
 

 

16

  
!"
#! 
$
%&
!"
'

 (
&)
*+
,
-

 /
 .
/)
01

3
 /

 
2%
#)
3

 
13

8
4

 

 !"#$%     &' ( )* + ,-./&0  1 %23   456 7/89/ :&;< ; =-  >?@!A:   

0/&+ B?C0=4$D# >?!A ; %>?! A EF G E +( %-<H6H0 E 

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

 !"#  !"#$%&'()*+  (,-./0 1234567+ ! 0/4+ 8%9:; ! <4=> (?/! $@69+A'/ 0/BC  6D-./0 1 

dr_kaveh_arzani@yahoo.com 

 !"#$: C#0451(E F(6G"*E 30 /4G 8(H; I3JK FL/ M549+ MK 8K $36N8   OC 6PK MP=K69+ MQ M7-# /B 

FR7S6 F&     / /3 T'6)+ L?  /3 FU6V + 1 6N. F( .    6G34-PQ 30  B!"P+/8  7W)PX 1     6*5(PH+ B/  06Y7P'/ 8 

 ZC  ()G6QF () 6G 8 B6# 86'! FL34;4+ 8=?  /3 O/4)WK 1  /"PK TP'6)+ 8  6PGB6# [G6PQ 8ZC F  (P) 

 /  (>6\7+B 6'! FL 34;4+ 8 S"W+ 1 + 1 04E  .  / 30 /]5FR      6*5(H+ /(7K/ MXA^ 34_ MK MW56`+ 8   ()G6Q 

ZCF () 6G 8 B6# 8 6'! FL =9. $M S"W+ 1 + 1     ?/"_ L?/"+ ab' ! (.0"# 1    / c^6P' !  PFR    B/ 6*5(PH+ 

+/"' d(H+ c^6' M=?"+$,1) Converter(Z O(.6-. M=?"+ %FM+  P$.61+45C $ 6P)8  6P+6# )Wash 

Coat( =?"+ %M  6Pe FJDFR        !3 30 6P*H./"# @/JP=S O0"PQ 8Z  PFM+  P$.61  #(P=e MP=?"+ ! $"8  O0"PQ 

)Canning (    / M7'4f 30  06+C d(H+8   7'/ 0Z4S B/ $L 0 FB/(#"        0/(PW;  /"PNG %B!JP#/ M545 L^/0 8  B/ 

67.Fg9:; $@696+BC F-1c'/  (E h3/J# .  

1- %&$'&  

           Me/4+ OC 6K I3JK i+/4e "jQ/ MQ c'/ 1,=*+  (F(f /4G 1#045C ()7kG  .        (E TkQ U36V; ! @6W56`+ "K 6)K

                    1P'6'/ B/ 1P,F 834P;4+ LF6P'! B/ 1Pe!"^ 86GB6# 1#()FZC  ()G6Q 86*5(H+ 8"$#36,K "$^/ 86*56' 30

(FC 1+ 36NE MK /4G 86G 1#045C d"7)Q 86*?"_ RF";.  

 d6' 30 36K R$5!/ 8/"K1975 cQ"E Chrysler Arenger7^4' B6# 1e!"^ cNkl 1,F0J. 30    34P;4+  (PE M

 cQ"E M=$'4K MQ 1)$;Af 86G"D-)Q/! B/ 04^ 8($54; M$=9. LF6'! 86GB!J#/ 30Johnson Mathey M7^6' 

 0"Q  06Y7'/ 04K  (E]1 .[ "m+ 86GB6# LF(H; n>6K M=$'! RF/)RK"Q!3($GCH  ( MKCO2 ! H2O(E . 

           + 36,K 6G!304^ B!J#/ L^/0 30 1Y=7o+  ()G6Q 86*5(H+ "p6? d6? 30      86PGB6# [G6PQ MPK 306Pl MQ (.!3 1

 RK"Q ($kQ/ 4)+ L$Hl B/  ()FZC)CO( RK"Q!3($G %)CH( O2!"7$. 86G($kQ/ ! %)NOX ( ()7kG]2.[ 

                  q"\P+ 82454),; 8"$# 36,K 6K r$97k+ s6H;3/ 6*5(H+ RF/ c^6' 1D.4Dt 1)S [./0 MW56`+ "p6? d6? 30

      03/0 "7NQ 1`$:+ ckFB 1#()FZC 6K 6G!304^ . 5 !           1)S [./0 MK 1'"7'0 MW56`+ RF/ 1=X/ q/(G/ B/ 1,F /]

(E6K 1+ 6*5(H+ RF/ c^6'.  

2-  ()*+),&-./0  

 6G"D-)Q/!)6*7k$56;6Q (d(H+ 8!"K MQ   ()G6Q 86G       %R$P;Af B/ 1PH$Q"; u6P+4N> %(.4PE 1P+  0/0 [PE4f 

 rF0!3 ! rF0Z6f ()E6K 1+ .  vF! w`' MK B6$. 04^ 0",=N> c*e 6G"D-)Q/! RF/)BET (  (P.3/0 1W$P'! .  /]P5

 834H.B M.Z 1_4l &F @34X MK 1,$+/"' d(H+) 6F c$54)+honey comb (     04P^ MPQ (.4PE 1P+ 0!"7kQ/

 O0/0 [E4f &NQ MK /3 OC MQ c'/ 1W$'!  vF! w`' 8/3/0)Wash Coat (  6P+6# 86)$+45C 6K)Al2O3 -   (

        1+ d6H;4S R$+B &F w`' "K/"K !0 0!(? MK   ().6'3]3.[    4:.          B/ 8B6P# 86PG  (P)FZC  ()G6Q 86*5(H+ LN>

    B/(./ ! x4. "G      1N' 86GB6# O0"Q ($kQ/ 1=Q c56? 30 ()E6K MQ 8/CO ! CH      (P)FZC "P$y 86PG B6P# MK 

CO2 ! H2O "m+ 86GB6# 6$?/ ! )NOX (1K 86GB6# MK  @B/ "`^)N2 ( Ov$kQ/ !)O2 ( (E6K 1+]3.[  
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2-1-  #$12)3 -)4+$5& 67807#$19:;-<)= -)2   

        ()FZC  ()G6Q d(H+ x4. 36*t d6? MK 6;     (E x/"7^/ 8B6# 86G   "G MQ (./        ()7kPG 1PX6^ 86F/J+ 8/3/0 </(Q

]4.[ 

 d!/ x4. :      8B6# 86G  ()FZC  ()G6Q 86*5(H+)3!J$56;6Q (    34z)+ !0)Two-Way(          x4P. MPK q!"PW+ x4P. RF/ %

  ())Q ($kQ/)Oxidation Converter (c'/ . 86G34;4+ 30 "7-$K    {P9S ! 04PE 1P+  0"K 36,K dJF0 c^4' 6K

       RK"Q ($kQ/4)+ B6# LF(H; MK 306l)CO (   6*)K"Q!3($G !)CH (      RK"PQ ($kQ/ 80 MK)CO2 (     UC 36PoK !)H2O (

 "m+ 86GB6# "K 8"|/ }$G ! (E6H$+)NOX (03/(..  

<!0 x4. :  34z)+ M' 8B6# 86G  ()FZC  ()G6Q 86*5(H+)Reduction/Oxidation Converter ( MK 6*5(H+ RF/

                  1N' 86GB6# T$Q"; "$$~; 8/"K O4$'/($kQ/ {F/"E O03!C rG/"S MK 306l ! ()7kG 34*-+  34z)+ M' d(H+

 8/"K 6$?/ {F/"E ! 6*)K"Q!3($G! RK"Q ($kQ/4)+)NOX (()7kG.  

<4' x4.  :   /4PG 6PK  34z)+ M' 8B6# 86G  ()FZC  ()G6Q 86*5(H+)Three-Way + Air (  *5(PH+ RPF/  MK6-P+ 6

                             {F/"PE O(PE "P7*K MPK 6P; 04PE 1P+  (P$+0 /4PG 6P*.C R$K6+ MQ @!6Y; RF/ 6K ()7kG  34z)+ M' 86*5(H+

(F6N. &NQ "m+ 86GB6# O4$'/($kQ/.  

<36*t x4. :  MPF4.6| ! M$5!/ 8B6# 86G  ()FZC  ()G6Q 86*5(H+)Pre Converter & Main Converter (  MP' 30

     B6$.  (E 1S"W+ uAHl d(H+ x4.             (E6K 1+ 6G"D-)Q/! LN> x!"E ! d(H+ O(E <"# 6; O6+B q"X MK  .  RF/ 30

                 (.4E 1+ �36^ B!J#/ M545 B/ [)Q/! M.4# "G O!(K "m+ 86GB6# %d(H+ O04K 0"' c=> MK @(+ .  c*e u/"$^/

                    (P54Y$.6+ B/ (PWK 8B6P# 86PG  ()FZC  ()G6Q &t4Q 1,$+/"' d(H+ &F T$> RF/ B/ 8"$#4=e)Manifold (

  T\.M7-# .                       6P; MPF4.6| 6PF 1=PX/ d(PH+ 8/"K 1,NQ @34X MK ! ('3 1+ [)Q/! 86+0 MK iF"' d(H+ RF/

(F6N. 1+ LN> 6G"D-)Q/! O(E d6WS B6$. 034+ @3/"? MK OC O($'3.  

3- >?.@A ()*+),&  

3-1-  B78&>C.D&  

  150      1,$+/"' MF6f d(H+ MW`l )17F"F034Q (    cQ"E ($54; &t4QNGK         B!JP#/ 30 0"K36PQ 034P+ %Rf/2 

 /(.4G c=,$' 34;4+CG 125  

   6+6# 86)$+45C)Al2O3 -   ( cQ"E ($54;MERCKO6N5C  

  4,$=$' TktO15C  

  UC %d4,$=# R=$;/ %d4.6;/ %L,5/ 

   R$;Af <4$.4+C[Pt(NH3)]
+2 cQ"E MERCKO6N5C  

   rF0!3 <4$.4+C !"=Q[Rh(NH3)Cl]
+2 cQ"E MERCKO6N5C   

   @/"7$. rF0Af[Pd(NO3)]
+2 cQ"E MERCKN5C O6  

   c+6op 6K 6)$+45C q6$5/ (N.50"7+ 1=$+  

  /(# "F0 L$7'/ 8J=S Ml3!B<"Q -RGC  

3-2- > "&7.E F$5& $"+8A GB (7H"4@A I B78& B.?G)3 JEI.K  

3-2-1- $? LM)E0F$5& %  

                        MPK O/4P; 1P+ cP'/ cPF"F034Q a)e B/ 1,$+/"' 84m$K 6F 8/ M./47'/ M545 &F @34X MK MQ d(H+ M.(K

     8/3/0 834H.B M.Z L,E220 /   15600       iK"+ })F/ &F 30 �/34' )cpi ((E6K .     30 MzY:+ 86G  3/4F0 c+6op

    0!(? 0"K36Q <6D)G3/0-2/0     c'/ "7+ 1=$+ ]5 .[         8/3/0 ().6+ "$N^ cF"F034Q d4+"S s4=o+ OC M$*; c*e
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                   L,PE c'/ 834H.B M.Z 86G �/34' 8/3/0 MQ 1_4l @34X MK ! 0!"7kQ/  6D7'0 30 /3 1,$7'Af c$X6^

 G0 1+() .                   ! 8"F]Pf q6P`W./ [F/JS/ c*e J$. 6*54,$=# x/4./ Lj+ 0"' UC 30 d4=:+ 3JF6' 17'Af 0/4+ B/

               04E 1+  06Y7'/ O2!"7kQ/ 30 1G0 L,E c*e !"$. d6N>/ <6D)G MK "7*K c$56$']5 .[     (P$54; aP'!"f M7H5/

               B6$. %T'6)+ M$5!/ 0/4+ O04K rG/"S MK B6$. "K  !A> 1,$+/"' d(H+ M.(K &F     �4\o+ T56l 6F O2!"7kQ/ MK

                       MP.(K RF/ ($54; B6$. 034+ 03/4+ M$9K OC M$5!/ 0/4+ B/ "$y MQ 03/0 cof 86G  34Q ! O0"Q &-^ %1G0 L,E

           B/ �$9:; RF/ 30 /]5 03/(. 04e! O/"F/ 30 1,$+/"'150             30 0"K36PQ 034P+ 1,$+/"P' x4. B/ 8/ M./47'/ d(H+ 

(E  06Y7'/ c=,$'34;4+ B!J#/ M545.  

3-2-2-  NO8K %9: B)@97 >0)"&)Wash-Coat(  

                       MPFZ &PF OC 86*^/34P' B6PK �4`P' MP$=Q 8!3 (PF6K 1,$+/"' d(H+ M.(K M$*; B/ (WK20-10   1P.!",$+ 

    (.6-. 06FB �4`' 8/3/0 c^/4),F .                MP.(K B/ !  04PN. "S6K MFZ &F 06VF/ cF"F034Q M.(K 6K MFZ RF/ M,F34`K

00"D. /(e 1=X/ .4=o+ 34z)+ RF/ 8/"K Lo=o7+ 86)$+45C B/ 1_)  !"Al2O3 ( 06FB w`' 8/3/0)  w`P' 8/3/0

0!(?  vF!400 m
2
/gr  (     U6Py!0 @34PX MPK  (P))Q 3/(F6f 0/4+ B/ 1H$Q"; 6F ! 15C 1.4,$=$' Tkt &F 6K /3

()F6N. 1+ 3! M_4y OC 30 /3 1,$+/"' d(H+ M.(K !  0"Q s4=o+ . MQ 834`K   !"Al2O3  �4PY. 6G  "Y? O!30

   04N.     ()Q 06VF/ c^/4),F w`' &F ! .              @3/"P? 30  (PE  0/0 [PE4f d(PH+ MP.(K ab'400-200   MPe30 

 ())Q 1+ &-^ 1+/3C MK 0/"# 17.6']6.[   

 3/(9+ d"7)Q c*eWash Coat     O0"PQ &-P^ B/ aPf ! (P))Q 1+ OB! @6$=N> B/ (WK ! LHl /3 d(H+ M.(K 

           (E  0/0 [E4f 1.6$+ MFZ 3/(9+ 6; 00"# 1+ OB! u/0(V+       00"P# �o-+ d(H+ M.(K 8!"K 1F6)$+45C  .  3/(P9+

        36$kPK 3"p 1K 86GB6# MK  045C 86GB6# LF(H; MV$7. 30 ! "D-)Q/! 0/4+ U]e 30 1.6$+ MFZ [E4f dC  (F/

 c'/ "|�+ .                    [PE4f 0/4P+ 84P7:+ O4$kP.6b'4' M7$kP./0 O0!JS/ 6K O/4; 1+ /3 1.6$+ MFZ [E4f 3/(9+ /]5

E4f LN> 3/",; 6F !  ()G0($-oK 04H*K [.  

3-2-3-  I F)*C P7HQ7 R"'SA .TU137I)Active Component Impregnation ( 

                      B/ /3 (.4PE 1P+  ()FZC 86GB6# T$Q"; "$$~; ! [)Q/! 06VF/ n>6K MQ /3 8"D-)Q/! 0/4+ (F6K M=?"+ RF/ 30

 w$9=; �F"_)Impregnation ( Lo=o7+ 86)$+45C Lo=o7+ @/"Y? L^/0)  !"Al2O3 (0"Q 03/! ./  (PF6K 0/4+ RF

        O6+JNG w$9=; 1.4F �F4W; 6F U]e 6K)Coimperegnation (            (P.3/0 MPD. rP,:+  (PE 03/! L:+ 30 /3 04^ .

1+  06Y7'/ 6G"D-)Q/! U4'3 h!3 B/ u/"jQ/ 36Q RF/ 8/"K 04E.  

                +C ().6+ 6*H./"# @/J=S 86*,N. B/ 154=:+ /(7K/ 1.6$+ MFZ [E4f 8!"K "D-)Q/! 0/4+ O0"Q 03/! 8/"K  <4P$.4

  R$;Af[Pt(NH3)]
+2     rF0!3 <4$.4+C !"=Q [Rh(NH3)Cl]

+2     rF0Af @/"7$. ! [Pd(NO3)]
+2       <"P# &F cHk. MK /3 

  %R$;Af2/0     ! rF0Af <"# 2/0                  d(PH+ MP.(K !  0"PQ LP? UC 30 d4=:+ O4$k.6b'4' @34X MK rF0!3 <"# 

                 0!(? 86+0 6K  34Q 30 ab' ! ())Q 1+ 3! M_4y  OC 30 /3 1,$+/"'520       (P)G0 1P+ 3/"l 0/"# 17.6' Me30 

   M)$k=Q 6;)Calcination (00"# .    J=S 86*,N. @3/"? "|/ 30           w`P' 8!3 MP_4K"+ J=S ! M7-# MFJV; 6*H./"# @/

     00"# 1+ "G6� MFZ)  L,E1 .(               ($kPQ/ O/4P)WK w`P' 30  (PE M7E6Q rF0Af ! R$;Af @/J=S M=?"+ RF/ 1_

   RK"Q!3($G  ())Q)CH (     MK OC LF(H; !CO2   ! H2O    6F ! CO      MK OC LF(H; ! CO2       rF0!3 J=S ! ()Q 1+ LN> 

6G($kQ/ 1#())Q 6$?/ [9. J$. @B/ 8)NOX ( MKN2 ! O2(."$# 1+  (*WK /3 .  

3-2-4-  -."=$SQ)Canning(  

            ()G0 1+ 3/"l 8J=S (=e &F L^/0 /".C  (E M7^6' d(H+ 0"K36Q c*e .        8"7kK 30 /3 d(H+ M.(K 36Q RF/ 8/"K

                   3/"l B/(#"F0 L$7'/ �3! B/ MzY:+ &F L^/0 /".C !  0/0 3/"l 6)$+45C q6$5/ B/  (E rQ/"7+ B/(#"F0 (N. B/   1P+ 

  ()G0]4[ .    L,E 30 M,F34`K)2 (   c'/  (E  0/0 O6-. .             L,PE MPK 0"$# 1+ 3/"l OC 30 d(H+ M.(K MQ 17Nkl

04E 1+  03!C30 B!J#/ L^/0 B6# �!"^ ! 0!3! c*e &$+6)F034�C 1j=j+.  
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.    

 V O1- ()FZC  ()G6Q 1,$+/"' d(H+ M.(K �/Je/  86G             V O2-     17kP$56;6Q d(H+ 8"$#(=e  4:.      &$+/"P' MPF6f 

 8B6#]6[                                                      834;4+ LF6'! 8B6#]4[  

3-2-5- F$5& B.?G)3 N9)&<;  

                   36NE 80"K36Q 86G03/(.67'/ �6'/ "K d(H+ 0",=N>  4:. ! 0"K36Q MW56`+ c*e 8"$# (=e B/ (WK 6G M.4N.

1   15/ 4      (."$# 1+ 3/"l ck; 034+ 1F6f!3/  .      J#/ B/ 1e!"^ B6# J$56.C RF/ 30       1e!"^ B6# J$56.C 6K d(H+ 8/3/0 B!

      00"# 1+ MkF69+ d(H+ O!(K B!J#/ B/ .               1P+  06Y7P'/ B!J#/ B/ 1e!"^ B6#  ())Q J$56.C  6D7'0 B/ 36Q RF/ 8/"K

 04E]7 .[) L,E 303(./  (E 1S"W+ 1,$+/"' d(H+ 1.!30 �/Je/ 0",=N> 1D.4Dt (. 

