-1-1- N8/JKL !"OA  

   c*!ECF ("V'  3    c*!ECF7%@' ("V' ,*)H3PO4 (    J3K >UZ: ,;°C35/42    S78PW. ^&3 3 gr/cm
3  

  88/1  @+ 

   ,.+�"9. n,BC*!2   ,D5*   c"_.@ aBC"V ,;    '@   5. m"gG%   (D+ .    n7]9. I@78; 67#$. c*!ECF ("V'    ,D

  Nk]} ,; 5;`     ,D85-70 % 5. >q!o  +7M .   n3(/ @+5     s'7P:' S'7T       @,Pj% c*!ECPF ("PV' %   H(PM H+@3` 5 

 NV']13[ .   

1-1-1-2- KL&P?&J  

        ; !ECF  ,-#%' ^` @+ >2 (ABCD 5%,_"2!% ,-%,ECF  >        H(PM >Pp,4' 5:�"CP2'  ,D 5-/3@,-u >]"V3   (P:' .  1P*'

  5. ,D 5-/3@,-u            (:@'�b; ~'!BM' >; >M7) >V ,% '@ +7T 5:�"C2'  ,-#%' (A:'7% .    ,-%,ECF @+1*@7]; , >*3'&

O–P–O  n'@(D'!B% @+  ,D  125-95     >*3'& 3 >/@+ O–P–O  !B% 1";,.   ,-<'@(D'180-120 5. >/@+  (M,; . 67#$.

  NV'  ("C2' c*!B.7"27BV' e"2!% I@78; ,-%,ECF w*,#: .    5<7P. N_CP: ,-%,ECPF  @'�Pb.,:  '!;(R)  &'

  ,-<7. s7#j. a"CZ%  ,D ("C2',25:7"% (Na2O,K2O,CaO,H2O)' >;   5:7P":`  ,D("CP2 (P2O5)   f;,PU.

 n3(/6  5. >_V,9. +7M]15314[ .  

 +,!-5- '7Ts'7:' Sc*!ECF ("V'  @,j%  ,D%5]13[  

 N8/JKL !"OA(%)   
D=1)  

75 80 85 105 

   N8/JKL !"OA (H3PO4) % 1/75 3/80 5/85 1/105 

P2O5 (%) 4/54 2/58 9/61 1/76 

5B&QR (15,5ûC ,gr/cm3) 57/1 63/1 68/1 93/1 

C78,  &)/6(cal/gr ûC at 21ûC) 48/0 46/0 44/0 37/0 

(S8G1;K8, (cp at 25ûC) 12 17 23 440 

T,U (V*2 (ûC) 5/17- 6/4+ 1/21+ 16+ 

 +,!-6-  5<7. N_C: v,V'!; ,-%,ECF  @'�b.,: )R( ]14[ 

3 %&JKL1?=A 

3-2 %&JKL ,/"W , %&JKL1?=A X1#Y) 

2 %&JKL ,/"W 

2-1 5VZ  &P?&JKL 5#W 

1 %&JKL&S) 

1-1-1-3- [8!O  &P?&JKL  

   +!g]#o 3+ a*(V  ,-%,ECF    5. 5)(A_Cu 3  &,C:'3@     (AM,; >BM'+ (A:'7% .       ,-%,ECPF 1*' &' 5#2 @'(Z. ^+3QF'
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 J,}3+ >;   5g".'!V      >B*&7gC*3 wD,2 e/7. ^` 5.  ++!) .        a*(PV  ,-%,ECPF !b*+ L!p &'@+     ,P; wAP2'3 

"2!%  I,_      !"k: 52,T 5*,"]l I'Q]F  3,4MgO 3 CaO  +,Z$:' e/7.  ,-:`  5.   +7M .    @+ a*(PV  ,-%,ECF +!;@,2 

+,*& @'(Z. >; ,D&'()!*+0;  > J3K >UZ: m"<+^'(Au ,-:` ~(:'NC": J7]U. ]16[. 

1-1-1-4- ["\")1BF  &P?&JKL  

     I,_"2!% m.,M a"A".7<`  ,-%,ECF @,"C;)    &' w";50 +(o  (5.  M,;A(.    ,-%,ECPF 1"; &' , H(P#o      eCPu 1*!P%

  &'()!*+ 0H+,EBV' +@7.  I,ECF a"A".7<`7A.  ) Al(H2PO4)2 (  3  ; ,P*@7U   !8PBW.MAP  5P.        P; >P2 (PM,;  >  mP"<+

  J` @+ N"<r4 ,      J7]U.  @'(*,Y 3 5_Cu d,g9BV'+@'+.        c*!ECF ("V' wA2'3 >]"V3 >; a"A".7<`7A. I,ECF

       ,D,.+ @+ a"A".7<` ("C23@("D ,;°C200-100 ("<7%  . 5 +7M  3     5<7P. N_C: Al2O3    >P; P2O5    ^` @+ 33/0 

5.  (M,; .    -<7]9. I@78; I,ECF 1*' 67#$.   Nk]} ,;  ("V' 5*,     5. >q!o \]BW.  ,D   +7PM.    NWPV  '!P;

     5BC*,; I,ECF a"A".7<`7A. ^(M ,.+   ^` ,% °C100  (;,* w*'QF'  .   ,j:` &' 5<3 >2      NP;7p@ JK,/ e"2!% 1*' 

5.  5BC*,; '@ ^`  ,.+ (M,;,% °C350_"2!% ,% +'+ w*'QF' 5++!) mO,4 N;7p@ JK,/!"} ]17[.  

1-1-1-5- ["21)F  &P?&JKL  

2     a":7.` \]BW.  ,-%,ECF +!;@,!"k: (NH4)3PO4,(NH4)2HPO4,(NH4)H2PO4       3 5*,PA".7<`  ,P-p7]W. @+ 

>:(;     ,D5*,"]l  H(M ?@'Q)   NV' . I,_"2!% 1*' %,ECF 5  a"A".7<` I,ECF ,; H'!#D 3 ; Q": H@3' I,ECF ,*  >  @,P2

5. 3@:(]17[.  

2- =&$ 9,= 

       7.  ,D!B.'@,Y 5V@!; H[3!Y 1*' d,j:' &' L(D             5%,ECPF (P:,;  !P"#$%  ,-.!/ S'7T 3 NT,V (A*'!F @+ !�

+7; 5A2!*&.     0+7P/7. 5/@,PT  ,PD >P:7#: 5V@!; 3 5%,$<,U. |;,A. >; >/7% ,; '(B;' 1*'!;,A;    ,-:7"PV67.!F

               +7P; 5F!8P. @(A*,; s7: 3 1<7=,2 (O@+ @+ ,-:` I3,E% >2 (*+!) 54'!p 5E]BW. .          Q"<,P:` >P; >P/7% ,P; '(PB;'

 7#: 5*,"#"M  5/@,T >:) n3(/4 (  5F!8. >"<3' +'7. Q"<,:` 3) n3(/7(  n3(P/ f;,U. ,D >:7#: ^7"V67.!F 0

8(*+!) 54'!p  . 

 +,!-7-Q"<,:`  5*,"#"M 5F!8. >"<3' +'7.   

L.O.I Na2O CaO TiO2 ZrO2 Fe2O3 Al2O3 SiO2  012)CD& 

6/12 1/0 65/0 2/0 -- 83/0 37 35/47 1<7=,2 )"]%&BQ( 

3/0 -- -- -- 66 1/0 6/0 33 12!*& )5B. ^7C:,/(

+,!- 8 - 7.!F H+3(9. 3 5F!8. >"<3' +'7.,D >:7#: ^7"V6  

52G, !@=D (2AD !\M ("B,A CD&) .&2 

70 (Mesh)350- 12!*& 

30-20  m5 12!*& 

10-0 (Mesh)60- "]%& 1<7=,2BQ 

5-1 -- P2O5 

' f"Z9% 1*' @+(M H+,EBV' \]BW. 5%,ECF @(A*,; s7: @,-u &.         !P; ,P-:` &' cP* !PD !"�,P% 5PV@!; @7kA. >;

     +3@3 ^'Q". 0n789. S'7TP2O5                >BF!) !k: @+ c* !D ^+3QF' (O@+ @,"$. ^'7Ao >; ,D@(A*,; &' c* !D &' 

(PPM .  1".,PP% @7PPkA. >PP; P2O5    a*(PPV I,ECPPF ,PPB. 'QPPbD  &'(Na2O.6P2O5)   I,ECPPF 5PP]Y  !PP% 0

*(Va(Na2O.3P2O5)a*(V I,ECF ,A".7<` 0 NaAl(HPO4)c*!ECF ("V' 3(H3PO4)  (P*+!) H+,EBPV'  .  1P*' @+

       % eV,A. @(A*,; s7: 3 ^'Q". '(B;' f"Z9%$          (PM xWGP. 1<7=,2 >A"-; (O@+ X�V 3 (*+!) 1"" .   @+ 1*'!;,PA;

    ,F 5*,D >:7#: n3' N#Cll      3,4 3 1<7=,2 (1 03   3 5      5P:&3 (PO@+ P2O5      !PD &'  +3@3       @(PA*,; s7P: @,P-u
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  (M >BT,V 5F!8. .                  I,ECPF ,PA".7<` 3 a*(V I,ECF 5]Y  !% 0a*(V I,ECF ,B. 'QbD   ,D@(A*,; >2 ,j:` &'

                        d!P) J` @+ !;'!; 5<7. N_C: ,;  d'(2 !D '(B;' �; >; ,-:` ^+!2 >F,q'  '!; 0(AM,; 5. @+7Y I@7O >; a*(V

       (:(*+!) >F,q' �; >; X�V 3 H(M m4 .  kA. >; 1"Ai#D     m#o +'7. !B-; ^(M 1b#D @7  @'(-b:  )aging ( >;

  I(.10         (M d,j:' >BC; >kE9. 3 �"9.  ,.+ @+ No,V  .           ,P; 5Pi)  ,-_<,l @+ !k: +@7.  ,D >:7#: X�V

+,$;'mm 12 × 23× 200(:(M H+'+ mgM . I(. >; ,D >:7#: ^` &' XY24   ,P% H(PM  @'(-b: e<,l @+ No,V 

       '+ NV+ &' '@ +7T N;7p@ &' 5B#Cl       +7M d,j:' ,-:` @+ >"<3' ?!") 3 H+ .         +@'3 3 �@,PT e<,l &' ,D >:7#: X�V

  (:(M 12 cGT .     ,.+ @+ ^+!2 cGT I,"]#o°C 110 >;   I(. 24         NPWY 3 !BA*& I,"]#o X�V 3 No,V 

       ,D,.+ 3 5g*!Bg<' H@72 @+500  01200   3 °C 1450    I(. >; 3  3 No,V   w*,.!) No!V   /h !C150 d,j:'

(*+!).    5g*Q"F S'7T )      !D,� mW]W% 3  ' H+7% 5<,bu (          ,P.+ @+ H(PM >PBWY  ,PD >:7#: °C 1450)  &'

 ml'(45>:7#:  (+@'(:,BV' f_p(ATSM  C20-97)       mgPM  ,PD@'+7#: @+ h*,PB: 1"b:,P". 3  !P") H&'(P:'  2 

 (*+!) ?@'Q) .  5G#T d,g9BV' X�V   +!V (M.O.R)         >PBWY  ,PD >:7#: >"]2           H,bBPV+ &' H+,EBPV' ,P; H(PM

 hAV d,g9BV'(Schenk) +@'(:,BV' ,; f;,U. (ASTM C133-97) !") H&'(:'  (M   . h*,B: 1"b:,".)  ml'(P4 &'

5  >]O,4 >:7#:  (    mgM  ,D@'+7#: @+3  (*+!) aV@   .         I'@,PPPPPPPPP_o ,D@'+7#PPPPP: 3 n3'(PPPPPPP/ 1*' @+

P.A0 A.P.N 0  T.P.P3H.M.P  >; e"%!% >;        5P]Y  !P% 0a*(PV I,ECPF ,PB. 'QPbD  ,D@(A*,; !b:,"; @,8BT'

(AM,; 5. c*!ECF ("V' 3 a*(V I,ECF ,A".7<` 0a*(V I,ECF.  

  
(a) 

 
(b) 

  !"2-  ! "#$% &'()* +!,--.% )a (  ,/(0 1232% 4)b ( 567# ,8!,8 7#P2O5$9 4 :2; <! =; 75>?(8 @  

  (A# 7#ûC1450  

567# 4 @$9 B5C D2EA 4 F4! G3H,A B(?(; <! =;  P2O5  16(H IJ(>A 75>?(8 <!)5 %9<4& P2O5  16(H

  <!T.P.P(      (K/ 5K67# (8 &?(/ G9$L9 MF$NOA P!$Q ,8 R'$S(T B#4UV! ,W! &J7,8 7$X>A G8 Y4# G3H,A 7# M

        !7!# Z? ,/ GT R'$S(T [3\2A5% P2O5 H  16( 75>?(8 <!T.P.P       G\Q(J &3]^  (/ G9$L9 F!47 _8(`A M59#$8

        5?#,a  ,-a "<!59! (b9c &d-9(dA 4 &d?U-V P!$Q 4 .  F(dC!4   4 5       !7 "5KC Y(e9!  (/ f?(A<c g?(\9     B(EK9 

 5/# &A .         (/ G9$L9 7# #$h$A &'!,>-A  (/<(V &?(J(>C 7$X>A G8 R->iL/M      GjC! U-'(9c k47 <! X    <! "#(l\J! (8 

J# "()\ (X-Ray  Philips X-Pert)5?#,a "#(l\J!.  
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        (a) 

    (b) 

        (c)  

  !"3-567# ,8!,8 7# #,J &ELQ Y(dO\J! +!,--.%  P2O5 (/(A# 7# :2; <! =; 75>?(8 @$9 4   

)a( C û500 M) b( ûC12004 ) c( ûC 1450 

 1dC GjC! k!,; <! 16(H  $)'! XG9$L9    4(H5 % P2O5  16(H75>?(8 <!T.P.P  4 10 %   GK\2; R'$S(T

 (A# 7# "5C°C 1450  5/# &A B(E9!7 .     <(KV 4 (Kb\-)?,a! :K-j^$A 4 7(\Q(KJU?7 &J7,8 7$X>A G8 R->iL/

 m`J M 59$-; Z?  4(H G9$L95 %P2O5  16(H<! 75>?(8T.P.P  4 10 %      (KA# 7# "5KC GK\2; R'$S(KT°C 

1450&E847 &94,\d'! n$dJ4,d-A <! "#(l\J! (8  )SEM+EDS Cambridge 360 ( :KV,a 7!,^ &J7,8 #7$A .

U-'(9c R->iL/EDS  5KC Y(e9! 7(\Q(JU?7 m`J <! &6(Q &H!$9 <!  .  1dKC8     <(KV 4 (Kb\-)?,a! 7(\Q(KJ UK?7 

  (/ &?(L>a7U8 7# !7  59$-; 1dC 4 [3\2A9 (/U-'(9c EDS 5/# &A B(E9 !7 Go$8,A &H!$9 <!    . 

