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 F  :'QDI0,W :1 (              )?M S! F]l%"Z 0!,  Y"/8N .> % F&0,-M y@8  ?0"T g'T S!2 (    % J]>,BI3 ( k.]R   !,]E 5S.]# .

    FA4 !+ j,# \%+ Jn"&!I         k.R \%+ F-% z6Q4!0 j%0 % Y%! \%+ g>[=>.l ?!,        5!"]T F@]#.8  o]_ $!+ )5S.#

  6#! fO23  o_ . $18>i.R i,A7    Jr>+0 ?%+0 !,E 5.E     F  +!"q CN!,E �P.8  % .E       (]> f+,9 JT .> % 14"'&

        F  $0!0 +!"q �.I! oZ!0 +0 oA_ oT.q $.=/#014,W .:/Q'#       P o .]W )14+!0 5+.UI $0.G/#! JN F>.E  )?,']#!"/;'

L,#+      Y0.]@I )?S! $1]88N1'-,I )F2'I./#!%"/2-! 5"'&      L%"]2'  % F4,]> 5.]E"& C]N     18/Q]E CG8T!"]P 5.]E .

 6Q'-.I.N,I,P 5*,-,82I                 ?M S! $0.G/]#! J]T o]>.AI J]N 6#! 51W+ Y._ +0 5+.UI fi,Ha  5!+!0 .E   +0 .]E

Y.# :3n C>![P! "'Z! 5.EJ/W!0 5"'& 6#!]23[.  

    T 6#! "N� JT jSi        JE0 +0 ?1W F/789 5i.T 6<"# JT Jl,I .         6]'G'N .]T F41' .WM LM g' .I )J/W�& 5.E

   ?!"& F7@8  ?!,8< JT     6#! J/P"& +!"q Jl,I 0+,  .BT .               F]-M F>.'A']W 0!,]  .]T LM yT.]8  F&0,]-M )g']8rAE

       F  $0.G/#! 5S+%.3N % 6789 +0 JN k.4"|Z      6]#! 51]l o23  (> )14,W .      )5S.]#%+!0 )F>!�]w y>.8]9

+  6PM )Jn+.R 5S"=4      LOK.P S! 50.>S :U_ $"'w % F3N     F]  1]'-,I !+ .E       $1]8>iM g>"]/&+[T S! % 1]88N  5.]E

   F  +.AW JT F/78918>M .      J8' S ?.Bl +0 LM F7'@V yT.8  FT.'AN   \%+ \"/Q]& S.#       $1]W LM J'GH]I 5.]E

 14,W 5+!1B=4 % �G_ yT.8  g>! .I 6#!]2 )24 )25[. 

3-1-3- <J8";*3*0-3-K MF-N  

,I,P    F  J/G& 50!,  JT 6Q'-.I.N             6Q'-.I.N (> ?!,8< JT 5+,4 C8N!% (> 6<"# 1>13I +,^8  JT JN 0,W

 F  $0.G/#!      F  J/G& 50!,  JT .> % 14,W               F]2>['P F4,]&"&0 )+,4 CT.I "�! +0 % 18/QE �.Q_ +,4 JT JN 0,W
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      ?M F-,2-,  f!+� +0 5+,4 F>.'A'W .>  F  �.GI! .E1/P! .    )5+,4 6Q'-.I.N (>  C8N!% ?,'#!,'/N! 5*"4!   !+ .]E

                 F]  0.U>! 5,q �.'_! % ?,'#!1'QN! F>.4!,I .T FI!+� )+,4 Y.A<! .T JU'/4 +0 % $0"N :N 00"]& .   5*,]-,82I +0

6Q'-.I.N,I,P                   F]  $0.G/]#! F]-M 0!,]  ?0"]N F]WO/  % J]>[UI 5!"T CG8T!"P CT.I S! ).E     e!,]Z % 0,]W

 ,]]  ~|]]# 5%+ 6Q]]'-.I.N,I,P J]]N F/]]#%1TM"R,#F]]  0.]]U>! 0!   )J]]  1]]K e!,]]Z 0.]]U>! p]]<.T )1]]8N

F4,G<1K   k.R )F>!0S,T )F&188N       F]  !,]E % LM J'GHI )5S.#   00"]&]26[ .     F];N +,]|T5      +0 F]#.#! J];_"  

C8N!% 0+!0 0,l% F/Q'-.I.N,I,P 5.E:  

1- C8N!% Y.D/4!$188N6Q'-.I.N,I,P ~|# JT b'a  S! .E 

2- C8N!% L�l$188N 

3- o .W C8N!% j.U4!: 

I. I,P L�l6Q'-.I.N b#,I ?, 

II. ?%"/2-! 1'-,I- $"G_ 

III. C8N!%?%"/2-! Y.D/4! 5.E 

4- fi,Ha  FT�l!% 

5-  b'a  6Q'-.I.N C>!1l ~|# S! fi,Ha  C>!1l]27[. 

   F;N +,|T   P C8N!% J28>! 5!"T,'-.I.N,IF/Q              .]T h#.8/  F8'7  m,  Y,V .T +,4 !1/T! 6#! jSi 0">�R f+,9 

 J<,8A  +!,4  '-.I.N JT 6Q  "T "^4 0+,   $0"N 0+,Z %  ?M ~|]# +0 F]2>"/2-! ?.>"l (> 0.U>! .T)  jSi b>!"]W 

  C8N!% j.U4! 5!"T 1'QN! 5.E?,'#!- .'_!   18N :E!"P !+ .  0+,Z"T g>! JU'/4)      ?%"]/2-! 6]Gl C>!1]'R ) 
–

e( %  

  $"G_)h
+ (6#!   ?M 6N"_ JN   $0.  oZ!0 +0 .E)    F2>"/2-! ?.>"l  S.'4 0+,       C8]N!% j.U4! 5!"T !+     ?.]� +! J]T 

,Z1E! 0+%M .  o2W1        F  C>.A4 !+ F/Q'-.I.N,I,P 18>!"P j.U4! F=4,=n ('I.AW 1E0 .       J]T .]E+.T g]>! ?1'#+

    C8N!% j.U4! % $0.  ~|#  5.EC>.QN!-                1]E!,Z F41]7  % F-M 0!,  J>[UI JT "U8  .E+.T t,4 .T X@|8  .'_!

1W. >!"T.8T]   8N!% g>! j.U4! g]   ]  j[;/Q  C]        ]< J]N 6]#! F]G;/d  o_!"]  ]# o !,    ]2W J]T 5+./Z.]o  5.]E

&.4,&]&"'��I ?M 5%+ "T ?,]18/QE +!�]30-28[. 

  
 !" 1-  !"#$ %&'"# (&)- *'+,&-&".-./ 012 ($3 &+4# ]29[  

$%"&     AB  CD4 ~|# +0 0,l,  o'QN%+1'E 5.E]P +0 !+ F]"MP h>"dI 18>, .G>! F4,IF   z1]88N ]T.8T] +0 g>!"

V]    G_ F3>.QN! C8N!% (> F]$"E] I 5.]]1'-, W]$1 T . P ,I]    <.T % $0!0 C8N!% ?,]I p] Y.]2>0!+ 1'-, ]E] 5.

+.'QT C8N!% R]>�  "OH. F ,W4    F&0,-M S! 5+.'QT JN 1  .E.9,HZ h'N"I     h'N"I JT !+ F-M 5.E 5.]E   F41]7  

FT    )LM 184.  +"KCO2  ?,> %    F  o>1@I "=>0 5.E8N81.         Y.]2>0!+ 1]'-,I +0 :'D/Q] "'w CD4 g'8rAE   5.]E

    Gl S! % J/W!0 ?u'QN!6 ?1W   ?%"/2-! 01U  -    5"'&,;l $"G_F   188N]31[ .j['4.2      JT .'_! % C>.QN! 5.E

 o2W +0 ('I.AW f+,92 6#! $1W $0!0 ?.34 ]29 %32[.  



 

 

46

  
!"
#!

 $
%&
!"
'

 (
&)
*+
,
-

 /
 .
/)
0
1

2
8

 2
 

2
9

  
)3
4
&5

 
9

0
 /
)6
7 2

 
9

1
 

  

 !" 2- 56+7&89 %&'"# (&)- &+4# ]29[  

3-2- EF1G@C ,-J0Q, HF-IF<J8";*3*0-3-K B*+  

   ?!"@A  5S.#!1l 18>M"P h'N"I       :/Q'# (> +0 F/Q'-.I.N,I,P % .E"+   ?!"]@A  +,]/NM   F/Q]'-.I.N,I,P 5.]E1
" 

 F  $1' .4       !+ ?M +.H/Z! JT JN 0,WPMR F   1]8 .4 .  $*!% J]/@-!             F>.'A']W +,]/NM+ J];Al S! []'4 5"]=>0 5.]E

?!"@A 2
  ?!"@A  +,/NM+ )3

  F4!"@A  +,/NM+,I,P )4
   ?,'#!"/;'P!"/-%! +,/NM+ % -6Q'-.I.N,I,P5

      J]T ?M FP"7  5!"T 

  F  $0"T +.N   4M S! F-% z0,W    j.4 g>! JAE JN F>.U            F/Q]'-.I.N,I,P e!,]Z .]T ?!"@A  18>M"P 14,'R 5.87  JT .E

 $*!% S! $0.G/#! )6#!"?!"@A  +,/NM+F/Q'-.I.N,I,P 5.E"h#.8  F  "^4 JT g>">.# S! "I 1#+]14[ .  

" ?!"@A  +,/NM+ F/Q'-.I.N,I,P 5.E" oA/a    +,/NM+ t,4 g>"I      /Q]E J'GHI 5!"T $0.G/#! oT.q 5.E18 .  +,]/NM+

?!"@A F  !+ F/Q'-.I.N,I,P 5.E 0,A4 :'QDI F;N $%"& %0 JT ?!,I]7[:  

-  ?!"@A  +,/NM+  F-!,/  F/Q'-.I.N,I,P 5.E6
    $18>iM F/Q'-.I.N,I,P ?,'#!1'QN! JN       Y,];a  5S.]#!1l % .E

j.& +0 ?!"@A  b#,I J'GHI 0+, F  j.U4! J4.&!1l F>.E0"'&. 

-  ?!"@A  +,/NM+ I.N,I,P 5.E hN"  F/Q'-.7
                ?.]2  (]> +0 ?.] [AE ?!"]@A  1]8>M"P % F/Q'-.I.N,I,P h>"dI JN 

F  f+,90"'&. 

                                                           
1 photocatalytic membrane reactor 
2 membrane chemical reactor 
3 membrane reactor 
4 membrane photoreactor 
5 photocatalysis- ultrafiltration reactor 
6 sequential PMRs 
7 combined PMRs 
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3-2-1- EF1G@C ,-J0Q,<;F-JC <J8";*3*0-3-K B*+  

  +,/NM+ g>! +0    $18>iM F/Q'-.I.N,I,P ?,'#!1'QN! !1/T! ).E          6AQ]q JT o9._ Y,;a  s�# % J/P"& f+,9 .E

   F  J>��I ?!"@A  J'GHI00"& .  o2W3 % 4     ?!"]@A  +,/NM+ S! F3>.A4         ?.3]4 !+ F-!,]/  F/Q]'-.I.N,I,P 5.]E

F  18E0 .    $18>iM S! 1>.T JN F-,;a   k.R F-M 5.E   6Q'-.I.N .T 00"& 5S.#     F]  v,];d  X;7  F>.E    +0 % 0,]W

           F  +!"q C8T!"P +,4 CT.I 6aI Y,;a  g>! )J/#,'R ?1W v,;d  b>!"W     6Bl F/Q'-.I.N,I,P 18>M"P .I 0"'&

 ! h>"dI           ?!"@A  b#,I 5S.#!1l J;_"  JT J !0! +0 % $1W S.wM 0!,  g>  00"& oD/8  .E .     S! $0"]N �,G4 Y,;a 

     F  $"'Z� )$1W J'GHI % ?!"@A      sR 0!,  JN F-._ +0 z0,W$0S         +,]/NM+ :/Q]'# JT $+.T%0 ?!"@A  b#,I $1W

?!"@A    F  S.T F/Q'-.I.N,I,P 5.E00"& . Y.7P +,^8  JT1'QN! 18>M"P ?0"N   J]T ?u'Q]N! )F/Q'-.I.N,I,P ?,'#!

F  0+!% :/Q'# 0,W]7 % 14[.  

  
 !" 3- :#;<=9  !"#$  %& '()*"+&,-&!". ,"/0-)1)#!1!2 3)4 : 35)6 7!89. :;<. => ?@>&A2 ?>)1

B/0-)1)#!1!2:$  ( C8D. 3)4 ]14[  

  
 !" 4- :&AEF.  !"#$  %& ,GH)FI,-&!". ,"/0-)1)#!1!2 3)4) :1 ( :&(AJ :;<.)2 (K"L& M6&5 N)3 ( :&AEF.  

)4(  :&AEF. %& '(A# O!*I (&!. 'A0LO PE@.)5 ( QFR)6 ( =HST1 PE@.)7 ( U)"+!.A1)8 ( :V0/#& :;<.)9 ( Q.W

UV) 10 ( X@+ :)HAY)11 ( X@+  )G2]7[.  

3-2-2-  !"#$% &'()*&+)"% ,(-./010)'1'2 304  

    !"#$% &'()*& +,-! ./012      !"#$% &'()*& 03 4)"% +(567020)'2'8 90::      ;<=! >?! +7!'(% +(567020)'2'8 90

                   +<% @0<AB!  0<C% /  0%D E? &F  !"#$% 9D0=!GH / +(567020)'2'8 4?"I2 GJ?*"8 K4)"% L'B &F M) F"<6N .

  OCP5   / 6      !"#$% &'()*& D! +,) Q?0$B K      +<%  0RB !& 4)"% +(567020)'2'8 90: G<J:F .      G<?03 M<) +7'<,S%

        2 T#J% /  !"#$% >63 90U8 M3 FF"N M61V2   +% M?WX2 Q1J3!"8 Q30             Q30<2 ;<S2  0<%Y$: &'<Z M<3 / F'<P
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  +% &!"[ Q1J3!"8F"6N .             T<$H \(5<6= +H&0<] ;$5<[ &F  !"#$% D! ^F") _'1B F!'%       `&0<] &'<()*& D! / 9&/*

+% GBF"N .       +% ^F01(=! &'()*& L'B >?! &F M) +(567020)               +Sa<= "<3 0<? / ;<=! b,c% +2!&_ .&'- M3 0? F'P

! d'$c% M) OI,I(%E6%!"= D"$6,e 0? / 0:+% M(]0= 0:+% f"S(% "6g / ;30h KF'P FF"N]6 K7 K14 K21[.  