  

  

 V O3-6GB6# 1#())Q6$?/ ! 1#())Q($kQ/ 1D.4Dt  1,$+/"' MF6f ck$56;6Q d(H+ {'4; 34;4+ B/ 1e!"^ 8]2[  

3-3- >2)TU9)&<; G)3 WIG  

  (E  06Y7'/ 1K"V; @6W56`+ [oK 30  0"H+6. @/J$*V; ! 0/4+ B/ 6*.C MW56`+ ! 6G M.4N. c^6' 30 .  MP=?"+ 30
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       86G  B/(./ 30 6+6# 86)$+45C d!/200  %325   ! 400           034+ 0/4+ @34X MK ! %c-# 8()K M./0 [+    30 q"\P+

   Q h/! O4$k.6b'4' 06VF/@4                 d!(Pe 30 6P*.C B/ 80/(PW; MPQ @!6Y7+ 86G M./0 iFB4; 6K 1       (P./ M7-P# "PQ� 

c-# s4=o+ .  

 FI$Q1-h/! B/ 80/(W; O4$'Z4+"S 30 M7S3 36,K 6+6# 86)$+45C @/3�  B/(./ iFB4;  4:.  6G(Q 

 M./0  B/(./

)[+(  

 d4+"S

)1(  

 d4+"S

)2(  

 d4+"S

)3(  

 d4+"S

)4(  

 d4+"S

)5(  

 d4+"S

)6(  

 d4+"S

)7(  

 d4+"S

)8(  

 d4+"S

)9(  

 d4+"S

)10(  

200  100%   -  -  5%   5%   -  -  -  -  -  

325  -  100%   -  5%   10%   15%   15  20%   30%   35%   

400  -  -  100%   90%   85%  80%   85%   80%   70%   65%   

  

               30 6*.C B/ 80/(W; MQ @!6Y7+ "F069+ 8()K M./0 "G B/ <!0 M=?"+ 30  d!(e2           3!6)PE 0/4P+  /"PNG  (PE "PQ� 

     R=$;/ ! d4.6;/  (.B6'     ()7-# M$*; U6y!0 @34X MK d4,$=# .           3!0 6PK OJNG B/ 6G U6y!0 RF/ O0"Q RDNG 30

   1_ rQ5   c-#  06Y7'/ M9$l0  .                 ! M7-P# OB! !  (PE 83/]#  36NE 1,$+/"' MF6f 86G d(H+ <4' M=?"+ 30

  c+A> L:+ 30       c+6op "z. B/  (E 83/]#  (.(E 83/]#  B/(./         30 O0/0 [E4f 8/"K 1,$+/"' d(H+ M' !

      c-# U6o7./ 6)$+45C 847:+ U6y!0 d4+"S "G .               %MPWS0 !0 1P+!0 d(PH+ %MPWS0 &PF 15!/ d(H+ MQ 834`K

(.(E  0/0 [E4f MWS0 M' 1+4' d(H+.  

 FI$Q2-(Q h/! c^6' 30  (E [F6+BC 86G O4$k.6b'4' B/ 80/(W;  ()G0 L$,-; 0/4+ (X30   

0/4+   d4+"S)1( d4+"S)2(
 d4+"S

)3(  

 d4+"S

)4(  

 d4+"S

)5(  

 d4+"S

)6(  

 d4+"S

)7(  

 d4+"S

)8(  

 d4+"S

)9(  

 d4+"S

)10(  

 "!" Al2O3 60  60  60  40  30  20  17  15  13  11  

d4.6;/  40  -  20  30  35  40  41  42  43  44  

R=$;/ d4,$=#-  40  20  30  35  40  42  43  44  45  

  

      30 O!C 30 6G M.4N.350 30      1_ 0/"# 17.6' Me10            ! c+6op "z. B/ u/0(V+ ! ()7-# &-^ 1+/3C MK c>6' 

   (.(E 8"$#  B/(./ OB! .       1F6N)#3JK 6K 17'0 R$K  3B 6K ab' !100     ()7S"# 3/"l 1'3"K 034+ "K/"K  .  86G M.4N.

                 C d6\;/ 06VF/ MQ (.04K T'6)7+ 6. M./0 8/3/0 6F 06FB c+6op 8/3/0 86G M.4N. L+6E  034^ �";    MP.(K 6K 6*.

                    6K 6*.C @4Q h/! !  034^ �"; 17?/3 MK U4$W+ 86G M.4N. ! 03/(. <6,:7'/ 1S6Q  B/(./ MK 1,$+/"' d(H+

(.4E 1+ /(e 1,$+/"' M.(K B/ �B6. 86G MFZ @34X MK cQ"? RF"7,t4Q.  

 FI$Q3-  M.4N. g)f 30 1.6$+ [E4f 30  (E  (.6-. 6*H./"# @/J=S ! 6+6# 86)$+45C 3/(9+ ()G6Q d(H+  ()FZC  8B6# 86G

 LF6'!834;4+  

NO8K 680  
%08X0 

1  

%08X0 

2  

%08X0 

3  

%08X0 

4  

%08X0 

5  

O0/0 [E4f B/ af 1,$+/"' d(H+ M.(K OB! [F/JS/ 1.6$+ MFZ  6K

<"# MK 6+6# 86)$+45C  
55/1  6/1  65/1  7/1  75/1  

O0"Q 3! M_4y 36K !0 B/ af 1,$+/"' d(H+ M.(K OB! [F/JS/  30

4'OC O0"Q &-^ ! 6*H./"# @/J=S &N. O4$k.6b'  30500 Me30 

<"# MK 0/"D$7.6'  

37/1  40/1  43/1  55/1  62/1  

  

M.4N.                     cP*e 034P+ RPF/ 30 ()7S"# 3/"l "D-)Q/! d6WS �/Je/ w$9=; 034+ 1:`' �"; O!(K  (E 1'3"K 86G
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     @/J=S 3/(9+ "|/ MW56`+          K !0 /3 80/(W; ! 36H,F /3 6G M.4N. B/ 80/(W;           O4$kP.6b'4' 30 36PK MP' /3 80/(W; ! 36

    (.(E 3! M_4y 6*H./"# 0/4+ .       86+0 30 83! M_4y B/ af520        @(P+ MK 0/"# 17.6' Me30 2     M)$kP=Q c>6P' 

            ()7S"# 3/"l OB! ! c+6op @/"$$~; ! 1:`' 1'3"K 034+ u/0(V+ ! ()7-# .        30 6P*.C B/ 80/(PW; 1.B! @!6Y;

  d!(e3   c'/  (E "Q�  .     8"P$# (P=e B/ af                    6PK MkPF69+ 30 %6P*.C 0"P,=N> B/ O6P)$N_/ cP*e /3 6PG d(PH+ 

()7S"# 3/"l 1'3"K 034+ 3!J$56.C B6#  6D7'0 30 &F  36NE 1F6f!3/ 86G03/(.67'/.  

4- %@"Y0 I Z[? -."=  

   c^6' ! 1?/"_ 30               30 8"|�+ [9. @6-F6+BC 0/(W; %M$=9. LF6'! 8B6# 86G  ()FZC  ()G6Q d(H+ 86G M.(K 

   7. &F MK O($'3  03/0 M)$*K MV$ .                �"PE MPK r*+ gF67. B/ 80/(W; M7S"# <6V./ [F6+BC  6V)f ! (\,F 0!(? B/

(E LX6? "FB:  

1-  1.6$+ MFZ [E4f 06VF/ @6-F6+BC 3/",; 1_)Wash Coat (       RF"P7*K MPQ rF($P'3 MPV$7. RPF/ MPK

        847:+ O4$k.6b'4' %[E4f MFZ 06VF/ c*e O4$k.6b'4'13       6P+6# 86P)$+45C (X30 )Al2O3 -   (

c'/.  

2-                     3/"P,; MPQ (P+C cP'(K MV$7. RF/ 1.6$+ [E4f MFZ c+6op d"7)Q 34z)+ MK @6-F6+BC 3/",; 1_

                 B/ OC O(E "7-$K @34X 30 15! 04E 1+ 1.6$+ MFZ c+6op [F/JS/ n>6K [E4f LN>20  !",$+ 

         00"# 1+ [E4f MFZ hJF3 ! O034^ �"; n>6K "7+ .           0 83! MP_4y 36PK !0 1P_ u6P7F6*. M,F34`K 3

 847:+ O4$k.6b'4'13($'3 T'6)+ [E4f MK O/4; 1+ 6+6# 86)$+45C (X30 .  

3-                   1#()HkPt O(PE "7*K n>6K 6+6# 86)$+45C 86G M./0 8JF3 3/(9+ MQ (E MV$7. @6-F6+BC 3/",; 1_

       00"# 1+  d(H+ M.(K w`' 30 OC .   "#/ 6+/@/3�          I3JPK 86G  "+4=#C 06VF/ n>6K (.4E &t4Q 1=$^ 

   /"^ n>6K ! M7-#     (E (G/4^ [E4f MFZ O0"Q U .         0!(? 86G M./0 6K %MV$7. RF"7*K  MQ400   [P+ 

(E LX6?.  

4-                   cP'/ 1S6PQ 6*H./"# @/J=S &N. O4$k.6b'4' 30  (E  0/0 [E4f d(H+ M.(K O0"Q 3! M_4y  36K!0

              B/ 0"K36PQ RNPp 1K4P=`+ MPV$7. ! (."$# 3/"l 1.6$+ MFZ [E4f L^/0 �4S 0/4+ B/ 1H'6)+ 3/(9+ 6;

 04^()G0 M�/3/.  

 . UA I >07BG$\  

                 %4,f6P' cQ"PE ckPFB {$:+ @69$9:; <"7:+ cF"F(+ %1)$k? 1.!"+/ 1m;"+ "7Q0 M.6N$NX 836,NG B/

                  1P'6)E36Q 84V-P./0 O6P$e/"e  0/BC %O6PN5C R^C 1)S  6D-./0 ckFB {$:+ �6)E36Q %1./B3/ 8"HQ r.6^

       E36Q 84V-./0 1NF"Q L$V5/(H> %�F"E 17W)X  6D-./0 (E3/         (PF"S ! O6*YPX/ 17W)X  6D-./0 (E3/ 1'6)

00"# 1+ ",-; ! 1./03(l M.6N$NX (./ M7E/0 836,NG �4S @69$9:; 30 MQ "S 1'3(+.  

]Q7.&  
1. J. Wei, " Catalysis for motor vehicle emission, Advanced catalysis ", [24], (Academic Press, 

1975). 
2. M. Roland, H. J. Farraut and R. J. Farraut, " Catalytic air pollution control ", (Copyright John 

Willey and Sons INC. 2002). 
3. A. Frennet and J. M. Bastin," Catalysis and automotive pollution control ", (Elsevier 1995). 
4. T. S. R. Prasade Rao and G. Murasli Dhar," Recent advances in basis and applied aspects 

of industrial catalysis ", (Elsevier 1998). 
5. C. H. Bartholomecs and C. A. Fuentes," Catalyst deactivation ", (Elsevier 1997). 
6. G. F. Froment and K. C. Wavgh," Reaction kinetics and the development and operation of 

catalytic processes ", (Elsevier 2001). 
7. P. Eastwood, " Critical topics in exhaust gas after treatment ", (Ford Motor Company 2000). 
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 !"#$%& '(& )! *+) ,-./& *"0'-12'3 456'$57& 8&9: !9;<3  

*'$=9>"> *"0)!9? @& 

 !" #$%&'( )*+ ,-./01#1'21 )31'4 567 82)9.:4 )*:;#$<= 81)4$> )?%@" )*+ ,-./0 81
 

1  !"#$ %&'"( )*+,- ./012!3 %3!45 678 9 ):;,#5 <;=12!3% !"'!   

2>:! 3!?@ ./012!3 %3!45 ):;,#5 .;=12!3  !"#$ %A/BCBD$ 9 E478 ;F!9 )5% !"'!   

nemati@sharif.edu 

A,%BC : G2!3 <?!;2! HI/J ;CK5 L/CMN A!"O! GN GP4$ /N     Q"RS Q!4RT "RN /RI     L3 GRJ "RC0S"N U/RI

           4RV ?! U9L ;CMRJ! "C0S"N %W:! .;( XL!YZ  4Z/24Z A/BCBD$          X9L GRN .;R( GRC#$ U"*542/R2 L3

  ;( ;C[4$ \/C:@ .   N .3/K*:! 3L45 L34V          GR[47Z \/CR:@ ]R:4$ "RC0S"N WT/R: U!"         ^/RN U_"R2! /RN U!

)SPEX (                  9 LY'/R:/$? ./0*R:3 ]R:4$ L34RV A!L` <?!;R2! aR'?4$ bcR: 9 ;RC[4$ U"*542/R2 3/+N! L3

         UL4Rd8 )29"*=[! e4=:9"=C5 ]:4$ f-/F U/IL34V42/2 U_4[4gL45)TEM (      L!"RS )R:L"N 3L4R5

Wg"Z .     ]:4$ f-/F U/I?/g YC[/2@XRD    Wg"Z AL4-   G24h2 E/i2!": 9         f=R( GRN .;( j"V U/I

            _/R*[9 )R,D,5 W'/#2 L3 9 ;2;( "*,'? &7*k5 U/I/53 L3 %Q"S-     A;R(   GR24h2  /R'"P     ]R:4$ /RI

)*[45 ./0*:3 .?!;2! "*5 ;( U"CZ .  

   )5  /12 f-/F l'/*2                    m'"Rn %o4Rg X9L GRN L34V42/R2 ?! .3/K*:! /N .;( G*T/: "C0S"N L3 GJ ;I3

)pT"Cq)  (  "N!"N60      "N!"N WM=( _/*[9 9V/cm 8000 )5                /RN GMR'/B5 L3 "'3/RB5 rR'! GRJ ;R(/N

)5  /12 U"C0h1s H'!Yg! %GN/15 X9L GN )29"=C5 L34V ?! .;( G*T/: "C0S"N ;I3.  

D,%*E F$GH1I:G[47Z \/C:@ %3!4542/2 %U9L ;CMJ! %L4*M'L9 %"C0S"N  ^/N U_"2! /N U!  

1- J0,@0 

    /CMN L!YN! U9L ;CMJ! U/I"C0S"N               U/RI_/*[9 "RN!"N L3 t/-4uRT )R=C29"*=[! v!YP! ?! Wwg/D5 U!"N )d:/,5 L

)5 !LxZ ;,(/N.    /R'"P A;( 9 _/*[9 rCN ;';( )pT "Cq ypN!L ?! )(/2 /I"C0S"N )Z;,,J Wwg/D5 WC-/T

 @        )5  /'"P A;( ?! )+C:9 <39;D5 L3 /I   GJ %;(/N        G2!3 ?"5 GN G*MN!9 t>5/J "5! r'!    )R5 "C0S"N U/I  /N ;R(. 

  /'"P 9 _/*[9 rCN ypN!L "C0S"NAL4- GN   /CN "'?)5 34( :   
J = C.V

  

  GpN!L r'!L3 GJ      /IV %_/*[9  J   mMF"N  /'"P )[/0s  (A/m
2
) /'  (A/cm

2
)   9     )pT"Cq m'"n  "RC0S"N   .;RC5/2 

)5   34(  GJ  Guk15 ?!    /I   ):/:! U"C0S"N )5           KCJ <;,I3  /12  @ "*1CN Gs "I  34N "$^/N 9 ;(/N   9 "$"N WC

 "*1CN )'!L/J"C0S"N )5 ;(/N. 

"C0S"N      ?! t^4-! U9L ;CMJ! )dCJ"$     .;( fC=1$ )=C5!": U/I;CMJ! ?!  !W:     @ )='"*=[! L/*gL GJ %    GRN 6I 

      WT/: ;,'@"g A/CzYP GN 6I 9 L/*T/:Y'L YC29  .;';V     /I   G2!3?"5 L3 GJ )'    /I     {L U9L ;CMJ! U)5    )0*MRN ;I3

3L!3 .  mCJ"$ )7-! y'/V %"C0S"N       ?! HCN /N U9L ;CMJ! 80 %  )[45)5 ;(/N .    L3 U9L ;CMJ!"C0S"N  U/IN R'/V" y

 '!;CMJ! r% |'GhC2   /I W59/B5 /N U3<}'9?! "*hJ )='"*=[!  !.cm1 o/$! U/53 L3 )5 ;(/N . ;CMJ! "N .9>8

   mCJ"$ %U9L"C0S"N       UY7g U/I;CMJ! U"0'3 3!;+$ f5/( )5  ;R(/N .     L4#1R5 mRCJ"$"C0S"N   /RI   ]R:4$ GRJ 

Matsuoka U9/F ;( )g"+5 97 %)[45 ZnO % 1 %)[45Sb2O3  9 5/0 %    U/I;CMRJ! ?! E!;RJ "RI ?! )[4R5 

Bi2O3   % CoO   % MnO   9 Cr2O3 )5 ;(/N .  /I;CMJ! r'! r'"*h#5 Bi2O3 )5         U/RI?/g <;R,I3 fC=1R$ GJ ;(/N

G2!3?"5   U!"C0S"N )5 ;(/N .   HRB2 3L45 L3 Bi2O3      GR2!3?"5 U/RI?/g "RN    L3 9 U!          Q!4RT "RN  @ "CO~R$ GRiC*2 

   6#5 )='"*=[!"C0S"N              WR:! .;( .3!3 �Cn4$ t>uK5 aP!"5 L3 WM=( _/*[9 9 )pT"Cq m'"n "Cw2 .]4-1[ 
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)239Yg! "'/: HB2 3L45 L3  /Io4g UYC2 W:! .;( �DN aP!"5 L3 .]7-5 [)239Yg! "N .9>8  /I   "'/R: o4Rg U

)239Yg!    /I "Cw2  Pr6O11     CMJ! 9 rI@ U/I;CMJ! 9 U/I; Al 9  Ga 9  ...    GN YC2"C0S"N   Gg/n! )5 ;24( .   3L4R5 L3

  39Yg! "O! Pr6O11  aP!"5 L3  ]11-8[     W:! .;( .3!3 �Cn4$ t>uK5 .    )u[/T/2 ?! "0'3 .9"Z    /I     34RP9 GN �8/N 

  2!3?"5 U/I?/g  ;5@G U!             "7J 9"CV 9 f,Cc:! U/I?/g A4hMCN ?! ),q U/I?/g f5/( GJ )5   ;,(/N)5   GJ ;23"Z

h#5 8 r'"*4�  G*:3 r'!  Bi2O3 )5 ;(/N]6%12[.             <?!;R2! �"R*,J YC29 �,'"*,'? �"*,J L4w,5 GN /#,'! "N .9>8

G2!3  /IU ZnO)239Yg! YC2   /I GN )K7*k5 U"C0S"N Gg/n! )5  "Cw2 34(Cr2O3  9TiO2. ]5%7[ 

            G2!3?"5 L3 t/-4uT 9 L/*T/:Y'L L3 34P45 U/I?/g 9 )'/ChC( mCJ"$ 3L45 L3    /I      .;R( E/i2! UL/CMN A/+[/p5

  t/$;h8 GJ W:!          AL4- GN f,Cc:! U/I?/g ?! ;,$L/d8 /I?/g r'! Zn7Sb2O12      f,Cc:! ?/g /' 9Zn(Zn4/3Sb2/3)O4 

    mCJ"$ /N "7J9"CV U/I?/g 9 Bi2(Zn4/3Sb2/3)O6   /'Bi1.4Mn0.4Zn0.7Sb1.5O7   9       rR'! rCN YC2 UL/CMN U/#1,J!9

"Z "w2 L3 &7*k5 U/I/53 L3 /I?/g G*g)5 34(.]12[  

        )='"*=[! W'!;I GJ W:! .;( .3!3  /12"C0S"N              WR:! G*MRN!9 L/*T/R:Y'L GRN A;( GN  @ WM=( _/*[9 9  .