 

 

  !"4- (8 #,J &ELQ Y(dO\J! +!,--.% 

  4(H  (/ G9$L97# R'$S(T 567# f?!UV!%5 

P2O5  16(H <! T.P.P   (/(A# 7# :2; <! =;

[3\2A  
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  !"5-  4(H  (/ G9$L9 7# R'$S(T 567# f?!UV! (8  ,/(0 1232% 4  ! "#$% &'()* +!,--.% %5 P2O5  16(H<!T.P.P 

 7# :2; <! =;ûC1450  

3- . #$%& '(%)* + ,-.  

3-1- /0123 45261. 5748 + 9:* ;%%<=  

 1dC  (/7!#$L9(b) 4 (a)2"5C G\Q(J  (/ G9$L9  ,/(0 1232% 4  ! "#$% &'()* +!,--.%   f?!UKV! (8 !7 

 567#P2O5  (A# 7# ºC14505/# &A B(E9  .&A GXHpA (/ G9$L9 I3q! 7#  ! "#$% &'()* B!U-A GT #$C 

 "#45OA 7#  gr/cm
33,5-3:J!   .75>?(8  4(H G9$L9 7# Gd9c RLrA.P.N    "5/(EKA &>-?(K; G\-sK9!# ,?#(tA 

##,a &A . 1dC G8 Gh$% (8(b)2  (K/ GK9$L9  ,/(0 1232% B!U-A    "#45KOA 7#%26-18  5KC(8 &KA  .   (K8 (KA!

  B#4UV!5 %  &9<4P2O5   16(H 75>?(8 <!T.P.P    (% 1232% 7!5tA  %13    UK-9      GK\V(? f/(KT  :KJ!  .   (K/7!#$L9

  1dC3                 (/567# (8 [3\2A  (/75>?(8  4(H  (/ G9$L9 #,J &ELQ Y(dO\J!  ,-a "<!59! <! 16(H g?(\9 

+4(l\A P2O5  B(E9 5>\s/ R'$S(T 5^(V GT !75/# &A . 567# f?!UV! (8 #$C &A GXHpA GT 7$`9(L/P2O5 

   M :2;  (A# 4          :KJ! GK\V(? f?!UKV! U-9 #,J &ELQ Y(dO\J! .     75K>?(8 GKd9c RLKrT.P.P      #7!$KA IK3q! 7# 

:J! "#!# :J# G8 !7 Y(dO\J! R?,\E-8 .  (A# 7#ºC 500 u(8  (bA(dO\J! MPa 5  B#4UKV! (K8    3-5%  

P2O5   16(H 75>?(8 <!T.P.PH  :J! "5C 16( .             GKT &%(lsKV  (/5K9(8 (KA# R?! 7# GT 5J7 &A ,X9 G8  ,\EK-8 

1A(C                   M5>\sK/ R-'(\sK?,T (K? 4 v7$KAc Y$-9$T,?< Bw475-/ +(lsV (?4 Y$->-A$'c Bw475-/ +(lsV  (/<(V 

  5>C(8 G\C!# #$h4 .      R-?(K;  (/(A# 7# G9$L9 B5C ZEQ <! =; ,\E-8 (/<(V R?! :J! "5C k7!Ua GT (e9c <!

)  G8   F(xA B!$>y°C 110(               <!  7!5KtA (KA# f?!UKV! 1-'# G8 #7!# F(L\H! M59$C &A 1-dE% (Kb9c      (K? 4 GK?Ue% 

                z-KOA  (A# <! ,\LT (A# R?! 7# (/ G9$L9 Y(dO\J! R?!,8(>8 4 "5C G%!75-/# KA&  5KC(8]8[ .    g?(K\9 R-K>iL/

            75K>?(8 B#4UKV! <! 1K6(H  (bA(dO\J! GT :J! Bc <! &T(HA.P.N        &KA R-?(K; 7(-sK8  5>KC(8 .   1dKC(b)3  

            (A# 7# :2; <! =; !7 (/ G9$L9 &ELQ Y(dO\J!ºC 1200   B(E9    5/# &A .       ,K\>?< "5?5; @$^4 (A# R?! 7#

         :J! "5C Y(dO\J! f?!UV! {y(8 &%(lsV  (/<(V 7$|H 4 G-'4! .         (K/ 75K>?(8 UK-9 (A# R?! 7#T.P.P4P.A  7# 

  ,?#(tA3-5 %  &9<4P2O5      <! f-8 &A(dO\J!  MPa 13   !7 ?!  59! "#,T #(e .       G\2;  (/ G9$L9 #7$A 7# 5947 R?!

 7# "5CºC 1450   4(KH  (/ G9$L9 7# 4 G\V(? +5C 5 % &K9<4  P2O5   1K6(H 75K>?(8 <!T.P.P  &A(dO\KJ! 

   <! f-8MPa38   :J! "5C 16(H  .                  4 &Kd?U-V P!$KQ  (Kb?,-a "<!5K9! <! 1K6(H g?(\9 G8 Gh$% (8 R?! ,8(>8

       ! GT 5J7 &A ,X9 G8 R->* &d-9(dA  <! "#(l\KJ %3-5     &K9<4  P2O5    1K6(H   (/75K>?(8 <!T.P.P   (K?4P.A  7# 

      5C(8 IJ(>A &>T,?< &%(lsV 59(8  ,-Lj%  (bA,h :Q(J .      ,?#(KtA B#4UKV! GKT :KJ! "5KC k7!Ua 5>* ,/

                   5KC(8 G\KC!# F$NKOA Y,Ka &d-9(dA P!$Q ,8 &l>A +!,-W(% 59!$% &A &%(lsV  (/75>?(8 5H <! f-8]14[ .

   Gh$% 5?(8 Gd9c RLr                :J! RdLA (/ G9$L9 7# Z?,lsV 5-J! ,-X9 &?(/75>?(8 5H <! f-8 ,?#(tA 7$|H #$L9 

                          <(Ka  (Kb8(]H 1-dEK% "5K?5; M5K-'$% 5K>?!,V (K? 4 G-'4! #!$A <! 16(H  U3V  (/ &N'(Q(9 #$h4 G8 Gh$% (8

5?(L9 5?5E% !7 Gj`^ I?,2% 4 Bw475-/]17[ . 
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 !" 6- &?(% GJ  <(V Y!,a(?# 

Al2O3-SiO3-ZrO2   ]13[  

3-2- ;>:?1@ A8+BCD '2%E. 5748 ;%%<=  

                     7# 4 7#$K; +7$6 G8 "#(A R?! MF$NOA P!$Q ,8 R'$S(T B#4UV! ,W! &?(J(>C 7$X>A G8 _-tO% R?! GA!#! 7#

   (/567# 5  M7   4 10 G8              (8 (b9c &d-9(dA 4 &d?U-V P!$Q 4 GV(r! (/ G9$L9 ?,)?5d  5?#,a Gs?(tA  .  RLKr

         7!5tA f28 R?! 7# 5C 74c#(? 5?(8 Gd9c5 %P2O5   16(H 75>?(8 <!T.P.P            ,KX9 7# :K8(W (K/ GK9$L9 &A(KL% 7#

 5C G\V,a .  1dC4                 1dC 4 [3\2A :2;  (/(A# 7# R'$S(T 567# f?!UV! (8 !7 (/ G9$L9 Y(dO\J! +!,--.% 5 

        7# f?!UV! (8 !7 (/ G9$L9 &d?U-V P!$Q +!,--.%         (A# 7# :2; <! =; R'$S(T 56ºC 1450    5K/# &A B(E9  .

                7# "5C G\2;  (/ G9$L9 7# R'$S(T 567# f?!UV! (8 ##,a &A GXHpA GT 7$`9(L/ºC 500   &e?75% f/(T 

   :J! "5C "5/(EA Y(dO\J! .               7# "5KC GK\2;  (K/ GK9$L9 7# 5947 R?! Gd-'(H 7#12004ºC 1450    GK8 ,Ke>A

     "5C &d-9(dA Y(dO\J! f?!UV!:J! .        1dC &SUh GJ Y!,a(?# G8 Gh$% (86      GT ##,a &A GXHpA   R?!I-T,% 

<!    RT,?< 4 U\-3%< R'$S(T M      &SUh GJ Y!,a(?# 7# SiO2-Al2O3-ZrO2   ̀ Q  47 7#       (K8 }(t9 R-8 &     IK-T,%67 %

ZrO2      4  33 %SiO2    G`t9 4 (8   I-T,% /60  %ZrO2    M  6/35 %SiO2   4 Al2O32/4 % 5>C(8 &A .    +(K]-T,% RK?!

7#    &x3xA Y!,a(?# ZrO2-SiO2-3Al2O3.2SiO2       59,-a &A 7!,^ R'$S(T  u(8 :]s9 (8 4   .   B5KC GV(Kr! (8P2O5 

                     +(lsKV (K? 4 Y$K->-A$'c +(d-3-KJ +(lsV M Y$->-A$'c +(lsV  (/<(V M~$V  (/<(V ,8 "4py �\s-J R?! G8

-9$T,?<Y$   4  ...   :C!# 5>/!$Q #$h4 U-9 .       !$% &KA �(E>A 4# <! :?u$A <(V     ##,Ka 1K6(H 5K9  GKT      GK?Ue% &Kd? 

            :?u$A 4 &%(d-3-J 1>-�J! :?(b9 7# 4 R'$S(T(\A G8 Bc 1?5]% 4 :->'$S(T :J!       7# RT,K?< GK?Ue%  ,)?# 4 

 u(8  (A# <! ,%  C 1550         (8 Bc <! 16(H =-3-J f>T!4 4 Al2O3           5KC(8 &KA GEK-C <(KV 7# #$Kh$A  .  ,?#(KtA

  8  !,8 Y(dO\J!         4(KH �?5J +(lsV &3;  ,%  (/59(P2O5  5 %   410-7 %          7# :K2; <! =K; R'$S(KT C 

1450   ,8!,8 MPa 58/33-83/27  5C(8 &A  .       (A# R?! 7# GT 5J7 &A ,X9 G8  5K>?!,V         4 "#!#  47 ,\EK-8 ,K\>?< 

#7!# #$h4 &V(T 7!5tA G8 :?u$A <(V 1-dE% F(L\H! .  

  

  

  !"7- GjC! k!,;  $)'! 

X)XRD( G9$L9 <! 16(H

  4(H%5 P2O5  16(H

<!T.P.P  7# :2; <! =; 

ûC1450 
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 )a(                                 )b( 

  !"8- ,?$N%SEM <!  7(\Q(JU?7,a!  (/ &?(L>a7U8 7# RT,?<  (b\-)?)a( 250 4 )b (2000,8!,8   

3-3- #41)F10B64 + #G1C #1H I04$. 

  1dC7  <(V U-'(9c    4(H G9$L9   5 %75>?(8T.P.P  410 %     (KA# 7# "5C G\2; R'$S(T  ºC 1450     KA B(EK9 !7 & 

5/# .        (bd-; ##,a &A GXHpA ,?$N% R?! 7# GT 7$`9(L/      ,?< +(d-3-J <(V G8 }$8,A      "5/(EKA 1K8(^ Y$-9$T

:J! .                   �5K9! 7!5tA 1-'# G8 GT #7!# #$h4 (/ G958 7# U-9 :?u$A <(V  7!5tA 1-dE% B(dA! G\]'!)> 4 ( %  7#

 GjC! k!,;  $)'!X  :sK-9 "5/(EA 18(^ B!5>*  7(\Q(J U?7 ,?4(N% (? 4  . 1dKC 7# (a)4(b) 8   7(\Q(KJU?7

    4(H G9$L910 %  4 U\-3%< R'$S(T  5 %P2O5 6(H  <! 1   75>?(8     +(lsV &3;  ,%  �?5J    7# :K2; <! =;  (KA#    

 C 1450   :J! "5C "#74c  .     ! G`t9 U-'(9c(b\-)?,a!      G>-A< <(V 4 �97 5-lJ   7!#$L9 _8(`A  (K/     1dKC (a) 

4(b) 9      ,6(>y #$h4 "5>/# B(E9Zr  JSi 4 Al     4 59(8 7#Si 4 Zr     5C(8 &A #$h$A +!7� 7#  .#   &%(lsV  (/59(8 7

   Gj'(`A #7$A7#       5-87(T B$d-3-J  (/ G958 "5/(EA     u(8  (A# 7# GT :J! "5C ) C 1450 (  7# &%(lsKV 59(8

   +(j`^ m`J      "5C GE-C <(V G8 1?5]%    ztV 4    &^(8 _Ly 7#  59(A &A .          (K8  5K-87(T B$d-3-KJ  (K/ G958 7#

 B#4UV!Al(OH) 3(8 R?! :J! "5C :-]x% 59 .R?! ,8 (>8 GT 5J7 &A ,X9 G8  (/<(V   u(K8  (KA# 7# &%(lsV   GK8

Y(dO\J! ,\E-8 f?!UV! Ge-\9 7# 4 ,\>?< #$]b8 {y(8 4 "5C 1?5]% GE-C <(V ##,a &A +(j`^]19[.  

 

     
)a(                                 )b( 

  !"9-  U-'(9cEDS <! )a ( 4 RT,?< +!7�)b ( 1dC 7(\Q(JU?7 7# #$h$A 59(8 G-H(9)b (8  
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4- '(%)* #$%&  

      J7,8 G8 Gh$% (8 _-tO% R?! 7#&   (/ G9$L9 P!$Q      (b9$-Ju$A,V (8 "5C G\Q(J        GKT 5?#,a 7(dCc +4(l\A 

        (bA,h :Q(J  !,8 R'$S(T IJ(>A B!U-A    ,K-Lj% &K>T,?<   #45KH 7# 10-7%     UK-9 4       5K9(8 IKJ(>A B!UK-A

&%(lsV    4(H 5-3 % P2O5  5C(8 &A  .  R->iL/          <! [3\2A  (/(A# 7# �?5J +(lsV &3;  ,% 59(8 C500  (% 

 C1450   :]s9    (>-A$'c M�?5J +(lsV(\A!U)/  (/59(8 G8     sV 5-J! 4 �?5J +(lsV    <! &J$sOA  ,%,8 Z?,l

   #,J &ELQ Y(dO\J! ,X9     d?U-V P!$Q ,?(J U-9 4 & #7!# .        GKT 5K?#,a GXHpA R->iL/     &EKLQ Y(dO\KJ!

           �?5KJ +(lsKV &K3;  ,% 59(8 <! 16(H (K8   #4745  %P2O5   410 %       (KA# 7# R'$S(KT C 1450    ,K8!,8 MPa 

58/33 A :J# G8&5?c .  
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  !"#$%&'( )&*+ , -+!( ./*$(0*%'1PTCR 

 !"#$%&'  !"#$ 

 !" #$%&'()*+,- ./'0 123 4 56&7 8*9: .0;9<  =7()>< ?(2@:;0.=0;9< A!" 4   

BC)D ?&E@:;0.F*,3   

Nemati@sharif.edu  

%&'():     =GHIJK 8*; L0MB)7        .:04M-; &N ?;, ' A*L&N O&:&BHK /&>2H<;,7 A*,7  5-,P Q&R:;     L0 STU 

 V+.BH-,W S7 V9* ,X; A*,7 )trivalent ( ,N 5HD&6 /4LPTCR    O&T:&BHK   (T3 .T7L,N A*L&TN  .