Z-&  

[  

 !" 5- Z-&::&AEF.  !"#$  %& ,8# ?H)FI \#A. ,"/0-)1)#!1!2 3)4 :B/0-)1)#!1!2 %& '()*"+& )> A0] 5 B>)^ 3)4

 _A9".)a ( 5 :&AEF. `a+ A>)b ( :&AEF.  )"L)+ bL&(  (]14[  

[:,8# ?H)FI :&AEF.  !"#$  %& \#A. ,"/0-)1)#!1!2 3)4 : 7!89.  ( C8D. B/0-)1)#!1!2 U& O %& '()*"+& )>]14[  

  

 !" 6- :&AEF.  !"#$  %& ,8# ?H)FI\#A. ,"/0-)1)#!1!2 3)4) :F (:)HAY cX@+)M1 5 M2 ( )G2 cX@+)S (

 c:&(AJ :;<.)P1 ( cQFR)P2 ( c:V0/#&  M@80+ )H &!4 QFR)RP (!*I (&!. :;<. c'(A# O)R ( :&AEF.  !"#$ 

 c,"/0-)1)#!1!2)L ( c?*@>&A2 Q.W)C ( c=Dd& ;#AF1 N5A<.)V ( c )G2 7A"@# =eH ()GR ( c,1)"+!.A1 '5AJ

)TB ( c,f01)"+!.A1 [$ g)F6)GF ( (AE. '5AJ]6[ 
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3-2-3-  !"#$% 5!'6!7-./010)'1'2 304  

    !"#$% D! M) +%0iJ:   +% ^F01(=! ;567020)'2'8 90: G?03 KF'P      &!"[ Q13!"8 &'B Q302 ;S2  !"#$%     .0<#6)"2 jF"<6N

    M?WX2 k',S% &F F'H'% +7*               +<% M?YA2  !"#$% .!"1l O]!F &F 0? / ma= "3 Q1J3!"8 &'B Q302 ;S2 ^GP   / GB'<P

      M(8"N &!"[ M?WX2 ;$= &F 9&'B T#J%;=! . _'1B F!'%        ̂F&/*"<8 KM?YA2 .d'VS% Kknl 9/0l  !"#$% D! ^F")  90<:

 A2 +#B0H   ̂GJ?d* 0? / M?Y   ;=! ^GRB M?YA2 90: .      +C?Y68 o!'] M3 ^F") _'1B F!'% 46)"2-    ̂G<J?d* +?06$6<P   K0<:

   * M?YA2  0%GB!&      F&!F +i(53  !"#$% 9D0=!GH o!'] / 0: .         p'<=& Q:0<) Kq/& ><?! ;<?Y% >?"($r%  9"<6N

     _'1B F!'% s)n8 Q?!Y8! /  !"#$% ;=! ^GJJ) .     !"#$% D! "N! KMA6(B &F   90<:     +<% ^F01(<=! 9"<$6,e    k0<$(l! KF'<P

        k0C?F!& 0? / Q1J3!"8 &'B M,6=/ M3  !"#$% 4?"I2     +70l &F jF&!F F'H/ F!D* 90:  !"#$% KM)     9Y,8 0? / +C6%!"= 90:

  GB&!F 9"(R63 9&!G?0e .   !"#$% &'()*& &F            +B0R<B M<?d D!  *  !"<#$% M) +(567020)'2'8 90:      ;6<-0] 0<3 +R<P'e

+(567020)'2'8  ?D "3  M(]0= M?0e"^GP           QJ<)!/ @0<AB! 9!"<3 +:0<i?0H  !'Jt M3  !"#$% K;=!     / +(5<67020)'2'8 90<:

    k'C7'% "3!"3 &F +cB0% >6Ju$:     T?0% &F F'H'% 90:)     ̂F&/!"8 / QJ)!/ .d'VS% KM67/! .0#6)"2   M?YA2 +#B0H 90:

 *0: ( +% O$tGJ) .       +% ^F01(=! +(567020)'2'8 o!'] 03 +B!"#$% D! +([/F'P   ̂GJ?d* 9&'B M?YA2 K      0<? / ma= "3 0:

+% .&'-  !"#$% .!"1l O]!F &FF"6N &!"[ &'B Q302 "3!"3 &F G?03  !"#$% \(56= K>?!"30J3 jF"6N]14 /29[.  

   ;567020)'2'8 +,$t L!'B! 4,g! M$6B 90:              O<v% +<vJ] M?0e"?D E? M3 \CS% M) GJ(5: \,68 .&'- M3 9F0:

    ̂GP OV(% E6%!"= 0? MR6PGB!]24[ .    M$6B 9G65)! 90:Y,8 +,-! MVIR%     9'<[  '6=!G65)! 9/"6B K9F0:

  * .!"1l ;=! 0: .   MA6(B &F /"(C7!     QJ)!/ E? &F 0:06l!    +7'<C7'%  w65)! 03      x6<S% &F F'<H'%    QJ<)!/ 

  k0C?F!& / ^F!F   G67'2 G65)!"e'=  '6B* 90: +% GJJ) .     <$6B F!'% +C?"(C7! +?0B0=& o!']M   9F0<: G<l   x<=!/

Y,8  .! b?0t /;=0: .   yn] "3.!Y,8     GB&!F M(='6e +B/"(C7! ;70l M) K $6B M9F0:0:      D! +70] M6l0B E? 9!&!F 

 GJ(5: 9z"B!        F&!GB F'H/ 9z"B! ma= {6:  * &F M).      <$6B "<i?F .&0#t M3M 9F0<: 0<:       9!&!F 9z"<B! "<|B D! 

  GJ(5: 9&!'B &0(]0= .$6BM9F0:0: 9!&!F   Mt'J$% &!'B  )y0CP 9&!'B( C?&03     &!'B >63 +;68"}      &!'<B / ^G<P"e 

;?!G:   >66c2 M) GJ(5:     ;6=05<l ^GJJ) * 0<:        <302 `'<% k'<Z M<3 <  ;<=! Q   <J?*"8 /<  <(C7! 90:G<  / +B/"

8'2<6P'<#BF M3 +?06$<r2 k0< ~66y0CPB <$6B 9&!'M<9F0:+% �& GJ:F]33[.  

 !"<<#$% q/& 0<<3 / F!'<<% D! +(5<<67020)'2'8 90<<: +<<% M(]0<<= �<<,(I% 90<<:c% / GB'<<P  0<<$: D! d'<<$

;567020)'2'8    GJ?*"8 &F k'$c% 90:   +% ^F01(=! +(567020)'2'8 90:  M$6B M) F'P9F0:      M<,$H D! +<1,(I% 90:

G65<<)! 90<<:TiO2 KZrO2 KZnO KWO3K CeO KV2O5 KFe2O3G617'<<= / 90<<: ZnSK CdS^"<<6g /   O%0<<P !&

+% F'P .   q&!Y<N K>6<Ju$:    ;5<67020)'2'8 D! +?0<:   +(?D'�%0<) 90<:    G<JB0% V2O5-SiO2  KSrTiO3  KBaTiO3 K

K2La2TiO3  KZnO-ZnS  KTi/RuO2   ;?D'�%0) 0? /   90:TiO2       GJB0% +BF/Y8! F!'% ^!"$: M3 SnO2  KWO3  KFe
3+ K

CeO2 KSiO2 KZrO2 ;=! ^GP M�!&! Y6B ^"6g /]5 K11 K34 K35[.  

3-2-3-1- 7-./010)'1'2 8!'%  0.% &8 390:;! <0.60(.1  

   M$6B  06% &F 06B0(629F0:                k0<c8  0<C%! /  F'3 +$= "6g K\) MJ?Y: KF0?D +?06$6P'2'8 9&!G?0e  '� +?0?!Y% 0:

     ;=!&!F !& G6P&'] &'B 03  GP .             F&!F &'<B +�"% �6Z ^F/GS% &F +?d03 ;6801P MH&F / ;5CP �]0P 06B0(62. 

  M�"N!TiO2    F/Gl x�8 5 %     +% pWH !& G6P&'] &'B D!   M$6B >?"(r3 0%! KGJ)  ̂GP b6�S2 9F0:   .n?G#2 MJ6%D &F 

^"6]_ / +?06$6P ;=! G6P&'] 9z"B! 9D0=]4 / 33[ . D! GJ2&0#t E6C12 M3 06B0(62 o!'] +]"3]33[:  

1- M$6B+�"% &'B M�aJ% &F y01P M$6B 9F0: 

2- F0?D o'VI% ma= 03 OI,I(% &0653 ^F0% G67'2 ;6,30[ 

3- +(cJ- .!G67'2 ;rH  !D&! ;$6[ 

4- +?06$6P "|B D! +vJ] 

5- D / +$="6g&0ND0= ;5? 
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3-3- =4>?@ ,A"B ,C&"B !"#$% DE.%9 &8 D(2"F G&'H 3047-./010)'1'2 304  

   k0= +Z  !"?! &F      O= o'V] &F 9&0653 .0�6�S2 "6]! 90:     Q<P'e / .!&_ K0<:       o!'<] / +?0<6B0(62 90<:

  * +(567020)'(8  0:]51-36[    0Rg L!'B! K>6Ju$: /     !"<#$% / 0:        +C6%!"<= / 9"<$6,e �<,(I% 90<:]67-52[ 

  ;=! M(8"N .&'- . Q:/we 0%!     !"#$% MJ6%D &F 9F/GS% 90:      +(567020)'(8 o!'] 03 +?06B0(62 +C6%!"= 90:

    ;=! ^GP @0AB!]71-68  K35[ .  !"#$% &'()*&       !"<#$% 9!&!F ;5<67020)'2'8 90<:      9!"<3 ;5<67020)'2'8 90<:

                  K+<iB& F!'<% K.!//Y<J3 O6<=F /F \?G<= G<JB0% �,(I% +7* .0#6)"2 9D0=!GH k'<J8   k'<J8/",) K0<:   K0<:4-

k'J8/"(6B  9"2 K0:",)        GJ(5: p* D! "i?F F!'% / >,62!]7  K14  K26[ . !"#$%        �0<=! "3 / F!'% D! ;5670)'2'8 90:

q/&      / ;=! G67'2 O30[ �,(I% 90:              &065<3 +(567020)'2'8 ;6-0] D! 06B0(62 �,(I% F!'%  06% &F M) 0AB* D! +7

^GBD&!      &F K;=! &!F&']"3 9!k0=          !"#$% ;cJ- &F ^F0% >?! D! 9"6i$R� F"3&0) "6]! 90:   ;5<67020)'2'8 90:

    ;<=! ^G<P q&!YN .        !"<#$% O%0<P F&!'<% ><?!     +(?D'�%0<) 90<:TiO2/Al2O3  KTiO2        "<3 ^G<P ^F!F Q<P'e 

 !"#$%        !"#$% 0? / 9Y,8 / 9"$6,e 90:     .!&_ 9/0l 9"$6,e 90:TiO2            &F  !"<#$% &0(]0<= &F ^F0<(8! @!F M<3 

'Z      ;=!  !"#$% ;]0= GJ?*"8 k]19[ .k/GH1 M-n] K    Q:/we +]"3 ~?0(B D! 9!         M<J6%D &F ^G<P @0<AB! 90<:

 !"#$%  @0AB! &'R) D! `&0] 0? / O]!F &F M) +?06B0(62 ;567020)'2'8 90:+%  0RB K^GPG:F.  

#$%& 1- ?45VR ,LA> XH)"Ig)hI& 3)4:&AEF. =@0.%  ( 'MdB/0-)1)#!1!2 3)4 

:&AEF. i!I  )"IC0j91 XH  

=HWAH% A> )0I)"01 ,I)GI=H)R ,H)@0.!-$ 3&

b+ k5  )> - 7l ]35 m68 5 69[ 

-  ,I).% '%)>  ( ?*@>&A2  !I A>&A>  ( n"2AJ  &Ao )> b0". \HA<1 gMp

,H)0I)"01 :&AEF.  !q6 :5M> ,IW!r 

-  7)"/HA# '%&MI& m3%)2  )"L)+ => )0I)"01 ,"/0-)1)#!1!2 s&!L ,t"/>&5

'VH5 `a+ 5)0I)"01   

=HWu5( 3AF08R 3)0I)"01 ,I)GI )> 'Md

=H)RAH% A> )> 'AjI?d!R )@0.!-$ %& 3&-

'(&( )0I)"01 3M0v!8# b+ )> 'Md]70[  

- ,JVH5 A0tFGw (!Ex>'AjI y+!1 )0I)"01 ,"/0-)1)#!1!2 s&!L 5 3 )"L)+ 3)4 

-  ?H&;2&29 %=0x1 :&AEF. ,"/0-)1)#!1!2 B0-)D2 :&AEF. => BE/I 'Md

1u5( ,H)0I)"0'MGI 

- u5( :&AEF.  ( 3%)+&MY :).MI&  ?H&;2&'Md 

- u5( :&AEF. AFp 7!r ?H&;2& 5 ,t"2AJ gMp'Md  

=HW)0I)"01 ,"H%!z.)# b+ ,I)GI- A> )@0.!-$ 

 ,H)@0.!-$ =H)RAH%]71[  

-  \HA<195 %:&AEF. y+!1 ?*@>&A2  !I ?>)1 B91 ;E+ B0#W). 3)4

 ,r  ( ,"H%!z.)#3Bp)+  

- &AEY s!{<. `a+ ?H&;2& CHAr %& )@0.!-$ ,"/0-)1)#!1!2 B0-)D2 gMp :

)s)L AH()j. )1 )0I)"01 => )@0.!-$ :(5;2& ( B0-)D2 A> ,*@. A0^)1 ()hH& :5M>

)0I)"01 ,"/0-)1)#!1!2 

- :&AEF. (A> )# 3).( n"2 W)>  

:&AEF. BL)+ |0+ !I)I 3)4

)nanowire( k5  %& '()*"+& )> )0I)"01 %& 

%)+&MY 7).A15 M04 3hydrothermal-

filtration)( ]2[  

-  M0+& }0.!04 ,"/0-)1)#!1!2 =H;h1 5 3%)+&MY  ( [!L  )0/> (Af8Fp

(humic acid)=> [$  ( (!Y!. :).;F4 U !~ 

-   !q6 %& ,d)I :&AEF. ,t"2AJ ?4)#M0+& }0.!04 :(!> :).;F4 B8p => 

:&AEF. 3%)+&MY 5 ,"/0-)1)#!1!2 =H;h1  

&AEF. BL)+,"H%!z.)# : TiO2/Al2O3  )>

b+ k5 - 3M0v!8# 7l ]24[ 

- :).;F4  !r => ,"/0-)1)#!1!2 s&!L 5 3%)+&MY  )"2  (Af8Fp 

- ,I&AEF.  !"#$  :).MI&  ?H&;2& 

- [$ ,J(!-$ UKfG. P2  5 [$ =0*{1 3&A> ,86 '&   

'A# 5Af0. BL)+ 3)4(microspheres) 

)0I)"01/b+ k5  )> )@0.!-$-3Az+&-

!0+)@0/8#:)sol-spray-calcination(]72[  

- =@0.% ?H&;2&:&AEF. |"/0+ (A> )# 3)4 /B/0-)1)#!1!2 

- [K�)2 5 [$ =0*{1 3&A> (A> )# b0/I)"R  
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 :&AEF. ;"@+TiO2 ,"H%!z.)# :&AEF. 5 

TiO2- Al2O3=HW CHAr %&   b+ ,I)GI

 )@0.!-$ =H)R AH% A> )0I)"01]73[  

-  !8> b0". \HA<1 5 =H;h1),>$ (&A# 5[$  ( (!Y!. n0@01 

- W)> 3AHSRO!*I  

4- D:.(6  !"#  

 !"                     #$%&'! ($%)* +%, "- ($%*./0 "1%2 34 !" 5'!67/* 89$:!;< = 5>?@A$B$C1B1D ;E,!6D 3C 5/>?@: 89!;'!