        W:! .;( .3!3 W'!;I U/#5YC2/=5 3L45 L3 U3/'? U/#'L4�$  %   .;( G*KZ m[/p5 j/:!"N L3       L/CMRN HRB2 ^/N 

    G2!3?"5 9 G2!3 <?!;2! 6#5     /RI    _4RhI 9    34RN      3 L/*T/R: YR'L       )R='"*=[! Q!4RT L "RC0S"N    t>5/RJ  R5k1 �

W:!.]12%13[             ^/N !L G*C2_4hI Y'L L/CMN A!L` ?! .3/K*:! r'! "N .9>8)5         34Rd#N !L )R='"*=[! Q!4T GJ 3"N

)5 L/CMN A!L` ?! .3/K*:! /N rC,�hI 9 ;1kN  34d#N L/CMN U"'xV"*,'? Y'L)5 ;N/'.]14[ 

       *:! "CO~$ ):L"N HI9}V r'! E/i2! ?! �;I         G[47Z \/C:@ y7C:9 GN .;( ;C[4$ U"*542/2 U/IL34V ?! .3/K   /RN U!

 ^/N U_"2!)SPEX ()5 "C0S"N L/*T/:Y'L 9 )='"*=[! Q!4T U9L "N;(/N.  

2-  KI#L<$0=M N$O41 $(  

    G24h2 %"C0S"N Q!4T ):L"N U!"N            L4#1R5 )'/ChCR( mRCJ"$ /RN )I/01'/5?@ U/IMatsuoka    ;2;R( .3/R5@ . 

  .3/K*:! 3L45 mCJ"$    �9;P L3 )1 (              Wg"Z L!"S .3/K*:! 3L45 mCJ"$ r'! W#P r';N  GJ W:! .;( .3!3  /12

                        L3 9 3"RJ GMR'/B5 %GR*g"Z AL4- mCJ"$ r'! U9L "N GJ UL/CMN A/BCBD$ /N !L .;5@ W:3 GN l'/*2  !4*N /$

3"J ):L"N )'/#,$ GN W:! "w2 ;5 GJ !L A!L` <?!;2! "O! GiC*2.  

PI,Q1-5 )'/ChC(  mCJ"$ "C0S"N WT/: L3 .3/K*:! 3L4  

J%2I1  1'0  ZnO Sb2O3 Bi2O3 MnO2 Cr2O3 Co3O4

)2'0 ,R#  S67 !T )<$%.%& S%E!; 97  1  5/0  5/0  5/0  5/0  

  

 ^/N Q47T /N L34V AL4- GN )0hI GC[9! 3!45 (Merck,99.99%)�47k5 ?! bV 9 GC#$   W[/F L3 GC[9! U?/:

        RCNL/J b,RP ?! )=M'3 \/C:@ ]:4$ %|1T              \/CR:@ W8/R: |R' A;R5 GRN �42/R$! ]CRD5 L3 r*MR0,$ ;

;2;'3"Z.]1%14%15[  

           ./0*:3 ]:4$ \/C:@ A;5 r'! ?! bV A!L` <?!;2! a'?4$ LY'/: /$?   W:! .;( rCC+$ .       fR-/F L34RV ?! )*hMS

)5 )29"=C5 3/+N! L3 GJ Wg"Z L!"S .3/K*:! 3L45 "C0S"N WT/: L3 ;(/N       /RN \/CR:@ ]R:4$ "R0'3 )*hMRS 9

  U_"2!  ^/N(SPEX)    G[47Z 9 GwKD5 /N     b,P ?! U/I r*M0,$ ;CNL/J      &R7*k5 ]'!"( WD$)      GRN GR[47Z WdMR2

\/C:@  /5? 9 L34V (/$ ;'3"Z \/C:@ f=[! ]CD5 L3 9  f-/F "C0S"N WT/: W#P m:/,5 L34V42/2 %W'/#2 L3

;'3"Z.         ;R'3"Z rCRC+$ LY'/R: /R$? ./0*R:3 ]R:4$ \/CR:@ ?! fR-/F A!L` <?!;2! a'?4$ bc:   ]R:4$ YRC2 9 

    UL4d8 )29"*=[! e4=:9"=C5TEM               ;R( GRC#$  fR-/F U/RIL34V42/2 ):L"N L4w,5 GN /IL34V ?! )'/#M=8 . 

   ]:4$ bc:XRD                      ?! L4Rw,5 r';RN GRJ %;R( GR*g"Z U?/Rg YC[/R2@ .;5@ W:3 GN U/IL34V ?!    ./0*R:3XRD 

)Philips Pw3710 ( 4R$"V ?! .3/K*:! /NU Cu-K 1) ( ?! G7R-/F  )mA 30 - KV 40 (  ;R'3"Z .3/K*R:!.   bcR:
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"pS GN |M'3 f=( GN .;( \/C:@ U/IL34Vmm
 15  W5/kn GN 9mm2 ;2;R( j"V |C[9L;CI j"V ]:4$  .

                         U/RIL/J GRN GRP4$ /RN "R*hJ GRs "I W5/kn /N Q"S j"V U!"N E?^ L/1g %/IL34V  3"J j"V ;,'@"g L3

         L!;B5 /N "N!"N /pT9 )+: YC2 9  !"0'3MPa 550     YC2 9 ;5@ W:3 GN    )R7V ?!            mMRs  !4R,8 GRN fR=[! fRC,'9

;( .3/K*:!.]16%17[ 

 Q"S bc:              f=( L3 .;( .3!3  /12 WkV y5/2"N �d� .;5@ W:3 GN U/I)7 ( ;2;( "*,'?.]16[     GRN L4w,5 GN 

         Q"RS �R,'"*,'? yR,C#N U/R53  3L9@ W:3           U/RI/53 L3 %.;R( j"RV U/RIºC1050  %ºC1100  %ºC1150 9

ºC1200      2;( "*,'? !4I "KMh$! L3 9 ; .  G24h2 y*CM2!3 bc:     .?!;2! o4g U/I/53 L3 /I         WR'/#2 L3 9 ;R( U"RCZ

     ;( rCC+$ �,'"*,'? U/53 mMF "N G*CM2!3 GN GP4$ /N �,'"*,'? y,C#N U/53 . .?!;R2!L4w,5 GN    Q!4RT U"RCZ

  Q"S %"C0S"N )='"*=[!               GN ."B2 "ChT ]:4$ b5 b,P ?! U/I39"*=[!  9 ;2;( UL!xZ39"*=[! .;("*,'? U/I

4h2G2        U/53 L3 |'"I %.;'3"Z fu*5 /IºC550    A;5 GN 30          L!"S"N )N4T GN �/u$! /$ ;2;( .3!3 AL!"F GBCS3 

34( .    _/*[9 ),D,5 6:L L4w,5 GN-     G24h2 GN  /'"P A;(             UL4Rd8  /R'"P 9 ;R( �/Rh8! &7*k5 U/I_/*[9 /I

)*[45 ./0*:3 ]:4$  "*5)Keithley 237, Keithley (.?!;2! ;( U"CZ .( _/*[9 WM=)VBR (  )R,D,5 ?! .3/K*:! /N

I-V      /'"P y*CM2!3 L3 mA/cm
2 5/0 .?!;2!          )pT "Cq m'"n rC,�hI 9 ;'3"Z U"CZ)  (     "R'? ypN!L j/:! "N

  @ L3 GJV1 9 V2 U/#2/'"P y*CM2!3 L3 1 9 mA/cm
2 10.?!;2!  .;( U"CZ ;'3"Z Gd:/D5 %;2!.]18%19%20 [  

   = log(I2/I1)/log(V2/V1) 
W'/#2 L3Q"S ?! )1N9L )29"*=[! e4=:9"=C5 ]:4$ L4*M'L9 U/I)SEM( ;'3"Z GC#$ )24Z/24Z "'9/u$.  

3- U<$94 )V#!T I W/T 

 f=( 1 A;5 GN )=M'3 \/C:@ ]:4$ .;( \/C:@L34V A!L` <?!;2! a'?4$ 60  GBCS3)G24h2  U/Ia ( f=( 92 

 ]:4$ .;( \/C:@L34V A!L` <?!;2! a'?4$SPEX A;5 GN 60 N 9 GBCS3 L34V GN G[47Z WdM2 /4) G24h2  U/Ib (

)5  /12 !L ;I3.  

  

Size distribution(s)
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Size distribution(s)
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XB&1- y24h2 A!L` .?!;2! a'?4$a                               XB&2- y24h2 A!L` .?!;2! a'?4$ b  
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XB&3- UL4d8 )29"*=[! e4=:9"=C5 "'4u$ (TEM) G24h2 a 

       
XB&4- UL4d8 )29"*=[! e4=:9"=C5 "'4u$ (TEM) G24h2 b 

I/15 )5 .;                   %WR:! GR*g/' HI/RJ A;( GN ^/N U_"2! /N \/C:@ ?! bV /IL34V A!L` <?!;2! GJ 34(     ?4R,I /R5!

W:! .;C:"2 U"*542/2 <?!;2! GN t>5/J.  GN \/C:@  /5? A;5 m7p5 r'! GN GP4$ /N80 GN G[47Z WdM2 9 GBCS3 

   GN L34V10) G24h2   U/Ic(          5  ]:4$ /IL34V yhI bc: 9 ;( .3!3 H'!Yg! %    UL4d8 )29"*=[! e4=:9"=CTEM 

;,*g"Z L!"S ):L"N 3L45.  U/#7=(3 %4 9 5      UL4Rd8 )R29"*=[! e4=R:9"=C5 ]R:4$ .;R( G*g"Z U/#M=8 

TEM     )5  /12 !L /IL34V ?!  ;I3 .     )5 .;I/15 /#M=8 r'! L3 G�2/,s      .;R( ."547Z@ t/*dM2 /IL34V %34(     GRJ ;R2!

          L3 !L A!L` <?!;2! )dM2  34N ^/N G[/M5 r'!),D,5   )5 GCP4$ A!L` <?!;2! a'?4$ U/I ;,J.   .;I/1R5 rCR,�hI 
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)5           GN \/C:@  /5? A;5 H'!Yg! ?! bV GJ 34(80           GRN L34RV GN G[47Z WdM2 9 GBCS3 10      A!L` "R�J! t/Rd'"B$ %

   ?! "*=s4J100            ?! "*=s4RJ /#2@ ?! )#P4$ fN/S HkN 9 "*542/2 50    .;R( "*542/R2   ;R2! .    f=R( L35   .;I/1R5 

)5   V GJ 34(    .;( ."547Z@ A;( GN /IL34       G24h2 r'! L3  4C:!"547Z@  !YC5 9 ;2!       W:! G*g/' H'!Yg! A;( GN /I

)5 ^/N U_"2! /N \/C:@ "O! L3 /IL34V �p:  ;( �/+g fC[3 GN "5! r'! GJ ;(/N.  

       
f=(5- UL4d8 )29"*=[! e4=:9"=C5 "'4u$ (TEM) G24h2 c  

 f=()6 ( U?/g YC[/2@XRD34V U!"N !L  ]:4$ .;( \/C:@ U/ILSPEX A;5 GN 80   GR[47Z WdM2 /N 9 GBCS3 

 L34V GN10   A;5 GN YC2960  L34V GN G[47Z WdM2 /N 9 GBCS3 4  ^/RN U_"2! /N \/C:@ GJ )'/IL34V rC,�hI 9 

.;12   )5  /12 ;2! ;I3 .   U/IL34V U!"NSPEX      GN �4N"5 U/#=CV .;12 ZnO       U/R'!9? L3 �/R24Z!Y0I 25/36  % 

75/31   9 41/34        A/DK- GN �4N"5 mC$"$ GN GJ )101 (  %)100 (  9)002 ()5         9 WR:! �k1R5 t>5/RJ ;,(/N

                "R'? GRJ /R#2@ 6RJ L!;RB5 W78 GN )239Yg! U/I;CMJ! GN �4N"5 U/#=CV%1         �Ck1R$ fRN/S ;,*MRI )[4R5 

)h2 ;(/N.  

 

 

Z 

Z 

Z 

Z Z Z Z

Z Z 
Z 

Z Z Z Z

Z Z 
Z 

Z Z Z Z

  

XB&6- U?/g YC[/2@ l'/*2 XRD/C:@ U/IL34V  GN �4N"5 U/#=CV GJ .;( \ZnO 3/h2 /N f=( L3 �/24Z!Y0I Z �k15 

.;(;2!) <L/h( AL/J /N GM'/B5 /N05-0664 ( "'? GJ /#2@ 6J L!;B5 W78 GN )239Yg! U/I;CMJ! GN �4N"5 U/#=CV 91 % )[45

)h2 �Ck1$ fN/S ;,*MI ;(/N.  
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XB&7-Q"S WkV y5/2"N  "N U/I"C0S  

           ]:4$ U?/g "C[/2@ ?! f-/F l'/*2 GN GP4$ /N rC,�hIXRD  )5 .;I/15         /' 9 r*M0,$ L4�F "N )7C[3 GJ 34(

         )5 !x[ 3L!;2 34P9 \/C:@ ?! f-/F U/IL34V L3 rN"J            )uR[/T/2 \/CR:@ ;R,'@"g GRJ Wg"Z GiC*2 rC,s  !4$

      W:! .3"=2 "C0S"N mCJ"$ 3L!9 )#P4$ fN/S .   U/IL34V U!"NSPEX   .;(          .;I/1R5 /R#=CV ;';R(  ;R( r#V

)5                    )R5 ^/RN U_"2! /N )=C2/=5 \/C:@ "O! L3 /#*C[/*M'"J <?!;2! 3/'? HI/J fC[3 GN G[/M5 r'! GJ 34(   %;R(/N

              /IL34V A!L` <?!;2! a'?4$ ),D,5 GN GP4$ /N A!L` <?!;2! HI/J r'! GJ)f=(  U/RI192 (     GR*g"Z U/#MR=8 9

      UL4d8 )29"*=[! e4=:9"=C5 ]:4$ .;(TEM   W:! �k15 %  . /hI          .;R( GR*g"Z U/#MR=8 L3 GRJ L4�

     UL4d8 )29"*=[! e4=:9"=C5 ]:4$TEM  )5 .;I/15       GR24h2 U!"N L34V A!L` <?!;2! 34(   U/RIb   9 c   )R,+' 

G24h2   GJ )'/ISPEX .;(     )5 U"*542/2 3/+N! L3 ;2!     ),D,5 /N "5! r'! GJ ;(/N       fR-/F A!L` <?!;R2! a'?4$ U/I

LY'/:/$? ./0*:3 ?!6I 3L!3 f5/J )2!4T.  

     G24h2 U!"N )dM2 y*CM2!3 L!;B5 r'"*1CN            39;F L3 %)29"=C5 3/+N! /N U/IL34V ?! .;( G*T/: U/I94    )R[! 95 

 %  "*,'? U/53 L3ºC1200 "N!"N "*,'?  /5? A;5 9 150)[/FL3 %W:! .;5@ W:3 GN GBCS3     y*CMR2!3 L!;RB5 GJ

  G24h2 U!"N )dM2     /IL34V ?! .;( G*T/: U/I       ?! "$^/RN %U"*542/R2 U98 % )R5          rR'! �R,'"*,'? U/R53 9 ;R(/N

G24h2  GN /IºC1000   W:! G*g/' HI/J  .    G24h2 .9"Z 93 "I U!"N   U/ISPEX         H'!YRg! /RN GJ ;( .;I/15 .;( 

                     "R$Y'L W78 GN 3/'? L/CMN �/h*F! GN "5! r'! GJ 3"J !;CV H'!Yg! .;( "*,'? y24h2 y*MC2!3 %\/C:@  /5? A;5

 *M'"J  ;(   )5 U;CMJ! �47k5 U/#*C[/ ;(/N .      G24h2 �,'"*,'? rCF L3 GJ U"0'3 <;';V       HI/RJ %3!3 {L /RI

 G24h2 y*CM2!3         ?! "$^/N "*,'?  /5? A;5 L3 /I150     rCRhI 9 GRBCS3                HCRN GRN "R*,'? U/R53 H'!YRg! /RN L4R�

?!ºC1000G24h2 U!"N   U/Ib 9 c   GR=2/,s "R5! r'! GJ 34N Asokan ]21[  YRC29 Chen et al ]22[   @ 3L4R5 L3 

 .3"J �DN              "Cw2 "-/,8 )�+N L!;B5 HI/J 9 L/*T/:Y'L  ;( W(L3 fC[3 GN %;2!Bi  )R5   ;R(/N .    rR'! t/h7MR5

           r0hI 9 G24h2 L3 34P45 fk7k$ HI/J GiC*2 L3 9 G*CM2!3 H'!Yg!          yRiC*2 L3 GRJ )'/#2 L/*T/:Y'L  ;( "$

      )5 {L ^/N U_"2! /N )=C2/=5 \/C:@    47p5 L/CMN "O! ;I3          WR(!3 ;RI!4T "RC0S"N )='"*=[! Q!4T yC7J "N )N .

       L!;B5 GN �,'"*,'? U/53 HI/J rC,�hIºC200      G2!3 )'/#2 <?!;2! HI/J GN "i,5   )5 /I      G[/MR5 r'! GJ %34(

         "C0S"N )pT"Cq m'"n H'!Yg! �8/N A;( GN YC2)  (     WM=( _/*[9 YC2 9)VBR(       ?! fR-/F l'/*2 L3 G�2/,s %

.?!;2! U"CZ '"*=[! U/I;( ;I!4T %W:! �k15 )= . 

f=()8 ( ),D,5I-VG24h2 U!"N !L   U/Ia 9 b 9  c)5  /12          GRN l'/R*2 % 3"RJ GMR'/B5 L4Rw,5 GRN GRJ ;I3

 )='"*=[!  !;C5 AL4-)V/cm (  /'"P y*CM2!3 mMF "N)mA/cm
2 ( WR:! .;( .3L9@.  �9;RP L3)2 (  "'3/RB5

150 min
sintering 

1100 
ºC

10ºC/min 

calcination 
150 min

500
ºC

5 ºC/min 

/53
 

 /5? 
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       "C0S"N )pT"Cq m'"n 9 WM=( _/*[9 )  (     ),D,5 ?! GJI-V  .;( �!"k*:!           .;I/1R5 %WR:! .;R( .3L9@ ;2!

)5 G24h2 U!"N WM=( _/*[9 GJ 34(  U/Ia 9 b 9 c "N!"N mC$"$ GN 700 % 4500 9 8000 )V/cm ( )R5   %;R(/N

G2!3  ;(Y'L W78 GN %U_"2! "V \/C:@ "O! L3 WM=( _/*[9 H'!Yg! r'! GJ  /I]23[)5  ;(/N.  

  

 
) 
 
!
"#
$!
%& 
'
&(
)*

V
/c

m
(

 

) '+"#, -$)./&0mA/cm2(   

  

XB&8-  !"!# I-V$%&'%  ()!*+ ,-./01   

  

 !"#2-$%&'%  2*()234 54&6  78)9# ,-. : :%&'%a: :%&'% ;<=4 /01  2>*? @-A=B CDE $F ,G?&H +4 /01 $)6-= :%&'%

b: $F ,G?&H +4 /01 $)6-= :%&'%1<I-=  SPEX  :%&'% ;<=4 /01c:  $F ,G?&H +4 /01 $)6-= :%&'%80 $DAJ? SPEX /01 

<=4.  

$%&'%/()&* +,* -./ 01-2) ( 3 4567!89:)VBR( -6;1< =5>?)ºC (  

 $%&'%a 25  700  1200  

 $%&'%b  45  4500  1000  

 $%&'%c  60  8000  1000  

  

   KL0M G?)2 (   # /0.-N# OA!P'.     (*?-D# $F ?&1   $%&'% ,4(Q    ,-.a   L b   L c     RSAT(T $Q 25   ; 45   L 60   $SQ 
        G40D# U?&Q VF L <=4 /0#B <=?     :%&'% ,4(Q a       W+40%4 XA=L Y%G ZA3? $Q          +4 [SH :)A>S%4? U?&Q VF L $%4?