       .!U Y9<,- &N .*&' S:9 : ;(BN;BaTiO3         A*,T7 F!BZ< /&' (DL0 &N 4 )     A*,T7 L4,T!U+ L;(TN (  STN

      [)*,B)*\ \; ]^ 4 SH>K _,% OL9D,      (3 .7L,N &' S:9 : .2*,B2`; _;96  .    L0 &' S:9 :  ?04(TJ<

&<0*  .ºC 1350-1000             *,B2`; _;9T6 =/L;aTP 04,B2`; 4 bH`9^ \; ]^ 4 [)*,B)*\       L0 &T>:+ .T2

   F!BZ< /&' c&B`4N&*\L;. SHd&: L&B-L 4 NTCR 4 PTCR   40 8HTN &T' S:9 : L&U096 [)HeHf97 4 

(3 SB3;aP .7L,N 4 gJN SN SHd&:.  

          L;(I< b*;M-; &N SU (*0,P hZ@< 1D&d i*&B: \;:04M-;.            ;(TBN; jHTJ< /&T<0 L0 ?kT*4 5T<4&I< 

 L0 4 (N&* .< b*;M-; ]l7 4 b'&USHd&:  % mol3/0 .m`&6&:A*,7  (T7L .< A H)H< n* SN   .

      V&*,o .)J)< /,HP ?\;(:; i*&B:–             pH*97 V&<\ S:9 : SN .`& "; c&B`4 b*;M-; &N SU 0;0 V&@: V&<\ 

S:9 :    5`&d \; NTCR   SN PTCR    (N&* .< b'&U  .  1H2@K       /,HP9!o &N O&:&BHK .!^ \&- Ad;M< \&-

        ̀;  _;96 b'&U #o9< [)*,B)*\ ()*+,- Q&R:; \;  093 .< .2*,B2.    i*&B: SN So9K &N    H3 gJN 4 . 

q9H"   SRHB: ,HP/   (3                 5T7; SBrT@: A*L&TN /&o SN A*,7 ,m)" =S:;0 \,< L0 st& Bd; SU)  1H2@TK

A*L&N .`&6 /&o(57; ?(3 ,HI- A*L&N \; SI$)< 8*; 4 . 

%*+,&'-. /0:                ,TX; = A*L&TN O&T:&BHK = .T2*,B2`; /&T' nH< ;,7 PTCR   =    (HrTU;   ;9T6 =A*,T7 _

.2*,B2`;.  

1-  12 34,156/#7/85 92/:5   

&>2H<;,7 L0 uL&m< F!BZ< v*&)D  ?( " /;  (:L;0 SU  \; .CH74 S"9 R< ?(:,HP,N L0   4 .`9T C<  /&>2H<;,7

&K .7()>< /&>2H<;,7 /,HPL&2N  /&>2H<;,7  .rHw&)x<  4 ,E*0 /&'L9r)7  .2H<;,T7  4  8HT)e '   u,mT<  

O&C$%  .2H<;,7  L0 &'L9K9< (3&yH<.L0  S7 S'0  ,H6; 5-,@H^ /&'  /,HE @z  L0 S)H<\  /,HPL&2N   &>2H<;,T7 

L0 .<&{: v*&)D4 .<&{: ,H|  1D&d  ?(3  57; .(3&N .< () 39' 0;9< =8*9: 0;9< S! o \; . 4 0,NL&U =_;96

       N \4L 57; ?(3 g"&N () 39' 0;9< /&>HPk*4  S        . !" O&IHIJK 4 ?(3 ?04M-; &>:+ 5H '; ,N \4L    /0,NL&TU 4 

 _9m6 L0 .:;4;,-+0,*a^ OL9D &>: .   

 SU (:L;0 .K4&}B< /&>*()N ?4,P 4 /()N AHrIK &>2H<;,757; ?(3 Sf;L; vN&)< L0 .L0 8*;  5 r%   STN    .T7L,N

 4 _;96 .2* 0,NL&U /&>2H<;,7 \;  ?L&3; .2*,B2`;  (';96 (3./&>2H<;,7 ,N  S*&^ BaTiO3  4 8*,TB-4,C< \; 

8*,K0,N&U,^O&C$% S)H<\ L0 0;9<    PTCR - NTCR
1.<  ()3&N .?04(J< L0 0;9< 8*;    STN 4 &T<0 \; .)HC< /&'

      .< t&N ?k*4 5<4&I< /;L;0 .:&>P&: L9w  (:93 .      &' .m`&6&: ,HX&K 5JK s;(*(3 ,X; 8*; , T:04M-;.  &T'   - 4   (T)*+,

(3&N .< (H`9K./&>2H<;,7   O&:&BHK  \; . *L&N #HU,K 40 (HrU; TiO24BaO1H2@K    .T<  09T3 .    A*L&TN O&T:&BHK

 /;L;0 40 SU (3&N .< /0(CB< .`&Br*,U /&'L&B6&7 L&B6&7  A>< .yC2< V+  4 :9P;,BK TTTY&   5T7;. L0   /t&TN

C ° 125 123  .yC2<  &N  VL&IK /MU,< 57;  4 L0 ,*\ 8*;  &<0 Y&:9P;,BK   VL&IK V4(N 4 /MU,<   5T7;   STU    STN

1H`0 8H ' /;L;0   V9H7;M*L~^ . f;0 .< 3&N(] 3-1[.  

                                                           
1 Positive & Negative Temperature Coefficient of Resistance( PTCR & NTCR) 
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1-1-  ;'</= >1(-"? %@A$PTCR BC4/2 D/$/!'6 4>   

8*; (3 ?L&3; SU L9$:& '  0;9< L0 ,X; L9y" =.2*,B2`; V&*,o  .B<4&I<  \; 096  V&@T:   (T)'(H<  STU   L;(TI<  8T*;  

5<4&I<  &N &<0 ,HxB< 57;.  \; 8*;  5HD&6  ?0&<  .<  V;9K /;,N    &T* 4 &<0 L&U096 Y,B)U 4 [)HeHf97 /&'0,NL&U

5<4&I<  ?0&}B7;  0,U.  \;+ SU &R: L0 ABrH7 40 ?04(J<  PTC 4 NTC \; ,{: #H3 )J)<. &<0 T 5<4&I<  )123 ( 

.})<  4 5y�<  Se:&)z 57;  ABrH7  ;L /L9w  .d;,w  AH)U  SU  Y&IB:;  0L9< \&H: L0 ()*+,- [)HeHf97  &N Y&IB:;  L0 

 /L9U /&<0)Tc (L0 L&)U A'  (:,HPL;,% .< V;9K  uL&m<  ?( " /;  ;L \; 8*;  ()*+,- . !"  L0  v*&)TD   09To9N 0L4+ 

]5-1[.     0;9< \; ?0&}B7;PTCR      Y&7  S'0 L0 1950             /&T'0,NL&U &TN 4 (T3 �4,3 &<0 SN �&rd /&'0,NL&U &N  

        5-&* S<;0; (:L;0 .*t&N /c,:; u~K; SU nH<&)*0 .@*&<,P.     A*L&TN O&:&BHK )BaTiO3 (       /;L;0 t&TN /&T<0 L0

       V9* SU 57; 5*&274,^ .`&Br*,U /L&B6&7Ti
4+          VkHrU; .>o4 5@' V4L0 ;L /MU,< .)H@: 8HN 5HC%9< 

  ()U .< Y&x3;=    /&>:9* S2HKL9DL0 Ba
2+     (:,HEH< L;,% &' S39P L0  .?\;(:;    V9* ,B2z9U Ti

4+     STN 5yr:  &To/ 

 V9* /;,N .>o4 5@' MU,< L0 1%;(d /c,:; &N .*&>BHC%9< 0&R*; g"&N .>o4 5@' .`&6Ti
4+

  SU 09@H< 

  0 V& < SRHB:L0/                (T'(H< b*;MT-; ;L Y&T:9P;,BK 5`&dL0 /09ZN 096 V9H7;M*L~^ 4 L;(*&^ 4 �LMN 1^   .  STN

       n*,B2`; /0 5N&X  =1H`0 8H 'BaTiO3   t&N                 /&T' ST:;0 ?\;(T:; 4 #THU,K STN SBrTN 4 ?09N ,TB)*\  L0 =?(T3 

 ?04(J<4000-15000L;0 L;,%  .A' ,X; 8*;  .< (H`9K ()*+,- 4 &' .m`&6&: ,HX&K 5JK s;(*(3(3&N ] 7-4.[   

  
E(F 1  )J)< nHK& 3 �,w. &<0 T 5<4&I<  /;,N  0;9< PTC  

L0 .)J)<   &<0 –I< 5<4&) 1231( = 8*()z  SI$)< 4 S$I:  A>< 0L;0 09o4\;()KL&y" SU  :  

 1T S$I:  .*&>:  SU  �9N,< SN  Y0&CK  OL;,d  0&R*; ?(3  L0 SC$%  OL;,d &N  Y&IB:;  SB-&*  \; SC$%  SN  jHJ< u;,w;  

096 57;  .y*,IK S$I: 8*; SU 57; ?0;0 V&@: &>H7L,Ns&< ABrH7 /L9U /&<0 .2*0M: (3&N . .  

2T ?04(J<  [log(Rmax/Rmin)] PTC SU  Sz,'  u~B6;  ,�U;(d 1%;(d42*,B2`; 5<4&I< .  (T3&N ,B@HN  5TH!N&%  

/L&U  4 #*,�  V&)H w;   ,B@HN .< 093. 

3T 5H7&rd  c&B`4 log[Rmin/RRT] @: SU&57; .})< 5<4&I< &N SHd&: L0 ABrH7 L&B-L ,E: .  

4T /&<0  /L9U  SU y*,IKs& :?()'0 V&@  /&<0  [)HeHf97  57; .  

5T .)J)< #H3  &<0 T 5<4&I<  L0 /t&N  /&<0  /L9U SU = &N 1<&"40  c&B`4 4 .`& "; 0;9< .:04M-;  1N&%   Y,TB)U  

57; .  

             STU 5T7; #HK,K 8*; SN 5<4&I< .:&>P&: b*;M-; .2*MH- QMH:&2<       /&T<0 \; b*&<,T7 Q&TE)' L0  [T)*,B)*\
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     SU A*L&N .`&6 /&'&o  ?(:,*a^ V;9)" SN 
  .< 1 "           .< �9}: S:;0 5 7 SN S:;0 \,< \; ())U        L&TN 8H!<&Td 4 ())U

       ?(3 (H`9K t&N /&'&<0 L0 SU ;L .2*,B2`;    .< .�)6 (:;      .< Q;0 SN 4 ())U  (:\;(:; .      G*&T" SHd&: n* #HK,K 8*(N

               \,< u;,w; L0 �\&: S*t OL9D SN SU ()'0 .< 1H2@K S:;0 u;,w; L0S:;0    4 ?(3 0&R*;        STH!ZK ST*t nT* 

.2*,B2`;!
  .< 0&R*;   00,P]10-5[ .          ?0L4+ 09o4 SN ;L G*&" SHd&: SU V4,B2`; ?(:,*a^ /&>:&2< 09o4  =  S-&�; SN

            .<  .2*,B2`; S:&P40 S*t n* 0&R*; g"&N =\,< n*0M: ?MH:9* ?()@ZN /&>:&2<  00,P .    /&T>:4,B2`; 8*;,N&T)N

 (' (:&N                       �&T}KL; STN �LMTN 1HrT:&B^ /c,T:; (T7 n* &N S:;0 \,< 5 7 SN S:;0 16;0 \; 5U,d Q&E)' 5*;  

 .< 0L96,N            0L;0 .*t&N /c,:; SN �&HBd; SHd&: 8*; \; 8B3aP SU ()U ]11-6[.       8T*; ,TN STy!| /;,N Q\t /c,:;

   ̂ /&<0 L0 (7       09@H< 8H<&K V9H7;M*L~^ /c,:; S!H79N 8Hf&)  /L9U /&<0 ,*\( 4        (N&* .< S<;0; .)HC< /&<0 &K 

]12-6.[ b*;M-;  g"&N &<0  b'&U  V9H7;M*L~^  ?(3 L0 4 SRHB:  ,X; V9H7;M*L~^  i*L(BN AU .< 093. SN L4,< &N 

b*;M-;  &<0 SN  /&<0  Y&IB:;  &* V& '  /&<0  /L9U  .<  AHT7L.   STz,'   STN   /&T<0   /L9TU   nT*0M:  ,TK  A*9T3   ,TX; 

SB7&U V9H7;M*L~^ .< &N 4 093 L9y" \; Tc ABrH7  SN  L&B6&7 .yC2<  1*(yK  (';96 (3  STU   VL&TIB<   5T7; .  &TN 

So9K  SN  S2)*;  \,< S:;0   V&)e ' SN  V;9)"  n*  G*&" /0&' S H: &* 4  1 "  .< &<; =()U V9z  V9H7;M*L~^  A*L;(:  

(7 1Hr:&B^  09o9< L0 \,< S:;0  Y,B)U  ?())U  ?(3 4 5<4&I<  ABrH7 b*;M-;  .< (N&* ]12-5 [ .   =,TE*0 OL&Ty" SN

 SU /L9U /&<0 /t&N L0('0 .< V&@: ;L 096 /; S:;0 \,< 5<4&I< ()2H< 1H< ,}D 5 7 SN V9H7;M*L~^.  