5*                   F>?%@: 9$%@' -"1%* 8$G%D H0$%C 34 6&E* IH,J$K ;E,!6D LM6: H,!.D! 64  =NM I;0-    3@OP%B 8$%0

5* --6Q .(!67/* A$B$C1B1D 8$0    L?,9 = R:$E* 8S1A1E)B IL?@   T@U* 3@OPB 8!64 "$Q9$:   L:! VW>X* 8$0

 5* 3C  5Y$4 ($*9 ;'!1B  ;E,JZ (;'$*   (!67/* "1>CZ" "- $0         ($*;%'!" I3&@>' "- [;EC \6>EC !" L?@A$B$C1B1D 8$0

         ;E,JZ ]*$C 89$:!;< ($)*! = 3>D$, H,!.D! 5>?@A$B$C1B1D 3,.&B        9! =  ;*Z F0!6D ^Z 9! $0  (!67/* 5_>D6Q

 5* 86@Q1W<-1` .     H0=aK = b$c@cUB $>:!" d,! "-      ;%@A1B e=" = L?%@A$B$C1B1D -!1%* 8=" 6%4 8-$%,9 8$0

(!67/*   L:!  ;` #$&'! $0 .  H0=aK 64 3fA$g*    5* ($h' 3>D6Q b"1i 8$0       IL?%@A$B$C1B1D -!1%* ($@* "- ;0-

    e=" d@4 "- = $@'$>@B     ]%: ;%E,!6D I;@A1B 8$0-       (!1%EM 3%4 \S          (!6%7/* ;%@A1B L%j< ^$%X>'! d,6%>j4  8$%0

   L:!  ;` e"!.Q L?@A$B$C1B1D . e"!.Q 3k!"!          L:$M-! d,! LUi 64 5W@A- .@' 3A$c* d,! "- -1<1* 8$0.  d,! 

H0=aK  5* ($h' $0                      8!6%4 57%:$E* R%@C6B I5>,91l*$%C -!1%* R%A$Y "- $%, = 3%'$Q!;< b"1i 34 $@'$>@B ;0-

(!67/*    34 =  -14 L?@A$B$C1B1D 8$0     3,$K6,9 mg: 64 H`1K b"1i            L@%i$n 3%k!"! 6%4  =N%M V%W>X* 8$0

5* F0!6D .@' !" VW>X* -!1* 89$:!;< 3E@*9 I5>?@A$B$C1B1D-"=Z.  

34  3h,;'! 3k!"! "1oE*          (!67/* 3E@*9 "-  !" d@@7B =  91p d,! "- d,1' 8!      -;&* 50$_' L:! #9J 3>D6h@K 8$0

    (!67/* q1' d,! L@/0! 34 L`!- $0. $4     (!67/* q1r1* L@/0! 34 3<1B   Fhs IL?@A$B$C1B1D 8$0    = t@%:= 9!;'!

  5* !" 5E`="         (!67/* d,! u!1n -17j4 8$>:!" "- +,-.'  ;E,Z "- (!1B   H@%K $%0   -1%/' 5%E@4 .    -!1%* 3%fA$g*

    34 I5>?@A$B$C1B1D L@i$n $4 VW>X*  +@E)B 6,$: 86@Q"$C    6j4 I-1<1* 8;@A1B 8$0       V%W>X* -!1%* 9! 86%@Q

(1v/0           LEK=- q!1'! 9!  -$O>:! I5>,91l*$C b$7@C6B ;@A1B Lj< $@'1C6,9 = $)@W@:          =  6%c' (1%s 8.%WD 8$%0

       5* d46C = (S=6>@' ;E'$* 8.WD6@w = d0Z    !" 3W/< 9! ;'!1B      (!6%7/* u!1%n -1%7j4 8$0    L?%@A$B$C1B1D 8$%0

;`$4 . H0=aK q1EB             ($h' .@' $@'- "- q1r1* d,! $4 T7B6* #$&'! \$p "- 8$0         x%U4 H@%K 9! H@%4 L@/0! 9!

(!67*      -"!- (Z 8-64"$C ]@?'$>K = L?@A$B$C1B1D 8$0.             u!1%n -1%7j4 8$>:!" "- .@' 3A$c* d,! "- 6r$p  =6Q

(!67/*     S=6%K I5,$@'$>@B L?@A$B$C1B1D 8$0                (!6%7/* x%U4 (1%EC! F%0 =  -!- #$%&'! !" 5M1%E>* 8$%0  8$%0

    H0=aK 6_,- 9! 5>,91l*$C L?@A$B$C1B1D - 8$0          d,! ($Q;E?,1' ]*$` 5h0=aK  =6Q +, T:1B #$&'! \$p "

 L:! 3A$c* .                 FWM  $_h'!- +@*!6:  =6Q "- 5B$c@cUB F@B d@/0 3C  ;` 9$wZ (!6,! "- 5Q9$B 34 b$c@cUB d,!

      ;E>?0 \1yh* (Z 34 (!6,! LfEi = .  5* 6r$p 3A$c* 34 ;'!1B  !" (!1EM          q1%r1* L%@/0! z6%2 8!6%4 5,$h%Q

H'!- 8!64 H0=aK;`$4 "1hC ]n!- d@ccU* = ($,1<.  

$%&!'  
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3*$EWPD  "$/` I#1: \$: I(!6,! +@*!6: 8 = 9 3UOi I45-35 ($>?*9 I85 "$j4 = 86 .  
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seifolahzadeh@yahoo.com  

 !"#$: 50167    8.09: ;< 6"=  1.,> ?. (* 2$4 @2AB2> 4  -%,A"C. % ("= D< (@2  @0E1      @.,EF  /2GAE>. /

1= H(/, .     -2"1 I2"JA>. ;< 8K  /,ADH /,<@2L("=     ME' N0EO )P0B 6,4  EQ@.,R =     EOSB T%2EU1 % = 

C2:=) .!$ 67 Q@.,R =   2' % VL 6@.!4 Q@.,R =  2$21/ @/ 4    1  /./ 7WD- 52< =  /0EO . E9XY$(Z   @2AB2E> 

50167  H ;< ;-0 .4   Q@0[@/ ;L 7>. (;"  ;-./ !O@  2$4 501 67   /%!EJ1 8%!< 67   )!E$/ \@      ;E< 2E]-K 

 -K T@0[(^%,Q%S  1 !O@ = !99L . _%@ ?. 2$4  C0Q `0Ya1 (! . 6Z  ;E-0H  ;E-./       @2Eb< SA9E> 2E$-    % !E12c 

@%K,d4      2a1 7e: ;< ;L f7>. 2c@/ 6g . 6Z _%@      /0Y- _hQ 8.,3#$%&' 2$       ̀ 2Ead 2E< 2EQ !-.  ?2E>4 

-2"1("= 0eb1 i 2$@/0' 4 C%. (); "#Q (j 501 67   !9#b< /0W]< .@  .-/%Sd.= 2$4 DL. (!4 -  E(S  2E1/ 4 

"#Q(j 501 67     C%. /.01 i0eb1 ?. .@ (;  1 k$2L = !9$/ .  . @/ .MC6Z      E1 _hEQ ;EaC2l1 =  /0EO     2E< 2EQ 

>@,<=  ̀ 2ad ,m.  ?2>4 -2"1 ("=  -/%Sd. % = 2$   C%. /.01 ;< (;  "#EQ (j   501  !E9$/  E6)7     n.0EB /0EW]< 

50167//,H ,Lo .  

%&'()() "!*: `2ad ?2>4-2"1 ("=)501 6)7-/%Sd. =);-./ !O@ .  

1- +,-.*/&01&2. 34&5. -4 6  

50167 *6 ?2d 1.,>("  =V]1 7>. ;L  %h: ,<  /2GA>. @/ 1.,>(*2$  4A9>  =;<T@0[  p%,Eq 1%@ E(S4) 

1.,>(*2$  4@2AB2>  4% /6)2$?.!H, @/ /.01 '(k;Ad@ 21/ )52<  !99L2r<2c2$  4)T@.,R d()2$,Ae @.S<. A'.( E" =

% s( , -(S  /2GA>. 1=/0O .9XY$(Z 12L?0t672$ 45016A= .@./ 4D-2A'(j 52< =6 .,E< 4  /2GAE>. @/  @0EQ01 

<@0Q(Z2$ 4?2H 47<2m % '.0$(2$2Y !9AD$] 1.[  

50167 % ?0t12L672$  41?(;9 5016A  =;< 7e: ZAO./ n.0B -2"1("  =C2:  =@/ 21/  4)52< T%2U1 O(Y(2 =6

)P0B ,u6g i2DW-. Q@.,R  =% 7<2m /  4,A"C.6* 2'(6)Z  7E1%2U1  EOSB  = 52E< % s E( ,  DE<(@2  /@0E1  ;Ec0Q 

1= !9O2<] 2.[ @/ D<(@2 4?. /@.01 ?. ZC0v2L ;< 8.09: *6  /21 eL(! 4 .,E< 4 SA9E>  1.,E>(* 2E$ 4 50E16A =

 /2GA>.  !O 7>. ."#Q(j 50167 ZC0v2L?. ISeAD1 8!-.@MH ,D"6  4k9L.% 1=!O2< .@/ K,d6!9  2E1,H6k % 

@/ 2$21/  42'(6)Z ZC0v2L PK '(!-0 d(S6"  =/0B .@ 7>/?. 1=f!$/ @/ 2$21/  4 ,Q52E<  ;E<  ZC0v2EL2A1  p@0E1K 

SrQ6;  !O % @/ 2]-67 ;< 50167 !WQ6j 1=/0O] 4,3.[  

50167 2< `01,d SiO22Al2O3.3 .@./ 4@2AB2> ,L6C2AD =,wJ91 ;</,d 47>.  ;EL @/ 8K r-? E( , 2E$ =6 2E< 

'(!-0 0F  4@/ /.!A1. @0J1 c ,L6d.,H0C2AD  =@.,F @./f!- .,<29<6Z ;-./2$  48K 82"1.  !EO@ -K( ̂ %,EQ%S @/  *E6 

J1(x 8%!< /%!J167 .@ !-@./ .A-@/(;r C.(p2 50167 1=!9-.0Q ;< AR.@ =?. SA9> @2b<-  !E12c  2E6  yELhd 

*Y- P.M1 C0Q(! !-0O .21. C0Q(! 2< .6Z _%@2$ 8%,U1 ;<;d,[ Y-=f!O2< ? E6.,  SA9E>  @2Eb<-  !E12c -( !E91?2 

Q2-2"1.= ,<. 4.6/2r zhB 7>. ;L S$6;9,<  /0< % ?. 0> 4/6,3 #9L.% = ;EL  j12EO  2E$?2d 4 ?2EH 4 )!EO2< 

K,d6!9 .@ '(X( ! 1=!9L. 1.,>(*2$ 45016A =I%2U1 9XY$(Z 1=!9-.0Q 2< _%@ @%K,d 42c@/ C0Q E(!  !-0EO .

!O@ ;-./ -K(^%,Q%S 2c@/ 50Ya1 @/ 2$21/  4D<(@2 52< {2GQ. 1=!Ad. .1.,>(*2$  45016A  =;AB2>   !EO  ;E< 

.6Z _%@ .@./4 31,U| =<0el1 =-(!9AD .31,U|= 7D"O VL .6Z 1.,>(*2$ ;<  7Ee:  !EO@  E<(k ?.  !ER 

);-./ @/ 821? !O@ -K(^%,Q%S 1=!O2< ..,<29<6Z ;a>0Q _%@2$ =6.,< 4C0Q(! C.(p2 50167 @/ 2$21/ 4 }2AWDE- 
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2'(6Z .@./ 4Y$.(7 ?6/2 47>.] 9-5,2.[  

B.(}., kong % k-.@2"Y$] 10[ 7<2m  /,L!-. ;L C.(p2 50167 1=!9-.0Q ;<7:,> % @/ 2$21/ 4}2AWD- 2'(6Z @/ 

~0eb1  =?. Al2O3 % SiO2 ;L 2< K,d6!9 >K(P2 +,-.,' 4`2ad   !EO !E-.) CK( ?2E>+2 4 -2E"1("=() .6 /2Er  f!-0EO 

C23|  =@.S<. ./,B6)k �0- /.01 C%.(; % 821? >K(P2 @/  ?.!-. C.(p2 % 21/  4 !EWQ6j  ;E< 501 E67  DE<(@2  ,m�E1 

7>. .  

8.,3#$%&'] 13-11 ["#Q(j 50167 @/ ?6,A9 #9L.%  =7Gc 10CK(29 % SQ@.0L .@ 2< -2"1(IS `hJ-.-  P0E>@ 

.6Z;-0H u0Q(� !-/./ ..!A<. @/ 21/  4[2B 6 =* ?2d 216� 9s  =?. SiO2 "#Q(j %  ytE> Al2O3 @/  ?2Ed  2E16� 

jR 1=f/0O 2< >@(8! 7�es Al2O3 ;< @.!U1 -.,J<=) ;-.0c-?  =50167 \@ 1=!$/ . ,E<  �EW~ / E6I.,H2  ?2Ed 

SiO2- Al2O3?2d 216� @/ L,Q(g 9s =?. SiO2 @/  2E1/ 4 52E< 4 2E1/6 4A"Q0 E(*) Cû10± 1590 ( "#EQ(j 

1= /0O .C%= ;< 7e: k$2L D<(@2 ?6/2  ?.!-. T.@o /.01 C%.(; @/ i0eb12$ 4DL.(! 4;L 2< >K(P2 ,' +,-. 4

K>(P2 1=)!-0O ?2d 216� @/ 2$21/ 42'(6Z,Q "#Q(j  !O % 7:,> `hJ-.  Al2O3@/ ?2d 216� <(,A# 1= /0EO 

)7:,> `hJ-.  Al2O3;AD<.% ;< %6?0"D6;A ?2d 216� %  ?.!-. T.@o Al2O3  7E>. ( ;EL . E6Z %/  jE12:  �E:2< 

k$2L 21/  45016A  =8!O 1=!-0O . %h: ,< >K(P2 +,-.,'4) -/%Sd.=2$4 DL.(!  4-(S %6?0"D6;A O E(;# 

.@ k$2L  /./ % N,JQ .Sc.  !99Lo0G- .@ <(,A# 1=!99L.  

2< ;c0Q ;< .6;"9 >K(P2 +,-.,'  4/.01 C%.(; ,m. .SD<  =6%@  4 2E1/  4 "#EQ(j  ?2Ed 501 E67 %  /2Ea<.  ;E-./ 2E$ 4

50167 ;AO./ % .6;"9 -/%Sd.=2$  4DL.(!  421/  4"#Q(j ?2d 50167 .@ ?.  i0Eeb1 Al2O3 % SiO2  k$2EL 

1=!9$/] 15,14[) @/ .6Z _@.SH 3-03|  =/0W]< n.0B 50167 @/ ,m. >K(P2  +,E-.,'  4%  E-/%Sd.  = E>@,< =

f!O ;< Q@2W:  =k$2L 21/  4"#Q(j % ;-./ !E9<  4 /.0E1 C%. E(;  DEL.(!  4 "#EQ(j  !E9$/ 501 E67  ;E<   .,EY$ 

-/%Sd.= 2$ 4B2O3)CuO ) WO3) TiO2 % DL.(2$! 4;l>.% ;L `2ad?2> 41-2"(" =)!-!O >@,< =!O.  