    $%&'% -Q $>*-D# G? ;()!*+   ,-.b   L c  #  01-Q .     $%&'% +4 /L(\ (. ,4(Q OA!P'.         ]*4^SE4 -SQ $F 01 /0.-N# -.
         G40D# ;_-Q G? /01 (F` :!AaQ (*?-D# +4 ()!*+ U-#+ -* L -#?       $SQ (S#4 OS*4 $SF ?(SF 40AH  aM&T ZQ-J ].-F 

    $%4? W+40%4  b4(E4 01G ZA3?  #  01-Q]24[ .  ,-a8219L10L11   (*L-cT SEM    $%&'% +4 /01 $AaT      4G  *-Sa% ,-.

  # U-N% 0.? .   # /0.-N# $P%-!d        :%&'% +4  *-a% :%4? W+40%4 ?&1a   -T c    $efg# ZQ-J G&b $Q     $)E-* ].-F ,4

            /+40%4 +4 /0#B <=? $Q Y*-)% -Q hij!# kg#-F (#4 O*4 $F <=4    #  2*()234 ,-a*(A\   01-Q   # 4l3 L   $mA)% U4&T

                 S# nI-Q ; *-a% $%4? W+40%4 U?(F (T^*G (Q /LgI _-Q ,o(%4 -Q  2A%-2# @-A=B $F <E(\        Sp'. $SF ?&S1

   <64&!2* /01 /?L^E4 (q-!I                   G?  8#-SI ?&S6 ; S2*()234 54&S6 ?&iaQ (Q /LgI (#4 O*4 $F 0%&1 /0!F4(H (T

    Q 01G +4 ,(A\&8M  $%4? :*LG   # -.   I 4(*+ ;01-Q           S# ()aQ 0%G4? 4G $%4? W+40%4 K()!F ]D% $F ,(q-!    G? 0S!%4&T

+(# $%4? 0!!F ,(A\&8M -a%B <F(f +4 L 0%&1 X*+&T -..  
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@:39-  NQLG  %L()234 r&2=L(2A# (*&cT (SEM) $%&'% a 

 
@:310- ,G&iI  %L()234 r&2=L(2A# (*&cT (SEM) $%&'% b 

 
@:311-L()234 r&2=L(2A# (*&cT  ,G&iI  %(SEM) $%&'% c  

3 m

3 m

3 m
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4- $A.6% =-.B  

            _-Q ,o(%4 -Q  2A%-2# @-A=B C=&T /01 0A3&T ,-.G?&H&%-% +4 /?-s)=4)SPEX(      :*-H (Q ,-.(ApJ(Q <6-= G? ;
                  Sj6 (SAt R*(u L <>21 o-)3L (Ae% ;(ApJ(Q  2*()234 54&6 ?&iaQ Ri= ,LG 0A>F4)  (     ?&SiaQ ^SA% L

      + ,-#? ].-F $mA)% G? L ,(*lH()!*+      # ,(Ap'Nd U4^A# $Q (ApJ(Q v!*()!*           ZSA3? $SQ (S#4 OS*4 $F ;?&1

   $%4?  *-a% W+40%4 ].-F        (Sw4 G?  *-Sa% G-)6-S=^*G @&S6 G-A>SQ :)!*o&'. OA!P'. L (ApJ(Q G-)6-=^*G G? -.

 # (ApJ(Q <6-= G? x4G`&%-% +4 /?-s)=4 01-Q .  

C#)->  
1. Matsuoka, M., Discovery of ZnO varistors and their progress for the two decades. Ceram. 

Trans., 1982, 3, 3-21. 
2. Yet –ming, D.P.Birnie, W.D.Kingery (1997), Physical Ceramics, MIT Series Mat. Sci. & 

Eng., Wiley, New York. 
3. Carlsson, J.M. et al., The effects of doping a grain boundary in ZnO with various 

concentrations of Bi. Surface Science 2003, 532-535, 351-358. 
4. C.-H. Kim, J.-H. Kim, Microstructure and electrical properties of ZnO-ZrO2-Bi2O3-M3O4 

(M=Co, Mn). J. Eur. Ceram. Soc. Accepted 27 December 2003. 
5. Bernik, S. et al., Influence of  Bi2O3/TiO2 , Sb2O3 , Cr2O3 doping on low-voltage varistor 

ceramics. J. Eur. Ceram. Soc. 1999, 19, 709-713. 
6. Brankovic, Z. et al., Structural and electrical properties of ZnO varistors containing different 

spinel phases. Ceramic International 2001, 27, 115-122. 
7. C. –H. Lu et al., Effects of additives and secondary phases on the sintering behavior of zinc 

oxide-based varistors. Materials Chemistry and Physics 2000, 62, 164-168. 
8. C.-W. Nahm, H.-S. Kim, Effect of Pr6O11/CoO mole ratio on nonlinear properties and DC 

accelerated aging characteristics of ZnO-Pr6O11-CoO-Dy2O3-based varistors. Materials 
Letters 2002, 56, 379-385. 

9. C.-W. Nahm, The electrical properties and d.c. degradation characteristics of Dy2O3 doped 
Pr6O11-based ZnO varistors. J. Eur. Ceram. Soc. 2001, 21,545-553. 

10. C.-W. Nahm, Influence of praseodymium oxide/cobalt oxide ratio on microstructure and 
electrical properties of zinc oxide varistor ceramics. Materials Chemistry and Physics 2003, 
80, 746-751.    

11. S.-Y Chun, Mizutani, N., Mass transport via grain boundary in Pr-based ZnO varistors and 
related electrical effects. Materials Sci. & Eng. 2001, B 79, 1-5.    

12. Hozer L. (1994), Semiconductor Ceramics Grain Boundary Effects, PWN Ltd., Poland. 
13. Mahan, G.D., Levinson, M.L., Philipp, H.R., Theory of conduction in ZnO varistors. J. Appl. 

Phys. 50(4), April 1979. 
14. Alamdari, H.D. et al., High Energy Ball milled Nanocrystalline ZnO varistors, Mater. Sci. 

Forum, 2000, 343, 908-917. 
15. Matsuoka, M., Nonohmic properties of zinc oxide ceramics. Jpn. J. Appl. Phys., 1971, 10, 

736-746. 
16. U.S. Patent, No. 6,620,346. 
17. C. Phui Fah, J. Wang, Effect of high-energy mechanical activation on the microstructure 

and electrical properties of ZnO-based varistors. Solid States Iionics 2000, 132, 107-117. 
18. C.-W. Nahm et al./ Materials Chemistry and Physics 82 (2003) 157-164. 
19. J. Wu. Et al./ Journal of the European Ceramic Society xxx (2004) xxx-xxx. 
20. -C.-H. Kim, J.-H. Kim, Journal of the European Ceramic Society 24 (2004) 2537-2546. 
21. T. Asokan, G.N.K. Iengar, G.R. Nagabhushana, Studies on microstructure and density of 

sintered ZnO-based nonlinear resistors, J. Mater Sci. 22 (1987) 2229. 
22. C.S. Chen, C.T. Kuo, I.N. Lin, Electrical properties of ZnO varistors prepared by microwave 

sintering process, Jpn. J. Appl. Phys. 35 (1996) 4696. 
23. G. Agarwal, R.F. Speyer, Effect of rate controlled sintering on microstructure and electrical 

properties of ZnO doped with bismuth and antimony oxides, J. Mater Res. 12 (1997) 2447. 
24. X.Y. Kang, Y.Han, M.D. Tao, M.J. Tu, Analysis of ZnO varistors prepared from nanosize 

ZnO precursors, Mat. Res. Bull. 33 (1998) 1703. 
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 !"# "$%$ &'() *%+,-. /01 2.  34 560+7,) 8%1  

 !  !"#$%&'(')!* +&,$ !-.+/ (012$ 342 456+/ ('7#4/+6 8%-9   

 !"#$% &'$()*+,-./" ' 0#," 1%234" &2567#0 8)9#$:# ;<3= ' >?@ &.A67#0   

hsarpoolaky@iust.ac.ir 

1- :;<:=  

       $AB 8.4/C$6!D EF $G3"$!H# 8.4-.% +0 I."$J'+2!K  !35J     &2B +0,D L/3% E3!"M +0 1C        0+,N" +0 1-'  ;%#

0+#27 0,O' 8$P7 Q.RJ# 9S T!U0 V:$<J.  

 1?W +,XF                      .N47S Y:M,J ' 172<" 0#," ' .K EZ6[ 2!-,J +0 9S 1\."$( $]# ' ^$( _S EF I."$J'+2!K 8,`- 13<" 

  0,B 1" QaJ#]1 .[     EF bc,Z<" I."$J'+2!K d*#'$K     Iae +.3W +0 9*'$/K f3W#'     8.K     1:.NK+L!-#$3!" .N: 1NFS 

           ' 90$W ge 8#$F c.F +.6C ' ."0 h:#$B ;iJ+,?jJ              gNe gNF.U $N!k 1-,NZ<" h:#$B ;iJ EW 80#," 02G" 

1" Qal# 23/mK 0,B.  

 I.% +01913$A:0 Tni" '0) Morey & Niggli) 270$W V:$<J $:M o+,= EF # + I."$J'+2!K L/3%:  

      j-.k 1:.K."0 +0 #LO# I."$J'+2!K L/3% +0          _S 17#$iF 8."0  EF  :0L7 .: $Jc.F b.)Cº 370(    E/mNF+0 p'$q+0

)closed bombs ( 1N" ;!-ae EO,J gF.U f:#LC# EF $G3" EW c.F 8.K+.6C +0 r!3sZK '    t$N<" +0 0,NB

1" +#$U _S.F f3W#' 27$!(]2.[  

    $P7 Tjl $FLaudise) 1970 (          " ;-.e +0 1FS I,?i" M# 2B+ 8.3<" EF I."$J'+2!K 2B+  EZ!7 .: 0'2i    0'2Ni"

2B.j!"]3 .[      2<F I.% E% E5!-.e +0Lobachev       u'+ M# 1K'$( 9#,3@ EF #+ 9S        9,!%#L!-./mN:$W .47S +0 EW .K

 I,?i" M#          1" ^.G7# c.F 8.K+.6C +0 f:."$( Q,C 1FS 8.K   1" V:$<J)0,B  23W]4 .[   I.% +01985 Rabenau 

  L!7       f3NW#' 9#,N3@ EF #+ I."$J'+2!K L/3%     $N/K 8.NK        NK."0 +0 1NFS h!Ni" +0 9*'N     M# $Jc.NF 8.Cº 100 ' 

C+.6atm 1 0$W V:$<J ]5.[  

Roy)1994 (    23W 1" 9.!F+0         ' ;m!-.J.W 9#,3@ EF _S I."$J'+2!K 8.KL/3% &.(       8.NKM.C M# 1:LO 9#,3@ EF 

 c.F 8."0 +0 2".O  )M# $/6!FCº 100 ( 23W 1" gZ@ $RmZJ# 23[ M# $/6!F +.6C ']6.[  

 r!3sZKYoshmura) 1994 (0#0 E\#+# I."$J'+2!K 8#$F #+ $:M V:$<J :  

f3W#'         c.F +.6C ' ."0 h:#$B ;iJ EW 1:.K )atm 1> ' Cº100>(          E/mNF >/mN!%  : +0 1FS 8.4-,?i" +0

" Q.RJ#!2/C. ]7[.  

 )9.(23m:,7 v?k#         8c.F 8."0 8#$F baw" #+ I."$J'+2!K L/3%Cº 100     8c.F +.6C ' atm 1    W 1" V:$<J   233

E:$67 v?k# +0 $!H# 8.4-.% +0 ."# &2B V:$<J $:M o+,xF I."$J'+2!K h:#$B .K ;%#:  

"       Iae +,ye .F EW 9*'$/K 1:.!Z!B f3W#' $K)  1FS$!k .: 1FS (      +0 ' h!i" 8."0 8c.F +0

 8c.F +.6C$RmZJ#  : 0,B ^.G7# E/mF >/m!% +0  23:#$C1" &2!".7 I."$J'2!K 0,B ]8[. "  

  :# $F &'a@      &*#' 9#'#$C 0$F+.W EF EO,J .F )r                1A3K.NZK.7 )V:+.N<J +0 $NP7 Q.NRJ# ^2@ ;?@ EF ' I."$J'+2!K 

  1" &2K.6" 8+.!mF 0,B.     Y!%' zaX=# M# .47#2!Z!B baw"     I."$J',-,% $J""solvothermal       $NK 13<" EF EW  

                 $iF Q,NC ENF  N:0L7 .: 17#$iF Q,C h:#$B +0 I,?i"  : +,ye +0 1:.!Z!B f3W#'      &0.R/N%# );N%# 1N7#

1"  233W .    &2B 1C$<" b#$!H# &*#' r:#           r!"M h%,J E3!"M r:# +0 +.W r:$HS YU#' +0 ' ;%#    M# ENW 17.N%.3BCO2 

1" &0.R/%# E/C$:{D o+,= 270$W ;%#]9)10.[  

  M#&*#'   8.K$A:0 L!7 8   237." glycothermal ) alcothermal ) ammonothermal    ).N47S EF.6" '        |,N7 ENF E/mNF
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ae    f3W#' r!3[ +0 1C$x" I      &0.R/%# )1:.!Z!B 8.K    &2B  ;%# .    Iae M# &0.R/%# p2K E[$(#     o'.NR/" 8.K

f3W#' +0 1" +.6C ' ."0 fK.W)1:.!Z!B 8.K 2B.F ."#  E3!"M r:# +0Yoshimura 9#,3@ 2:2O" I,?i" 23:S$C

;H#,35:") soft solution processing( 6C ' ."0 +0 EW 1:.K23:S$C 8#$F #+ h!i" h:#$B 8c.F .:  :0L7 +.

0$W 1C$<" #+ 270,F]11 [. 

      &0$/m( 8.3<" &*#' r:# E53:# 0,O' .F    1" #+ I."$J'+2!K o.n!niJ M# 16}F hnC )0+#0 8#    ENF b.J2NZ@ ' 27.B,D

           1" ~,F$" 9S EF  :0L7 .: ' 1X!i" h:#$B +0 Iai7# 8.K23:S$C  0,B.   g5B)1 (      LJ+#,NW 8.NK+,?F $:,xNJ

 &2B L/3%2K0 1" 9.67 #+ I."$J '+2!K u'+ EF.  

  

  
 >7*1- I."$J '+2!K u'+ EF &2B L/3% LJ+#,W'+2!K 8.K+,?F 

2-  ?!:+@AB;%) 3AB =CD.B!@  

 +,mNNC'$D o#$NNP7 TF.NNX"Seittaro Tsuboi*#'  & I.NN% gNN:#'# +0 I."$J'+2NN!K9 184 1NN%.3B r!NN"M hNN%'

1m!?A7#(Sir.Rodcrick.Murchison !"#$%!&"!)      .NF EXF#+ +0               +0 o#$N!!`J 0.NG:# +0 c.NF 8.N"0 ' _S $!].NJ

      ;%# E/C$( +#$U &0.R/%# 0+," r!"M E/%,D]12 .[               $NK +0 EW 8# E%'$D .F EXF#+ +0 ' 1%.3B r!"M �3K$C +0 

       .Z(." 0.ZG7# E?e$" EF  :0L7 E?e$")magma 237."$!ZH &L!"S)&M#2() (         0,NB 1N" &2N:0 +.!mF &*#' r:# 2B.F .

   (."  : E5!".A3K �,x}F    E?e$" EF &2B 0$% .Z              M# �+LNF ;jm7  : g".B &27.Z!U.F Y:." EW 2%+ 1" 8#

     172B+.}F ' +#$C o.j!W$J)volatile (               .N: �.H 8.K I#$3!" 0.G:# vj% $/6!F 90$W 0$% ' ;%# _S �.J2Z@ '

0,B 1" 172<" $:.H� .  

   EO,J $/6!FTsubio f3W#' 1A7,A[' ;<!jl �:$6J +0 ;m:*,-'$/D  : 9#,3@ EF     .NF $N!(+0 VN?/}" 8.K

   0,F I."$J'+2!K 8.K E%'$D .                 c.NF 8.K+.6NC ' ."0 +0 1<!%' o.6:."MS 2<F 8.K EK0 +0 EW ;%# EO,J gF.U

                        E<N%,J 9,:2N" $"# r:# EW 2:0$( #$O# gF.U .K &.A6:."MS +0 23W 1" .R:# #+ 1?=#' >4" fn7 .47S +0 _S EW

      2B.F 1" 2:2O 8.K u'+ ' .K+#LF# .  e.j" M# $!`F          8+.!mF +0 L!7 1%234" 0#," L/3% 9.nni" )1%.3B r!"M �

                      rN:# .NF 0#,N" L/3N% r:# �,xH +0 80.:M o.<-.X" ' 23/mK EO#," I."$J'+2!K 8.K gZ<-# �5@ .F 0+#,"

1" T!niJ $]�" ' Y!%' +,l EF u'+ 233W.  

               EF I."$J'+2!K L/3% &*#'  I,Z<"  +,l EF  0#," 1%234" ^,?@ +0"    '$N/K 8.NK f3W#'      8.NK h!Ni" +0 9*

  8."0 8c.F 1FS EZ!7ºC100+.6C'  $RmZJ#  : 0,B 1" Qal# .  

     I.% M# gjU .J1900                  ' ;!7,/N%c' )+.�N%2?C )LJ+#,NW 8.N4-#$3!" L/3N% ;N4O I."$J'+2N!K u'+ )80a!" 
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        2B 1" &0$F +.W EF $A:0 8.4-#$3!" M# 8+.!mF]13[ .            a".NW 1J.Nn!niJ r!N3[ ENF ~,NF$" o.N@al# E7.R%./" 

;%# &2B &0$F +.W EF 9.Z( ' �2e 2B+ h:#$B 90+'S ;%2F +0 v?k# ' &0,j7 &2B E/H.3B.  

                0'2e +0 I."$J'+2!K u'+ h%,J I./m:$W 2B+ E3!"M +0 TC," EF$GJ r!-'# ;R( 9#,/F 2:.B80   f!D I.% 

              ;%# &0,F 1FS I,?i"  : +0 g5B 8# EiR= 1-./m:$W E/mK  : M# &0.R/%# .F .     +0 EW 8+,l EF   9.N"M 9S

7# &0+'S ;%2F u'+ r:# M# #+ .R-S LJ+#,W ;B+0 8.4-./m:$W2]14)15.[  

        I.% +0 +.F r!-'# 8#$F rD#* +01926  h%,JDr.Katsurai            92N<" �3N% +0 #0,N% +./C+ 9#,3@ ;iJ 1n!niJ 

     ;C$( o+,= I."$J'+2!K �#$}/%# .F ^,!3!",-S .              M# 1NH$F 1N%$/%0 ^2N@ g!-0 EF ^'0 17.4O �3O 1l +0

6W                ;NC$( +#$U EO,J 0+," &0." r:# 1@,3x" 2!-,J +0 I."$J'+2!K u'+ )1<!jl LJ+#,W 8.4-./m:$W EF .K+, .

                    u'+ ENF LJ+#,NW I./mN:$W 2!-,J 90$W 1/<3= EF o+0.j" 9./m?A7# ' .5:$"S 8.K+,6W �3O EZJ.H M# �D

             EN\#+# '  N:+,�J o.n!niJ ) :*,-,35J 8.4/C$6!D .F &#$ZK 270,Z7 I."$J'+2!K       0+,N" +0 1N5:L!C 8.4-2N"

                  1Nl #+ 0,H 1?!Z5J $!% L!7 E/C.: 2B+ 8.4-./m:$W 15!/%,W# �#,H ' ;!-ae )2B+ ;@$% )2B+ ^L!7.5"

;%# &0,Z7]16[.  