8*; SN /L&B6&7 ?&E:  ?(*(^   \; QMH:&2<  O;,HHxK  <4&I<5  T ,P; SU 0,HEH< OL9D #HK,K 8*(N &<0  (T)z ?L�  ;L 

L0 ,{: A*,HEN 8HN&<   O;L�  j79K \,< S:;0 .f&'  ?(H39^  ?(3  57; . '&(3 SB}P SU L9$: L0 ,N;,N 5*;('  O;L�  

L0 \,< S:;0  n*  v:&<  .PLMN  /;,N  5*;('  09o9N .< (*+ SU  SN  ,w&6 L&B6&7 O4&}B<  \,<L0 S:;0   4?(*(^  b*;(o  

/\&- = MU, K \,< L0 &>Hm`&6&: S:;0 57&'.  L0 ;a` \,< &' S:;0  (7 .!Hr:&B^ 4 09@H< 1H2@K ,' �4\ S:;0  j*;,3 

S H:  /0&'  T G*&"  T S H:  /0&'  /0&'  &* 4   T /0&'  T S H:  /0&'    0,THEH< 09T6 STN .    &TN /&T' ?(T))U 5T*9IK 

S:&P()z 5H-,W +)5 4 +3 (():&< La ,Sb ,Nb  4Y /&>:&2< L0 .)*ME*&o &N Ti 4Ba     5HTD&6 ?(T))U Y,TB)U

   /0&' S H:    #o9< 4 ?09N 5<4&I< ,HHxK   (:93 .< ABrH7  .           Mf&Td L&HrTN L&B6&T7 /\&7 Vc9 ' 1H`0 8H ' SN

  (3&N .< 5H '; .         L9BrH<,K 56&7 4 /\&7 8E ' /;,N �4L 8*,B>NPTC   Yc 17 /&>34L "
   .N9T7L A' =#

 

   .@3&^ V0,U n@6 4$
  (3&N .<  . /,HPL&2N SRHB:    &>34L 8*;N&HB70. SN        =5T6;9)2* 4 8E ' L&HrN L&B6&7 

 #7&)< v*\9K:04M-;. (3&yH< \&}2K ABrH7 4 ?())U 5*9IK ]12-8.[ 

1-2-  $>,GH+ >+@5 IJ$:  

    !" 0(CB< vN&)< L0.   C* S!�r< 8*; ).     .:04M-; 0;9< bI:   7L,N 4 SC`&$<.        &R)*; L0 &>:+ SD~6 SU 57; ?(3 

 57; ?(3 Sf;L;]18-5.[  

- 5H-,W A' /&>H:04M-; )Isovalent dopants :(  

 1�< /,D&)" .)*ME*&o)Sr. Ca. Pb ( 00,P .< L&B6&7 1*(yK /&'&<0 L0 .K;,HHxK g"&N) 1232 .(  STe:&)z

    00,P .< S�d~<Ca       /L9U /&<0 ,N .:;()z ,HX&K )ºC125 (          L&B6&T7 M*L 4 S:;0 ?\;(:; 09y>N g"&N .`4 0L;(:

00,P .< . .-,w \;Pb4 b*;M-; ;L /L9U /&<0 `. Sr()'0 .< b'&U ;L V+  .  

- S:&P()z 5H-,W &N /&>H:04M-; )Altervalent dopants(   

       1�< .f&'())U 5*9IK V0,U S-&�; &NLa
3+ 

    �9: /0&' S H:n   093 .< 1D&d  .    S2)*; /;,N 8*;,N&)N 0&TCKY   L&TN 

                                                           
2

Acceptor 
3

Depletion layer 
4

Sol-gel 
5

Copricipitation 
6

Spray Drier 
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               n* .BH-,W S7 V9* ,' /;\; SN .*&H H3 �&J` \; 0L9Z: A' SN .2*,B2`;Ti
3+ 

      V9T* n* 8*ME*&o Ti
4+  

  L0

 .!U Y9<,- SU 00,P .< 5*&274,^ S2y3 ABrH7(*+ .< L0 OL9D 8*; SN:  
(B

2+
1- X  M

3+
X ) (Ti

4+
1- X  Ti

3+
X  ) O3 

 SUX  .:04M-; .)*ME*&o L;(I< = M
3+  S7 

 .BH-,W(3&N .< .  .BH-,W p)^ /&' ?())U 5*9IK \; V;9K .< SBy`;

   &N SUTi
4+  

   A' (:93  8*ME*&o 
 0,U ?0&}B7; .               5<4&I<  1%;(d SU 57;  ?0;0  V&@:  ?(<+ 1 " SN /&' .7L,N

 ?04(J< L0)3/0-2/0 (00,P .< ?('&@< jHJ< /&<0 L0 ?(3 8*ME*&o ,D&)" .`9< 5{!| (DL0.  

-S*t /&' ?())U �~D; .2K&3 (7 :  

7L,N.      6,N SU 57; ?0;0 V&@: &' .   \;     .`&TIB:; /M!- /&' V9*    s&D9mT6 =+ &T>:*.   ;L;0 STU /     5TH-,W ,THHxK 

()Br' ():&< Cr, Fe, Mn ,X; b*;M-; g"&N PTC(:0,P .<  .     ST:;0 \,T< L0 ST*9:&X /&T' \&- 4 &' S:;0 .7L,N

4 &' ?(:93 S-&�; \; /; ?( " bZN SU ('0 .< V&@:Ti  4 .-&�; Si    ;(TH^  vT RK /; ST:;0 \,< /&'\&- L0 

 ())U .< .        SN n U ,N ?4~" S*9:&X /&'\&- 8*;[)*,B)*\             STU 5T7; 8*; S! o \; SU (:L;0 A' /,E*0 O;,X; =

               ())2H< MU, B< /; S:;0 \,< /&'\&- L0 4 ?09 : /L4+ v o ;L ,E*0 ,�< /&' .m`&6&: .       \&T- Y&T�< V;9T)" SN

    /4&d .K&2H!H7 q;a<Ba-Ti 3&N(                /;,TN ,�< 0;9< ,E*0 4 .U&6 /&' .f&H!% 4 &' .f&H!% /;,N .N96 V&NMH< 

PTC(3&N .< .  

 

E(F 2- :04M-; 0;9< ,X;.&<0 L0 /L9U /ABrH7   

2- K,4 , L+&0+  M'JA6 

     56&7 4 V9H7t9<,- =GHIJK 8*; L0  �9: n*  nH<;,7        O&:&BHK nH<;,7 V& ' SU =() 39'   .:04M-; &N A*L&N

    5-,P Q&R:; 57; _&6 /&'. 0;9<   -,m< SH`4;.    /&'L09^ 1<&3BaCO3 4 TiO2         &TN V&T `+ �,T< 5U,3 \; 

    t&N .'&E@*&<\+ _9!6)9/99%> ( 4OH7.CeCl 23    5U,3 Y9mJ< Fluka    09N t&N _9!6 &N  .   STH`4; 0;9<

L /;,N �9-/,B<9HU9B7; SN V(H701/1=  TiO2/BaCO3)  .`9< (DL0 n* 04(dTiO2   nT U 5T>o .-&�; 

   /,*a^ ,B)*\ 09y>N SN (  (:(3 #HU,K A'&N.      ABrH7 .B6;9)2* b*;M-; /;,N    \&7 Vc9 ' �4L \;/     4 ,TK 5`&d 

            (3 ?0&}B7; #7&)< V0,U n@6 4 V0M ' ]l7 4 12`; j79K q&|40 SH>K .  1H`0 8H ' SN=     �~BT6; 1T "

               (N&* 09y>N ABrH7 .)E ' &K 5-,P OL9D ,K 4 n@6 OL9D SN 4 S!d,< 8*()z L0.      &T' L09^ �~B6; �4L 

      /&TT'L09^ ;(TTBN; STTU 09TTN #TTHK,K 8TT*; STTNBaCO3 4 TiO2 >N TTTTTT< ?;,TTTTTTTI .TT:04M-; \; Q\t L;(

)OH7.CeCl 23(  =)1/0  =2/0 = 3/0 =4/0   4 5/0  .`9< (DL0 (    .`9< (DL0 n* 4 TiO2 .-&�;      1T2`; &N ?;, '

  .BC)D) nH!HB< 12`; (      V9Hr:&l797 n* &K (3 ?0M ')q&|40 (  (*+ 570 SN .     /&T<0 L0 V9HrT:&l797 ]l7 
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!C 200-!C 150    O(< 4 4        (3 ?0;0 L;,% V4+ L0 5"&7    00,P n@6 s~<&U &K .    L09^ =V9H7&)Hr!U Q&R:; /;,N

          ]l7 4 (3 SBZ*L .*&)H<9`+ SK9N n* 16;0 L0SN O(< 3    /&< L0 4 5"&7 !C 1150     (T3 ?0;0 L;,T%  .   \; ]T^

      (3 0,6 .3\,` q&H7+ j79K =V(3 0,7 .    .-,m<  #rzPVA      L;(I< SN SU 09N 3/0 %     S-&T�; L09^ SN .:\4 

(3 .               O4&}B< /&' L&@- &N .*&' S:9 : �,^ L0 S)H>N L&@- V(<+ 570 SN /;,N)  Y0&C<10   &K 35    �$7 ,N 8K 

  &' S:9 : v$I< ( (*0,P �,^ .            (3 ?0&}B7; /0t9- #`&% n* \; 4 /L9J< nK �,^ ?0&}B7; 0L9< �,^ . S:9 :

0&CN; &N 4 _,% 123 SN &' ,$%Cm 8/25<&Z�4 mm 7(:(3 ?0&<+  .&' S:9 :&<0 L0  &T'/ !C 1100  &TK !C 

1350      V&<\ O(< 4 ,B)*\ 2   5"&7                 OL9TD STN .`&T Bd; /&T' b)TU;4 &K (:(3 /L;(>E: A *MU&< /&<0 L0

  0,HP Q&R:; 1<&U .         /&<0 L0 5"&7 n* MH: L()*&N 4 5N9wL �4,6 /;,N !C 550    5T3;0 09o4 F%9K  .  5",T7

    .y*,IK L9w SN V0,U Q,P !C/hr 200           5-,P OL9D ?L9U 16;0 L0 &' S:9 : V(3 0,7 4   .   /,HP ?\;(:; /;,N

        (T3 ?0&}B7; �(H 3L; �4L \; /,'&W 1Z!ZK4 SBHr:;0 .                4 bH`9T^ &T' ST:9 : �$T7 ST!d,< 8T*; \; ]T^

 (3 /L;aP04,B2`; .  9^ \;3        (3 ?0&}B7; L9{)< 8*; /;,N ~w b .         ST:9 : \; /L9y" V&*,o 4 5<4&I< O ;,HHxK

(3 /,HP ?\;(:; O4&}B< /&' OL;,d SoL0 L0 4 F!BZ< /&'c&B`4 L0 &'.   

                    .T2*,B2`; L&TB-L 4  .7L,N F!BZ< /&'c&B`4 L0 &>:+ .2*,B2`; _;96 =/L;aP04,B2`; 4 &' S:9 : SH>K \; ]^

eHf97 4 &>:+ [)H 5`&d L0 &>:+PTC 4 NTC (3 SB3;aP .7L,N 4 gJN SN.&>*,HP ?\;(:; /;,N / .T2*,B2`; = 

       (:(3 /L;aP 5U&B)U ?,I: #rz j79K &' S:9 : .           5T<4&I< ?&EBT70 \; _9mTZ< 5<4&I< /,HP ?\;(:; /;,N

 V& `+ 56&7 i)7Megger (AVO Tech)(3 ?0&}B7;  .  \; ?&EBT70 8*; /,HP ?\;(:; S)<;001/0 TE<    &TK AT'; &

100                   09Ty: L4(I< ?&EB70 8*; j79K A'; &E< Q(D n* \; ,B U /&>B<4&I< /,HP ?\;(:; V9z4 09N A'; &EHP = 

    ,B HB`9< ?&EB70 n* \; 8*;,N&)N          \; ,B U /&>B<4&I< /,HP ?\;(:; /;,N MH: �9`&:+ 1        (T3 ?0&}BT7; AT'; &TE<  .

       &K jHJ< /&<0 \; &' S:9 : ?k*4 5<4&I< ̀;9d . 300  7 SoL0  0;,EHB:&    (T3 /,THP ?\;(:;.       /,THP ?\;(T:; /;,TN

 V&*,o .)J)<-                (T3 ?0&}BT7; (*& : 0&R*; O4&}B< /&'c&B`4 5r:;9K .< SU S*axK vy)< n* \; V&<\  .  V&T*,o

                     (T*0,P 5yX 4 ?(3 /,HP ?\;(:; SH:&X n* .:&<\ S!D&- &N i)7 ,l<+ .!H< n* j79K MH: S:9 : \; ?())U L9y" .

   ?(3 Y& "; c&B`4 1%;(d     &' S:9 : SN 25     ,�U;(d 4 5`4 300  09N 5`4  .         /&T'\&- �9T:4 .}HU MH`&:+ Q&R:;  /;,N

                      ]T2*; SCT3; �,T}K /9TE`; A*L&N O&:&BHK 1H2@K 4 A*L&N O&)N,U 4 V&BHK b)U;4 Q&R:; \; V&)H w; 4 09o9<

    (<+ 570 SN &' S:9 :. 7L,N.          :+ 4 .@N4L .:4,B2`; �9274,2H< S!H79N &' S:9 : L&B6&7 M*L   j79K /\&- MH`&

XRD 5-,P OL9D .  

3- NA2 , OC/!$  

3-1- P'7,+ >+@5 IJ$ , ;=/Q &:CR1H 4> 1S@5 3/01!5+4/T  Q412 , NA2  

            O&C$% 56&7 L0 1*&r< 8*,K ?( " \; .2* SH`4; 0;9< _9!6PTCR  (3&N .<  .       ,TU� vN&T)< L0 SU L9$:& '

?(3  ] 5-1[         96 (:;9K .< &' .m`&6&: \; AU L&HrN ,*0&I< =      ('0 L;,% �&C@`; 5JK ;L S:9 : _; .      STN STo9K &TN

                        .*t&TN L&HrTN _9T!6 4 ?09TN V&T `+ �,T< 5U,3 Y9mJ< b'4k^ 8*; L0 ?0&}B7; 0L9< SH`4; 0;9<  S2)*;

          (3&N .< AU L&HrN ABrH7 L0 .m`&6&: 09o4 Y& Bd; 8*;,N&)N 53;0 .        .T!" [T)*,B)*\ /&<0 V09N 8H*&^ 5!"

    09o4 =&>Hm`&6&: L9�d Q(" A|L TiO2              5T7; ?(T3 5TZ^ /&T<0 b'&U #o9< SU (3&N .< .-&�;  .  V4(TN

  L9�dTiO2     /&'&<0 &K .Bd ,B)*\ .-&�; !C 1450   57; 12@< MH:  .        ?(3 ,U� MH: F!BZ< 1d;,< L0 SB2: 8*;

57;] 10-1.[\&- Q;,P&*0 L0 S!�r< 8*; / 123 )3 (57; ?(3 ?0;0 V&@:.  

     \; SU (3 .C7�4L w~B6; .      ,�U;(d SU 093 ?0&}B7;  B6;9T)2*.              �4L \; Y&Td 8HT" L0 4 (T*& : 0&TR*; ;L 

       (3&N ,K,X�< MH: n@6 5`&d L0 L09^ �~B6;.     �4L \; 8*;,N&)N     \&T7 ?0&T<+ 4 SH>K/        4 1T2`; jT79K q&T|40 

       (3 ?0&}B7; #7&)< V0,U n@6 4 V0M ' ]l7 .         &I< /,THP ?\;(:; =S!�r< 8*; Y,B)U /&>34L \; .2*  5T<4
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    jHJ< /&<0 L0 &' S:9 :)     &<0 L0 [*,B)*\ \; ]^/ t&N  ( 2*0M: 4.     ,E*(2* SN 0;(";           STN STo9K &TN STU 5T7;

?(<+ 57(N i*&B:57; ?(3 v*\9K V&r2* .y7&)< L9w SN A*,7 SU 5-,P SRHB: V;9K .< .  

   !H 2K /&>H7L,N SBy`;.                HT3 gTJN L0 jI- 4 57; ?(@: Sf;L; V+ i*&B: &R)*; L0 SU .  9TH"   T U q.    V+ STN 

  57; ?(3 SB6;0,^   V&@:   0;0  SU   57; 82 <             ST:;0 S:;0 \,< L0 4 ?(@: 5*&274,^ S2y3 0L;4 A*,7 \; /L;(I<

               (T3&N ,X9T< ABrH7 .!U L&B-L L0 (:;9K .< S!�r< 8*; SU 093 MU, B< &' .     8T*; STBy`; ?(T*(^      0;9T< ,TE*0 L0 

:04M-;. 57; ?(3 ?('&@< A']21-11[ .  