1-1- 7&089&: *;&#."#6  

`2ad?2>  4-2"1(" 6 =* _%@ >K(P2 +,-.,'  47>. ;L @/ 8K ?. �.0-. GeAb1  =>K(P2  /2GA>. 1=/0O . E~ =

.6Z K,d6!9 ~0eb1  =?. 2$@/0'  4�eAb1 7JQ -(2$%,  4@2#d  4D<(@2 0F  4@.,F ;Ad,H % 82"1. .6/2r CK( 2E$+2 

2< 7D"O % _0c /,> @,"1 .@oT @/0' 4;L }50Ya1 j<2F i0eb1 8!O )!9AD$ /0c% /@./.  

.6Z _%@ }50Ya1 .,<  4C0Q(! 2$@/0'  4Sed  4L,Q(W  =2< @6@2AB2>S `,A9L  !O % @6S % 9XY$(Z CK(2$+2  =6 ;EL 

C0Q(! 2]-K ;< _%@2$  4P%o % @6;Ab ,H  4)`0Ya1 7b> % 26 s(, Z"Y1 )7>. @2"<  E1=/%@ . E9XY$(Z  ;E< 

C/(j H/2>  =.6Z _%@ @/ C0Q(! /.01 @0e<0-2-  4@/ 21/  4){2Q. B. E(}.,  .,E<  4 SA9E>  /.0E1  1.,E>("  =- E(S ?. 8K 

 /2GA>.  !O 7>.] 17,16.[  

1-1-1- 7&089&: *;&#."# 6<=.>?  

T2aC2l1 ?6/2  4@/ /@01 `2ad?2>  4-2"1("  =50167 I2r-.  !O 7>. .Schmücker % k-.@2"Y$] 18 [ @/0E' 

d(?0 50167 .@ ;< 8.09:  /21 %.C(; ,L6C2AD  =@/ 821?2$  470) 135 % 240 7:2> 2< ;�GJ1 % ;C0eH2$=6 ?. 

y9c -(,A6! >(e(80" 2< 7WD- ;C0eH ;< @/0' 1:1 @/ J1(x .6'%,'%S(j j"C. >K(P2 +,-.,'  4!-/,L .@/ j"O 

1 2$03C.  4;aO. X 2$@/0'  4>K(P2  !O @/ 821?2$  4�eAb1  /@%K  !O 7>. ;L  %h:  ,E<  k$2EL   ?.!E-. 

)T.@o *6 K,d6!9 d@01K=8!O .@ -(S 82#- 1=!$/.  

@/ UJQ(� /6,3  4]2 [@/0' 50167 @2rQ  42< ;�GJ1 % ;C0eH2$  4<@2L(! ZAD39Q 2<  7WDE-  ;EC0eH  ;E<  @/0E' 

1/
40
 ;< T!1 10 )7:2> 2< 7:,>  rpm200 >K(P2 >( @2.4 !O .!a< ?. >K()P2 '(*2$ 4_.,' !O6}.!  2Q0L 

% Z]' !-!O ;L 7e: 8K @68!OS % 26 AR  =d@01K=8!O T.@o 50167 @/ ,m.  E>K(P2  ,E'  +,E-.  4< E(82  !EO 

)j"O 2.(  
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 !" 1-  !"#$% &'()% X *"+,- ./01 2345 6 *"+,- ./01 23) 78 9 +: ! &70; 135 6 240 -< .] 18.[  

  
 !" 2-  !"#$% &=%>? '()% X 78"? *"+,- (a) @AB 6(b) 3(C :% 10 -< . ./01  >? D>5% &]2.[  

A-26� 82#- 1=!9$/ ;L C23|= <(,A# @.S<. >K(P2 % -(S ,Q52< 8/0< 7WD- ;C0eH ;< )@/0' ,m. j<2F ;�Rh1. 4

@/ >@(8! ;< 2A-6� ;<2#1 @/ 821?2$ 4D<(@2 ,AYL >K(P2 /@./] 18,2.[  

1-1-2- -@A 7&089&: *;&#."# 6+B #C/"D <=.>?  

8.,3#$%&' 82#-  /./!-. ;L 1=8.0Q H/2D<  =C.(p2 50167 .@ ?. `2ad?2>  4-2"1("  =i0eb1 Al2O3 % SiO2 

]Q(; /,L ..6/2r .6Z C.(p2 ;< 7e: k9L.%M'6,  452<  4.Sc.  4DL.(!  4 /0< ;L @/ ,m. >K(P2 +,-.,'  47>!< 

1=K6!] 10 .[9XY$(Z ;< C/(j @2AB2> -K(^%,Q%S 5016)7 ;-./ 2E$  48K 2YQ E6j  !E-@./ @/  82EY$  -2E1?  = ;EL 

50167 @/ J1(x !<8% /%!J167) jWF ?. VL.,Q ("#Q(j  E1= )/0EO  ;E<  T@0E[ -K( ̂ %,EQ%S  !EO@  !E99L @/ 

Q@0[(;" @/ k9L.%2$  47C2R !12c C0Ya1  =VL.,Q jWF ?. "#Q(j 50167 I2r-.  !O % 82"1. !O@  ;E-./ 2E$ 

;< T@0[ -K(^%,Q%S /0c% /@.!- .;< 7e: .6/2r .6;-039 ;-./2$ ;-!<2$  45016A  ="#Q(j   !EO  2E< . E6Z _%@ 

.@./ 4C23|= D<(@2 YL =%)70 C23|= @0�Q4 (!9AD$] 12,11.[  

1-1-3- A>B&E <=.>? 9=F.&)>? +&GH&: *&4 :I"J& K-;A-L*  

;c0Q2< ;< .6;"9 1.,>(*2$  45016A  =2< ;-./2$  4V$@0J1 .@./  4 E31,U|  = 7DE"O  }2AWDE-  VEL  )!9ADE$ @/ 

2$/,<@2L  4eY:  =?. 1.,>(*2$  45016A  =I%2U1 ;L 2< 8/%Sd. C.(p2 50167 ;< 1?(;9 50167 *Q  @0EJ1 4

.6/2r 1=)!-0O  /2GA>. 1=/0O ./%@% .6Z C.(p2 K,d6!9 .@ '(X( !   /,EL %  .,E<  4 H0Eec(,  4?.  7DE"O  )2E]-K 

7WF.,1 % `,A9L ?6/2  42<6! T@0[ H(/, ._%@ /6,3 C0Q(! 1.,>(*2$  45016A  =)I%2U1 !O@ ;-./ -K(^%,Q%S 
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2c@/ 1=!O2< ;L @/ 2U16D; 2< _%@ jWF D<(@2  /2>,Q 7>. C%  =;< 7e: 21/  4D<(@2 ?6/2 .,<  42UC. !O@  ;E-./ 

-K(^%,Q%S ;< 1?(;9 50167 *Q @0J14) !O@ s(, /2:  4;-./ 50167  T@0E[  ;EAd,H %  E31,U|  = 7DE"O 

P0l1 7>!< Y-=K6!.  

Kong % k-.@2"Y$] 19 [1.,>(*2$  45016A  =2< 2$@2AB2>  4-K(^%,Q%S 2c@/ ;L 12Oj 50167 2< ;-./ 2E$ 4

C0Ya1  =% C.(p2 50167 )/0< .@ C0Q(! !-/,L .2]-K .,<  4.6Z @2L /.01 C%.(; DL.(!  4>K(P2   !EO %  /.0E1 C%. E(; 

>K(P2  !#- .@ 2< 7WD-2$  4-?%  =25/
75) 50/

50
 % 75/

25
 i0eb1 !-/,L . 2E$@/0'  4 E>K(P2  !#E-  EaW91  = .,E< 4

;-./ 2$  450167 V$@0J1 !9AD$ C2R@/(;" 2$@/0'  4>K(P2 !O ,r91 ;< .6/2r ;-./2$  450167 -K( ̂ %,EQ%S 

1=!-0O .@2Ad@ P0B 5016A=8!O 2< -2"1(IS ;-.0c-?  =c0Q(; 1=f/0O ,L6`2AD2$  450167 "#Q(j  !O ?. 

@/0' >K(P2  !O @/ 21/  42'(6Z ;< 8.09: ;-.0c jY:  /,L % 21/  45016A=8!O @/0' >K(P2 !#- .@ k$2L 

1=!9$/ .2< .Sd.6k 7WD- @/0' >K(P2 !O ;< @/0' >K(P2 ) !#- 5016A  =8!O @/  2E1/  4 2E'(6Z ,EQ  4 {2EGQ. 

1=!Ad..  

1-1-4- #C/"D <=.>? +&GH&:=;&; +B -@A 7&089&: *;&#."#6  

k9Y]< % k-.@2"Y$ ]12 [50167 2< @2AB2>  0-2E- .@ ?.  7Eb'  /.0E1 C%. E(;  DEL.(! 4)Al2O3 % SiO2 ( ;EL @/ 

821?2$  420 % 40 7:2> 2< 7WD- eH;C0 ;< @/0' 1/
20
 % 2< 7:,> kB,| rpm300 >K(P2  +,E-.,'  4 )!-!EO 

7>!< !-/@%K .03C.@/  4;aO. X 2$@/0'  4>K(P2 !O) j"O 3 (SiO2 / E6 !  EY-= /0EO  ;EL  7Ee: 8K  @2AB2E> 

p@01K SiO2 7>. .2< .Sd.6k 821? >K()P2 '(*2$  4Al2O3 @/ 2U16;D 2< .6Z '(*2$ @/ ;-0Y-  E>K(2P  !#E- 

;< @0~ j<2F ]c0Q  =Z]' !-!O ;L < E(82  !E99L  k$2EL   ?.!E-. ,L E6C2AD(7 2E$  ;E<  /2Ea<.  ,A10-2E-  4%  �EYrQ 

1(k-,L%,"2$ @/ ;"WO 7>. .2$03C.  4;aO. X ;-0Y-2$  4;Ab'  !O @/ C°1450  ?2Ed  gEC2s 501 E67 .@ @/ 

;-0Y-2$ 82#- 1=!9$/ .  

  
 !" 3-  !"#$% &'()% X '5"E5 ! &./01 23) 78 ./01  .027 % &]12.[  

1-2- 7&089&: *;&#."# 6M=(N. O)A"&P! *1,A"Q #C/"D  !5PB <=.>? , CuO  

@/ UJQ(U  =;L x>0Q Kong % k-.@2"Y$] 20 [T@0[ )7d,H DL.(2$!  4C%. E(; Al2O3 % SiO2  2E<% 2  E-?% =

CuO ;< T!1 5 7:2> 2< ;�GJ1 % ;C0eH2$  4/50d !u �-? % <@2L(! ZAD39Q 2< 7WD- ;C0eH ;< @/0' 1/
40) 

>K(P2 +,-.,'  4!-!O .yt> ;-0Y-2$ ;< j"O n,F �,'  !O % @/  2E$21/  4 E<(Z C° 1500-1000  ;EAb' 

!-!O .  

2A-6� 82#- 1=!9$/ ;L @/ eL(; ;-0Y-2$  4>K(P2 ) !O "#Q(j 50167 @/ 21/  4C° 1200 j12L  E1= /0EO 
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;L .6Z 21/ D<(@2 ,AYL ?. 21/  =67>. ;L .,<  482Y$ ;-0Y- 2E$ %  8%!E<  E>K(P2  +,E-.,'  4I?5  E1= !EO2< .@/ 

%2wQ6, SEM i0<,1 ;< 2$@/0'  4>K(P2  !O 2< /50d !u �-? % ;Ab'  !O @/  2E$21/  4 )�EeAb1  2EQ  2E1/ 4

C°1300 !O@ ;-./ -K(^%,Q%S /6 ! Y-=/0O .2< .Sd.6k 21/  4)7b' V$ /2a<. % V$ -K('%,Q%S  =;-./2$ < E(,A# 

1=/0O) j"O 4 .( 

  
 !" 4- 6 FG,> SEM 5'5"E ! &./01  23)  C 8*"H 3I J5: 6 'KL? 23) 78  +8 &  

(a) C° 1000(b)  C° 1100(c)  C° 1200(d) C° 1300(e) C° 1400(f) C° 1500] 20.[  

phB,< ;-0Y-2$  4>K(P2  !O 2< /50d !u )�-? C.(p2 50167 @/ 2$@/0'  4>K(P2  !O 2< <@2L E(!  ZADE39Q 

)j"O 5 ("#Q(j  !O % @/ C° 1200 ;Y$ ;-./2$ !WQ6j ;< C.(p2 1=!-0O 21. 2< ZAd@52< 21/  4 7Eb'  /2Ea<. 

.6Z C.(p2 7<2m 1=!-21] 20 .[  

  
 !" 5- 6 FG,> SEM '5"E5 ! &./01  23)  C C7 M03 NKO#PG 6 'KL? 23) 78  ! +8 &(a) C° 1100(b)  C° 

1200(c)  C° 1300] 20.[  



 

 

60

  
!"
#!

 $
%&
!"
'

 (
&)
*+
,
-

 /
 .
/)
0
1

2
8

 2
 

2
9

  
)3
4
&5

 
9

0
/)
6
7 2

 
 

9
1

 

1-3- 7&089&: *;&#."# 6M=(N. O)A"&P! *1,A"Q #C/"D PB !5 <=.>? , B2O3  

;c0Q2< ;< .6;"9 @2L?2> "#Q(j ?2d 50167 2< k9L.% `hJ-.- P0>@ `,A9L 1= /0EO % @/  E<(Z  DEL.(2$! 4

�eAb1 ,Q,m�16Z DL.(! B2O3 1=)!O2< @/ #$%&'  =]21 [DL.(2$!  4C%.(; % /2U16, GeAb1  =B2O3) 2Q% 20 

C01= (;< T!1 4 7:2> 2< ;�GJ12$ % ;C0eH2$  4/50d u! �-? % <@2L(! ZAD39Q 2< 7WD- ;C0eH ;< @/0' ;< 

Q,Q(g 1/
20
 % 1/

40) >K(P2 +,-.,'  4 !O % ;< T@0[ n,F 2E$  =6]Q E(; % @/  2E$21/  4 E<(Z C° 1500-1000 

;Ab' !-!O. 2A-6� 82#- 1=!9$/ ;L 21/  4"#Q(j 50167 @/ i0eb1 2$@/0'  4C%. E(; % B2O3  8%!E<  E>K(P2 

+,-.,'  4,AYL ?. .6Z 21/ .,<  4i0eb1 /.01 C%.(; 8%!< B2O3 % 8%!< >K(P2 +,-.,'  47>. ;L  ;E<  ;ElU- P%o 

2'(6Z B2O3 % *YL ;< "#Q(j ?2d 216� 9s  =?. SiO2 % /0W]< k9L.% Al2O3 @/ SiO2  7WDE-  /./  E1= /0EO .

21/  4"#Q(j 50167 @/ i0eb1 >K(P2  !O 2< <@2L(! ZAD39Q ,AYL ?. .6Z 21/ @/  i0Eeb1  E>K(P2   !EO  2E< 

0d/5 !u �-? 7>. ./2U16, 52<  4B2O3 �:2< .6/2r C.(p2 ,A"|0L 2< ?0Q E6�   ?.!E-.  7EB.09"6 ,EQ  E1= /0EO 

)j"O 6 .(  

phB,< L,Q(T2W >K(P2 !O 2< /50d !u )�-? @/ 2$@/0'  4>K(P2 !O 2< <@2L E(!  ZADE39Q %  ;EAb'  !EO @/ 

2$21/  4)�eAb1 C.(p2 50167 2< j"O2$  4V�91 "#Q(j  !O % 2< d..S6k  2E1/  4 7Eb'  /2Ea<. C. E(p2 ? E6/2 

1= /0O.  