 M# 2<F1950   )8$NA:0 9.Nnni"  Prof. E. F.Osborn' Prof. O. F Tuttle' Prof. Rustum Roy  &.A6N7#0 M# )

F I."$J'+2!K 23:#$C M# .!7#,?!m3D270,Z7 &0.R/%# 8M.C o.<-.X" ;4O r!3sZK ' 0#," L/3% 8#$.  

                            h:#$NB M# gN!-0 r!NZK ENF ' ;N%# >N4" +.!mNF 8M.NC I0.N<J o.N<-.X" +0 E!-'# 0#," 9*,ZK 8M.% &0."S

0,B 1" &0.R/%# 8M.% &0."S 8#$F I."$J'+2!K.  

      ^.3F vZF 1@,70+," +0 T!niJmorey          &0.R/%# 0+," ^'0 17.4O �3O M# �D EW       )#+,N!W +,mNC'$D h%,J 2B

Prof.Raisaku Kiyoura I.% +0 )1952C$( +#$U 1%+$F 0+," I."$J'+2!K L/3% ' 17,($(0 T:$l M# ;]17.[  

     EK0 h%#'# +070      EF ~,F$" 17,(.7,( 8.K u+#L( L!7      2B E!4J I."$J'+2!K 8.K f3W#' .    r:# E53:# EF $P7

        " 15!"#$% 8.K E%'$D 8#$F 237#,J 1" .K f3W#'            +.N5F 0+#,N" $NA:0' �3:$/3:M )+0,D 8M.% &0."S 8#$F �aw

     23/C$( +#$U EO,J 0+," +.!mF )27'+ .               ;N%# E7#0 L:+ +.!mF ;m!7 >W#$/" 2:S 1" ;%2F u'+ r:# M# EW 8+0,D

2B.F 1" .4-./m:$W  J g".B ' ;%# 0'2i" +.!mF 9S o#+� &M#27# Y:M,J '.  

      �,xH +0 1??Z-# r!F >:M,�Z!% r!-'# ��%       �+." +0 I."$J'+2!K 8.K f3W#' 1982       8+#$NU$F p2NK .NF 

                    0$NW +.NW EF M.kS 27+#0 +.W'$% I."$J'+2!K |,�," .F EW #+ V?/}" 8.K E3!"M +0 1Z?@ 9.nni" r!F hF#'+ .

 +0 &$Hc.F250$W +.W EF |'$B I."$J'+2!K 8.K f3W#' E3!"M +0 1J.n!niJ &'$( I.% 9.ZK $j"./�% ]17.[  

3- ;E.F+G 'HI4HJ?!:+@AB;%)   

         E7#0 8.K+0,D E!4J  !"#$% ;<3= E/C$6!D 8.K 8*,-,35J +0 �#$!H#             ;N!ZK# M# .NK+0,D ,7.N7 L/3N% &�:,F L:+

;%# &2B +#0+,H$F 80.:M .8M.% &0."S 8.K u'+9#,J 1" #+ L:+ 8.K +0,D E%'$D '0 EF $:M  0,Z7 >!mnJ :  

1.  f:#0$H E%'$D )L:.% fK.W-breakdown(  

2. J f:#LC# E%'$D L:.% 1G:+2)build up(  

                        ENF f:.N% ' 90$NW _.!N%S) 90$NW 0$H T:$l M# 15!7.5" ' 15:L!C o+,= EF ;B+0 o#+� I'# u'+ +0

27,B 1" g:2jJ L:+ o#+�.  

               ;N%# &0$NW ;C$6!D L:+ +.!mF 8.K +0,D 0.G:# 8#$F �#$!H# ^'0 u'+.           o+,N= ENF LN:+ o#+� u'+ rN:# +0

baw" $/5[,W o#+� M# 1:.!Z!B$C h%,J 23:# 27,B 1" E/H.% I."$J'+2!K 8M.% &0."S ' I* g% )_,%+ 8.K.  

 1?W +,XF2B.F 1" $:M �#,H 8#+#0  IS &2:# 8.K+0,D:  

1.  M# $JL:+ 2:.F +0,D o#+�123B.F $/" '$5!" .  

2. 2B.F  :+.F o#+� Y:M,J &0'2i".  
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3. 8.K &$",?(S .: ' >W 1D,5%'$W." ba=#2B.F E/B#27 0,O'.  

4. /!7*,ZK .: 1/H#,35:  1  

5. &2B I$/3W �,?H ' v!W$J  

6. &2B I$/3W  15!7.5" �#,H  

7. &2B I$/3W +./H.% L:+  

            80.436!D 8.4B'+ r:$/4F M# 15: )o.x}6" r!3[ .F 8+0,D EF 1F.: ;%0 +,P3ZF    I."$J'+2!K L/3% u'+ 

 2B.F 1" .                   NZK' L:+) �-.H 9.5"# 2e .J EW 23B.F 8# &2B E/H.3B o.j!W$J 2:.F E!-'# 0#,"  u'+ r:# +0 9*,

 27# &2B]18.[   g5B 2           J'+2!K u'+ ENF &2B L/3% ^'$W 2!mW# E7#0L:+ +0,D +./H.%L:+  NNNN     +.6NC ;NiJ I."$

MPa 100  8."0 'ºC100 o2" EF 32K0 1" 9.67 #+ ;@.%  .   

  

 >7*2- +.6C ;iJ I."$J'+2!K u'+ EF &2B E!4J ^'$W 2!mW# +0,D +./H.% L:+ 100 8."0 ' I.5%.D.A" 100 EO+0 

!/7.% o2ZF 0#$A3;@.%   

                    c.NF +.6C ' ."0 +0 1FS I,?i"  : 9S +0 EW ;m:# E%'$D I."$J'+2!K 1-./m:$W 2B+ 2B E/R( EW +,X7.ZK

                        &$!H� ' >/m!% $A:0 f}F EF 9S I.n/7# ' >/m!% M# f}F  : +0 &0."  : Iai7# .F .J 0,B 1" &0#0 +#$U

            " EF EW  [,W 8.K I./m:$W 8'+ $F .: E7#0  : 8'+ $F   g".e 9L}epitaxy)         &0.N"  N: 2NB+) 17.6N7'+

                23W 1" r!!<J #+ I,xi" +,?F +./H.% 1@$C +,?F 9S +0 EW 1@$C +,?F  : 8'+ r:+,?F (    o+,N= 27# &2!jm[

0$!(.  

  bc,Z<" E?e$" r:#        &2B 823F _S 80,Z@ 'aW,J#  : +0(sealed)      8."0 pa/H#  : .F T       c.NF $% '0 +0 EW 

' 0+#0 0,O' 9S r!:.D '0,B 1" ^.G7# 13!<" +.6C +0 .  

bc,Z<"    .: E:{`J nutrient                   ' c.F ;ZmU +0 .K E7#0 ' 0$!( 1" 8.O 'aW,J# M# EXn7 r:$/"$( ' r:$J r!:.D +0 

    27,B 1" E/B.j7# $J  3H .                  _.NU  N: 8'+ $NF 1i!iN= +,l EF EW 23/mK 1-./m:$W  J o.iR= .K E7#0

&2B E/B.j7# ' &0$W 8$!( ;4O v%.3" 1Z!%27# .  

   f3W#' )I."$J'+2!K h:#$B +0  &23K0  .K 1:      1" ge 1/}% EF EW        Iae .: .K+L:c#$3!" f3W#' .F )27,B     ENF ).K

    1" I,?i" 0+#' �5?�ZW 9#,3@  27,B . r:# M#   1" '+     f3W#' h:#$B +.P/7# 9#,J         ;NB#0 #+ 1:.!Z!B 1-.n/7# 8.K .

             1N" +.NW E-�m" r:# 8'+ EW 17.mW M# 1H$F )g!-0 r!ZK EF              M# 1N=.H |,N7 #+ I."$J'+2N!K f3NW#' )2N33W

f3W#'    1" 1-.n/7# 8.K  237#0 .           c.F 1(0$6C ;!?F.U )Iai7# 8c.F 9#,J b.=,xH )15:L!C &�:' �#,H $l.H EF 

1" .4-ae ^$O I.n/7# '  M#  : $K |,U' +.P/7# 9#,J0$F+.W ;B#0 #+ $:M 8.K:  
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' �5?�ZW 8+#2:.D .: 2:2O 8.KM.C L/3% 2:2O 8.K  

' +  !7.(+# $!k v!W$J r:23[ I./m:$W 2B 

' &0."S �.H 8.K0$F+.W ;4O v%.3" g5B ' L:.% .F #LG" I./m:$W'$5!" 0#," 8M.% 

' �-.H �3% 8M.% o#L?C �#$}/%# +0 172<" 8.K  

' 90$W �# )1(0+,H )za=#) E:LGJ  

                       # ENW 0+#0 0,NO' I."$J'+2N!K  h:#$NB ;NiJ LN:+ 8.NK+0,D 2!-,J ;4O 17,(.7,( 8.K u'+    EN?ZO 9S M

  ."$J'+2!K 9,!%#L!-./m:$W)I."$J'+2!K 9,!%#2!mW#I)         1NK0 _,N%+ )I."$J'+2!K E:LGJ )I."$J'+2!K L/3%

0$F ^.7 9#,/!" #+ I."$J'+2!K]17.[  

4- ?!:+@AB;%) 3AB K!.$L:  

     u'+ r:# 1%+$F ^.A3K +0 E[$(,              gNZ@ +0 1-' 0,B 1" &0.R/%# 9,!%#L!-./m:$W ;4O c.F 8."0 o+.j@ M# 

8."0                     8.N"0 8.N:#L" E!?W ' &0,F $/ZW +.!mF &0." _'� EXn7 .F Em:.n" +0 I."$J'+2!K L/3% +0 &0.R/%# 0+," 

r!:.D1" I,xe gF.U 9S +0 9,!%#L!-./m:$W  M# 23J+.j@ EW 2B.F:  

1- V-#-E/%#,H.7  !C$" 1?D o#$!!`J M# ;<7.Z"   

_-M# 8$!(,?O f:#LC#c.F 8.K."0 +0 0#," M# 1H$F +.}F +.6C   

�-�7.G/" $!k _'� M# 8$!(,?O  ) incongruent melting(  

0-c.F 8.K."0 +0 o.j!W$J 1H$F E:LGJ M# 8$!(,?O  

&-c.F 8."0 M# 1B.7 8.4!x-.H.7 0.:M ;!-ae fK.W   

'-.47S 0$F+.W ;-,4% ' o#L!4GJ $J &0.% 1e#$l   

M-W E:'#M .F E7#0M$" fK.W r:#$F.3F ' 1J+#$e f3J .: 8.467$W fK.W >  

z-    .K 170'LC# ;C# I$/3W (dopanta)               M# vN%.3" YN:M,J  N: 0.NG:# r:#$F.3F ' .47S ;:+#$C M# 1B.7 

 I./m:$W +0 ;7.D'0  

~-0#," M# 1H$F r!:.D ."0 8.4"$C 1?D 2B+ 9.5"#   

2-                     9.N5"# ' h!Ni" 8.N!e# .: ' 82!mW# h:#$B ' $RmZJ# I$/3W 1\.7#,J )E/mF >/m!%  : M# &0.R/%#

 ;iJ 0#," L/3%0+'S 1" >K#$C #+ r!<" $RmZJ# h:#$B. 

3-               8$J r!:.D E/:M,5m:' 1-,Z<" h:#$B ;iJ 8.4-,?i" EF ;jm7 I."$J'+2!K 8.4-,?i" EW .G7S M#

                2B+ 0.:M 8.4/@$% 0.G:# vj% )E/C$( ^.G7# 8$]�" +,l EF ^$O I.n/7# ' I,?i" 9,!mW,3W 27+#0

1" 00$(. 

4-        G7# 9,!mW,3W h%,J u'+ r:# +0 ^$O I.n/7#        8.47."M +0 ;B+0 8.4-./m:$W 0.G:# vj% E/C$( ^.

00$( 1" r!<". 

5-    I."$J'+2!K 23:#$C  8'.e   23:#$C  :  E7#,OM  17            .NF 8.4-./mN:$W &,Nj7# 2N!-,J 9.5"# r:$F.3F )&0,F 

0+'S 1" >K#$C #+ _,?X" 1/H#,35: ' ;!R!W.  

5- ?!:+@AB;%) 3AB M$L%"N@  

          8.NK $N-$/3W ).K gD,W,"$J ).K &+,W )'aW,J# 1:.N"0     EN?ZO M#             2N3:#$C 8#$NF M.N!7 0+,N" 1N%.%# o#LN!4GJ

1" I."$J'+2!K 23B.F.  

5-1- A1,4@$  

                         gNZiJ 1:.N7#,J ENW 2NB.F &2NB 1Ne#$l 8# EN7,( ENF 1/m:.F ' &0,F &0.R/%# 0+," E?!%' r:$/Z4" 'aW,J#
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 c.F 8.K+.6C ).Jatm3000 (          2NB.F E/NB#0 #+ .N"0 f:#LC# .F &#$ZK EW .           2N:.F 1N" p$xN" 0+,N" &0.N" 8#+#0

         2NB.F 82!N%# 8.N4-,?i" ' .K 1:.!?U 1(0+,H $F#$F +0 0.:M ;"'.n" ' c.F ^.5i/%# 8.K Ex}6" .  r!N@ +0

                          0,NZ7 M.NF #+ 9S ;-,4N% ENF LN!7 23:#$C EZJ.H M# �D ' &0,Z7 823F _S 1/e#+ EF #+ &.A/%0 9#,/F 2:.F I.e. 

 g5B32K2!" 9.67 #+ 1C$x" 8.K'aW,J#  !J.ZB $:,xJ .  

                    I,N?i" '+.6NC ) ."0 M# &0.R/%# +0 ^Mc o.4O,J 1/m:.F r:#$F.3F )&267 1e#$l 1-S &2:# 'aW,J# �!K 9,3W.J

         0,B E/mF +.W EF 'aW,J# |,7 .F ~.jJ+# +0 v%.3".             8.K+.6NC �.N%# $NF #+ &0.R/%# 0+," ' 0,O," 8.4Z/m!%

       2:.Z7 1" 823F Enjl 0.:M ' h%,/" )>W . # 0+," 8.K EPRi" |#,7#     1N" $N:M z$NB ENF E=aH +,l EF &0.R/%

2B.F:  

' r!:.D +.6C:8# E6!B 8.K EPRi"   

' h%,/" +.6C:80c,C 8.K EPRi"   

' c.F +.6C :&2B &0#0 u,O 8.4B,D+0  

'  u'+$F:rZG(Bridgeman)2B za=# &] 19[ 

' 1l'$}" 8.4B,D+0  

  

  

 >7*3- 'aW,J#  :  !J.ZB $:,xJ  

5-2- !:O K+%P QR$;I$ A !) QB4,  

  .K &+,W |,7             ' M.N!7 0+,N" 8.N"0 I$N/3W 1NA7 ,NA[ EF 1A/mF I."$J'+2!K 8.K EPRi" +0 &0.R/%# 0+," 8

       0+#0 9,!%#L!-./m:$W ;4O &0.R/%# 0+," 1J+#$e 8.K 9.:0#$( .            8.NK+#,7 hN%,J &2NB ^$N( �#0 o.iRN= M#

     .J 8.K."0 EF 92!%+ ;4O 9#,J 1" ^'$5!7Cº4000$W &0.R/%#  .    o#$N!!`J .N: $Jc.NF 8.NK."0 8#$F  o+#$Ne 

                23/mNK v%.3" )23B.F &2B &2!s!D I./3W .: ^'$5!7 8.4Z!% h%,J EW 15!"#$% 8.K _,!J &2B I$/3W.   .NF

                     ;N%0 1NJ+#$e 8.47.:0#$( M# 1<!%' &0'2i" EF 9#,J 1" 9S 8.K En?e r!F E?=.C ' 1s!D >!% &,i7 $!!`J

;C.:.  

           /" +,J."+,Rm7#$J  : M# 9#,J 1" ."0 T!U0 9#23[ E7 I$/3W ;4O  $!`)variac (       &+,NW +.W 90$W >P3"  ;4O

 0$W &0.R/%# .   ",Z@ ."0 8$!( &M#27#b.      g"'$W 8.K gD,W,"$J h%,J -           1N"+#$U ENPRi" M# �+.NH +0 EW g",-S



 

 

37

'
 (
&)
*+
,
-

  
!"
#! 
$
%&
!"

 /
 .
/)
01

3
 /

 
2%
#)
3

 
13

8
4

 
   0,B 1" ^.G7# 27$!( .                 &0.R/N%# >NW 1NJ+#$e ;!C$q .F 8# EiR= 8.K gD,W,"$J M# 1?H#0 8$!( &M#27# 8#$F

 0,B 1" .    1/m:.F +.P/7# paH $F  >NW +.!mF EPRi" &+#,:0 9.!" +0 1J+#$e 8.K 9.:0#$( EW 0$W 9.67 $l.H

;%# EO+0 23[ 0'2e +0 '. 

6- ?!:+@AB;%) 3AB S.!T:  

         1H$F 0,O' )u'+ r:# 0.:M 8.:#L" 0,O' .Fv:.<" >4"           2B+ 8.4B'+ $:.% EF ;jm7 9S 0.:M u$/m( M# Y7." 

           c,=# I."$J '+2!K u'+ EW 8+,l EF );%# &2B I./m:$W        : 9,!%#L!-./m:$W 8'+ $F E!-'# T!niJ ;4O

                 EN!-'# o.N@al# .47S 0+," +0 EW 80#," 1/<3= 2!-,J .: ' $J T!U0 8.4!%+$F +0 9S M# ' 0'+ 1Z7 +.W EF &0."

00$( 1" &0.R/%# 0+#0 0,O' 8#.  

2B.j!" $:M o+,= EF I."$J'+2!K u'+ v:.<" r:$J &2Z@:  

1- R/%# ' r�ZX" ' T!U0 1e#$l  : ^'L-c.F +.6C EPRi" ;4O �,x}" 8.K*.!-S M# &0.  

2- 2B+ EPRi" 8#$F 1(0+,H $F#$F +0 ;"'.n" r!3sZK )1:.!Z!B 90,F 1w3H ^'L-  

3- &2!s!D +.!mF 8.K.A/%0 M# &0.R/%#  

4- _#{" M# I./m:$W 2B+ 8.4B'+ .F Em:.n" +0 2B+ >W ;@$%  

5- 2B+ r!e +0 23:#$C ;C$6!D &2K.6" ^2@  

6- h:#$B T!U0 r!!<J EF M.!723:#$C |'$B M# gjU 2B+   

7- 1" o2" 17c,l o.!F$GJ M# �D 2B+ h:#$B r!!<J EF $G3" EW +L:c#$3!" +,ye EF M.!7 00$(.  