    123 8Hd L0 �,^ L&@-                SBT3;0 .T >< ,HX�K .*&>: SBHr:;0 8H)e ' 4 SH`4; Q&6 SBHr:;0 /4L (:;9BH< .'0 

(3&N .                  �,^ L&@- SBy`; 53;0 ()';96 ;L /,B U 1Z!ZK .*&>: /&' S:9 : (3&N ,B@HN �,^ SH`4; L&@- Sz ,'

           57; L;aP ,HX�K .*&>: SBHr:;0 /4L SU 57; .!<&" ()z \; .2* .          nT* (T*&N ST:9 : /;,TN �,T^ L&@-   L;(TI< 

                           \; (TCN &T' ST:9 : V(T3 /; ST*t 1Hy% \; �,^ q9H" &N 093 ,B@HN /(d n* \; ,P; ;,*\ (3&N SB3;0 A HB^;

   (3 AH';96 So;9< [)*,B)*\ .              8*,TB>N SU (*0,P hZ@< 4 (3 ?0&}B7; .K4&}B< /&'L&@- \; b'4k^ 8*; L0

  04(d L&@- =L&@- N/Cm
2 400  (3&N .< . &'L&@-/      L;(I< 8*; \; ,B@HN    T'0 123 L0.     ; gT"&N&' ST:9 : *  0&TR

         MH: ,B U /&' L&@- L0 4 ?(3 �,^ \; (CN q9H"=09N 8H*&^ 5Z^ \; (CN SBHr:;0  .   L;09T : STN So9K &N 8H)e '

                      .T^ .*&T>: SBHr:;0 L0 L&@- ,HHxK bI: SN V;9BH< &' S:9 : 5Z^ \; (CN �,^ L&@- #rd ,N SBHr:;0 O;,HHxK

  0,N)1234 .(   :;0 L&@- b*;M-; &N                4 q9TH" /;L;0 &' S:9 : ,B@HN b*;M-; &N ]l7 4 ?(H7L A HB^; n* SN SBHr

�,^ \; (CN (N /,'&W 123)/; S*t �,K 4 �9$7 .P()U (093 .<.   

  

 E(F3-.*&K40 Q;,P&*0 2TiO-3BaTiO]  11[ 
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 E(F4-�,^ L&@- #rd ,N 5Z^ \; (CN SBHr:;0 O;,HHxK   

3-2- 3U/H , 34/!=/Q GC4  Q412 , NA2  

 =[)*,B)*\ 5-,@H^ S!d,< SN S!d,< .7L,N 5>o     1Ty% /L09T^ �9T!Z< /\&T- .T7L,N  ' \; (TCN 4  ST!d,<,

  (3 .7L,N [)*,B)*\ .   ;0 V&@: &' .7L,N0         /&<0 L0 .KL;,d O&H! " \; ]^ SU  
C 1150      &TN &' L09^ b)U;4 =

   /L;(TI< \9T)' SB-L L&2N V&<\ 4 &<0 8*; L0 82`  57;  ?(3  �4,3  ,E*(2* TiO2  4BaO    ?0,T2: b)TU;4 

57; ?(:& H%&N. &>2H^/ SN �9N,< BaO  %~K 5!CN.&>2H^ &N /  &BHK   A*L&TN O&T:    (T:09y: hHZ@TK 1TN&%) L0

  &>2H^ &N Sr*&I</    SN �9N,< BaO h`&6  .(     A*,7 (HrU; hHZ@K V&2<;  MH:         8T*; \; V+ .T*Mo L;(I< 5!" SN

   (3&N . : ,rH< G*,w. L0  123) 6( MH`&:+   /\&-ABrH7=  \; ]^  [)*,HB)*\   &<0 L0 / 1150  B:&7 SoL0 .  0;,P 

   57; ?(3 ?0;0 V&@: .  L&{B:; SU S:9E:& ' < .       OL;,d SoL0 b*;M-; &N 5-L ) &<0 L0/ 1350  B:&7 SoL0 .  0;,P 

–   123 7(  =   &'\&- 1H2@K ,N ?4~"/ !D; .  ABrH7 L0  ,  Y& Bd;      _&T6 /; ST:;0\,< /&'\&- 1H2@K  )  ?(T*(^

       .2*,B2`; /&' nH<;,7 L0 /\&- b*;(o (     .2*,B2`; _;96 ,HHxK 4  < OL9D MH:. 0,HP        SCT3; �4L &TN STU

  f&7&)3 1N&% ]2*;. ()BrH: .   &>2H^ &N Sr*&I< L0/     h`&6 A*L&N O&:&BHK )  1238 (    A*L&N O&:&BHK 1<&U 1H2@K

K SC`&$< 0L9< ABrH7 L0H*�57; ?(3 ( .  

  

 E(F6-  MH`&:+&<0 L0 [)*,HB)*\ \; ]^ ABrH7 /\&-/ !C  1150  

    ; L0 ,E*0 A>< S!�r< ABrH7 8*= Y,B)U  ()*+,-    &B7;L L0 56&7/    SN V(H7L  ABrH7       (T3&N .T< \&T- nTK.  L0

7L,N. 6,N .     %&}K; SU &' S:9 : \; s&                L0 STU A*(T3 A*L&N O&:&BHK .!^ \&- 1H2@K So9B< (:09N ?(@: ,B)*\ q96 

  123)9 (   57; ?(3 ?0;0 V&@: .7L,N. &' / !H 2K .         0;0 V&@: 57; ?(@: Sf;L; &R)*; L0 SU GIJ<    SU   5T!"
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     =O&:&BHK .!^ \&- 09o440176 OTiBa) 6B (    /&<0 L0 SU!C 1332   ('0 .< �L  )   SN  !2T3&>/ 3 4  9   �9ToL 

093(   &IIJ< j79K 4      57; ?(3 �L;MP A' ,E*0 V & Bd;  %&            4 STH`4; L09T^ .T)E ' Q(" 4 .-&�; V&BHK 09o4

  v*\9K   56;9)2* ,H|2TiO     (3&N .< SH`4; L09^ L0  .   09>@< O;,X; \; .2* L9�d          8B6;(T:; GT*9CK STN \&- 8*; 

     2@K &N ;,*\ (3&N .< [)*,B)*\      AK; �9}: /&' ?;L \&- 8*; 1H               [T)*,B)*\ (T)*+,- Q&TR:; \; 4 09T3 .T< SBrN &'

  5C:& < < 1 CN. (*+ .     ,E*0 1H`0 SBy`;    \&- 8*; 1H2@K (:;9K .<)  st& Bd; (          1T6;0 L0 .*&T<0 V&T*0;,P 09To4 

(3&N [)*,B)*\ #7&)< /&<0 SN V(H7,: 4 ?L9U .   SCT3; �,T}K /9E`;  ]T2*;)XRD (  ST:9 : mol% Ce4/0 

BaTiO3    .KL;,d O&H! " \; ]^  L0  !C 1350       ()U .< (H*�K ;L \&- 8*; 09o4  .      8*; 1H2@K SU 57; ,UaBN Q\t

 57; ?(3 �L;MP MH: V;,E*0 j79K \&-]22-17[.   

  

 E(F7-  MH`&:+&<0 L0 [)*,HB)*\ \; ]^ ABrH7 /\&-/ !C 1350  

  

 E(F8- SC3; �,}K /9E` X /;,N BaTiO3  h`&6 ]12[  

  L&B6&7 M*L 8H)e ' 2* . &' S:9 : \; /  ?(3 SB6&7 274,2H< S!H79N SU9  12T3 L0 ?(3 .7L,N .:4,B2`; �

)10(   57; ?(*0,P Sf;L;  .    ,B@HN /&' .7L,N   j79K SU    SB-,P OL9D GIJ<       L&B6&7 M*L L0 SU 57; ?0;0 V&@:

               ,TD&)" 4 57; ?0;0 �L /\&- b*;(o /; S:;0\,< .d;9: L0 4 S:9 :Ti   4 Ce       MTU, B< /; ST:;0\,< .d;9T: L0 

      \; SHd&: 8*; 4 ?(3Ba   57; ?(3 GH%L  .          .T< ,E*0 8IHIJ< O;('&@< /&B7;L L0 S!�r< 8*;   (T3&N]11 - 1[. 

    HxK SN ,R)< S!�r< 8*;           00,P .< /; S:;0\,< 4 �,B@< 1m- .d;9: _;96 ,H  MH: 8*; SU     _;96 096 SN9: SN 

   ('0 .< L;,% ,HX&K 5JK ;L ABrH7 .2*,B2`; . ?(*(^ SU 8*; SN So9K &NPTCR      5rT*; ST:;0 \,T< ?(T*(^ nT* 

              /&' S:9 : L&B-L 4 5H}HU AH3&N SB3;0 /,B@HN S:;0 \,< L(Iz ,' 8*;,N&)NPTCR   ,B>N <. 093  .  &N    STN STo9K
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         4 SC`&$< 0L9< /&' S:9 : L0 S:;0 0&CN;&'\&-/    S:;0 \,<;/          .2* SU 09 : /,HP SRHB: V;9K .< =?(3 1H2@K 

     1*t0 \;  SN 8B-&* 570   #H3    L0 #7&)<    ?k*4 5<4&I< .)J)<–            /; ST:;0 \,T< /&T'\&- 5H'&< 1H`0 SN &<0 

57; .            /(7 S*t 5<&Z�  4 S:;0 0&CN;  SN .EBrN #H3 8*; ;,*\       ()*+,- 8Hd L0 ?(3 0&R*;   [)*,B)*\  \,< L0

0L;0 S:;0]4[.  

 2

In
te
n
si
ty

  

  !"9- ! "#$%# &' ()& * + # ,-. /01 2 3 4-56. 7896# :,;)2 <$=   

  

 !"10 -  "#$%# & ,= > ?)&:,;)2 @' &' 89A 7°C 13505>B:5-@ "0->$* "C $DE FG>E 89A ",3:H /#B:,5  

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

           %-A I;CEB "C G3:H J K#E /) ! "#$%# &' /5):,5DE 7 ! 7:-H 82E9#E-      '$* 89A 4@ C  L#M /)  )    N O>E :O*

       P>$. 72 3 + QD R@ 2E 4S T U) ,#XRD .(    45A &')11 (       /O5):,5DE  GO@B V@  +E:--W. /;X;@    O@' &' 7 

Y .E  Z[T :*  9S&'():> 9-[CE   &'  89A  :,;)2  "#$%# &' 0 
C 1350 GO>E 89A 8'E' \ 6#  .  ]$^O= &'

     _/#'B?3E &E9V@ :`E /* )2&E    P-X@ 7 @' G@B V@)R-T (              /O#'B?3E GOa0b 2E /Q* O. \E$O;c "O*  O! "O#$%#,  &' 

45A)11 (G>E 89A 8'E' \ 6# .;X;@ d)E/@ \ 6# /"C 9!' G@B V@ R-T \E?-@ I)E?3E  *  8' O@ B?3E   /O#'

 \E?-@ &' B 9* ) /@ I! C /^D = # (C :)' V@ &' 89;;C G)$V.Ce mol%3/0    _9O>& /O@ (%-O;-@ eO) "*  
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9* ) /@ I)E?3E /#'B?3E \E?-@ I)E?3E  * fg>.   .9O%c _Y O.E 7 @' &' G@B V@ "C  K#M 2E h    B & O,3& "0-O>$* 

      ! "#E' /5):,5DE ]E$=)    L#M \'$* 7' ! "%-# (     \E$,-@ '$A /@ i:,;C     D = # 2E 7&E9V@ "C '$%# j ,;,>E^ /

                     GO>E 8'$O%# 7' O! "O%-# E:O#M B 8':C k$l# m) c ()& * + # ,-. 7 ! "#E' \B&' "* 89A FB' . :! OnM   :O--W. 

  V@ I! CBB    Y .E 7 @' G@ . 3/0    /D$@ 9S&' )  45A11 (       .9O%c _:,6-* :)' V@ &' B ",AE' "@E'Eh     /TE$O# &' 

        G@B V@ B 89A ?C:%,@ 7E "#E' 2:@      G>E 8'E' I)E?3E E& 7E "#E' 2:@ .          &' (,[O-> GO@B V@ _4O-D' d-O%! "*

  '9K@ Y .E 7 @'hE   9* ) /@ I)E?3E  .              oO0,p@ 7 O! /O#'B?3E 2E "OC ?O-# :q)' + VVX@ P>$. & ,3& d)E "* 6@

G>E 89A 89! 6@ ?-# 9#E 8':C 8' l,>E] 12-1[.  

 
Resistance vs. Ce%
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R  vs. Temperature
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  !"12-():> 9-[CE o0,p@ 7 ! 9S&' 7E:*  @' Z[T :* G@B V@ +E:--W. &E'$%#  

       89@M 4%c "* 72 3 B /1$5>B:5-@ 7 ! />&:*   m-VX. d)E &'        /5):,5DE 7 ! 7:-H 82E9#E B  ",3:H +&$S  B 

 "* 6@ + QD R@  * "C    ̂ D = # 2E 8' l,>E  /  ! 7  G>E 89A J K#E :q)' ]15-5 [   2E 7&E9OV@ "OC G>E 8'E' \ 6# 

Ce                  9;C /@ 7' ! "%-# e) "* 4)9s. E& \M B 8':C k$l# G) 5>B:1 (,[-> \B&' "* )    /%-A tX* G%[u "*

'$A v$w& <$-c ( v$# 7' ! "%-# +E&k hE:! n "Cn   9O;C /O@ ' K)E  .   89O# %-u *Ce 2:@ /TE$O# &'   7E "O#E'
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                   ! "#E'2:@  )M "C '':H xp6@  . 9s0y /@ 7:. m-u' 7 ! />&:* "C 9#$A /@ ?C:%,@]E$=   7' ! "%-# 

  9#&E'  B  m) c & ,3&  )    @ 2B:* '$= 2E / 9!'  .               (-#E$O. /@ &B K@ "#E' ?C:@  . "#E' e) ?C:@ 2E _+&$S B' :! &'

        (-!' &E:u :a# 9@ E& i9@ B' 2E /5) .      B' i ^.E +&$S "*  )        J$> v$# 7' ! "%-# "* 7' ! "%-#)   "#E' 2:@ :HE

     ():-q* :a# &' 7' ! "%-# E&  (            m) c 2 3 "* 7' ! "%-# B' i ^.E +&$S "*  ) B)       :a# &' m) c E& "#E' 2:@ :HE

():-q*.(  

 
Log (Rmax / R min)   vs. Ce%
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  !"13- ,p@ :)' V@ zE2E "* (%-;-@ G@B V@ "* (%)?C @ G@B V@ (,)& qD /#'B?3E o0  

         :q)' &' 89A :,;)2 7 ! "#$%# G@B V@ +E:--W. !9S&'7   ():> 9-[CE o0,p@      O@' Z[T :*     7:O-H 82E9O#E 

       45A &' 4S T U) ,# "C 9A)12 (  G>E 89A "{E&E .         7&$OC  7 O@' _N >E d)E :*TC    'B9OT  °C125   d-O-Q. 