  

 !" 6- "FG,> SEM '5"E5 ./01 23)  C C7 M03 NKO#PG 6 'KL? 23) 78 C°1400  C (a)% 5 $"+ Q6 (b)% 20 

$"+ QB2O3 ]21.[  

1-4- 7&089&: *;&#."# 6M=(N. O)A"&P! *1,A"Q #C/"D  !5PB <=.>? , WO3  

@/ k$%&' T@0[ ;Ad,H] 11 [82#-  /./ !O ;L `2ad ?2E>  4 -2E"1("  = i0Eeb1  DEL.(2$!  4C%. E(; % 

WO3) 2Q% 20 C01= (2< >K(P2 >( @2.  4;< T!1 5 )7:2> @/ ;�GJ1 % ;C0eH 2E$  =6?.  y9Ec <@2L E(! 

ZAD39Q % 2< 7WD- ;C0eH ;< @/0' 1/
40

 ,m. .SD<  =6,< 21/  4"#Q(j 50167 % -(S +0C0d@01  4;-./2$ 4

50167 /@./ .@/ ;-0Y-2$  42< /2U16, eAb1� WO3) 5016A  =8!O @/  2E1/  4C°1100  jE12L   !EO % 

;-./2$  450167 ?. .!A<. ;< T@0[ C.(p2  V�9E1 %  2E< %6 EH&= 2E$  4 *EQ ,L E6`2AD  ,$2Eq  E1= !-0EO .

@0l-2Y$ ;L @/ kb< ;1!U1 ;< 8K  @2O. )!O 8/%Sd. DL.(2$!  =6!9-21 WO3 1=!-.0Q  �E:2<  k$2EL 

%6?0"D6;A ?2d 216�  !O ;L k$2L %6?0"D6;A ?2d 216� ;< "#Q(j 501 E67  *EYL  E1= !E9L . @0wEQ 

1= /0O ;L WO3 ;< 8.09: SL.,1 8+%,A$ ;-.0c-?  =jY:  /,L % �:2< .6/2r ;-.0c 50167 @/  2E1/ 4

2'(6Z,Q 1=/0O .8/%Sd. @.!U1 <(,A# WO3) gc01 < E(,A#  8!EO  SEL.,1  ;E-.0c E-?  =%  k$2EL  2E1/ 4

"#Q(j 50167 1=/0O .7e:   2EQ0L  8!EO   ?.!E-. C. E(p2 @/  /2EU16, ? E6/2 WO3)  /.!EaQ ? E6/2  SEL.,1 

;-.0c -? =7>.) j"O2$47 % 8.(  
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 !" 7- "FG,>  SEM !"#! $%$& '%5 (") *WO3 +,- ./0 %& 1)&' :(a) C°1000(b)  C°1100] 11.[  

  
 !" 8- "2345 SEM  !"#! $%$& '%20 (") *WO3  +,-./0 %& 1)&': (a) C° 1000 (b) C° 1100] 11.[  

1-5-  !"# $!%  &'!()*(  +,-./) 012*!34  &562*7 (89*: ;4<3= >-)?@ 6  0A12*4 

B2C.# 7D%26  

 ! "#$%& !'()  *+, -./0 Kong $ "12 345#] 13 [6 /7 89:(; <,2=3#>  *?$2 @=+) Al2O3 $ SiO2 ( +@A 

6 /7 +13;2>B 3A !3CD'( E3<4' Fe2O38 CoO $ NiO +A  6>@D 5  9F3@.  3@A  +@GHID $  +@?/J; 3@#  * !K/@: 

L1M>N 3A 9O<1 +?/J; +A  !/& 1/
20
 .P=Q3 R(12(&  *>1>S .+1/513#  +@A  T4@S  U(@V 3@#  W'X0 @=+  Y>@S $  ! 

3#3D!  *A=Z C° 1400-1000 +[\& >1>S .3#/)?2  *]2(& +^S2 X E3_1 !2! +, .P=Q3 R(12(&  *2'Z <,2=3#> 

3A `/J\D !2/D ?$2=+ (a2 XA3_D  W ! 4_0=T K/D'9 >1 2! $  ! (# +. 8! /D 3D!  *4_0=T K/D @'9 C°1200 

] 2b; >S +, ([5, M2 EP 3D!  ! P(:'>c 9?3d >D3B ?/5^D  W9.2 .$3e0'( SEM +1/513#* 2 2!  * @1!$b:2  W$ 

.P=Q3Y>S +,  ! 3#3D!  *fJ[\D +[\& 8>1>S E3_1 DW>#!  +@,  !  K3@A  * 3@D!* C° 1200 $  E3@Db5#  3@A 

4_0=T K/D'89 +12!3# +A 6 /7 1P=g$(0$b >S  DWh>cc, 0 /7 !=+4  ! M'( 2 @'Z  3@D!  +@12! 3@#  i@#  /@ID 

>c[<# .(j,2>d ?3)kW 2'Z +1>A3# TOV M2 4_0=T M3: K/D'9 9.2.   

$3e0'( SEM +1/513#  *2 2!  *1!$b:2W8 +, .P=Q3 R(12(&  *>1>_1) T4S9(8 E3_1 DW>c#! +, 9JF  >@S   +@12! 

1P=8g$(0$b E!$b:2 <,2=3#> *bJ: *1=h9< +4JA .P=Q3 R(12(& *lF3A 2'!3m 2'Z+1/; +12!3# Y>S 9.2] 13.[  

  
 !" 9- 612345 SEM 7"8,)19 ':;<=1 ./>! 6  +,- ./0 %& C°1400: (a) Fe2O3 (b) CoO (C) NiO]13.[  
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1-6-  !"#$!% &'!()*( +,-./) 012*!34 &562*7 (89*:;4<3= >-)?@ 6 TiO2 

CCID=Z] 5 [<,2=3#>  *?$2=+ Al2O3 $ SiO2 3A 1  3@0 10  >@7 !  @1M$  WTiO2  +@A  6>@D 5  @.9F3  !  @.P=Q3 

.=Y 3 2*8 3A +GHID $ +?/J;3#  *A 3,=> Z[<)c0 $ 3A  9O<@1  +@?/J;  +@A   !/@& 1/
40
  @.P=Q3  R(@12(&  * >@1!(, $ 

3# !/&  *9.>A Y>DP 2  +A T4S U(V n(& Y!(, $  ! 3#3D!  *A=Z C° 1500-1100 6 2(d >1!2! .3A +B/0 

+A 3#/)?2  *]2(& +^S2 X8 E!$b:2 1 >7 ! 1M$  WTiO2 A=([_'Z ao0=( 2  (A 4_0=T K/D'9 h! 2! +, +A  (@G1 

DW>.  3A E!$b:2  2>CD A=([_ TiO28 M2 ,(0=p Al2O3 $ SiO2 2(A  *4_0=T K/D'9 ;/JB=(  *!/S .cq5#=Z 

?3)kW +1/513# 3A 2b:2'"  9@GJr TiO2A @=([_  @DW !/@S . $3e@0'( SEM  +@1/51 3@#  *2 2!  * !3@CD'(  f@J[\D 

TiO2+[\&Y>S  ! C° 1500  ! T4S 10 Y! $P Y>S 9.2 .+1/51 E$>A 1!$b:2  W2 2!  *+12!3#  *1M/.  WY!/A $ 

3A E!$b:2 1 >7 ! 1M$  WTiO2 !3^A2 +12!3# A=([_ DW!/S .+12!3#  ! +1/51 3A 3 >7 ! 1M$  WTiO2 iGcD31  Y!/@A 

$ !3^A2 3X1P A=([_ DW>S3A.  

  
 !" 10- 612345 SEM  !"#!19 '?:/@ ./); A$ 19%&"- ':;<=1./0  +,-0./ %& C° 1500  @ B/) 5 ?C1: :

(a) D6/@ TiO2 (b) $%$& '1 /E%& !A6 *TiO2 (c) $%$& '3 /E%& !A6 *TiO2 (d) $%$& '5 /E%& !A6 *TiO2 ]5[.  

2- E'*7F G*H&  

+B/03A +A 63^?3sD 8fJ[\D ?2=t33#  *K/D'9 DW>c12/0 M2 `/J\D ,(0=63O <,2=>  *3A .P=Q3 R(12(&  *9.>A 

P'>c ..P=Q3 !2/D 2?$=+ +A 6 /7 TA3V XB/0  W3D!  *4_0=T K/D'9 2  "#3, DW>#! . 2bA2 .P=Q3 3A ?3)kW 

K3A) >c13D A 3,=> Z[<)c0 (2(A  *2'!3m ?2=:3  W3A ,=H=9 K3A  $(N  *9.2 ..P=Q3 R(12(&  *`/J\D <,2=3#> *

?$2=+ $ CuO lF3A "#3, 3D!  *4_0=T K/D'9 DW!/S .E!$b:2 B2O3 +A ,(0=63O <,2=>  *?$2=+ $  @.P=Q3 

R(12(&  *3X1P lF3A !/OXA  3[:  K/D'[  WE>S `/J\D Al2O3 $ SiO2 DW!/S .u3^: M3@.  * 13@4D=4  W ̀ /@J\D 

<,2=3#>  *?$2=+ $ WO3 +A 4_0=T M3: K/D'9 v5, Y!(, $ 3A 2b:2'"  2>CD 1!$b:2  W3D!  *4_0=T K/D'9 

"#3, DW'>A3 ?$  WYM2>12 ?2=t3 i, DW!/S .E!$b:2 <,2=3#>  *bJ:  *Ni8 Co $ Fe +A Y2(5# .P=Q3 R(12(&*8 

pB/D 4_0=T D2(.=v K/D'[  Wi,2([D 3A  ' 3[w3.b 1P=g$(0$b DW!/S . "c@,2$ Al2O3 $ SiO2  3@A  E!$b@:2 

!3CD'( p.3cD TiO2 $ u3^:M3. *8`/J\D A=([_ Y>S $ >S  +12! 1P=g$(0$b  ! 2'Z ,(0=p Y>#3_D >S.  

IJ2H)  

1. P. M. Souto, R. R. Menezes, R. H. G. A. Kiminami, "Sintering of Commercial Mulite 
Powder: Effectof MgO Dopant", J. Mater. Process. Technol. 209, pp 548-553 (2009). 
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 !"#$%&' (')* +,$- +./ 0'" +1 234  526- +7%89 +%+:) 

0)9;+ )<+=+>2,  

 !"# $%"& '()*+1,-./0 '()* 122
  

1  !"# $ %#&' ()*+,$-./ 02 !12 ()*+"#%34   

ms.shakeri88@ms.tabrizu.ac.ir  

3'456: 567+ '#!869 ),    :!;<= >&?12 @# 7=   5 (A567+ ). 37   B' C8AD E F3 0AB<   5 G#&BH  B67+  )B,  $ 

#!8'69 ),        7D $ A<;I, #>#% J)'4K, >&L 7D #>  K,6M N% 6O  ),%!D>)= (@$!'# / ID 6>)/  '@ >% 6 7B<  )B,/ 

 MP Q?;R' >$F/ . 6#A (%!=  A"# . 2>&S >%E  #!5 7= 3T    7BD >&B?12   7B"&U #/        )B,>&?D 7B= %&B5 :!B;<= / 

'&")"!;/   '@ >% V8)<' 67< / 5 67+ #/   P)W5 0A"&5 >&?1;' 6C  5 >% 67+ '#!8 69  ' )XD# E %&5 .YZ  [)B\

567+ '#!86]E  >);P> ^)W5 /   92 >);P> 7D)+'    N)B_ >% AB">#% ),>&?DE N&2 `$> 7B=  B6AJF    IBD )B,6>) 

(%)8   J#@># $ !2 Z6CK !2 ' E A5)D .  )B,>&?D >&?12/  !;'&")B" /  )B,@)P /      AB')a :&B?b'  -    042>#&B=  - 

#3!=&3;c6C $  -' de)D M'$%&c8# E %&55 7= 67+ '#!869 ),/N ^)W5 6;6f&'&NF 68&<6?6[)] OD)Z 

  8 >% (%)W;8#6g;I ),/ ;.# 6]E N&2 6A A"&5  .<hK,6M  iN)H)" >&j_ E ),/      >%)" !S)<e $ 7Y8#$ [#4?P 

=)HE  ' de)D E %&5  ),@#!2 )2 / "$!;]N# 6]E 7D  7"&U #/ k2 66! 3A<D)  $ )2 3U-E ),/ ;.# 6]E    l)B2 CBb2 6! 

 U >#!Z6A"! . # >%3M Xb2 6m \8 E      8>!D !D ($ne )2 C8# (A5 E  &?12 >);P>  ),@)P >/      [>&BS 7BD >&=o' 

!;'&")"/  '@ >% 67< 5 67+ N 6;6f& '&NF 68&<6?60[)] l)2 6! "%$4P# E ),/       ;.# G#&BH !BD QB?;R' 6 B]E  @# 

%&5 dbD !+" $ poa 7?Ka.  

7"(8! 8! 4'+: 567+ '#!869  5 0^)W5 67+  '#!B869 N 6; B6f& '&NF 6 B8&<6?60[)]   ;.# G#&BH 6 B]E0 

c]8$!;]c8#E.  

1- 9*':*  

567+'#!869), %#&' .6+7;P! 8A<q'  EA<;I, 7= (@$!'# >% ID6>)  /@# '@67<),  / r)IB_ $  gBq'  ;\<BSE0 

')s"  E$ ]54.  E),%!D>)=  / IBD6>) 3 / 7B;P) AB"# .>% # B3M '@6 7B<  B'E J#&B2  7BD 5 B67+ '#!B869 )B,  /N6; B6f& 

'&NF68&<6?6[)]1
 (>)5# %!= 7= 7D N%6O M;5#% !t3V u)I1"# 2>#!_  E).63M $  B<hK,6M #>#%  J%&BD  P)WB56C 

8)<'V )D AS>% >&1e >&" v)D 7D  J#&B<e 5 B67+ '#!B869 )B,  /;.#6 B]  EZ% B6m  BP!\'  E B'E A"&B5 .# B3M  w&B" 

567+ '#!869), >% ),%!D>)=E3 s"6! N6),>4  /CN)_ 0A')a P6),!1  />&"/0 567+),  /x&]I?2 $ w#&"# %3!* 

%#&' ;.#6] EZ%6m %!D>)= A">#% .  

;.#69 $ f&?e 7D)+' JF s"6! "&;P609 ;.#$!;]N#69 $ ;.#&")"69 y4a f&?e 7D@$> $ .67;P!+ 7D p)I_ 'EF3 AB< 

7= ).37 .6CP!+),  /2F  E!+D3C #> 'EA"@)8 .(%)W;8# @# >&" 7D )a  /J$!;]N# #!D  /:)X;"# [)enL#  7BD N% B6O 

Ce!8 1I"  ED6!;+ $ "6@) M;5#A" 7D b'6T %)'  /@# O'#&e l)26! >#oU >% %!D>)= %#&' >&"  />% )<S3z Q?;R' 

%> :)8 ), /H#6! 'EA5)D .  