8- TC,".7 o.!F$GJ +0 o.6:."MS E3:LK f:#LC#  

9- 2B+ 1Z!B 0+," +0 1C.W 8+,�J o.@al# 0,O' ^2@  

10- c.F ;!R!W ' I,jU gF.U 0.<F# .F 1-./m:$W 8.K E/mK 0,O' EF M.!7  

                  15!"#$N% 8.NK+0,D L/3N% E3!"M +0 I.w" 23[ 1%+$F EF $/6!F 1:.3BS 8#$F E"#0# +0ZrO2     ' LaCr2O3   ENF 

>:M#0$D 1" I."$J'+2!K u'+:  

?!U:1-  4%I4,+.R ;%-,$ ?!:+@AB;%) L5E6 ZrO2  

              0'2Ne +0 c.NF  E/!mN7#0 8#+#0 EW ;%# M#2($:0 8# &0." ^,!7,W$:M2!mW#g/cm
3 6-5      1NA"$n[ ' 1/}N% '  

 ;%c.F ;m5B .                   8c.NF LN!7 1N5:$/5-# �.Ni- M# ' ;N%# 13!\.ND 1NJ+#$e ;:#2K 8#+#0 2!mW# r:#Cº 600 

          0+#0 0$F+.W 9�!mW# +,m3% 9#,3@ EF g!-0 r!ZK EF ' ;%.7.%+ .         1jN%.3" 1:.!Z!NB 8+#2N:.D 8#+#0 &0." r:#

 0'2e +0 9S 80$F+.W 8."0 ' ;%#Cº2400;%#.  

   8.K0$F+.W 8#+#0 >!7,W$:M 2!mW#               8.NK &+,NW r5"$N()$-'+ )�$D v-.U )9�!mW# +,m3% +0 E?ZO M# 17#'#$C 

1" _.!%S 8.K E-,?( ' 1\.n-# 2B.F.  

 I."$J'+2!K 9,!%#L!-./m:$W +0 ZrO2  I,?i" M# EW ;%# p+,"S +#2FS 8.!7,W$:M E!-'# &0."ZrCl4 I,?i" +0 

3I."$7  NH4OH2:S 1" ;%2F  . +0 #+ g=.e _,%+Cº120 )&0$W  6H    $N:M I."$J'+2N!K h:#$B ;iJ '

 +.6Catm100 +0 ' Cº300 o2ZF240,B &L!-./m:$W .J &0#0 +#$U ;@.% . ZrO2   EN7#0 &M#27# .F  !3!?W,3"20 

  '40      8.K I,?i" +0 $/",7.7 KF   ' NaOH    2:S 1" ;%2F   .          >NK '  N!3!?W,3" 8.N!7,W$:M >NK 8.N!7,W$:M 

          .: �-.H _S 8.K I,?i" +0 I.7,(#$/JLiCl  .: '  KBr   27,B 1" E!4J  .         TN:$l M# .4-./mN:$W &M#2N7# r!A7.N!"

E<B# u#$D .F 8$!( &M#27#X 8#$F  ZrO2   M# $N/ZW  N!3!?W,3"nm20    $N:M I.N7,(#$/J 8#$NF ' nm15  ;N%2F 

&2"S ;%# . &0'2i" r!F I,xi" 8'+ $F +.6C $!]�JMPa100 ' MPa102B.F 1" �,mi".7 .  

_,%+ 8#$F  I."$J'+2!K 1K0 ZrO2,?i" M#IZrOCl2.8H2O ' YCl3.6H2O &#$ZK EF CO(NH2)2  '3 %  1-,N"
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Y2O3-ZrO2 0,NB 1" &0.R/%#  .       +.6NC ;NiJ #+ I."$J'+2N!K ;NH#,35: 1NK0 _,N%+ atm7-3"0 +0  NNN 8.

Cº220-150    o2" EF 24    0,6!" &0#0 ^.G7# ;@.%  .  8."0 +0Cº150  +0 ' &2NB p+,"S &2"S ;%2F I,xi" 

8c.FCº160   : 1j<5" 8.4-./m:$W  J      ;NB#0 >!K#,NH  N!3!?W,3" . .          8#$NF .NK I./mN:$W &M#2N7# r!A7.N!"

8.!7,W$:M    M# 1j<5" 6   .J 15 $/",7.7             8#$F ' 2B 2K#,H $/6!F ."0 f:#LC# .F EW ;%# 8.!7,W$:M   .F  !3!?W,3" 

 M# ."0 f:#LC#Cº160 .J Cº200 EF .K+,?F &M#27# 7 .J 14 nm2F.: 1" f:#LC#  .     ;N%2F 8.KM#2N7# YN:M,J rN:#

"S           9."LZK 1K0 _,%+ 237." $A:0 8.4B'+ .F Em:.n" +0 &2(co-percipitation)      8.K2!mNW# 90$W ~,?}" ' 

2B.F 1" v%.3" +.!mF 2".O .233W 1"  6H ' &0#0 ,6/mB #+ .K+0,D I."$J'+2!K 23:#$C M# �D.  ^.( r:$HS

 >4" +.!mF EW ;%# oc,xi" +0 9,!%#$",?(S $F#$F +0 ;"'.n" )�3:$/3:M +0;%#.  

    I."$J'+2!K 9,!%#2!mW# 8#$FZrO2           0,NB 1N" &0.R/%# E!-'# &0." 9#,3<F ^,!7,W$:M +0,D M#  .        .N: ' _S .NF LN?C

   02G" $!XnJ 8.K I,?i"(redistilled)         0$!( 1" +#$U r!JaD .: al M# 1F,!J +0  .      8.NK EPRi" +0 I,m�W r:#

16:."MS     8c.F 8."0 +0 Cº700    +.6C +0 atm100    )&2:0 o+#$e   +0Cº300         ' &0#0 f3NW#' _S .NF ^,!7,W$:M 

23:.Z7 1" 2!-,J _S'  !3!?W,3" 8.!7,W$:M.  

 8#$FCº400)  8.!7,W$:M;%# f3W#' I,xi" .43J  !3!?W,3" .  8.NK E7#0 9,!%.J#+2!K ' 9,!%#2!mW# r!e

 &M#27# EF $JL:+ o#+� EF ^,!7,W$:M L?Cnm30-2027,B 1" >!mnJ .    I,N?i" $N(#Ca(NO3)  .N: Y(NO3)3  ENF 

)27$!( +#$U &0.R/%# 0+," �-.H _S 8.O  8.!7,W$:M 8c.F 8."0 +0 1j<5"Cº5002B 2K#,H g!56J .  

?!U:2-  4%I!5IV M!:A+, ?!:+@AB;%) L5E6LaCrO3   

3LaCrO                     c.NF _'� 8.N"0 ;N?@ ENF 9S M# &2NB E/H.N% 2".O 8.K I,?i" ' )Cº2400 T>(    ;:#2NK 8#+#0 )

.!Z!B o'.n" ' _,H 15:$/5-#1" c.F 8.K."0 +0 1(0+,H ' 9,!%#2!mW# gF.n" +0 80.:M 1: B.F2]17.[  

               " ."# E/C$( o+,= &0." r:# >W#$/" ' �-.H 8.K E7,Z7 E!4J E3!"M +0 80.:M 8.4BaJ��/      ENF &0.N" r:# E7.R%

             2:S 1Z7 ;%2F 2".O ;-.e 8.K f3W#' h%,J 90$W $/3:M T:$l M# ' 1(0.% .       90#0 o+#$Ne M# I.w" +,l EF

~,?}" La2O3  '  Cr2O3 8."0 +0 ' #,K +0 Cº 1400  0$R3" M.C LaCrO3    1NZ7 g!56NJ 1(0.N% EF   0,NB .

         8c.NF 8."0 EF L!7 ^,!7./7c o."'$W �3:$/3:MCº1600               ;N:+#$C g56N" 1:.N"0 r!N3[ +0 ENW )0+#0 M.N!7 

2:S 1" f!D ^'$W 2!mW# o.j!W$J.  

LaCrO3         e E:LGJ ' $!}jJ T:$l M# 27#,J 1" �-.H           0+," 8."0 EW 2:S ;%2F ^'$W ' ^,!7./7c I,?i" 1J+#$

    f3W#' r:# M.!7Cº 800 ;%#  .          L/3% M# &2"S ;%2F �:./7 E"#0# +0LaCrO3        ENW I."$J'+2N!K u'+ T:$l M# 

1" +#$U 1%+$F 0+," 0+#0 8$/ZW oa56" $A:0 8.4B'+ EF ;jm7 0$!(:  

      mW'+2!K M# ^,!7./7c o."'$W I."$J'+2!K L/3% 8#$F     &#$ZK EF ^'$W 2!LaCrO3           ENF ' EN!-'# &0.N" 9#,N3@ EF 

1" &0.R/%# $/4F 8$:{D f3W#' +,P3" 0,B.  1F.}/7# ^'$W 2!mW'+2!KCr2O36/42H2O ;!A:$(# 8#+#0   8.K

 E<B# u#$D �:./7 Tjl ' E7#0L:+X;%# p+,"S  .  

La2O3        )2!mW'+2!K 1ZW +#2n" 8#+#0 L!7 1F.}/7# La(OH)3     9S vN!W$J EW &0,F        1NJ+#$e 8.NKL!-.7S hN%,J 

L.O.I  ' TG-DTA o+,= EF La2O3.0.95H2O&2"S ;%2F  ;%#.  

La2O3' Cr2O3  1-," ;jm7 .F 1:1ba".W    1N" ~,N?}" >NK .F 9,/%# +0   27,NB .  0'2Ne +0g 1/0  ~,N?}" M# 

         1?H#0 $XU .F 13!JaD I,m�W  : +0 15:$/5-# �,U h%,J7/2    ;".}� ' mm 15/0    I,l ' mm35  $!XnJ 

2B        _S +.}F +.6C ;iJ I,m�W ��% )&MPa 100    r!F 1:."0 +0300   .J 700       o2N" 8#$F ' 0#$A!/7.% EO+0 

3 .J 241" &0#0 o+#$e ;@.%  0,B .   &+#,N:0 ENF EW 13!JaD &2B &$j!-.W gD,W,"$J T:$l M# ."0 8$!( &M#27#

0$!( 1" o+,= ;%# g=' p$q 1O+.H.  

   J 1%+$F +,P3" EF��   )$RmZJ# $!]6/0  D ^$(        1" EC.�# I,m�W gH#0 ~,?}" EF ^'$W +0, 00$( .     +.6NC +0 ^'$NW
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 .F c.FH2O &0#0 f3W#'  H2  ' Cr2O3     1N" fK.NW �:+2N/F I,mN�W gH#0 $RmZJ# +.6C EG!/7 +0 &0$W 2!-,J

2F.: .  

 ~,?}"LaCrO3  8."0 .J E!-'# ~,?}" M# &2"S ;%2F 600 .J 1200   o2N" ENF 0#$A!/7.% EO+0 3  +0 ;@.N% 

 EJ,F  :1" 0$% ;@$% EF ��% ' &2B &0#0 o+#$e 13!JaD 00$(.  

 L5E6LaCrO3?!:+@AB;%) W.$+* XY@   

     8M.C L!-.7S �:./7 M#(XRD)          +0 EW 1-,xi" EW 2%+ 1" $P7 EF Cº300         g".NB &2NB &0#0 o+#$Ne La(OH)3 

     1ZW +#2n" ' r:+,?FLaCO3(OH) 2B.F  .      r:+,?F v!W$J �!K I,xi" r:# +0 9,[   ;C.:   0,NB 1NZ7   rN5Z"

2B.F E/B#0 0,O' p+,"S ;-.e EF M,3K ^'$W 2!mW'+2!K EW ;%#.  

  I,xi"Cº 400    9.ZK �.j:$nJ LaCrO3    9.67 EW ;%# r:+,?F            ' ^,!7.N/7c 2!mNW'+2!K r!NF f3NW#' &23K0

 90$W 0#MS '  ^'$W 2!mW'+2!K H2O;%#.  g".B I,xi" r:#LaCrO3      0'2Ne +0 8$NXU .NF EN7#0 LN:+ 1/0 

K+,?F ' $/Z!?!"8.LaCO3OH 1" 27# &0$W 2B+ I."$J'+2!K +,l EF EW   2NB.F .     )f3NW#' 8.N"0 f:#LNC# .NF

 8.K+,?F &M#27# ' 9#L!"LaCO3OH  2!-,J 9#L!" EW 1-.e +0 2F.: 1" fK.W LaCrO3   2NF.: 1N" f:#LC#  . +0

 8."0Cº 700 8.K +,?F .43J LaCrO3    .NF 17*,NZK 8.K E7#0 8#+#0 EW 0,B 1" &2K.6" I,xi" +0   L:.N%

7/02B.F 1" $/Z!?!" .  

LaCrO3    ;NNF.] .NNF   NN!j"+,J+'# 9.Z/H.NN% 8#+#0 I."$J'+2NN!K u'+ ENNF &2NN"S ;NN%2F ûa=5.477 A , 

ûb=5.511A ' ûc=7.758A;%#  . 8#$FLaCrO3      8c.NF 8.N"0 ;NiJ #,NK +0 EW �-.H Cº1000 ;N%2F 

 )&2"Sa=5.476~5.479Aû )b=5.512~5.515Aû  ' c=7.752~7.758 Aû;%#  .ZK  �:.N/7 >!3!F 1" EW +,X7.

 ;nF.X" >K .FU27+#0 1-,jU gF..  

        g!56J EW 2K0 1" 9.67 �:./7 r:#LaCrO3      0'2e +0 1:."0 +0 Cº 700       9.N"M +0 I."$J'+2!K h:#$B ;iJ 

 0'2e +0 1K.J,W30,B 1" g".W ;@.% .  

   L/3% )^'$W +0,D .F &2B ^.G7# o.6:."MS +0LaCrO3 8c.F 8."0 +0 Cº400#0 +0      ^.NG7# LN!7 I,mN�W gNH

&2B  ;%# .            ba".W ^'$W +0,D 9'2F 8.46:."MS I,xi" .F ^'$W +0,D .F f:."MS +0 I,xi"  0,F EF.6"  . fK.W

$:M f3W#' $]# +0 9*'+2!K 2!-,J h%,J $RmZJ# +.6C:  
2Cr + 3H2O   Cr2O3 + 3H2 

  !"#  "$"%& '&C º 600  ()*+, '&  -)."/ 0)12",LaCrO3 3456&  786.  

9:     3);:6 <=>?% @"A$ B4La2O3             C7DE0F '609 G&"H486 &'=% I"%0,:'J)$ K"+L"%MN '& 3O CP:0O J)QO:'J)$ : 

()*+, 3# 0RS% GJ5 G&6& K'60T 0HQA,6 '"+E : 6=$ '&LaCrO3   M6 0,!"D#  "%& '& Cº700    '& "D%6 GJDL&0F

0, U)V"W  "$"%&) XY% Cº 600( LaCrO3 786 GJ+/ ()*+,  . M6 BZ=D>?% B;: La2CrO6   "D# G60DA$    '6JD[%

 <=>?% BAOLa2O3 : Cr2O3  GJ5 7E"L  786 . M6 (\"T ]L"4/ ^#"_%XRD :  TG_DTA    7DHF @6=D, BD% 

()*+, `SO6: 38:0WLaCrO3 B% 0LM K'=\ 3# 6=$ '&  J5"#: 
 

CrOLaOCrCrOLaOCrOLa

OCrOLaCrOHLaOLa
CC

C LaOOHcontaininghydroxidecontaining

3

900

3262

600

3232

550

3232

440

332 )(

 ! "  ! "  ! 

"  ! "

##$

#

 

()*+,LaCrO3   G60A$ 3#O6:  "$ 3a?+% M6 P:0O J)QO6 @=)86J)QO6 DDDDD `S  U)D#La2O3 :  Cr2O3  

'& 786 6=$ . '&=WLaCrO3   !"#  "%& '& : 6=$ '& GJ%N 78J# Cº900786 bO604%  &"c 0)d '=Z 3# .  

 !"#$ %&'$ (   

1-  '=e/"L'N :0+)W fS$0E) J>g `5( ,B/"5"O '=e/"L'N 0h.=S%-BL"+i;& P60?#  , : B*)/:04*;6 0+/

3/"L6' @"hg B/"8' jXZ6 ,1377 -P=8J>g  
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2- Morey,G. W. and Niggli, P., The Hydrothermal Formation of Silicates, A Review., J. Am. 
Chem. Soc., 35:1086-1130(1913) 

3- Laudise, R. A., The Growth of Single Crystals, pp. 278-281, Prentice-Hall, Englewood 
Cliffs, NJ (1970) 

4- Lobachev, A. N., (ed.), Crystallization Processes under Hydrothermal Rabenau, A., The 
Role of Hydrothermal Synthesis in Preparative Chemistry, Angew. Chem., (English Ed.), 
24:1026-1040 (1985) Conditions, pp. 1-255, Consultants Bureau, New York (1973)  

5- Roy, R., Acceleration the Kinetics of Low-Temperature Inorganic Syntheses., J. Solid 
State Chem., 111:11-17 (1994)  

6- Yoshimura, M. and Suda, H., Hydrothermal Processing of Hydroxyapatite: 
7- Past, Present, and Future, in: Hydroxyapatite and Related Materials (P. W. Brown and B. 

Constanz, eds.), pp. 45–72, CRC Press, Inc (1994) 

8- handbook of hydrothermal processing/by K.Byrappa and Masahiro Yoshimura – provided 

by William Andrew Inc. - 2001 
9- Roy, R., Fifty-year Perspective on Hydrothermal Research, in: Proc. Workshop on 

Solvothermal and Hydrothermal Reacts., pp. 1.1–1.20, Sun Mess Kogawa (Jan. 22–24, 
1996) 

10- Tamma, G., The State of Aggregation, D. Van Nostrand Company (1925) 11-Yoshimura, 
M., Why, and How about Advanced Inorganic Materials, Eur. J. Solid State Inorg. Chem. 
32: I–IV (1995) 

11- Sir Roderick Murchison (1840s), (cited by S. Somiya)  
12- Morey. G. W. J.  Am . Ceram . Soc . 36  (1953) 
13- Schafthaul, K. F. E., Gelehrte Anzeigen Bayer. Akad., 20:557, 569, 575, 592 (1845) 
14- Nacken, R., Hydrothermal Synthese als Grundlage fur Zuchtung Quarz-Kristallen, Chem. 

Z., 74:745-749 (1950) 
15- Ballman A. A., and  R.A.laudise “The art and science of crystal growth” , Ed by 

J.J.Gilman  Wiley,Newyork , 1963. p.231  
16- hydrothermal reactions for materials science and engineering, Editted by S. Somiya, 

Elsevier Applied Science, 1989 
17- Advanced Ceramics 3 , Ed by Shigeyuki Somiya , “Hydrothermal synthesis in acid 

solutions- A review “ . 1990 . p . 163 
18- Bridgman, p.w , “ The physics of high pressure” , Bell , London , 1949 
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 !"#$% &'()*+,-"'. +# /0'1)%# -23,* 4*#56 4!78'9 '8 :7;  

 5"'< 5!=.# 2)>,% &'(7!? 5@'. A0)SOFC(  

 !"#$%#&'  !"#$%& '()* +,*!  -'.%/01 2 & +34  56,7- 8$9$  ! ...: !;+<=*  

 !"#$% &'()*+,- ./0$1# + 2#3" &45)*+,-   

b-mirfakhraei@merc.ac.ir 

3>,:? :  6#78# 9:;3% /4<=!-                 /0$>1# ?>8 @!A:B>" 63>C ?>8 #6 D;3% 9E4!F!G /0$1# ?H 'I:B* /
   'IIH 9" JE'KL 9(E$:(M#  .   +6 NE# O#  .  $LP48 &2O48 /  Q+6 O#    9(!14("3"$L /4*         $>8 4><1R $>S# + '>16#2

    D%# 7!T41 64!B8 DBEO U!V" .     '>!M3L 6#78# W31 NE# /P48 /4"2 W#31# O# '"4X '!BH# 9:;3% /4<=!-
 I:B* ?:!BE$:(M#               'I:B>* #6#2 #6 D;3>% Y#3IZ ?8 9[!KC O4\ O# @!A:B" &24]:%# D!=84^ + ' .   N>E# 62

                4><1R _>=:`" /#7X# 9%4%# /4*O4!1 + '"4X '!BH# 9:;3% /4<=!- 2$(=FZ &3V1 Y4!8 NFa ?M4A"  . 
 &'G 6#'E4- b3FB!8 '!BH# DEO3c"4H /'L4H b4d`)" $8 $:I!% /4"2 + 9LP#7\# e3%6 6#'A" $!S4L

 !BH# 48  &$A1 '!BH# + @E$:E# ') O# $LP48 /4"2 62 ?H°
C180   9>" /7>=f &$>A1 ?8 JE'KL  23>G( .  263>" 

  9" 6#$^ 9%6$82$!\ .  63gI" NE# /#$8  .   DEO3c"4H      /#6#2 b3FB>!8 '!BH#25     9>12+7f# 9M3>" '>h62 
 @E$:E# '!BH# (Bi2O3)0.75(Y2O3)0.25   48 45              e3>%6 _>=:`" $E24>A" + &$>A1 '!B>H# 91O+ 'h62 

#7\#     $:I!% /4*4"2 + 9LP750  . 800   + 850      9KB1 9M45T $g1 O# 2#$5!:14% ?X62   .   /$*4>i J`=`L   . 
       Df$\ 6#$^ 9%6$8 263" 9(E$:(M# DE#'* + /$Ej-63KZ .            e3>%6 $>S# + &$>A1 k>EO3L &3>V1 N!IlF*

     ?8 64:;4%7E6 $8 9LP#7\#   $E+4dL ?=!%+SEM  'G 984EO6#  .&O#'1#/$!\    #2 Y4)1 &'G m4n1# /4* H 2 ?
    $E24A" O# &24]:%#7    LP#7\# e3%6 91O+ 'h62 9   + 45       o>!H$L 62 &$A1 '!BH# 91O+ 'h62   .     ?>!<L ?>8 

M3dV"9 /$Ej-63KZ D!=84^ 48  9(E$:(M# DE#'* +9"'"4n1#.  