9)':H.  

D9@ 2E 8' l,>E  * L7h|su "C e)&$}. #M "*  L  9OA 8& AE ]5-1 [ _  +E:O--W.Log ( Rmax / Rmin)  Z[OT :O*   

    ():> 9-[CE 9S&'  "s> X@       45A &' "C 9)':H (>& B)13 (  G>E 89A "{E&E .    O@ 89! 6@ "C &$R# %!/   '$OA 

B T "#$%# "* ~$*:@ I)E?3E :�CE9T7 3/0@ 9S&' /9A * .  
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   78% <1 A>1<2^ ]'Q     M%# &1#1 s3h0# $"$" .  D?3";K Z?# <1            78G% A>1<2G^ 5F<1 Z!= 5@ 'Q �B)" 3*

     '803" AW"#2l + $"$"pH              G=; + A93Gb Z!G8U6* + 78% A?3!6!Q v!@$C PJ#<3= A?3!6!Q v!@$C P   wkG% .$

     1<#1 12F+ y!EIS" 5k=#< P$"$" 78% .   J#<3= $!n3C $= &+jl          .3"1 ]303%20 + 12F2" M=2[< 5F<1 P.'!%# .3*

          `3= A`34V $d0 ;# 78% .<3IGGG^3% M!HR+ P�!GGr" $= y@3X!  YBWBC J#_!" P"  }3NQ# v?$R P  .$?\-#  + 

  Y"#2l ;# A^$=  A" $4?1             '88@ .;3= .$n2" DE0 $"$" 78% v?$BC <1 '80#2C]4[ .       5GW6F ;# PJ#$G?# <2)@ <1

     5= $"$" 78% 5@ AB?<3C .3*38=             &'Q D?3%$9 :2BI%1 P;#<1 J3!`3% <1 JK <1 5I9< <3@        <3GLV 5G%<'" P'G0#

  A" J3Lab# c3=  'Q3= .    78% D?3%$9 P<2d8" Z!6* 5=     5G= $G"$"            ?<3GC .3G8= ZG?# <1 5GI9< <3G@  5G= AB     G6@

:+< M9$> <#$O A%<$= + 5H`3k" 1<2" A*34I%1 _!`30K .3*.  

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

      !" #$%"&' (")&* + ,-.%/0 12&*                 (3%456$%078 + (69:; <6=2&0 >?%@A6B2 C%6* )%@D ,")E0 &0&0 1%3

,* EFEG 2&H2 &$7 I&G:  

J.2 (  ,FK:F     !" 72 1)2L&*     ?%M0 72 &0&0 1%3      8 + ,N'%$ #$%"&' 1%3OL%0   ?8 17%"         P+) QK6F %6* R"%!N0 %3

ST.%F8  

U (,FK:F ,-.%/0 1)K666F VKM"+&MT0 %* %3(OM) WE0 Nachet-France-Stero  

V (O72EF2 ,* (NX" 1&TY  WE0 Z!" (666NX" O%6664N"L 72 OL%AN"2 %* + 7&66M$+ P+)Akashi-MUK-H21  

  [ (    ,FK:F 1)%N\%"S$) + (]T^&_ ,-.%/0      VKM"+&MT0 `"K_ %3   (5*+) (F+&NM.2(SEM)       aNb6T" ,6* S6@c0 

 ST.%F8EDX
 

 WE0 Cambridge Stereo Scan 360  

d (       O%4N6"L `6"K_ (]T^&_ + 17%' (")&*       e6M$2 K6_&f P2&6fXRD    WE60 3710 Philips      (c!6" J6Tg + 

 eM$2 K_&f eF%")K9'XRF
!

 WE0 8410 ARL Sequential +      ($%6h.2 OE6G i6AH 1%:6"jfICP
"0  666 WE

3410 ARL Minitorch.  

3- -.' / 01#23  

3-1- 456 +(,#7  !$8/ (9(9 +#,  

   !" 1&3%k  F)         OK6@l %_ (_)KB >OEG ,-.%/0 &0&0 1%3                ?8 )L ,6^ i6"2 L)7 ,6* <6$%0 + m6G+) 12    %63

#hF      ,$n %$ + &c50 1%3   ,* 1%3     >,N"KTf a3 <MG ?+E*      ,6* (6B%\ ("E!3     (60 a56D   L)K6\ .    m6$2 &$+%o6_

 !"     <MG )L ,^ %3    1%31   + 2       ?8 #$%"&' <:; (4FK4D LKG (0 OE$L        <6:Np0 &6$7 [)K6B +L ,6* 2) %3

(0 E!^ :  

J.2 (,* (h66:; + (p/" (YL72K3  ,T.+2  !" i'%* )L (/Tp0 i*K666g) qK666AF <T.L) <MG1(  

U (   !" (p/" (YL)K\   ,* >%3  T.L  WK9p0 &Tr%_ <          ?2)%6666* 72 <B%666= 127 #666!^2+ 1%3      1ET6"2 1%63

) <MG2( 

    ?%M0 ,* &N5T* ,HK_ %*      (0 sX50 >,N'%$ #$%"&' 1%3             12)2L ?8 ,T.+2 i'%* ,^  !" 72 (N:bl )L ,^ LKG

                                                           
1. 

Simulation apparatus 
2. 

Bulk density 
3. 

Porosity 
4.
Saturation index 

5
 Energy Dispersive X-Ray 

6
 X-Ray Fluorescence 

7
 Inductively Coupled Plasma 
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,Y) + PKhF eF%cN0%F 1%3 (0 &_ i"2 OE08 E$Ef 1&N5T* [EG %* #$%"&' L&M9:; >EG%* . 

 

 :;<1- ,* &0&0  !" (h:; + (p/" (YL72K3 #$%:F (/Tp0 i*Kg) qKAF <T.L  

  

 :;<2-WK9p0 &Tr%_ &r2 )L &0&0  !" (p/" (YL)K\ #$%:F  #!^2+ 1%3 `Tp0 i*Kg) )L LKHK0 127  

3-2- +=>3 ?>;6/(;!9 @AB,#C9  

     tM"+&MT0 72 OL%AN"2 %*      ,6FK:F u6/h0 v/6" >1)KF             EFE6G (6")&* &60&0  !6" w6.%* 1%63 . <M6G    1%63

 (fKM"+&MT03 + 4(0 ?%5F  ,^ E!3L:  

J.2 (   !" ,T.+2 i'%*     ,$n )%N\%" 12)2L %3        ,* xKoX0 1&MG ,F2L %$ + 12   E!Nb3 LK\ .,$n     OE!3L ?%5F >%3

    (0 (N\2K!M$ (.2K_ + ayF            WjpF2 + (/Tp0 i*Kg) UzH &r2 )L + E!G%*          ,6* > !6" i6'%* )L LK6HK0 m38

 OK@l  F)       OE08 )L mG+) %_ O&T_ 12  EF2 .  WK9p0 m$2 qKAF           ?8 {:; ,* + OEG 7%|8  !" v/" 72 %3     P&Nb6Y %3

i"2 OEG ?8 (^Kf + (YEG &Tf RHK0 + ,N'%$ .  

U (   WK9p0 qKAF &r2 )L                   6T.+2 OL&56' + 1&M6G ,6F2L i'%* ,^ iTb9^ ,T.+2 1%3)K9* ,* 1ET"2 OEF)K\ 1%3    2)  !6" ,

 (0 <TM5_     E!$2&' >E!3LLeaching     ,F2L ?K02&Tf %_ OEG };%*   LKG (.%\ %3 .,F2L 7&0 mT* )L  S$) 1%3)K9* 72 (-:c_ >%3

    (0 OE3%50  F) ETA" +          (0 O)%*+L )K9]_ + WjpF2 OE$Ef WKop0 ,^ LKG    EG%*)<MG5 .(    ($%T:T6G #$%"&' L&M9:;

   ,FK:F 72 (\&* )L      &^ i'&5Tf %cF8 %_ %3       ,* ,T.+2 i'%* +  !" v/" ,^ OL         OLK6_ + OEG &TT~_ PKXN"L (9^ )Kg    1%63

 F) ,* )K9* S$) OK@l + ETA" 1%3 OEG iTb9^ ,T.+2 1%3)K9* mT5F%H >mG+) L)7 %_ 12 EF2.  
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 :;<3-,$n )%N\%" 72 (*%_7%* 1)KF VKM"+&MT0 &$Ko_   &0&0  !" 12)($%:!Y)S* 64&*2&* (  

  

 :;<4-  &0&0  !" 1&MG ,F2L i'%* 72 (*%_7%* 1)KF VKM"+&MT0 &$Ko_) ($%:!Y)S*64&*2&* (  

 

 :;<5-3)K9* ?K02&Tf  F) ETA" + S$) 1%3)K9* u:c_ + WjpF2 OE$Ef 72 (*%_7%* 1)KF VKM"+&MT0 &$Ko_  iTb9^ ,T.+2 1%

) ($%:!Y)S*64&*2&* (  

3-3-  &C'/= &3/(2;"A ?>;6/(;!9 @AB,#C9(SEM)  

 !" #$%"&' E!$2&' 72 ,* &$7 Z$%NF >%3  w:^SEM,FK:F (p/" ST.%F8 +  ,* %3 E08 i"L:  
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J.2 (   ,* >#$%"&' &Tr%_ mTNbXF      ,* `Tp0 i*Kg) qKAF <T.L     (0  !" i'%* ?+)L   E6G%* .       OE3%560 %6* u6l2+ )L

_  &$+%oSEM   <MG )L ,^     1%36   + 7  (0 OE$L    (0 EFKG             &6B%!; W%hNF2 + WjpF2 (f )L ,^ i'&Y ,cTNF ?2K_

    ,^ OE!3L <TM5_Ca   + Fe  (9B2 +SH    ?8 m$&_   (0 %3       ,F7+) + %37)L {$&g 72 >E!G%*        +  !" )L OE08 E$Ef 1%3

              !" i'%* >O)%*+L WjpF2 + )K9]_ (.2K_ STF + {:; ,* v/" 72 ?8 P&NbY      i"2 ,N5Y (Nb" + (^Kf )%DL   .

    v�2+ ,^ (_%]T^&_ ?%T0 72       (0 ?%5F 2) O)%*+L )K9]_ m$&_           u/h0 v/" )L ,^ E!Nb3 �%-g w:F 1%3)K9* >E!3L

,*  !" (0 OE$L (*K\  EFKG) <MG8.(  

  

 :;<6- &$Ko_ SEM &0&0  !" v/" 72 m38 [%]T^&_ W%hNF2 + qKAF 72 ?8 {:; ,*  

  

 :;<7- &$Ko_ SEM,/hF ST.%F8 72   12(Dot Map) <MG 6  

U (       (")&* )L ,^ )K/F%:3 (5$%"&' L&M9:; &4$L QKF       ,* >EG sX50 1)KF VKM"+&MT0 1%3      OE6:; )K6g

,*    WK9p0 #!^2+ <T.L           i6"2 aTb9^ [%!*&^ %* w$)KA.K" ET"2 12)2L 1ET"2 1%3 . <6B%=    #!6^2+ m6$2     %63

,*      ,* +  !" ,$Sc_ [)KB    OLK_ ?EF%0 %H         (60 OE3%50 iTb9^ iG)L 1%3)K9* ?%T0 )L )K9* S$) 1%3   LK6666G

,* ,666^  &B%!; 12)2L OE:; )KgFe,Ca + S(0   E!G%*) <MG9.(  

V (   ,FK:F 72 1)%Tb* )L        ,* S$) 1%3)K9* [2)q ?%T0 )L >%3     #!^2+ 72 OEF%0 %H     ,6F2L >(5$%"&' 1%3      + S6$) 1%63

   (0 OE$L <MG 1+&^  EFKG .           ?8 )L O&A= 1L%$7 L2E-_ >�%bH2 m$2 <MG 1+&^ v/" OE3%50 %*        a56D ,6* %63

(0    ,* ,^ L)K\   (0 &yF   ,* E")      ?8 72 7%Y �+&\ <T.L   E!6G%* OE08 E$Ef %3 .     L+E6= [2)q m6$2 `6"KN0 &6/l100 

<"+&$8 OL) )L &yF m$2 72 + i"2 &N0+&MT0 (0 )2&l %3  EF&TY]5[.  
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 :;<8-  &$Ko_SEM&0&0  !" v/" )L �%-g w:F 1%3)K9* (YE!^2&f OE!3L ?%5F   

  

 :;<9- &$Ko_ SEMOLK_ ?EF%0 1%H ,* + ,T.+2  !" ,$Sc_  OE!3L ?%5F  ?%T0 )L )K9* S$) 1%3  

,T.+2 iTb9^ iG)L 1%3)K9*  

  ST.%F8      O%4N"L `"K_ [2)q m$2 (p/"SEM            &6B%!; <0%6G (96B2 RT^&_ ,^ L2L ?%5F C   + S     &$L%6h0 )L + 

  1STD%FCa,K,Mg,Si,Al (0     EG%*)  <MG10 .(      ,FK:F R9|2 )L [2)q m$2 ?2+2&' )K�=        i6$Kh_ 2) ,$&yF m$2 >%3

(0         (0  !" #$%"&' <9; 72 (5X* ,^ E!^     #!^2+ 72 (G%F EF2K_          6$2 R6T^&_ ,6^ E6G%* ($%3    ?8 )L [2)q m

i"2 ,NG2L i.%\L .  