567+'#!869), 7= 4a  E3@# %#&' .67;P!+ 8A<q'  EA<;I, $ G#&H ;.#6]  E7= y4a G#&H . B67;P!+  %#&B' 

0A<;I, )' #> !D JF C5#% )2 [)enL# u&D!' 7D ]3  E@# w#&"# gq' $ V8)<' 5 B67+ '#!B869 )B,  /;.#6 B]  E#> 

7{#># ,%6g .>% ).3J) #3M 7N)X' $ >% |RD 5 n2` (A5 C8# )2 u)X" f)qD# Xb26[)X 7;5oU $ '@67<),  E3 7B= 

>% )q"F "6@) 7D Xb26[)X !;?')= r)I_# 'E0%&5 D6J) %&5 .'#6A C8# 7= #3M 7N)X'  )+B*,#>  /. B6CP!+ )B, /

W'6A $ l)26!>#oU >% .6%!1+ !, 7} D6!;+ g?e A5)D ]4-1[. 

                                                           
1 Li2O- Al2O3- SiO2(LAS) 
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2- ;0 < 2=">+ ;4?@A LAS  

O]5)1 (>#%&K" @)P /86g;I SiO2- Al2O3.SiO2.Li2O #> J)+" 'EA,% .>% #3M  >#%&BK" P  J)+B" (AB<,%  @)BP 

v);.3C )LiAlSi4O10(0 S @)P M'$%&c8# )LiAlSi2O6(0 E @)P #3!=&3);c3C )LiAlSiO4(0 Q 42>#&= )SiO2(0 L  @)BP 

p#o' $  s.s. J)+"(A<,% @)P :&?b' A')a 'EA<5)D .)D %)<;8# 7D # B3M  >#%&BK"  @)BP / ~R+B'  CB8#  B=7 >% 

),)'%  /v)D w#&"# )'% ).36M  - #3!=&3);c3C $  - M'$%&c8# 7D [>&S C+U!Do.)"3! 7D w#&"# )'%v)D  /w&"   

A123O 'EA"&5 .<hK,6M )D #4P#3| '6J#4 86?6� @)P v);.3C 7D%&a$ 'EF3A. >% _#&"  E�6!  =&;B8#6!;'&39 

:&?b' A')a D6M @)P  /@# 78 @)P !=� (A5 $ 42>#&= ]+26O 'E %&B5 .=!2 B6V  B56K6)  E3 @)BP  :&B?b'  AB')a 

).#!P3>#A  - 42>#&= D6M SiO2 $ #3!=&3);c3C >#!Z 7;P!U C8# .#3M @)P  f)B*<,  >&B?12 5 B67+). B37 >%  (%$ABb' 

!X231  E800 )2 ûC 900 p&8> 'EA<= .>);H)8 :&?b' A')a ).#!P3>#A  -42>#&= O]+;' @# >)q}  Bqa$E )B, /

SiO4 C8# 7= >% JF +RD  E@# J&3),  /Si
4+ T8&2 J&3 )B,  /Al

3+  )Ba34*3M  (AB5 $  #!BD  / �BW_  )B�<H E3

!;]N#3]E0 J&3),  /Li
+ >% (!W_),  /qa$>)q}  E$ C+,qa$  E>#!Z 'EU6A"! .,)U  E7D )Ba  /Li

+  B3J& )B, /

Mg
+ $ Zn

+ >% ),)a  /N)H  E>);H)8 >#!Z 'EU6A"! .#3M +")a6<  E7D C?e #4P#3| [)=!b2 "&3  E V1B8  )B.63M 

JA'F )'%  /p$� >);H)8 'E0%&5 7D K,6M N% B6O >%  CH)B8  [)B\YZ  B8A<q'  E J%$4BP#  >#ABX'  /4a   EB3@# 

I=#6),A  /$>  /$ <'643g )2 ')*<,  E7= ),@)P  /Aa3A >% >);H)8 N&26A 0A"&+"  !B'#  /W' B6A $  :&BK\'  CB8# .

>)=$@)8 ]+26O ),@)P  /:&?b' A')a  - 042>#&=  - #3!=&3;c6C $  - M'$%&c8# _6M >&?12 567+0), Cb2 

l)26! #Aa3| @)P  /).#!P3>#A [>&S 'EU6%!. )53J) !=� C8# 7= 7D C?e ^n;H# ).63M !t3V CI]5  BD6M 

),@)P  /(A5!=� $ 567+).307 |<=#!. ?H#%  E>&" ID6>) 4a  E3C8# $ 567+'#!869),  /N&2 B6A  />%  [>&BS 

M;5#% ),>&?D /!;'&")"/ )!;]}&= @# :&L�&' >&" {!'E (^)W5 'EDA<5) ]6$5[. 

  
 !" 1-  !"#$% &'( )*+,-. SiO2- Al2O3.SiO2.Li2O ]5[  

3- 0.8BC D @E!2  

�. @# N&26A 567+ ).37 3) >% F!P3A< N&260A ?Ke6[) 2>#!_  E>&?12 7D >&s<' #Aa3| @)P  /$ N&26A >&?D  [>&BS 

'EU6%! .#!53T ?Ke6[) 2>#!_  E#!D  /N&26A ),>&?D  /!;'&")"  /f4?;I' 7"#&a"@  EV8)<' $  AB5>  :!B;<= (AB5 
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'EA5)D. O]5)2 (^n;H# D6M ),)'%  /7"#&a"@  E$ A5> #> >% CN)_),  /OD)Z :!;<= $ �6! OD)Z :!;<= J)+" 

'EA,%.  

  
 !" 2- '/'0"  !"#$% "& '( )*+ +$,-) .a (./0-123 43567) b (0-12 43567 ]7[ 

 !"#"$"% ! &'"()* ]7[ +,-./0 . 1234,5   62$ '7 "*"57  6ûC 840-750  '  ,8  69/5  :";5< ";*  6 =;3>?5 

@"A%  B7 7 ! C8 DE 2(FG "*<"-  6HDIJ/  6 ' 2FK"L5 /%7,$ .28 H7JM N>G /% O,>0$ PK"05 ! HDIJ/ 2% DQ"* 6

">FR% S$ ! /G' T ,-   UV"W%+ GJ2X5 ,KJ1 -"YGJC 7DZ  ' <  CK7 7 7 .'7 [LIJ9"[ /\8  6 ;[[L5JN 7. ,;] 

&!' 234,5!7   62$ M5"G 2% DQ%<  U'7 "57  6"^J.N ! /G' 2% DQ"* '7 "57  6,I_"8 7D8  ' 2\KDI/%7 7 . /;0H"* 

! `% '"()* ]7[V /0a.N $,IJP =3>?5 ! BDL% O,>0$ 234,5!7   6`0$ ! 'D3FI  ,8  6 ;K'J:/  2;8  ";*'D38 6

,>5D%"%  6"8 8J` <  50%)A4  Ub,G /%7D)% .M(G)3 (I")GJ1 +,-./0 H,>0$  U'D3FI ! "*"57  6 @";A%   ";W%+  ' 

'7 GJX25 ,KJ1 KJS>R LASV :"X% 5U/*7 .'7 +,-./0 H,>0$  U />8  ! '7 234,5  6 2;% DQ ;%<  U 7 /;\I  R;8J'" 

<.7" 62% DQ HDIJ/ 5U/%DG ! '7 234,5 /G' :"5< -"$ U28 "W%+ B7 7 5U7DG "I 28 7"\8  <., ,>5D%"%/c /0K,8 .  

  
 !" 3- 819*/: +$,;8 <3567 '#3-  &1= 4$,>? )?1%   -@8+#$7 ]7[  

M8"d ,$e CK  2$ B7!/L5 "57 . U." %"5<  UM(G)3 (f8"I $,IJP $D>K J,>5D.1 9!"Y>5 7 D5  (X;IJM B/;0*7 

5U/G"8]12-7[.  

4-  !"# $%&'( )*&+,$ -+./ 0 -+./ 1&" +2 LAS  

'7  .N C)Rd g DZ >^ J(  UGJ2X5 ,KJ1 h"YG LAS  !";4  6 ";*'D38  6 ,>5D%";%  6 b,;G B7 7  B/;G C;K  .

TJ="*  6VijQ ,X% ! 'DFk '7 B7!/L5 ODT lD5 m,5  U! '7 Z,8  U<  7' D5 K',8  UTJ= ";*  6 V:";5 ' IR ! 

EPR B7'!+ B/GCK . 2n%"0a oFd %Jp B'"G  V/G 28 C3k ho>Z  S$ ,q.P CR(G  ;8JN G ;J2X  6"^ ;.2 ! 

"*<"-  6OD3L5 /5"Q  - VpI' D$  -  .,$D.>rJC !  - VN5!7DrK  `0$ ,^ 3Z 7  U'D% '7  B7";5  a";%Jp  C;K  .
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HDIJ/ 8"*'D3  6,>(aD$ <  ODT lD5 'D% ,5  U.sk"8 5U7DG "I GJ2X5 ,KJ1 h"YG CK/8 +./ . <";-  OD;3L5 

/5"Q ">8pI' D$ '7 Mt- u,>X5 G<"-J2X   6! "*<"-  U./0%"5 N5!7DrK  !  .,$D.>rJC 38"dJC  /Q.` <"-  6! 

(XIJM  ' 7' 7 .,8  .N v"K  '7 $,IJ9"F =3>?5 KJS>R LAS 5U: DI "8 3)kJ9"  ;I' ,4  U P;K"05  ";*<"- 6

=3>?5  ' ,8 PR4 %J<" 28 g DZ =3>?5 >^ J(UV 'D3F>5 7,$ .7DQ! ,c"0k =3>?5 <  B!,#  9 p;3-  2w;K ! ! 

,c"0k '7"% $"Z  U'7 :"(5"*  6=3>?5 8JNX%J0  U." '7 "*<"-  6=3>?5 ! 28 H7JM x,%   6 ]>R;8 !  U =;3>?5 

sk"8 yIJJ, '7 TJ= ,X% 6! 8jQ U .N B7"5 /* DZ /G ]17-13[.  

4-1-  !"# $*', 0"),3 & $-+./ 0 -+./ 1&" +2  +4)5 LAS  

KJS>R GJ2X  6LAS "8 $,IJP HD5 U$D>K J,>5D.1  Li2O:Al2O3:SiO2= 1:1:4 2$ '7 :+  :D;. HJ> ;J@D  2;8 

9'Dc pQ  U."8 :D."*  605Jp.@D ! !'  6"Q.p].N B/GVCK  28 'Dz05 K',8  Ug DZ >^ J(  U"8 &!' i!e ! 

'.2>?,#  6K',8U/G ."8 @"A%  3)kJ9" I' ,4  U234,5!7   6'7 B7!/L5 "57  6 ;8JN ûC 900-700  'D;3FI  <";- 

 - pI' D$ @"A%  /G .M(G)5 (H"%+Jp DSC ! M(G)6 (D]H   6XRD GJ2X ! GJ2X5 ,KJ1 HDIJ/  6 '  :"X;% 

5U/0*7 .28 >4 '  U! <  !'  6"*' 7D)% 5U: DI H7JM i"?>%  "*"57  63)kJ9" I' ,4  U! {D% <"- ";*  6HDI ;J/ 6

|^ <  @"A%  3)kJ9" I' ,4 U ' CR% 7.  

M(G)4 (TJ= 'DFk  6GJ2X"^.2 LAS  ' '7 "[5.2R "8 GJ2X5 ,KJ1 )*JN KJS>R 'D$j5  :"X;%  ;5U /;*7 .

2n%"0a B/*"X5 5UV7DG GJ2X ! GJ2X5 ,KJ1 LAS '7 5")I  UODTlD5"*  6TJ=  ;m,5  U 'D;Fk  6 ;8J` <  

80 % ' :"X% 5U/*7 .ho>Z  pQ  U.'7 'DFk 'D% ! `*"$ :+  ,8  6GJ2X5 ,KJ1 28 C3k  ̀ 0$ ,;^ pQ  U;.

'7 "*<,5 62% 7 ! 0n)*JN Mt- u,>X5 GJ2X ! 'D38 CK  ."8 B/*"X5 6TJ= EPR (Electron Magnetic 

Resonance)  .N V7 D5 *J2%D]n ^J(  UB/*"X5 /X% .7DQ! N>G /% ^ ;J1 '7  ;0L05  UEPR  2;8 C;3k  7D;Q! 

N>G /% tH"Z"% U5 '"^T"0yJ| '7 GJ2X LAS CK  ]18[.  

  
 !" 4- A/B -C% '*/!D ( */!D?#3E/: E/F5G LAS ]18[  

M(G)5 (TJ= IR GJ2X ! GJ2X5 ,KJ1 LAS  ' :"X%  ;5U /;*7 .3 ^ ;J1 '7  OD;T lD;5 ";*  6 =;3>?5 IR 

B/*"X5 5U7DG .^J1 O!  2$ }Fw05 "8 7/k lD5 cm
-1 1200-980 2$ R8J'" B7,>R# ! NW^ 5U/G"8 ~D8,5 

28 ^JD"*/%  6:'"[>5"% Si-O-Si 5U/G"8 .28  .N H7JM 2$ "*/%"8  6B/G,$e 2$  ";8  ";Q.p].0  UAl  2;8  ";Q  6Si 

7DQD8 5U+./0 )Si-O-Al (%Jp '7  .N B7!/L5 ODTQD5  U&"\I'  2>G 7 ! '7 >%J2A TJ= IR  ' ijQ 5U/00$ .

^JFXJ0  U5U7DG >)Rd  U<  ijQ 28 C3k 'D�4  .N {D% "*/%"8 /G"8 .ijQ c"4M '7  OD;T lD;5 cm
-1 760 

2$ IJp CK  ~D8,5 28 &"\I'  Mc"4 <  /%"8 ";*   6 :'";[>5 Si-O-Si  ;5U /;G"8 .'7 "W% ;.C  ij;Q  7D;QD5 '7 
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ODT lD5 cm
-1 455 ~D8,5 28 /%"8 O-Si-O CK  2$ !.#�  U2K/\8  62(FG  ' )(IJM 5U 7<";K . 9!";YI  ;8JN 

TJ="*  6 �?X;5  B/;G '7 G ;J2X ! G ;J2X 5 ,;KJ1  ";W0I  2;8 5 ;J: p  N;W^ #/;G  U ";W%+  2>R;8 !  C;K  .

GJ2X 5 ,KJ1 28H7JM N>G 7 Sz% 'D38.N 8JV,>X ijQ"* 6IJ,Ip 6CFR% 28 GJ2X 7' 7[13-15] .  

M(G)6 (TJ= :"5 ' GJ2X ! GJ2X5 ,KJ1 KJS>R LAS  ' '7 CH"4 :!/8  ;%7!p-   U!  1;)$ i!e TiO2 ! 

ZrO2V :"X% 5U/*7 .'D�4 "*/%"8  6\qJ= '7 cm
-1 800 ! 470 %:"XB/0*7 '">Z"K o5"$ -7"tI  U!  :!/;8 

Sz% 5DH+JKD0J3J9"( CK  .5"]0*  U2$ 3)kJ9" I' ,4  U'7 B7!/L5 ûC 850-750 '7 7'D5  .N GJ2X  @";A%  

5U#JV7, ^J"*/%D  68J,>X  6'7 TJ= :"5 ' B/*"X5 5U7DG .^J/%D \qJ= '7 cm
-1 1110  ~D;8,5  2;8  &<,;H 

^J"*/%D  6:'"[>5"% Ti
4+

-O-Si
4+ CK  .5B/*"X 5U7DG 2$ /%"8  7D;QD5 '7 cm

-1 470  ̀ I/;G   p;- .`  2;>-". 

CK .  