:@!2?,AB  94 :   '"4X '!BH# 9:;3% J!-  .  DEO3c"4H 'L4H   .       @E$:E# '!BH# 48 &'G 6#'E4- b3FB!8 '!BH#   . 
@* Q+6983%6.  

1- -C*?)*   

                 N:;3% 914!" p=q$" ?8 O4!1 Y+'8 #6 D;3% 9E4!F!G /0$1# ?H D%# /0$1# JE'KL &45:%2  E 9:;3% J!-  . 
?8        9" 4"$\ + 9(E$:(M# /0$1# ?8 JE'KL @!A:B" 63C'IH .  +6 NE# O#  .          Q+6 O# $LP4>8 o>L#$" ?>8 YR &2O48   /4>*

 9" 9(!14("3"$L'G48 .   9" 9:;3% J!-  E  ?H 9"#24" '1#3L          23>X+ 4>*2+$:(M# 62 &'IIH'!BH# J"4Z + D;3% 
'IG48 ?:G#2 .r#$C# U!V" $8 YR $!S4L + 'IH 64H  .D%# Y2$H $gIf$h J84^ ]1.[  

   s+'X 621      !- @<" W#31# O# 9t[8 b4d`)"      &'G ?BE4A" $5E'(E 48 9:;3% /4<=#'1 .   ?:!BE$:(M# Y4E$X &2O48
     2+'q 62 4<=!- NE#60-50 %9"   L63h 62 ?H 'G489   9K!H$L /4<F:B!% 'I14F* ?H  .       m4>n1# O# Jh4q /4"$\ O# 
    &24]:%# 7!1 uIH#+2$\2  .      4L &2O48 uE#7f# Y4("# 90 % 26#2 23X+ .?8          + kE4>" b4>I8$H 9:;3>% /4><=!- &+vZ

 '"4X '!BH#  .     Y4)EP48 2$H64H /4"2 J!M2 ?8   .         9>" #6#2 #6 9[!KC O4\ O# &24]:%# D!=84^  'I>G48 .     N!>8 62 &O+$>"#
#9:;3% /4<=!- W#31 .'I:B* 6#263;$8 /$:)!8 s4K^# O# '"4X '!BH# + /$F!=- 9:;3% /4<=!- ]1[.  

2- ?*9D ?,6B! 50E'F &9#A,.  +B-9B G",H93*  

          'L4H 9=h# DFB^ ?% O# 9:;3% J!-  E 9=H 63C ?8  .       D>%# &'G J!()L '1R + D!M+$:(M#  .    2$>(=FZ s3>h#
     J(G 62 9:;3% /4<=!-1    D%# &'G &2#2 Y4)1  .  4<=!- NE# 62  .          @:B>!% ?>8 J>`=`:" 'L4H wE$C O# Y,!BH#   
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 I2?D1-_=:`" 9:;3% /4<=!- 9If b4d`)" ]1[  

50E'F J,. K'H  L,M2+03M!   +B-9B &9*  LE'F  
 : ;9$

53N+03M!  

 9E4!=^)AFC(  @!%4:- '!BH+6'!*  °
C200-50  Y0+6'!*  55-50%  

 @!A:B" s314:")DMFC(  $F!=-  °
C200-60  kE4" s314:"  55-40%  

  E$]Bf '!%#)PAFC(   E$]Bf '!%#  °
C210-160  N8$H+6'!*J(M# + 4*  50-40%  

 /$F!=-)PEMFC(  $F!=-  °
C80-50  N8$H+6'!*s314:" + 4*  50-40%  

 kE4" b4I8$H)MCFC(  e#j" /4<(F1  °
C650-630  Y4-+$- + 9[!KC O4\  60-50%  

 '"4X '!BH#)SOFC(  
 Y3E /24* /4<(!"#$%

 'I14" Y,!BH#YSZ 
°
C1000-600  Y4-+$- + 9[!KC O4\  60-45%  

  

9" 26#+/O4f ?% /4*O$" 62 + 23G ) TPB( . 'L4H J"4G )9(E$:(M# /24*( . D!M+$:(M# ) Y3E /24*
Y,!BH#(9M3(M3" Y,!BH# /#6#2 x7X Y#3IZ ?8 #3* + .$EO uIH#+ wKC  . Y3E ?8 JE'KL Y,!BH# s3(M3" 

9" Y,!BH#1 D!M+$:(M# Y+62 ?8 + 23G9" y3]'IH:  

2O
-2

         O2 +   4e
-  

      9" 9:;3% J!- 'L4H  E o!L$L NE'8            23>; O# Y,!B>H# /4>!q# /#$8 9K%4I" 9:B!M4L4H+$:(M# D!=84^ DBE48
 '*2 Y4)1.  9E4n1R O#      ?8 &24" NE# ?H  kFX  E Y#3IZ       9>" 6#$>^ &24]:%# 263" Y4E$X &'IIH 2$>!\  .  9>"   DB>E48

    G#2 7!1 9K%4I" 91+$:(M# DE#'* 'G48 ?: .     &'IIH'!BH# $]BFL# + P48 /4"2 o!H$L  .         bv()>" O+$>8 ?>8 $>nI" 
       9" 'L4H 62 &24]:%# 263" &24" /#$8 /24EO23G .     z3f 263" +2 $8 &+vZ #jM  .         62 '>E48 'L4H 62 &24]:%# 263" &24" 

 &2$:B\ &2+'V"      'G48 6#'E4- Y,!BH# 9{7X 64)f O# /#  .  23)1 $!`KL   .   O4f b#$!!|L ?135l!*       23>; O# 9>8$`" /
 '*'1 Y4)1 +    9E4"2 &2$:B\ &2+'V" 62  .        J!()>L D>!M+$:(M# 4>8 N!E4>- 64!B>8 D>"+4A" 4>8 + o%4I" 9M4dL# 

'*2]9-2[.  

  

 J3O1- '"4X D!M+$:(M# /P48 /4"2 9:;3% J!- 2$(=FZ s3h# ]2[  

  

                                                           
1 - Three Phase Boundaries 
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          9" '!M3L D!M+$:(M# + 'L4H }$:)" Jdf 62 ?H 91,!BH# Y3E     D!M+$:(M# wE$C O# 23G      /3>^ /24>*  E ?H

   64:;4% 48 Y,!BH# Y3E/      9" J`=`L '^4f + @H#$:" ~v"4H      '1R DF% ?8 'G48) D;3% 2+$:(M#( A:I"  9" J 3>G2 .
     �IX O# m3%$" D!M+$:(M#ZrO2      ?=!%+ ?8 &'G 6#'E4- Y2O3 9"      912+7f# 'q ?H 'G4810 'h62  9M3"   .  64:;4% 

   9" 6#'E4- #6 DE63{3=f    ?8 + 'IH  4<13E 63tq $C4;   }$V:" /O
-2  .       238 '*#3; #6#2 #6 9EP48 913E DE#'*  .   >E

     9" '"4X '!BH# 9:;3% J!- D!M+$:(M#       N!E4- 91+$:(M# DE#'* + P48 913E DE#'* DBE48  .     9E4!F!>G /6#'>E4- 
      /2+6+ /4*O4\ + 4*2+$:(M# J84A" 62 o%4I"  .         D;3% 63KZ O# D[14F" D<X P48 9M45T     9M3(M3" Y,!BH# + +

 BK1# oE$a          '>G48 ?:G#2 9:;3% J!- /#7X# $5E2 48 o%4I:" 9L6#$q �4 .    $>!g1 /2#3>"Bi2O3 + CeO2 /#6#2 
912+7f# _=:`" /4*  .   N!E4- /4*4"2 62 $L  .             Y4)>1 23; O# &'G 6#'E4- /4!13H$EO ?8 DKB1 /$:)!8 913E DE#'* 
9"'I*2  .     ?M4V:%# + 'E'G /4!q# $]BFL# 62 /6#'E4- $!g1 9Lv()" 48 4"#  /4* ?>H 'I:B* ?X#3" /O4f D><X  

9" m4n1# 2#3" NE# /+6 $8 /24EO b4[M4�" bv()" NE# $8 Y'"R w{4f23G]10.[  

          D%# ?:f4E s4A:1# '1R ?8 D!M+$:(M# wE$C O# ?H 91,!BH# Y3E  .        &24]:%# 263" D;3% 48 '1R 62 )   Y0+6'>!* 'I14"
9[!KC O4\ 4E (9" 2#OR Y+$:(M# + &2$H uIH#+ $EO ?�8#6 wKCH'I:  

2H2O +   4e       2H2 +   2O
-2  

         ?C38$" uIH#+ /#$8 9X64; 6#'" wE$C O# &'G 2#OR Y+$:(M#    9" &2$8 'L4H ?8 23G .     Y+$>:(M# 9E4>n84X N>E#  . 
      9" 24nE# #6 $g1 263" ?:!BE$:(M# Y4E$X'IH .            9>" 9:;3% J!-  E '1R 62 &24]:%# 263" &24" +6 NE# O#  DB>E48

   !BH# $S3" 9:B!M4L4H �#3;Y3!%#'  .    P4>8 91+$:(M# DE#'*   .      4>!q# $]B>FL# 62 9E4!F!>G + 9(!14>(" /6#'>E4- 
)    63]M3% 9dM4;41 JFVL D!=84^ �3d`8(  .             J>!- /#7>X# $5E2 + D!M+$:(M# 48 o%4I:" 9L6#$q �4BK1# oE$a 

'G48 ?:G#2 D;3% s4A:1# $8#$8 62 @H D"+4A" 48 9(E7!f 64:;4% + 9:;3%]2[.  

     �IX O# D"$%  ENi/YSZ    o%4I" 91+$:(M# DE#'* 48   .             �4>%# $>8 9:;3>% /4<=!- 62 #6 /'1R �#3; NE# 
  D!M+$:(M#YSZ  .  9" #6#2 'G48 .  9:I% /4*2+$:(M# rv;$8  .  9E4n1R O#          J>H 62 D;3>% Y3!%#'!BH# Y4("# ?H 

4*'1R NE# ��%9:EO3c"4H /26#2 23X+  . /O4f ?% /4*O$" /#$8 �4; 9q#$C ?8 /O4!1 DB!1]10[.  

4]=L                9>" s$>:IH /'L4H /4<)IH#+ U%3L &'FZ 63C ?8 '"4X '!BH# 9:;3% /4<=!- 62 9=H b   '13>G .  b4>]=L
 J"4G /'L4H  .            9>" /'>L4H Y3!>%#7E6v- D"+4A" + /O4\ y3]1 .9F*# DFB^    'I>G48 .    Y3!>%#7E6v- D>"+4A"

   ?8 /'L4H          E# s4A:1# /4*'IER$f + &#$F* /4<)IH#+ + Y,!BH# 9E4!F!G+$:(M# /4!q# J!M2  9>" 24n 23>G .  /#$>8
                   263" 2#3" o!H$L + J!- 9q#$C ?8 ?X3L 48 J`=`:" 9-3(%+$(!" ?EP  E .P48 D!=84^ 48 /'L4H ?8 984!:%2

    D%# O4!1 'L4H 62 &24]:%# .              J84^ /O4\ y3]1 J!M2 ?8 9F*# b4]=L .O4\ N!"�L + o%4I" ?%'I* 2$864H b63h62
  D%# Y2$H$g1 r$h .   E#7f# /#$8 /64!B8 /4<GvL    ?I!<8 U%3L 'L4H 9E#64H u       62 &24]:>%# 263>" 2#3" Y2$H

D!M+$:(M# }$:)" Jdf + /'L4H ?EP J`=`:" 64:;4%7E6 .'L4H/ D%# ?:f$Ej- m4n1# 'L4H]13-11 .[  

 'L4H 62 &24]:%# 263" 2#3"SOFC9" @!BAL ?:%2 +2 ?8 '13G:  

1. 9(E$:(M# /4<E24*!  (EC)/7=f /4*'!BH# O# 9t[8 + b#7=f 'I14" .  

2. 913E �3=`" /4<E24*-91+$:(M# " (MIEC)9" /7=f /4*'!BH# &'FZ 63C ?8 ?H 'IG48.  

   /4*'L4H 62EC      /O4\ O4f 62 Y,!BH# .) /O4\ y3]1 (      &'G ejX /#7X# b63h ?8 4E +  .       64:;4>% ��>% /+6 $8 
   J`=`:" 2+$:(M#) 9V�% y3]1(  .  9" s4A:1#   '84E .    &'E# D!M+$:(M#  E �$f 48       (M# DE#'>* 4>8 sR    .7!T4>1 9>(E$:

         /O4f ?% O$" ?8 D!M+$:(M# ?8 Y,!BH# s4dL#(TPB)   9" 2+'V"  22$\ .         ?>8 Y3!>%#7E6v- D>"+4A" .+6 NE# O#
     26#2 �4KL6# 2+$:(M# 64:;4%7E6 ?8 @!A:B" 63C . /4*'L4H 62MIEC   9>" N!>IlF* Y,!B>H# /4<13E .   62 '>I1#3L

           DH$q D!M+$:(M# }$:)" Jdf DF% ?8 'L4H &24"  M48 s3C'IIH .  DM4q NE# 62  .     ?>8 Y3!%#7E6v- D"+4A" 

                                                           
2 - Electronic Conductors 
3 - Mixed Ionic-Electronic Conductors 
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y3]1 oE$a# (D)��% 9M24KL oE$a .Y,!BH# /4<13E $ (k)  D>!M+$:(M# ?8 'L4H O# s4A:1# D"+4A" + 'L4H 2#3"
 D%# ?:B8#+]6+14 .[   J(G 622                /4*'>L4H 62 Y,!B>H# /4><13E + s3(M3" DH$q $!B" + /O4f ?% /4*O$" 

    D%# &'G &2#2 Y4)1 _=:`" . H 62  /4*'L4EC    9>" 2+'>V" D!M+$:(M# + 'L4H }$:)" Jdf ?8 4!q# uIH#+ -

23G  .        913E /24* DEO3c"4H /4*'L4H 62 ?H 9M4q 62 - 91+$:(M#   .             '>L4H @>nq Y+62 ?>8 /O4>f ?>% /4*O$" 
9" Q$:B\'I84E]15.[  

  

 J3O2-Y+$:(M# DH$q /4*$!B"  .9:;3% J!- /4*'L4H W#31# 62 Y,!BH# Y3E + s3(M3" ]15) .[_M# ( U=:`" /24* 'L4H

913E-91+$:(M#  .) e (913E /24* DEO3c"4H 'L4H-91+$:(M#  .) � (91+$:(M# /24* 'L4H.  

         /4*'L4H /#$8 O4!1 263" �#3; ?8 ?X3L 48SOFC             e3B>V" e4>`:1# NE$>:<8 /7>=f /4*'!BH# O+$"# ?8 4L .
9"'12$\ .  DE4(%+$- W31 /4*64:;4%%) ABO3(  .    o!H$L 48 (Ln  .A)MTO3  .        4*'>!14:1P YR 62 ?>H )Ln :  �P3>F["
La ( 9H4; 9E4!=^ /4*7=f 912+7f# 48)A: Sr . Ca ( /4<14(" /+6 $8A9M4A:1# b#7=f + )MT: Cr . Mn . Fe . Co . 
Ni (4(" /+6 /4<1B'1$!\ 9" 6#$^ . &'FZ /#$8 'L4H 62 &24]:%# 263" 2#3" NE$LSOFC  9>" e3B>V"  '13>G .