3-4- D!"#3E 01#23  (9(9 456 &FG / &H!G +#,  

 ,FK:F 2EN*2 >i:bl m$2 )L (F%^ 17%' ($%"%!G i@H &0&0  !" 1%3     K6_&f P2&6f P+) `6"K_ >LKHK0 1%3

  eM$2(XRD)  EFEG ,-.%/0  .     ,* 1&o!; ST.%F8 �%cF2 %* e�"            6Tg O%4N6"L 72 OL%AN"2 %* + (:^ ,:TF [)KB J

 eM$2 K_&f eF%")K9' (c!" (XRF)   ST.%6F8 O%4N6"L mT!�:3 + EDX     )L LK6HK0 &6B%!; (6]$&h_ &$L%6h0 >

,FK:F    EG mTT-_ %3 .  ,* >?%$%f )L              ($%6h.2 OE6G i6AH 1%:"jf Z!" JTg O%4N"L w:^(ICP)     {6TlL &$L%6h0 

   ,FK:F )L LKHK0 &B%!;   EG sX50 &0&0  !" 1%3 .,FK:F (")&* 2 K_&f P2&f `"K_ %3 eM$(XRD)  ?%56F 

        ,* >#$%"&' 72 ef ,N'%$ <TM5_ 1%37%' ,^ L2L        aTb69^ [%A.K" OE:; )Kg(Gypsum)      m638 ETb6^+)ET3 + 

(Goethite) (0   E!G%* .      �%-g w:F 1&_STD%F &$L%h0 )L(NaCl)             e6M$2 K6_&f P2&6f 1%63K4.2 72 (\&* )L STF 
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(XRD)(0 OE3%50   LKG)<MG  1%311 + 12.(  

  

  

 :;<10- &$Ko_ SEM) n%* ( ST.%F8 +EDX) mT$%f (,F2L 72 iTb9^ 1%3)K9* ?%T0 )L LKHK0 <"+&$8  

  

 :;<11- !" eM$2 K_&f P2&f   aTb9^ [%A.K" >iTb9^ 1%37%' <0%G ,N'%$ #$%"&' 1%3)e�$� (Y +iT_K  

 (")&* %*     1ST.%F8 1%3XRF   + EDX      ,FK:F 1&o!; RT^&_ ,^ EG sX50    ,* >%3      B%!; >(6F2+2&' R6T_&_ 6666 &
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Al >K> Na >Mn >Si  >Mg>S >Fe  + Ca(0  EG%* . <MG13,* 2) (:^ ST.%F8 Z$%NF   P+)EDX(0 ?%5F    + E63L

 72 OE08 i"L ,* Z$%NFICPLK* OEG �%cF2 1&o!; ST.%F8 OE!!^ ET$%_ .  

  

 :;<12- !" eM$2 K_&f P2&f   aTb9^ [%A.K" >iTb9^ 1%37%' 12)2L ,N'%$ #$%"&' 1%3)e�$� (iT.%3 +  

3-5- +B!6A IJ.3A KA &<#3 (9(9 456 &1#!F!< L1#6(% &6=('  

       !" m$2 1+) &* 1ET"2 ?2)%* P)%*      ?8 (p/" WjpF2 RHK0 %3   ,* %3     2+ �%6cF2 <T.L       <TM56_ + &6$7 #!6^

(0 aTb9^ [%A.K" (0 [)KB 1&N5T* (YL%" %* #$%"&' >,cTNF )L ,^ LKG L&TY:  

H2SO4 + CaCO3 + H2O       CaSO4.2H2O + CO2 

       ?2)%* 72 (G%F #$%"&' ?2ST0 (")&* 12&* m$2&*%!*      L+E= >1ET"2 1%3100 (9T0       ,6FK:F 72 �&6Y       !6" 1%63

  &0&0  )L25 (9T0                  ?KD 1&B%!; WjpF2 ?2ST0 %_ EG OL2L )2&l &5* w$ )L >&/h0 U8 &NT.S> Ca    mT6!�:3 + 

Fe)        (c$)E_ <$E]_ W%:N=2 ,* ,HK_ %*Fe2O3  w:F ,*      m638 [%A.K" 1%3 (     LK6G mT6T-_ U8 )L . ,6FK:F    1%63

  ,* &0&0  !"    [E01     1%0L )L i;%" 60-50  (NF%" ,H)L  ; 72 ef + EG OL2L )2&l L2&Y   i6@H >('%6B 72 )K]

 &B%!; m$2 )2Eh0 mTT-_(Ca, S, Fe) O%4N"L `"K_ ICPEFEG ST.%F8 > . W+EH )L ST.%F8 Z$%NF1i"2 OEG ,$2)2 . 

 I/BM1-,FK:F WjpF2 EB)L Z$%NF  &/h0 U8 )L &0&0  !" 1%3  

Ca S Ca S Fe  

960/0 41/31 340/0 060/0 001/0< M2 

618/0 88/14 213/0 032/0 001/0< M3 

16/1 91/72 420/0 253/0 001/0< M4 

00/1 83/61 347/0 209/0 001/0< M5 

04/1 12/64 360/0 193/0 001/0< M6 

75/0 81/46 285/0 147/0 001/0< M7 

68/0 14/41 253/0 123/0 001/0< M8 

11/1 89/56 421/0 227/0 001/0< M9 

67/0 93/38 258/0 102/0 001/0< M10 

56/2 91/72 926/0 514/0 001/0< M11 

00/1 72/43 355/0 108/0 001/0< M12 

   (0 OE3%50 ,^ )K/F%:3     Sc* >LKGFe               &6B%!; 72 (@HK6_ <*%l &$L%h0 >i"2 STD%F )%Tb* ?8 WjpF2 ,^ Ca  + 

S    OEG <= U8 )L   EF2 .                  ?8 (6-l2+ )2E6h0 ,6* i]b6F &6B%!; m6$2 WjpF2 EB)L ,]"%p0 %* QK�K0 m$2     )L %63
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,FK:F   " 1%3    (0 sX50 &N5T* &0&0  !  LKG .              ,6N'%$ Wj6pF2 &$L%6h0 ,6* �K6*&0 )2LK:F a") %*Ca   + S  )L 

,FK:F       &0&0  !" J9NX0 1%3)  <MG14 (      ,* &o!; +L m$2 WjpF2 (]bF ?2ST0            &6TT~_ a63 %6* R6"%!N0 )K6g

(0                ,FK:F v/" 1+) &* OEG <TM5_ aTb9^ [%A.K" WjpF2 72 (G%F &02 m$2 ,^ E$%:F    0&0  !" 1%3   &r2 )L &

  (0 1ET"2 ?2)%*  EG%* .       )2Eh0 ,^ L&^ O)%G2 E$%* ,N].2Ca     )2Eh0 ,* i]bF ,N'%$ WjpF2 S         &$L%6h0 ,6* ,6HK_ %6* >

 ?8 1&N0KT^KN"2      WK0&' )L %3CaSO4     (0 &yF ,* &N5T* )%Tb* >              (6$SH Wj6pF2 72 (6G%F a3 ,NMF m$2 ,^ E$8

  7%'CaCO3        w:F LKH+ &g%\ ,* a3 + U8 )L      &4$L 1%3Ca L             &60&0  !6" i6'%* )L ,^ i"2 STD%F &$L%h0 )

(0     EG%* ,NG2L LKH+ EF2K_ .         ,FK:F ,:3 )L aTb9^ [%A.K" 7%' WjpF2 >a@0 ,NMF (.+       ?2ST0 ,* ,Nb* ,^ i"%3

          (0 &TT~_ ?8 )2Eh0 >OEG <TM5_ aTb9^ [%A.K" )2Eh0 + #$%"&'  E!^ .       &$L%6h0 �jN\2 >&4$L ,HK_ <*%l ,NMF

S   + Ca   L ,N'%$ WjpF2    (0 ,FK:F &3 )       ,* L)2K0 &N5T* )L ,^ EG%*      (60 (N*%6r )2Eh0           ,6^ ,6FK:F +L S6c* >E6")

        &$L%6h0 �jN\2 )L (@HK_ <*%l #$2S'2S   + Ca ?8        (60 OE3%560 %63   LK6G .        #$%6"&' ?2S6T0 &6Y2 m$2&*%6!*

 !"         ,N'%$ WjpF2 &$L%h0 %* &0&0 1%3S   + Ca         ,6FK:F L)K60 )L >E6G%* `]_&60      1%63M2   + M11    Z$%6NF {6]g  

,*       W+EH )L OE08 i"L1                   [%A.K6" 7%6' <TM56_ ,6* &c!0 ,^ 1ET"2 ?2)%* 72 (G%F #$%"&' LKH+ &* O+j; >

   !" )L aTb9^    (0 &0&0 1%3  >LKG                  ,6* aTb69^ [%6!*&^ ($%T:T6G &TT~_ ,* &c!0 ,^ STF 1&4$L 1KH <02K;

(0 aTb9^ WjpF2 <*%l 1%@M:F  !" m$2 #$%"&' )L STF EFKG OLK* &rK0 %3 EF2.   

  

 :;<13-  ST.%F8EDX !" v/" 72  ,N'%$ #$%"&' &0&0  
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 :;<14- aTb9^ &B%!;  1&$zf WjpF2 [2&TT~_ )i"2) i:" 1LK:; )Kp0 ( L&YKY +)tD i:" 1LK:; )Kp0 ( )L LKHK0

 !"  WjpF2 72 ef ,N'%$ #$%"&' &0&0 1%3 &/h0 U8 )L)i"2 EB)L Rb= &* 1&$zf WjpF2 &$L%h0(  

4- N)!23  +(!O  

            ,6* ,6^ L2L ?%56F (6F+&NM.2 + 1)KF (fKM"+&MT0 [%-.%/0             #$%6"&' E6F+) )L (96B2 <60%; +L (69^ )K6g

 !"     EF)2zY &r2 &0&0 1%3 .   ,* i*Kg) qKAF (M$              &r2 )L O)%*+L )K9]_ + WjpF2 E!$2&' L%c$2 +  !" i'%* ?+)L

&TT~_            (0  !" i'%* )L (4N"KTf%F ?E08 E$Ef + (^Kf };%* ,^ %0L   LKG .   WK69p0 >&4$L <0%;      1ET6"2 1%63

        ?2)%* ,* �K"K0 LKHK0 1ET"2 1%37%Y (YLK.8 72 (G%F                v/6" %6* ?8 �%:_ &r2 )L ,^  `Tp0 )L 1ET"2 1%3

            (0 OE$L  !" #$%"&' + )%N\%" &TT~_ + v/" 72 ?8 WjpF2 > !"  LKG .   1&o!; ST.%F8 ,6FK:F       !6" 1%63

  P+) `"K_ &0&0    1%3XRF   + ICP + EDX,FK:F 17%' ST.%F8 O2&:3 ,*   `"K_ %3XRD  &6* O+j; ,^ L2L ?%5F 

                 + m638 ETb6^+)ET3 >aTb9^ [%A.K" ?KD 1&4$L (]F%H [%]T^&_ >aTb9^ [%!*&^ (!-$  !" (9B2 RT^&_

      EF)2L LKH+ STF a$E" E$&9^ 1L)2K0 )L .    B%= [%]T^&_ m$2 ul2+ )L #!^2+ <          &60&0  !6" )L OEG �%cF2 1%3

(0 OEG O)%G2 (/Tp0 <02K; `"K_ ?8 (c$)E_ #$%"&' R]" ?%07 iGzY %* ,^ EG%* (0 %3 LKG.  
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 !"#$  !" #$%& '(%)*:  
“Improved Performance of Alumina Ceramics with Carbon Nanotube Reinforcement”  

 +%,- ./ “Ceramic Armor Materials by Design”  %012#*3 45*6#7 89:;6 <6.%=,;6 >6 (Acers)   ?%0@ A0B 

* C2D)" E3 '9F#" GHI$I*  59J6 K5(/ AB A-  76 LD57.M //#N.  
  

 !"# $%&'()*)%+, "( -)"./0%12 3"'4/0 56 - 78..#  %9"9 3":

;1%1 -.(5# 3":  

 !"#$:     A(I(I;%; O %P5*I(3 Q2%7I;%; ./IR              S%07  0TF UV07 O LD0W XI0YZ* 6D0,B6 ./ MPB#- [%J

             D0P,\#N .6#0] ^6/ _#0R D0P23#\  !" `%B A,5a;6/ %B M15*6#7 A2%R  2>IV*%- .    bI0\ c26#0W  0!"

d%1!,76     %P5*I(3 %e(3  a1W UP\%" O      MYR %P5*I(3 HI; >6            #"`%0B .%5a0B M(I09f* A;6/ L>6D;6 %B g%,a2#-

M*  DW%B . A(I(I;%; h26Q\6               d%1!,076 O  a1W UP\%" %B M,2>IV*%- /%:26 ij%B %P5*I(3 ./ MPB#- [%J

 M* #"`%B  /IW.               EIN.3 >%N  !" ^6/ _#R DP23#\ AB  ka; lmS  !" ^6/ _#R DP23 #\   /I0kTB ij%B

  n6IS)    a1W UP\%" O d%1!,76 (M*  /IW .        4k7 [%T,2>IV*%-  S%7 Go5)!" 826 >6 Kp%& q2%,;

                   A(I( I;%; %B G%T15*6#7 #r2/ %2 >%\ I;%; %P5*I(3 A2%R [%T,2>IV*%- >6 6. `%B  a1W UP\%" O d%1!,76 %B

M* /%TP=5R 6. LDPP-  2I)" E6IPfB MPB#- [%J DP-.  

 %&'!"() *+:%;   0P5*I(3 A02%R [%T15*6#7 G 2>IV*%-I;%- MWNT . A0(I(I;%;   M0PB#- [%0J. Armor O

`%B UP\%" %B [%T,2>IV*%-  

1- ,-!.-  

A(I(I;%;        O gOD* [6.6/ MPB#- [%J     #0s] A0B gIt  ka;  
 ̀ %0BM2  DP,a0J ]3-1[ . 826#B%0PB  M0*      D0P;6I"   02I)"

LDPP-    [%J    DPW%B %T15*6#7 [6#B Mk7%P* .%5aB .     2>IV*%- K5k] 826 M15;%1* n6IS         [/%02> Mr,a0B %0J A0B 

       A- M!s7 <%5Y9j O D5(I" uO.[O. A(I(I;%;     M* d%:;6 %J   /.6/ /IW .%P5*I(3 >         O M,Z07 Gd%1!,076 LD0W #,P2

\%"UP   /.6/ Mv`%B  a1W  .  /IkTB          A0(I(I;%; E/#0- A\%0$6 %0B n6I0S 826      A0P5*>  02>IV*%- ./ M0PB#- [%0J

 M2%P5*I(3:5J  p#\ 42M* i!B KB%] DP23#\ 42O Q5r;6 E% DW%B.  

                      E6I0PfB Q2%07 I;%0; %0P5*I(3 <6.w >6 LD0W A,S%7  2>IV*%- M15;%1* n6IS O DP23#\ >6 MW.6QN A(%)* 826 ./ 

U2#"%*   A(I( I;%; O        L.6I2/ DP@ MPB#- [%J(MWNT)
!    2I)" >%\ E6IPfB      Av6.6 LDPP-     O x  076 LD0W O.   [%T0W

   LDW AP5TB    [>%07 LDP-6#R O y2>I" MWNT            #,P2> O _#0R >6 K0k] %0P5*I(3 ./I0R ./  E/#0-   z(%0S O      O [>%07

 EI576D5a-6MWNT  76 LDW D5-%".  

2- /*"0123  

[6#B  2>IV*%- 826  S%7 <6.w >6 %*%N >%\ %P5*I(3 ./IR"
 %B  c07I,* #s] 23 #,*I;%0; O  MWNT   LD0W Q,P07 

 uO. AY57IBArc-discharge  D2/#N L/%e,76 .        #,P2> >6 Kk] %*%N >%\ %P5*I(3 ./IR     <.6#0&  0!"C°1300   [6#0B 

<D*7DW K2Dk" %P5*I(3 %e(3 AB A)5]/ . %B A- %e(3 ./IR <6.w c7I,* L>6D;6 X-ray line broadeningL>6D;6   [#5N

D2/#NG 62 #,*I;%; /IB.  