  

 !" 5- A/B IR */!D ( */!D?#3E/: LAS ]15[  

 .N ^J/%D :"X%B/0*7 <"- 3c   U5<J20 ". :")* <"-  -pI' D$ 5U/G"8 ."*/%"8  6/Q./ 2$ '7 TJ= :"5 ' CFR% 

28 GJ2X"^.2 7DQD8 B/5+ VCK  '7 cm
-1 130 ! 800 28I,IJP 5~D8, 28  <";-  'D;38.N �J :'";[>5,  <";I"%+ !  <";- 

GJ2X  65DH+J"0 U.5U/G"8]18[. 

  
 !" 6- A/B H1?#+ */!D ( */!D?#3E/: LAS +I 1J1?I  ,9K/L1 8+#3M 'B,5N? !- L)? 30 2I/!O   

)a (*/!D1PQ!) b (ûC 700) c (ûC 750) d (ûC 800) e (ûC 850 ]18[  



 

 

69

  
!"
#!

 $
%&
!"
'

 (
&)
*+
,
-

 /
 .
/)
0
1

2
8

 2
 

2
9

3
&4

 
  
)5

9
0

 /
)6
7 2

 
9

1
 

4-2-  !"# $*', 0"),3 & $-+./ 1&" +2 LAS !6 !'78 9:;(;<$  

2n%"0a �?X5 VCK  GJ2X ! GJ2X5 ,KJ1 LAS g DZ >^ J(  UFK"05  U7' 7 .'7 I'Dc  U2$  * D;?8JS <  

 .N g DZ >^ J(  UB7"Y>K  0$JVS 2-"q :7,$ %7!p- U"* 28 'Dz05  .7"A "*< ,I  6 ;%!,>(H   U -";q   U'7  B7";5 

'!,q6CK  .'7  .N CH"4 g DZ 8jQUV ,X%  6! 'DFk  65U/% DI ICL E"IJ, ' ,d#J7, .'7  .N VC)Rd '">-' 

>^ J( ULAS '7 'D�4 tH"Z"%U"* 6=3>?5 K',8 U/* DZ /G]17[.   

4-2-1- =;>+" 5?&+@ 6;<&0AB' "# %&'( )*&+, $LAS  

M(G)7 (  6"*' 7D)%DSC 2XJG   1J5 ,KLAS            U;5 :"X;% @D.7";% ! /JR$  =3>?5 ,.7"[5 'D�4 '7  '  /;*7 .

     .7";% ! :7!p-  VCK  �?X5 2n%"0a    ";I @D5 %   6";57Tg      <   ' 2X;JG 861    2;8 ûC 822    U;5 `*";$  /;*7 .

 <  `J8 ,.7"[5 '7 'D3F>."57 `*"$ /%!' 2$ CK  �?X52 %U5 `*"$ 9/G 28/8". .  

  
 !" 7-   1J+#I$9"DSC!D/*  :/?#3ELASR$QI1"#( )/G7# B,5N? 3QI1O? +$SM +I  ]18[  

M(G)8 (  6"*' 7D)%XRD  2%D)% 6 ,8  9"J3)k 6"*   B/G UI' ,4     U5 :"X%  ' =3>?5 6"*"57 '7 /;*7 .  U5";)I

2%D)%     6"57 '7 2$ U."*ûC 750 CLI 3)kJ9" I' ,4  U2>-,#' ,dV/%  *J2%D]n ^J ;(  U'7  D;]H   6XRD  :";G 

B/*"X5 )%U7DG .2%D)%"*  6!"4  6R$ J/ 7"% !.@D <  "57  6ûC 800 ^J1"*  6<"- OD3L5 /5"Q  - pI' D;$  ' 

'7 D]H   67DZ :"X% 5UV/0*7 '7 H"4  U2$ 2%D)% :!/8 %7!p-   U:"$")$ 28 9'Dc h'D5+  d";8  U ;5U /;%"5 .<  

"57 6ûC 850 28_"8 5")I U2%D)%"* <"-  -pI' D$  ' '7 D]H  67DZ :"X% 5U/0*7 .  

  

 !" 8- 1J$T<#  XRD */!D?#3E/: E/F5G LAS +I 1J1?I  ,9K/L1 8+#3M 'B,5N?) .a(  H()- +$SM 

U<1V1" ')b (+I +$SM 2 %V2O5 ]18[  
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M(G)9 ( !"#$%  #&'(  )*%#$% +*,  (LAS  -+*.  (25/0 %  /*0!12  "+*%!-34#  )*0  "  +*,+5"  ( 6*7895  :*;< 

7$'1=+ < !>.  ?)8@>A !>B :C! !  D+E% 5?2," .F2,+E5 5?"#G )0 !H@!3I  +*5"  (7$' *1=+  *< !>.  ? J*'+K 

 #&' K+98%!  ? " L>K  ?M! N#OP#5+,  (O16 Q>5  ?2,!#L 2G .! *3R  *S+L1:  )*K  :*7'   #T*.  "+*%!-34#  " 

+,+U  (V+L  ?K1RE%1R M+@  -H< !#0 - WXU K+98%!  ?)K :7' Y<11=!>  2*%+K >8ZV!3 *Z  ? :*C! . "+*%!-34#  [H*U 

>S+\' ]5+' ^%  F"#K - !3R  +8@  ]K+B _1I K1\ ?"#K .  

  
 !" 9-  !"#$% &'(  #)* +,#&-#. /0. 1!02 +3'45.!06'789 +:$*';8 < !0=1 >?3  " 898."+ @A.:(  " 

 #B= 025/0 %V2O5 ]18[  

]ZG)10 (O16 EPR )K  #`\5 C >K  ?=a+.  +8L+C 3 (D# "+%!-34#  " G1)E +_3) - G *1)E 5!>*C1b LAS 

!  D+E% 5?2," . " )%#$% D-2K %"-H@!?c C1N+\d O+\Y5! +_1e F2,+E5 c2E% M3!> >f\' fV+L+%  ? "   +8L+C 

"#U- " !2% . "  #T. fV+L+%  ?"+%!-3c4# C1V+\d  ? "  2*;5F"- 300  +*< 400 51 *7? g/*<  F2,+E*5  2*G .! *3R 

C1N+\d )K+E5 C1N+\d "#U#5  " "!#5 "3>d  "  #T. fV+L+%  ?"+%!-34# :C! ."#U- !3R C1N+\d  )*K ,+5 *1: 

"+%!-34# - D->8ZV! :hUF2E% 3d1  " 5M1)\  #7K :&/% F"!" 5?"#G.  

  
 !" 10- &'( EPR 3'45 C 3'45.!06'7 6'D@E LAS) .a (3'45 C8= +2 %V2O5) b (45'3 +C8= 7'.!06

2 %V2O5) c ( +C8= 45'35 %V2O5) d (45'3 +C8= 7'.!065 %V2O5 ]18[  
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4-2-2-  !"#$ %&'#( )#*+ $, -'./ 01'#+ 2LAS  

C1i8/ G1)E! (LAS +K 0><1j >k<3& ?0#8C!1>85#3b  Li2O:Al2O3:SiO2= 1:1:2 )K  #`\5 C >K ? l!#*L 

8_!1Z  ?+K m-  W-n -  3)89>A  (o<1)2G .+K F"+h8C! M! DTA +5"  (G1)E!  (D2G ûC 585 FM!2%!A1>  ( 2*G 

- )K $,1R V"1] 7$'1=+ < !>. ? " F"-"#;5 ûC 800-650 C >K ?2G ]19[ .  

]ZG)11 (#dV!  (XRD )%#$% :;< 7$'1=+ < !>.  ?67895 !   D+E*%  *5? 2*," . )*%!#U +*,  ( >85#%+*%  ( - 

R5-"#pC! )KFM!2%! nm 40-30  " 5M1)\ G1)E !3+q" F2G2%! .  

]ZG)12 (O16 KXU  ?)%#$%+,  (:;< 7$'1=+ < !>.  ?67895 !  D+E% 5?2," .O *16 G *1)E+_ *3c) 3  2*%+K 

KXU  ? " F"-2;5+,  (>k<3&  ?nm 400c 900 - 1760 !  D+E% 5?2," . " 4+d\, 7$'1=+ < !>.?c D#3 +*, (

Ni  " D+Z5+,  (:E, - oU- +or?c +U3Hd3R D#3+,  (Li 5?2%#G .)K $,1R :7' - +K Y<11>  st*C  u>*%! (

o<11q?c +,2%+K (KXU ?)K = #S >v+\85 Y<11> 5?32\K+.  

  
 !" 11- #FG! +XRD 3'45 C 3'45.!06'7 6'D@E LAS  " 898." +:$*';8 < !0= 1(:@A. ]19[  

8B-  ?7$'1=+ < !>.  ? " F"-2;5 ûC 650 4+q%! )8@>Ac2G+K +,2%+K  (KXU  ? " 685 - nm1110 !   *5? D!#*< 

)K A+, !X  (%->8ZV!  ?3
A2(F) 

3
T2(F) - 3

A2(F) 
3
T1(F) 3 D# Ni

2+  " D+Z5 +*,  ( N! 2*,+80!  )Z&*G   #*7K (

:&/% "!" .)K $,1R >O3w 5?D!#< :7' D25x"#U#K +,2%+K  (KXU  ? 6*7895  " G *1)E 5!>*C1b !   )*K   !>*B 

R8@>A D#3 Ni
2+  " D+Z5+, (67895 )Z&G  #7K3 (+ D+Z5+, (67895 G1c)E :&/% "!".  

  
 !" 12- &'( 2HI 13'45 C 3'45.!06'7 LAS  "  #B= JG8K8% 1Ni C  " 898." +:$*';8 < !0= 1(:@A. ]19[  
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]ZG)13 (O16 >E%  (G1)E - G1)E5!>C1b  #0X5 !   " F"-2;5  (D-"+5cH5>B D+E%  *5? 2*," . F2,+E*5 

5?"#G )0 G1)E+_3) ,1)%#dy >E%  ( " !3R .+%1) M! "#L D+E% $%?2," .+5! e_ M! 7$'1=+ *< !>.?c _ *1b 

Ro_ D-"+5H5>B z#K>5 )K  !XA  *%->8ZV!  ?3
T2(F) 

3
A2(F)  *3 D# Ni

2+  "  D+*Z5 +*,  ( N! 2*,+80!  )Z&*G!(c 

F2,+E5 5?"#G .+K !H@!3I +5"  (7$'1=+ < !>.?c =2G 5#V1e\/\ )K :7' Y<11> D+Z5+, 3 (D# Ni I,+0 

5?32K+ - N#OP#5 Dx )K "+k53> >8$0) M! 1300 )K nm 1225(  I,+0 5?32K+ . " 8%1)q  " !3R c" #5  +*5" (

7$'1=+ < !>.  ?ûC 650c )K D!#\' +5"  (jC+\5 7$'1=+ < !>.  ? " >`% )8@>A 2G .F"+5 {+hG G1)E  #*7K (

LAS )0 +K D#3+, (Ni
2+ ax13F2 c2G+K )K D!#\' #k<3: F2\\0 @1>&  #% (- V1 H :V+. 25+U ">K +0 " !".  

  
 !" 13-  C 45'3 +05% ('&45'3 7'.!06LAS 1JG8K8%  #B=  " Ni (:@A. 1< !0= ;8':$* +898."  " C ]19[ 

4-2-3-  $# !" (#%&' 2+#01' -'./ $, 3.#45.6)LAS  

)E1G)E1G ?3+1$1G j10>< +K b15!>C )3+_73%SiO2- 15%Al2O3- 12%Li2O)K   F!>*$,3 %  )*%!#U ]*5+' !M

ZrO2   - %1-2/0 Nd2O3     2G F"+5x ?fV+L+% D!#\' )K  . ' epC       F"-2*;5  " ?*< !>. =+17$ûC 830-800  " 

D+5M+,  (hr 50-1 >K -   (G1)E+_3) 4+q%! 2G .+K 4+q%! 7$'1=+ < !>.  ?)K <><1j - +K !H@!3I c+5"  +*,M+@ (

N#7;5 25+U  -!3>0#3+8p3: -  -R5-"#pC! ZE<1] 2%2G . " O16  KX*U  ?G *1)E - G *1)E 5!>*C1b ! *3R 

C1i8/ <-+h<  ?F2,+E5 2E% .+o\<  " 5F"-2; Ih\K[! -+5 O16 G *1)E 5!>*C1b  :&/*%  )*K G *1)E+_ *3c)  )*K 

=2G +,  (><a+K Y<11> _1!2 ">0 .V"1] !3R Y<11> !H@!3I 51D!H I\0!>_ ]S+. M! "#U-  +*, #7K  ( "  F"-2*;5 

N#O P#5 Ih\K!>@ 5?2G+K ]20[ .  

]ZG)14 (O16 >E%  (G1)E - G1)E5!>C1b !3R C1i8/ !  D+E% 5?2," .2 _1b  " \5 *\;  ?5#V1 e\/*\ 

!3R "!#5 F2,+E5 5?c2%#G )0  z#*K>5  )*K  +, !X*A ( *%->8ZV! ?4
F3/2  

4
I9/2 )nm930-880( - 4

F3/2  
4
I11/2 

)nm1100-1040(5?2\G+K .!3R O16+, )K V"1] R8@>A !>B D#3+,  (Nd
3+  " -"  D+*Z5  6*7895  )Z&*G  +*3 

 +8L+C "#U#K 5?x32\.  

  
 !" 14- &'( .#G'LMEM N#O Nd

3+
 .1- 3'458POQ42- 3'45.!06'7 02 8PO4  -!O0R#O8@SOQT 3- 3'45.!06'7 

02 8PO4  -U.C"#S6! .)a( 
4
F3/2  

4
I9/2) b( 

4
F3/2  

4
I11/2 ]20[  
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5- 789/  

   N>8\0 ?< !>. =+17$' 4+q%!   -"  " )0 F2G     )%!#U = #S )K - )7.>5          ?*5 = #*S !H*q5 2*G  - ?*%M  c">3X*_

        M! I1K (>85#%+% (+, #7K D25x "#U#K N+$8.!50 %      ?*5 i,!>*@ !  ?*$q." -x .          ]*1V" )*K - :*V+. R*3!  "

     )E1G R1K :/ZG j3>| i0 {g8L!    )7S+. ( #7K (+,M+@ - )3+_)   #% ?3HU I\0!>_( )E1G c  {+hG b15!>C

 ?5 ]S+."">A . ?fV+L+%  #T.   )E1G  " 67895 (+,   R1*K - b15!>C      D+*Z5  " +*o%x ?\1E*%    6*7895 (+*,

)Z&G     (+, !X*A D25x "#U#K J'+K (!                    " (>E*% - ?KX*U 6*7895 l!#*L )*q18%  " - ?*%->8ZV! 6*7895 

N#O P#5  (+,IR    2G 2,!#L ?Q>5 -  .   )E1G }#% R3! M!b15!>C ?5 +,      >1`% ?Z18_! 67895 (+,">K +0  " D!#<

     F2\\0 :3#k< - 25+U :V+. (+, H1V   ">0 F"+h8C! ( #% (+, .I1_  ?5 ?\1K      ?f*V+L+% D"-H*@! +K )0 "#G  (+*,

  F->A M! >d3"                  l!#*L D!#*8K +o%x M! }#% 2\r D+5H$, D"-H@! R1\y$, ?0+L  "+% >S+\' - ?V+k8%! =!H7@ (+,

       :@+3 b18_! )\15M  " !  (><232U - >875+0 .               " F2*\3x ?*71$Z< =+*k1k;< (+E*d,!  )V+k5 R3! )0 :C! 215!