    +6 9F<" $S# o!H$L W31                �4B>K1# oE$>a .9E4!F!>G /6#'>E4- .9:B>!M4L4H+$:(M# + 9>(E$:(M# b4!h3d>; /
26#2 D!M+$:(M# 48 9E4!F!G z4K�1# + 9L6#$q]2.[  

       ?E4- $8 '"4X '!BH# 9:;3% /4<=!-YSZ  .      ?8  E271 /4*4"2 62 °
C1000  9" 64H 'IIH .     9:;3>% J>!- 2$H64H

         )" Jdf 62 9L6#$q /4<)IL $!g1 9Lv()" 4*4"2 NE# 62   2+$:(M# + D!M+$:(M# }$: .   J>!- /#7>X# @*62 y3]1 
       26#2 &#$F* ?8 #6 2$H64H Df# + 9:;3% .        ?>14!" /4>*4"2 62 '>I1#3:8 ?>H 913>E /4><E24* O# &24]:>%# +6 NE# O#

)°
C800- °

C600 ( 'IIH 64H  .        9" 91P3C /4<14"O 9C J!- $:)!8 m#+2 �Z48  23>G.      9E4><:!M+$:(M# O# &24]:>%#
  E648 b#$% 'I14"   @!I!M+24\ 912+7f# /#6#2 @&)BaCe0.8Gd0.2O3 (       z3>f /4>*4"2 62 2$H64H 9E41#3L ?H   #6 $Hj>M#

26#2  .                'I>G48 ?:>G#2 #6 4<:!M+$:(M# NE# UE#$G 48 64H D!=84^ ?H D%# /'E'X /4*2+$:(M# 'I"O4!1  .    ?>H 9>L#7=f
           '16#2 P48 /4*4"2 62 983; /6#'E4- + o%4I" 9:B!M4L4H D!M4[f)   v>C  $!g1  .     @E2P4>- + N!>Lv-  (    Y#3>IZ ?>8

  /4*2+$:(M#SOFC    ?E4- $8 YSZ    ?:f$\ 6#$^ 9%6$8 263" '1#  .          /64>nL &24]:%# Y4("# 2#3" NE# /P48 DF!^ 4"# 
    9" N(F"$!� #6 4<1R O#2O4% .  7!1 &$A1 4"#  .     N!E4- 64!B8 DF!^ /#6#2 ?H      D%# z3f 26#3" ?8 DKB1 /$L  .  D!h4; 

   !q# /#$8 9EP48 9:B!M4L4H  26#2 Y,!BH# /4 .         P48 /4*4"2 62 24EO '![dL DZ$% J!M2 ?8 &$A1 ?14]%4:"  .   ?>IE7\ 

                                                           
4 - Diffusion Coefficient 
5 - Surface Exchange Coefficient 
6 - Perovskite 
7 - Gadolinium-doped Barium Cerate 
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   ?Z3Fn" NE# /#$8 9K%4I"                 '>I14" 9:E4(>%+$- /4*'!B>H# ?>8 4<=!- NE# 62 &24]:%# 263" /4*'L4H + DB!1 4*

LaMnO3 + LaCoO39" 2+'V" '13G]5.[  

       /4"2 62 &$A1 '![dL DZ$% 4"#°
C750    $8#$8 �4KE$AL µm 3/0   9" s4% 62             O# b')>8 4>"2 u*4>H 4>8 ?>H 'G48

   9" ?:%4H YR 6#'A"23G .  +6 NE# O#  .            9" U%3:" /4"2 9:;3% /4<=!- 62 &24]:%# /#$8 o%4I" &24"  E &$A1 -

'G48 .              9" 24nE# 9%4%# J()" +2 2+$:(M# Y#3IZ ?8 �M4; &$A1 O# &24]:%# s4q N!Z 62'IH .      ?>8 �M4>; &$>A1
   1# oE$a rv:;# J!M2       26#2 9(!"#$% /4<:!M+$:(M# 48 ?H /24EO 9L6#$q �4BK  .        D>!M+$:(M# 4>8 9K>%4I" s4dL# 

 9F1 6#$^$8 'IH) .   A1 9L6#$q �4BK1# oE$a>>   + &$BaCe0.8Gd0.2O3  !L$L ?8  >>>> 8#$8 o >>>>>>  $°
C

-1 
6-

10×19  + 
°
C

-1 6-
10×9 9"  'G48 (.             24EO Y#'IT ?1 /4*4"2 62 &$A1 2+$:(M# ?H D%# NE# m+2 J()"°

C900- °
C850   ?>H 

  ?13F1 $:I!% /4"2  9" 4*    9" @H#$:" DZ$B8 'G48       9" u*4H 2+$:(M# J`=`L ?n!:1 62 + 23G'84E .  W3a3" NE#
      O4\ /O4f ?% ka#3" 'E'G u*4H �Z48-D!M+$:(M#- 9" 7=f23G .             >E b63>h ?>8 &24" NE# O# &24]:%# 48 4"#

  !"#$% DEO3c"4H-7=f  . 9"      "R w{4f z3f bv()" $8 Y#3L        26+R D%2 ?8 o%4I" J`=`L 48 /2+$:(M# + ' .  ?>8
           'G48 7!1 913E DE#'* /#6#2 9(!"#$% &24" NE# ?H 9L63h 62 &+vZ  .      913>E DE#'* /#6#2 Jh4q DEO3c"4H -

         9E4!F!>G+$:(M# /4<)IH#+ ka#3" ?n!:1 62 ?H 238 '*#3; 91+$:(M#  .       2+$>:(M# }$:)>" Jd>f O# -  D>!M+$:(M#
4q NE$:<8 62 + ?:f6 $L#$f2+$:(M# &23L JH ?8 DM .9" #'!- Q$:B\  'IH]5.[  

  9" &24]:%# 263" 9(!"#$% O4f NE#$84I8   913>E U=:>`" /24*  E 4E 913E /24*  E DBE48-  '>G48 9>1+$:(M# .

           4E$:E# 48 &'G 6#'E4- b3FB!8 '!BH# ?H D%# &'G Q6#7\)YSB (   o!H$L 48Bi1.5Y0.5O3    $dVI" �#3; /#6#2 
  D%# /2$f ?8 .       b3FB!8 '!BH# ?E4- $8 U=:`" /4<E24*)  'I14"Ag-YSB (      /4*4"2 62 #6 Y,!BH# /P48 DE#'*

    9" Y4)1 23; O# ?14!"'I*2 .   4*'L4H NE# Y3!BE#7E6v- D"+4A"  .    /4"2 62 °
C600  .         O# $>:FH 91#3>L ?>KL$"  E 

 DEO3c"4H /4*'L4H $E4%) $!g1 YSZ-LSM +GDC-LSM (9" 'G48]18-16 .[   $!S4>L 9>%6$8 NE# 62 +6 NE# O#
                    '!B>H# 4>8 &'G 6#'E4- b3FB!8 '!BH# DEO3c"4H D`- O# �- �#3; $8 $:I!% /4"2 + 9LP#7\# e3%6 6#'A"

9" 6#$^ 9%6$8 263" '"4X '!BH# 9:;3% J!- 'L4H  E O4!1 263" �#3; ?8 DE4IZ 48 &$A1 + @E$:E#2$!\.  

3- &9#0,M9P15$+QR   

# 62       /#6#2 b3FB>>!8 '!B>>H# o>>!H$L e4>>`:1# 4>>8 9>>%6$8 N>>E25    '!B>>H# 9>>12+7f# 9M3>>" '>>h62 
@E$:E#(Bi2O3)0.75(Y2O3)0.25      �- NE# O# ?H BY25  9" &'!"41  23G  .             /#6#2 ?>H k>X$" o>!H$L  >E Y#3>IZ ?8 

  9" 9K[(" 64:;4%'G48  .     _=:`" $E24A" $!S4L e3%6     $:I!>% /4"2 + 9LP#7\#   .        >:!1 O4>\ /$Ej>-63KZ $>8 Y0+$  . 
 9KB1 9M45T  .  /$*4i J`=`L   .  D`- �4KA1#   .      �$^ 64:;4% 7E6 + 9(E$:(M# DE#'*        &'>G �$>- /4>*   4>845 

 &$A1 '!BH# 91O+ 'h62) O# $LP48 /4"2 62 ?H°
C1809" /7=f &$A1 ?8 JE'KL 23G(9%6$8 263" Df$\ 6#$^  .  

     b3FB!8 '!BH# ?!<L /#$8   ?=!%+ ?8 &'G 6#'E4-    6 O# @E$:E# '!BH#  @* Q+     '>G &24]:%# bP#7\# 983%6 .  /#$>8
 63gI" NE#  .  DKB1 #':8#      b3FB>!8 b#$:!1 O# /$:"3!H3:%# /4*  . Bi(NO3)3.5H2O )Riedel>98.5% (   b#$>:!1 +
@E$:E#  . Y(NO3)3.6H2O) Aldrich>99.9% (     '1'>G ?f4>a#  w>!^6  E$:!1'!%# s3=V" ?8 + '1'G NEO3L .  N>E#

        p=!%+ ?8 DZ4% +2 b'" ?8 �3=`"        23G Jh4q r4]G s3=V" 4L 'G &27F* 9B!C4I|" Y7F*.   s3=V" �c%
    48  !M#7\# '!%#  48 o%4I:" 9:g=�       @E$:E# + b3FB!8 /7=f /4<13E      'G ?!<L ?!M+# s3=V" 62 23X3" . ?"#2# 62  . 

     b#$:!1 +  E$:!1 '!%# r4]G s3=V"              s3=V" ?8 &$�^ $�^ b63h ?8 + b638 p=!%+ ?8 @E$:E# + b3FB!8 /4*
'!%#      9" &27F* DZ$% 48 ?H  !M#7\#             23>G J>h4q 9>LP#7\# �16 '!]% e3%6 4L 'E2$\ ?f4a# 'G .   O# �>-

  e3%6 p=q$" Y4E4-/$!\  .                /4>"2 62 + 'G #'X s3=V" O# 9f4h j�4H p=!%+ ?8 Jh4q e3%6 °
C110    )>; 

'G/4"2 62 ?"#2# 62 +  °
C800'G &2#2 b6#$q .   

      1 ?I!B=H 9LP#7\# e3%6 $S# 9%6$8 /#$8       ?13F1 /$Ej-63KZ + /$*4i J`=`L 6#'A" $8 &')4*  .   48 9E4<C3=`"
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 $]h $E24A"  . 7  . 14   + 20 %    9LP#7\# e3%6 91O+   '1'>G ?>!<L .     623>- 6#'>A"BY25     62 23>X3" &'>G ?I!B>=H 
o!H$L  .       9" o!H$L 9LP#7\# e3%6 + &$A1 '!BH# 6#'A" O# 9[84L  'G48 .   Y03>F* D><X �V8 263" 2#3" �3=`"

 $:<8 Y'G  . 16        '1'G �3=`" J!"64X 62 N:%# U!V" 62 DZ4%  .    �$>- D!=84^ 23K<8 /#$8  .       N>5F* 623>- ?>8 
        /4"2 62 Y'G  ); O# �- Jh4q°

C110  . 5     s3=V" 91O+ 'h62 CMC    Dg=� 48 g/lit 2       + '>G ?f4>a# 24 

         'G &2#2 Y4"O YR ?8 623- Y'G N5F* D<X DZ4% .   &24>"R O# �-    623>- /O4>%  .         /#$>8 63>V"  >L �$>- O#  

J(G  ?13F1 9*2   'G &24]:%# 4* .?13F1   &'G �$- /4*  .         /4>*4"2 62 D`- b4!=FZ O# JK^ °
C750  . 800   + 850  . 

   /4"2 62°
C110  '1'G  ); .    ?13F1 UE#$G 9%6$8 /#$8             '!B>H# 9:;3>% /4><=!- '>L4H 62 &24]:%# D<X 4*

'"4X  .  D`- �4KA1#   .  9KB1 9M45T   .      ?13F1 9(E$:(M# DE#'* + /$*4i J`=`L * &O#'1# 4   '>G /$>!\ .  N!>IlF*
         &'G 24nE# /4<=`=`L Y238 62 ?8 &#6 D![a+ 9%6$8 /#$8  .  ?13F1 /$Ej-63KZ          #+#$>L#$f &45:>%2 ?=!>%+ ?>8 4*

&O#'1# /0$1# + 2#3" &45)*+,- 62 23X3"'G /$!\.  

4- -SN90HTU$ 2   

  9KB1 9M45T $E24A"  .      ?13F1 D`- �4KA1# + /$*4i J`=`L   /4*  /#6#2   _=:`" $E24A"   9LP#7\# e3%6  62 ?H
 /4*4"2°

C750 . 800 + 850&'G $:I!% '1# .  /4<=(G 623+ 4D%# &'G &2#2 Y4)1 .  
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 J3O3- 9LP#7\# e3%6 Y#7!" oBq $8 /$*4i J`=`L + D`- �4KA1# b#$!!|L )S:D`- �4KA1#  . P:/$*4i J`=`L (  

  

   9*26j\ /63�L �4%# $8'  9L63h 62     62 ?E314S O4f b#6y kEO3L ?H   ?8 DEO3c"4H  E    9>8 b63>h    �$>f @>g1
23G  .                 '>IH #'!- uE#7f# m3%  E O# u!8 ?8 9=H o!H$L 62 &24" YR 9Fnq x7X ?(!"45I*   .     /6#$>^$8 Y4>("# 

      26#2 23X+ ?E314S O4f b#6y N!8 �4KL6#]5 .[  +6 NE# O#  .   ?13F1 NE# 62           2#OR &$A1 7=f 9Fnq x7X ?(IE# ?8 ?X3L 48 4*
    !8 4<K!H$L ?F* 62 &'G   O# u33  9" 'h62 'G48  .       'I:B* UKL$" $5E'(E 48 &$A1 b#6y #jM  .    DE#'* ?H 9E4n1R O#

    ?I!"O O4f 9(E$:(M#) b3FB!8 '!BH# (     D%# 7!T41 64!B8 U!V" /4"2 62  .   &O#'1# 9(E$:(M# DE#'*    62 &'G /$!\
?13F1                #2 J!()L #6 ?:%3!- ?(KG  E z3f /63�L �4%# $8 ?H D%# &$A1 O4f ?8 �38$" 4*  D>%# &2 .  9513>5T

             /4>"2 62 &'G $:I!% ?13F1 62 $5E'(E ?8 &$A1 b#6y s4dL#°C850            + 9:)>\$8 Y+$>:(M# $E3d>L ?=!>%+ ?>8 
        /4<=(G 62 ��% Y4F* ?E314S Y+$:(M# $E3dL5   + 6   &'G &2#2 Y4)1 '1# .   J(G 625      &$A1 b#6y O# 9*+$\ ) ?8

                                                           
8 - Percolation 
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 &$!L �16 (     &'G Jd:" $5E'(E ?8 �v"4H ?H   6y 64IH 62 '1#           &'>G &2#2 Y4)>1 ?>I!"O O4f 62 &$A1 /#7n" b# '>1# .

9%6$8                      9>" Y4)>1 #6 9>=H ?:>%3!- @>* ?>8 ?(K>G  E 24nE# $:FH 9E4FI\678 48 9-3(%+$(!" $:)!8 /4*-

'I*2]19 .[      ?13F1 62 9(E$:(M# DE#'* 23X+ ?M4B" NE#   9" ?!X3L #6 4*'IH .  �4%# NE# $8  .        D>!=84^ ?>8 ?>X3L 48 
    B1 &$A1 7=f $:<8 $:I!%   ?8 DKBY25    ?13F1 D`- /4*4"2 62 4*  .  ?13F1 $:I!%           $!S4>L D>VL /24>EO 6#'>A" ?8 4*

     2$!\ 9" 6#$^ &$A1 $:I!% &3V1 .     J(G 62 ?H 63�14F*6   9>" &'*4)"  23>G  .           /4>"2 62 &'>G $:I!>% ?>13F1 62 
°C8509" &'*4)" 9FH 64!B8 J`=`L ?13F1 NE# /$*4i J`=`L �E4:1 ?H 23G9" '!E4L 7!1 #6 4*H'I.  
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 J3O5- 9LP#7\# e3%6 '^4f ?13F1 &'G u!M3- ��% O# 9:)\$8 Y+$:(M# $E3dL ) /4"2 62 &'G $:I!%8502#$5!:14% ?X62 (  

  

 ?13F1 62   9LP#7\# e3%6 '^4f /4*  .   ?13F1 /$*4i J`=`L    9" $]h $8#$8 4*'G48 .  13F1 NE# 62?4*  .    23>X3" &$A1 
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                &'G rjq ?[�^ 62 23X3" /4<=`=`L ?H D%# &2$8 u!- 9E4X 4L #6 $:I!% 'IE#$f ?[�^ 62       6#'>A" 4><IL + '>1#
 ?:B8 J`=`L 9FH) J(G 62 9KB1 9M45T ?8 ?X3L 484 (9^48 @:B!% 62D%# &'14".  

  
 J3O6- J(G O# ?E314S Y+$:(M# $E3dL 5  

    Y'G ?f4a# 4"#7   e3%6 91O+ 'h62         ?13F1 62 9E4<=`=`L 24nE# �Z48 o!H$L ?8 9LP#7\#  9"       4><IL ?>H 23>G
  ?13F1 NE# $:I!%    /4"2 62 4*°

C850     26#2 #6 4<1R rjq 9E41#3L  .         9M4>5T u*4>H �Z48 4<=`=`L NE# rjq m'Z
       9" 4* ?13F1  D`- �4KA1# + 9KB1  23G)J(G  /4*3   + 4 .(          /4"2 62 ?13F1 $:I!% O# �- &'14" 4X ?8 J`=`L

°
C750 ?8          9" &'*4)" 7!1 /$Ej-63KZ ?13F1 NE# 62 ?H D%# 9L63h23G)  J(G7 .(    J(G ?H 63�14F*8  Y4)1 
9"'*2  .     Y'G ?f4a# 48 7      o!H$L ?8 9LP#7\# e3%6 91O+ 'h62   .       9>" 24>nE# ?13F1 62 9E4<=`=`L     ?>H '13>G

9" N!"4L #6 ?13F1 /$Ej-63KZ /#$8 mOP UE#$G'IIH .  
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         ?8 o!H$L 62 23X3" 9LP#7\# e3%6 6#'A" uE#7f#14  91O+ 'h62   .            rj>q + J>`=`L 2'>n" u*4>H �>Z48 

  22$\ 9" /$Ej-63KZ .       ?8 9LP#7\# e3%6 $:)!8 uE#7f# 4"#20             /4>"2 62 &'>G $:I!>% ?>13F1 62 91O+ 'h62 
°
C750      26#j\ 9" 4X ?8 J`=`L 9H'1#  . 1 ?8 9" $g                623>- /4>E4A8 ?>13F1 62 &'>14" 9^4>8 b#$>]q NE# ?H '%6

                9" ?E7nL O# Jh4q /4*O4\ �+$;  m45I* ?8 &'G 24nE# /4*$!B" + &'G ?E7nL 9LP#7\# e3%6    ?>H 'I>G48
D%# &23K1 9f4H 4<1R rjq /#$8 $:I!% /4"2.  

  
  !"8-  !"!# $%&'% ()*+ ,-. "/01/.23" 43&56 77!28! 9&." :%;< =>"#  :6)  /?# "# $%&'%750 #!4@A0%/. $B"# 

(.! C=+ 40DA..(  

       $%/8<# 4E! FAG46 $H C=+ $I/J! :67!28! 9&."   #"!# "/01/.23" 4H  ! .           "# $KG 9&K." LK3! $K32M6 $NO4? "#

   #<=O  /?#°
C300  :? P/Q6! =0I!  R     :? S>/O  #/3; TMO UV/G              /KB $KH #&K1 ;! SKWNW6 $MA0% "# $G #&+

:?#"!X8 . YZ $H         :? ;/8 :[B&6 SH/\ TMO =A]&6 "&GX? 9&." $32M6 C<       C!"  /[NWNW6 2A% $]/)? L3! $G =DG

     :? #/M3! T0)A. "#  "# $H=DG .  $32M6 ^&5_? /?!  R               "!=K`? $KH /?# U3!2I! /H $G (.! :]/aI < $%!# 23" "#&b 

T'32G/?  R       :? TV!4I !" $%&'% 40a34. 40DA. c/*?! =DG .      K+ C=V/dK? UV/G < U3!2I!       4V/Ke SKWNW6 "# C=

$%&'%  43Xb"&fZ<P&I S?/Z <# (H/\" ;! :+/% /V:? 4GX]!=+/H.  

5- #$%&' ()%*  

C;!=%! 4A8     G #!# c/d% C=+ g/M%!  /V     43#/`? ;! C#/Q0.! $7    67!28! 9&." :%;< =>"# :   < 45     :K%;< =K>"# 

   FAG46 "# C4`% =A)G!  R   ]&5_? $A[6 $H :    :?  43Xb"&fZ (ANH/\ /H =?/M%!. !            !"!# FKAG46 LK3! $KG :3/KM%h ;

   :? 2A% :*340*]! (3!=V=+/H  R          #"!# #&B< :01&. SAb =6/G "# ch ;! C#/Q0.! c/*?!  .       ;! C#/Q0K.! FKA646 L3=KH

              "# $H C!" < i"2H  /[NWNW6 < j!4QO #/M3! ([B :+<" c!&DZ $H :67!28! 9&."  R        $KH UV<kKb L3! "# $G 

     (I48 "!4\ :."4H #"&?  "/*0H! j"&>  R           :K? j/a-\ "# SWNW6 $DA[H "!=`? #/M3!  !4H :f./D? l<"  =K+/H .

  ̂ /O LAZ "#  R      $%/8<#  "/0I" /H :67!28! 9&." $32M6   R             #&K1 ;! :]/KaI < $%!#23" "#&b RSWNW6 #/M3! 4H C<YZ 

  :? /B $H     :? m'G $%&'% 40DA. $H "#&b L3! "!=`? U3!2I! $G #"!X8 $KDA[H =O ;! ch "!=`? 4AAn6 < =DG R  oKZ/H 

:? j/a-\  43Xb"&fZ <  4V/e SWNW6 UV/G##48.  
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