 2>IV*%-  [%JA2%R%B M2%P5*I(3 20- 5 M9:& Dp./  MWNTD;DW A,S%7  .MWNT[%*/ ./ <.6#& AY57IB  

                                                           
1
 Aspect ratio 

2
 Multi-wall carbon nanotubes 

3
 Technologies corporation , Romeoville, IL     MWNT Nano phase 
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C°640        {%,2%T; %" |Y,Z* M;%*> yt%)* ./ 150            D;D0W D5a0-6 M0vQF <.I0p AB 6IJ ./ A)5]/  .    <%05Y9j 8026

   PB#- /6I* >6 [.6D)*M   M* }~& 6.       A(I(I;%; EDW LDP-6#R O DP-    %J6.  L/%07    0"  M0* #   />%07.        O %0P5*I(3 %0e(3 ./I0R

MWNT LDP-6#R   ./ LDW [/     E%,*O#Y-)    G D26#Y- 8Y5,*CH2Cl2 (         <D0* A0B 45;I76#,(3 DP23#\  !" 4   A0)5]/ 

D;DW XIYZ* .O %P5*I(3 XIYZ* MWNT 45;I76#,(3 d%9& ./   #,=05B #5Zk" E%*> %" CH2Cl2   D0W [.6D0Tr;G 

 XIYZ* UV7 bI\     <D* AB 24     [%*/ ./  j%7 C°75  D2/#N 4=S  .   MvQF .6D)*    XI0YZ* >6    A-D0W A0SIY-

c7I"             D0W XIYZ* O +%573 6/D:* o5)j UPF >6 EO%J A,7/ O EO%J      [%0*/ ./ O C°130      <D0* [6#0B 12 

  D2/#N 4=S  j%7 .  2%T; ./    %P5*I(3 XIYZ* – MWNT    ̂ 6/ _#R DP23#\  !"        [%0*/ ./ M0,5\6#N �(%] ./ 

C°1300 .%=\ O 60 <D* [6#B g%17%R %r*  E%*>1DW #,P2> lmS %2 O EIN.3 #ea9"6 ./  j%7 .  

 %B %P5*I(3  2>IV*%- MWNT [.O3#\ EODB) LD0W  \%2./  (%& E%9J AB (   <%05Y9j EOD0B O D5a0-6 ./ EI576

  A5T" AB%=* c26#W       yF#* ./ A- D2/#N4     76 LDW L/6/ �5$I" .   2>IV*%- A,5a0;6/  %0T,     uO. %0B Archimedes 

L>6D;6   DW [#5N . 6 Q5(%;3  AfWX        /IFO  YfB A- [D2DF >%\ z5Z="  TF Q5; MWNT       K51=0"  076 819* 

G/IWDW d%:;6 .  

 L>6D;6 [6#B     \%" O M,Z7 [#5NUP    a1W       2>IV*%- �s7 6D,B6 G  7%9(6 #59S %BA  ;O#15* 42 M     ./I0R UV7 O 

  %P5*I(33/0 ;O#15* M h5(IR DW  .  2>IV*%- M,Z7    %B  M,Z7 O#15* L%r,7/      .6~0N#�6 O qP07 
 12O  0000  gD0* ># 

)M-400, Leco Co (O %0B  .%0B  402  d#NI0Y5-    A0B E3 �s07 [O. A0-   E%0*> <D0* 10 A05;%�  g%09j6   GD02/#N 

L>6D;6  [#5N  DW.  L>6D;6 [6#B    \%" .6D)* [#5NUP    2>IV*%-  a1W    M,Z7 42 >6     >#12O qP7 !"   .%B 5  d#NI0Y5-

 DW L/%e,76   O \%"UP     a1W L>6D;6 %B    [#5N   �#" gIt/%:26  ./ LDW AWIN   #�6 K!* [%J.6~N    o0kt >#12O [%J

 gI*#\ Charles”O “EvansAk7%!*  D2/#N . 826 ./ AsB6. P     O 8"I05; �a0& #0B M(%09j6 .%B #B6#B C  g/%0f* 

 76 #,* �a& #B �#" gIt.  

 !5.1
C )C/P(00824.0K "#  

  d%1!,76A;I9;    [%J,2>IV*%-M  " c7I"  [#s] [%T,a! [%T1a2/     LDW #,P2> L>6D;6   M* [#5N   /I0W . ./

 ,a" 826  [.%=\ [O#5; %T P    #s] [O.d A;I9;  [%J    M* g%9j6 K1W M1a2/   //#N .  A:5,;./    c0S 402

                 M0* K),P* #r2/ �s7 AB E3 C:& o2#t >6 O LDW /.6O A;I9; �s7 [O. M==- hP"   /I0W]5 O 6[ .

   hP" #�-6D&S   A- ep [O.       M* /IFIB [.6~N.%B As); O/ 85B [#s] A!     #B6#B GD23S=2P/dL M*     DW%B .

d    4a2/ #s] )   a" 826 ./16  #,* MY5*  (  OL    *%Z$)4  #,* MY5* ( /IB .       d#; /6I* >6 A2` 42 ) DP;%*

U* (A!ep 85B ./  [%J LD;.6~N .%B  Z7/IB LDW L/6/ .6#] A;I9; O  .  

 Varder   O Finnie L/%* O/ d%1!,76 “granodiorite”) {`%9,&6   5;6#N (Mg, Fe) Al3 BSiO9( O �P07  

                    >6 Mf507O L/OD0!* ./ O [#5N L>6D;6 [#s] [%T1a2/ O M==- M=9S  a" uO. O/ AB 6. 4J3

,76!   I9; Aa2%)* CJ%B d%1/D; .                   y02>I" G a0" uO. O/ #0J ./ #-~0(6 bI0\ L/%0*O/ A0- DP,\%2./ %T;3 

weiball      .%5aB c7I,* d%1!,76 O MTB%=* D;.6/  .    M,Z07  5;6#N5/7    O /.6/  �P07   40J3    d#0;    L/I0B

   76 A,W6D; M,Z7O.   826   M* E%=; q2%,;                >6 Mf507O L/OD0!* ./ [#0s]  a0" uO. q2%,; A- DJ/

/.6/ M;6IZ9J M=9S  a" uO. q2%,; %B d%1!,76 O M,Z7.  

  �Is7h5(IR   2>IV*%- LDW       Mr,\.O#\ K!* O   a"     .#B [.I0; ?I17O#15* %B M,Z7   D02/#N M07 .

    a1W �Is76D,B6   hWIR    m0t      Y57IB UV07 O D;D0W L/6/ '00000 17O#15*  000 ;O#,1(6 ?I 000000 M

(SEM, JEOL – A40)DP,\#N .6#] MB%2>.6 /.I*  .  

                                                           
1
 Indenter 

2
 diametric test 
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3- 45*67  

A;I9;                  [%*/ O EIN.3 >%N ./ ^6/ _#R DP23#\  !" hZB 826 ./ LDW |5pI" [%JC°1300    .%=\ O 60   %0r* 

     E%*> <D* [6#B g%17%R1   D;DW A5T"  j%7 .    AfW6 u6#R [%Te5tx          K*%0W c0)\ %0T,2>IV*%- A- /6/ E%=; G

    DP,aJ M,5\6#N 8B#-O %P5*I(3 %e(3 .          c7I,* #s] A- /6/ E%=; Q5;  5\6#N XIsS [%PTRMWNT     /OD0& ./ 12 

    76 #,*I;%;]4[ .  [%J.%,S%7MWNT         /I0B CJ A5kW DP23#\ >6 DfB O Kk]  .       LD0W #0,P2> [%0T,2>IV*%- A,5a0;6/ 

  [`%B97 %  /IB [.I�" A,5a;6/ .     %P5*I(3  2>IV*%- [#s] d%1!,76– MWNT      M9:& Dp./ |Y,Z* #2/%)* %B 

MWNT K1W ./ 1 76 LDW L/6/ E%=; .  

 

 8#91-  M2%P5*I(3 AP5*> [%T,2>IV*%- [#s] d%1!,76^6/ _#R DP23#\  !" A-./ >%N c26#W [%*/ ./ EIN.3 C°1300 O 

60 [6#B g%17%R %r* 1 >6 |Y,Z* #2/%)* K*%W  j%7 MWNT 76 LDW A,S%7 .  

#J [6#B#2/%)* >6 42 MWNT G A;I9; A7>6 MWNT [.O3#\ EODB )LDW  \%2./  (%& E%9J AB ( O DW  a"

D2/#N  k� %T;3 85r;%5* . %B CJ A;I9; 42MWNT ./ A-  CH2Cl2LDP-6#R LDW   ;3 UP\%0" O D0W  a" DW%B  %0T

L>6D;6 DW [#5N.   

Afs] [       %P5*I(3 <6.w I;%; c)\ >6 LDW A,S%7 G   d%1!,76 654         A0-  0W6/ g%107%R %r*  #,=05B  ,76 >6  000 d%1!

350-200  g%17%R %r*   LDW  k�   %P5*I(3 [6#B [       76 LDW #,P2> M(I9f* ]7[       LDW u.6QN d%1!,76 %B M,& O

 [6#00B%00P5*I(3[  g%,a002#- 400" (sapphire) A00- 1000- 350*      Aa002%)* K00B%]  0076 g%1007%R %00r

M* DW%B. 2>IV*%-  [O%& %P5*I(3 I;%; [%J MWNT [.O3#\ EODB)    LD0W  0\%2./  0(%& E%09J AB( G  d%1!,076

 85v%R #�,Z*     <%fs] AB  ka; [#" c)\  %P5*I(3  DP,W6/ M2 .M*%rPJ    A0(I(I;%; A-   [%0J         ./ LD0W LD0P-6#R M0PB#-

CH2Cl2 2>IV*%- K51=" [6#B %P5*I(3I;%; AB 6 M* A\%$ D;IWG ./ 6D0,B6 ./ d%1!,76 10  %0" 5  M09:& D0p./  

MWNTM* h26Q\6   O DB%220 M9:& Dp./ D& %" 2>IV*%->6 LDW A,S%7   MWNT [.O3#\ EODB)  E%09J AB

LDW  \%2./  (%& (GM* hJ%- DB%2.  

\%"UP    Afs]  a1W   c)\     %P5*I(3  2>IV*%- O %P5*I(3- MWNT   K1W./ 2        076 LD0W L/6/ E%=0;  . 07I,* c

\%"  UP Afs]  a1W c)\     2>IV*%- O %P5*I(3    %P5*I(3 [%J %B  5     M9:& Dp./  MWNT   A-  !"   DP23#\   _#0R

^6/    LDW A,S%7 lmS ./         /OD& ./ �5"#" AB D;6$$pa9.4   O $$pa1.5    76 A,\%2 h26Q\6 .   826#2/%)* 

\%"UP g%,a2#- 4" %P5*I(3 [6#B LDW u.6QN #2/%)* >6 #"`%B (sapphire)MYR %P5*I(3 O   76 g%,a2#-]8[.  

MYk] [%J.%- ./]4[ 2>IV*%- >#12O M,Z7 G    [O%0& %0P5*I(3 [%J MWNT   [.O3#0\ EOD0B)     0(%& E%09J A0B

LDW  \%2./ ( >6 MsS .It ABGPa 4/18  AB z(%S [%P5*I(3 Afs]  [6#B GPa5/13   [O%0& [%0P5*I(3 [6#B 

20    M9:& Dp./ MWNT    76 A,\%2 hJ%- G .       [O%& [%P5*I(3  2>IV*%- M,Z7 .%- 826./10   M9:& Dp./ 

MWNT >6  GPa2/16) MWNTLD=; D5a-6  (M,Z7 C92Q-%* %" GPa4/20 >6 DfB  90    E/6/ <.6#0& A0)5]/ 
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MWNT [%*/ ./ 6IJ ./ 640./  76 A,\%2 h26Q\6 G/6#r5,;%7 AF.  

  

 

 8#92-  2>IV*%- O LDW #,P2> [%P5*I(3I;%;  a1W UP\%" %P5*I(3 [%J- MWNT . O ^6/ _#R DP26#\  !" L%57 iY�*

�S O ^6/ _#R DP26#\  !" D5e7 iY�* GEIN.3  

       M=BO. M;O#,1(6 ?I17O#15* >6 Kp%& #2O%�" Is7 >6   2>IV*%-  a1W �   %P5*I(3 [%J- MWNT    K10W ./ 

3   LDW L/6/ E%=;   76  .  M0* E%=0; #2O%�" 826    A0- D0PJ/MWNT z(%0S        .I0sB GE%0,* O#0Y- [/ ./ LD0W

 S6IP12 AB  ka; [#" MWNT  [.O3#\ EODB )LDW  \%2./  (%& E%9J AB (M* LDP-6#R  2>IV*%- ./ D;/#N.  

  

#9 83-  M;O#,1(6 ?I17O#15* [%T\6#NO#15* M=BO. 2>IV*%-  a1W �Is7 >6 %P5*I(3 >%\ I;%; [%J- 5 % M9:&

MWNT .a  ' b( MWNT [.O3#\ EODB )LDW  \%2./  (%& E%9J AB(G c' d( MWNTz(%S  [/ ./ LDW [>%7 E%,* O#Y-G 

)A;I9; d%9" O ^6/ _#R c26#W  !" %JLDW #,P2> EIN.3 >%N D;6.(  

4- ,2"67 ' :;0 <1"=  



 

 

54

  \%" O d%1!,76UP   Afs]   z(%S  %P5*I(3                  >%0N O ^6/ _#0R D0P23#\  0!" %0P5*I(3 Q2%7 I;%; ./IR >6 LDW A,S%7

  EIN.3%P5*I(3>6  [MYR     M(I9f* g%,a2#-   #,=5B MY5S 76. h26Q\6  5    M9:& Dp./ MWNT      I;%0; [%0P5*I(3 AB 

    G 2>IV*%- 42 K51=" [6#B >%\         #0J /%02> h26Q0\6 ij%B              a01W UP\%0" O [#0s] d%1!,076 M0N�2O O/

M*    //#N. z(%S     [>%7MWNT  [/ ./   E%,*O#Y-G   MNDP-6#R MWNT        M0* /I0kTB M2%T;  2>IV*%- ./ 6.     D=0ZB

z(%S AY&#* 826 8B#- G[>%7  >6 6. M\%$6 [%JMWNTM* }~&   DP- O MWNT     ./ #0,TB A0- 6. #0" z(%0S 

        M* M]%B G LDW LDP-6#R E%,* O#Y- [/ gm&  6~N/. .             [%0J>%N [>%076DF i0j%B lm0S  0!" ^6/ _#R DP26#\

      M*  2>IV*%- [./IR XIYZ* ./ LDW #5N./            M0* [#5NI0YF d%1!,076 hJ%- O hP" ED;%95]%B>6 G//#N   D0P- .

 826 /IkTB DP23#\      6. MPWO. LDP23 %J    02>IV*%- [6#B          >%0\ I;%0; %0P5*I(3 [%0J– MWNT        /6I0*  S%07  0TF  

C1!,a*   4k7 O #"   * .I�,* G#"M  D2%9; . LDP23 ./        M* %T,2>IV*%- 826 D5(I" DP23#\  #,=5B /IkTB        A0B #0:P* D;6I"

 #2/%)* %B [%T,2>IV*%-  S%7 #,=5B MWNT852%R A,5a;6/ A:5,; ./ O  \%" O d%1!,76 O #"UP`%B #"/IW .  
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