2G+K ?Z18_! )8@>E1_ "!#5 )\15M .  

:;'$4  

1. D. A. Duke and G. A. Chase, Glass-Ceramics for High Precision Reflective-Optic 
Applications, May 1968 / Vol. 7, No. 5 / APPLIED OPTICS, p 813-823. 

2. Peter Hartmann, et al., Optical glass and glass ceramic historical aspects and recent 
developments: a Schott view, 1 June 2010 / Vol. 49, No. 16 / APPLIED OPTICS, p 157-
176. 

3. Fouad El-Diasty, et al., Optical band gap studies on lithium aluminum silicate glasses 
doped with Cr3+ ions, JOURNAL OF APPLIED PHYSICS 100, 093511, 2006. 

4. Pannhorst Wolfgang, Development and application of glass ceramics, Glastech. Ber. Glass 
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5. Wolfram Holand, George Beall, Glass Ceramics Technology, Published by The American 
Ceramic Society, 735 Ceramic Place, Westerville, OH 43081. 
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 !"#$% $&'(") #$*+, $- .!/0)12$3-4!5 #1% #6#'#7)4), 3 

689!-:) .;)$:  

 !" #$%" &'(%)*1"%+,- ./0123 *24" .*5+67 *3$%89 :-';< .=2
  

1  !"#$ %!&'()*+*),$ -$. ) *)/0 %12'()* +345 6 7,89 !:)6 ;<13 -=)>#5   
2  !"#$ %!&'()*+*),$ -?>() 6 *),$ %12'@6AB C -  

3 $ %!&'()* !"#+*),$ D89 6 -EF"G %12'()* +>H IJ  

tahere.aref@gmail.com 

  

&>/?@:   ) /) K!@ IL   M>N O@6AB +     P  >QRPS5) >T) ;>E"   * >PN I 1@/)!PU>C NM1V  P;!   ;8 P;R;D )M)* C 

8&W1N+ ) I()>+   M>N 6 +  'SX 71&4E ) +  M 6 IM1EX1 Y  Z ) 1#(0  . ) [NIL  [(,S( M,\"$  1@+I    ],P8^$ /) 

80  (/6 !GM* + NM1V ;!   ;8;R;D  O$ 1N  400   %)>S@ -10  P(/6 !GM*+   8&W1PN /) + ) I P()>+   6 10  PGM* ! 

(/6+ $,W0 ;-1" #5 ;[      %M,V 6* M* 6 I&+   ),@ >QRS5) 1N )RV);!C ( * 6I>2C   ( >QRS5) 1N ;>EI!C-  1$* M* C 

ºC1500    =1$/ 6 5    Z91  ;>E" !(!H  .)IL  RPV) >QRPS5) M* [V !H _`  >$) ;!C* I /)!PU>NM1V  P;! 

 ;8;R;D    M a1b5) 1N +    ( >QRS5) M* 6 ;>EI!C- * I/)!U> NM1V ;!   ;8;R;D     P  a1bP5) 1N ;(,W1+  &'P5 ;c 

**>U .  W12d -c^8^5 ef +   'SX 71&4E ) 6 +  1$* M* C  ) g15) IL [(!N   %/)!() 1@ U;>C     1PN 6 I !P&I>2 

13$I[R        [(,S( Z^B 1N [V !H %!@1'$ 6 !H     ( >QRS5) M* 1@;>EI!C-  >35 c^8^5 I h1P`       6 %!PH >PN)>N 6* 

ER()*;[ O@1V  I[Ei1    (1&$ j),X 6 Z ) ;&+ ( ;Y      M,kN -ZP ) %*>PV Zi) I [P&  4EP ) 71&  'PSX +  /) 

MPa40     [(,S( M* ;>E"       [N ),@ >QRS5) M* %!H MPa27     [(,S( M* ;>E"     ( >QRPS5) M* %!H ;>E PI!C 

 M;! ."lS@;L     m5 1N [V !H %!@1'$ ;;>  6 ->QRS5) IUA+ 1@C M IM1EX1 YC      m5 M1Pd* [(,S( >@1n 6  P;;> 

!H.  

1- A<> <  

!U>I*   1N +I1@/)a1b5)    j,b^N C!;RV) a1b5)           D;RP;8;  !;NM1V a6)!E$ 6 ["IY@ DV C1@/)!U>I* oYp + M 

   =0 !;W,5 [V %*,N         [5,N ZX1  M* 6 Z ) M)*M,X>N +Iq1N Z;N,`4$ /) 1@  [E^IM /)!U>I* C1@    C1@M1U1P  -C>PU

 +";d ZF"G     +$ %*>N M1&N M1;RN -/)!U>I* <14QG L;"lS@ 6 C/1 !(,H .hq,SF$  +&;(1P&$ j),X -1@*>NM1V 

      C1@/)!U>I* +U*M,X [N Z$613$ 6 q1N 1$*     1N D;R;8;  !;NM1Va1b5)        *,Pp,$ [';H /1i =)Y;$ r ,5 C!;RV) 

+$ s^'$ 6 *6!4$ =0 +U!(,H 7>( C1$* L;"lS@ 6 _;V>5 M**,H]1[.   1PN +S;R;8;  !;NM1V C1@/)!U>I*

a1b5)     tM C1@/)!U>I* [N Z`R( + M -   ) u91N <,$1H   OI)Yi3-5/2        O(1 M C)M)* 6 %!H %M,V %*/1N >N)>N 

   C>5q1N +I1$>U)  h1`I>358 >N)>N  (  <,$1H *),$ /)-     %!PH [PE^B %*1P$ Z;Q;V *,`#N u91N [v;E( M* -!"ER@ tM 

+$!(,H]2[ .  

[(!N     1N +S;R;8;  !;NM1V C1@a1b5)    [(!N [N Z`R( +(,W1;    C1@   C!;RV) a1b5)    71&4EP ) -+S;R;8;  !;NM1V

*                    1PN [8N13$ M* 6 !(M)* C>E#N C/)!U>I* Z;G1X 6 q1N +5M)>: w,H [N Z$613$ -DV C*1FN) e()>85 -q1N C1$

x)y$                    +P$ =1'P( *,PX /) +N,X +U*M,X Z$613$ =!H !;RV) >N)>N M* 6 CY8i >;z 6 CY8i C1@ !P"@*]6-3[ .

=,W1;           +$ %*1QE ) q1N 1$* *),$ =),"9 [N +F; 6 M,{ [N 1@   )>I/ !(,H       +W1P9 +&;(1&$ 6 +5M)>: j),X C)M)*

         1N D;R;8;  !;NM1V C1@/)!U>I* 6M LI) /) -!"ER@a1b5)            [Pp,5 _PW1p -q1N 1$* j),X *,`#N c;W* [N +(,W1;  

!"ER@ .           1N D;R;8;  !;NM1V C1@/)!U>I* [;#5 !I!p !"I)>i >2I* K>{ /)  a1b5)       =1P 0 6 =)/M) -tM /) =,W1; 

      *1vI) >N %6.9 6 %*,N1b5)a      +$ Y;( OW12d =*>N q1N u91N *,H]7-8[.           +P(*6Yi) M)!P3$ 6 |,P( >2I* K>{ /)
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   [()* C?,W,i>$ C6M >E";       +$ >;T15 1#(0 !HM 6 =,W1;  C1@*M)yU .       /1i C6>()>U 6 +U!(,H 7>( C1$* L;"lS@

    +$ OW12d Z9>  6 [';H   +(*6Yi) [8; 6 [N !(),5            *,PH %*)* >P;;m5 CYP8i C1@!;RPV) JP8E^$ C1P@]9[ . /)

[8Sp                  C/)!U>I* 6 +&;(1&$ j),X *,`#N -+8G) [(!N [N =0 =*6Yi) Z89 [V Z ) 1";$,W0 +(*6Yi) *),$ LI) C)

   [(!N _;V>5 M* 1";$,W0 +(/6 !GM* %* +"IY2I1p %!H %M1H) [V CM,{ [N -Z ) %!H =1;N+$   [PN Z$613$ !(),5

        !@* OI)Yi) )M [Fk} C>IyB w,H 6 =!H !;RV)]12-10[ .  M,b5          ],P8^$ [PN 1";$,W0 =*6Yi) [V Z ) LI) >N

  V 6 tM    -C!I>E;( >QRS5) M* D;R;8;  !;NM1           OI)Yi) [v;E( M* 6 +(,W1;  C1@/1i c;&'5 C1$* O@1V _p,$ 

 +$ 71&4E )*,H . =0 >N1"N         [P(),p =),P"9 [N 1";$,W0 M,~: !H %M1H) [d           !P;Q$ ZPIq,$ /1Pi c;&'P5 ZP#p )/

Z )]13[    C1@!"I0>i <q*1F$ �`{ 6                  cI!P`5 +(,W1;P  C1P@/1i [PN %!PH c;&'P5 ZPIq,$ /1Pi -a1$>5,N>V  

+$ *,H]14-15[ .     +$ >\( [N -<q*1F$ LI) �`{           OI)Yi) a1SE:) -!H1N >E';N ZIq,$ /1i M)!3$ [d >@ [V ! M

   1EN /1i c;&'5 M)!3$-    !H !@),X >E';N =,W1;   .  M*>QRS5)      1N 1";$,W0 Y;( C!;RV) SiO2     +i>b$ tM /) cG1:

V)6        [';H /1i D#  =0 [v;E( M* 6 %*)* O"    +UAI6 6 [Ei1I O@1V C)    +P$ *,`#N C/)!U>I* C1@ !PN1I .   LPI) M*

ZW1:  -M,8N1@C q,$ IZ   /) 1$ =6M*I�  +51&;8; 1";$,W0 /,&RI6 !HM $+"V"! 6    6 C>E$,;V,E ) -C?,W,i>$ [E`W)

ZIq,$ _;V>5Z ) !;W,5 �6M 6 [;W6) *),$ |,( /) c$1V �N15 ]16-10-11[.  

2- B/C%6D*E'FG =%(  

2-1- A/CH- I-J<  

         a1(,U)Y2@ D;R;8;  !;NM1V O@6AB LI) M* %*1QE ) *M,$ [;W6) *),$) (  O$ 1N -400)       =0 eP&I) [FPH) C,2W)

   c&H M*1   Z ) %!H %*M60  (    +()>I) +8&W1N 6ARB20    �;39 L;p)M,  )      a6!p M* =0 +I1;S;H _;V>51  =1'( 

  Z ) %!H %*)*(  -1";$,W0)  O$270(   /)             c&H M* %!H %*)* =1'( e&I) [FH) C,2W) 1N 7!()M,V |,(3   %)>S@ [N -

 a,PPP84$5/1  _RPPPd +PPP(/6 !PPPGM* PVAZPPP )  .[PPP(,S(  <1PPP`;V>5 1PPPN D;RPPP;8;  !PPP;NM1V C1PPP@

(80%)SiC+(10%)BallclayARB20+(10%)Al2O3  M*>QRPPS5) 6 ),PP@ >QRPPS5)  ZPPN1T C1PP$* M* C!PPI>E;( 

ºC15006 %!H Z^B Z91  �"B >E";  =1$/ M* -71( 1N _;5>5 [N  C1@SBOA 6 SBNA=1;N !(!H .  

  

 !" 1-   ! "# $%&%'%( )%#*"+ ,-./ 0123 4/23 5067/40089":;(/ 9*0!  
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#$%& 1-  <'-7"# ="> <."%?%@ A%7"BCARB20<BDE )F*9 G&H 2# I%JK L%M/*0(  

L.O.I  SO3 CaO K2O  Na2O TiO2 Fe2O3Al2O3 SiO2  <'-7"# ="> <."%?%@ A%7"BC

ARB20I%JK L%M/*0(   
12  1<  5/0<  2<  5/0<  5/1  5/1  22-21  60  

  
 !" 2-  <'-7"# ,-./ 0123 4/23 5067/ARB2089":;(/ 9*0! I%JK L%M/*0(   

  
 !" 3- 89":;(/ 9*0! 5"N%!07C ,-./ 0123 4/23 5067/  

2-2- $%K LH$  

      +8&W1N 6 1";$,W0 )!EN) [(,S( [;#5 C)>N       �W) /) 6 %!H 1; 0 270    +$ ],8^$ -%*)* M,`9          x0 1PN %1P2(0 6 !(,PH  _P;V>5

     *,H x1z6* c&H [N 15 %!H .                  <!P$ [PN -=!H ],8^$ /) eB 6 %*>V [i1�) D;R;8;  !;NM1V [N )M %!H [;#5 x1z6*

24�'X =6M* Z91   C1$* 1N LVºC110 *,H �'X 15 [Ei>U M)>} .  6 %*>PV *>X )M %!H [;#5 ],8^$ =0 /) eB

              �) _Rd 6 x0 =0 [N C/1  a,()>U M,\"$ [N 6 %*)* M,`9 �W) /) +$ [i1*,H .a,()>U    M1'i 1N 1@MPa 250   rP ,5 -

        =,ER;B >k} 1N �;W6M!;@ %M,4$ �5 t>Bcm13             ZPN1T C1$* M* =!H �'X /) eB 6 %!H t>B ºC1500   [PN 

%M,V M* Z91  �"B <!$ =?6>E;( 6 ),@ >QRS5) 1N a>E"V >QRS5) +I1@) j,8X 1N9999/99 (!(!H Z^B .  
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3- *,$'E H MNE  

3-1-  'O-'8P+G- 'E '5Q/, A7J+7 ='(%R 0?S %(  

  [(,S( C>@1n + M>N  +$ =1'( 1@   [(,S( M* [V !@*     M* %!H >E";  C1@>QRS5)       =1;N Z^B rI)>H 1N 6 C!I>E;( 

 �;@ -%!H         +S( %!I* +2$>i* 6 a615 -[&W c;`} /) +`;9 [(,U*,H )c&H4 (          �kP  M* [PV Z ) +W1: M* LI) 6

[(,S(     M* %!H >E";  C1@  a615 -C!;RV) >QRS5)C1@   !H %!I* !I!H  .         M1EiM M* !I1N )M a615 6 �,p *,p6 Z89

              [(!N M* [V <M,G LI) [N -*>V ,vERp [";$/ _;V>5 6 =!H !;RV)SBOA        O"PV)6 ->E";P  =1$/ OI)Yi) 1N 

    [(!N LI) M* *,p,$ C1";$,W0                  [Pv;E( M* 6 [PEi1I OI)YPi) -=A;RV) M,~: M* tM 6 D;R;8;  !;NM1V <)M� 1N 1@

 8; 1";$,W0 x)y$          /1U �6>X /) �(1$ [V %!H c;&'5 C>E';N <1&;co     [(!N LI) M* %!H c;&'5  +$ 1@   M* 6 **>U

 a615 [v;E(   +$ *1vI) !I!H C1@*,H . a615 +E}61@   +P$ !HM    +P$ -!P""V         �)M,P  =6M* [PN ),P@ 6 !P"V>5  C1P@

           +$ M)>&5 ZSR} =0 =!H !;RV) 6 %*>V �,Q( M1EX1 YIM M* %!(1S;}1N*,H .  N �I1E( �N1k$      rP ,5 %!P$0 ZP !

      a615 LI) e"p -e&I) ,5>B �)>B C,2W)         6 ['P;H -Y5M),V -ZIq,$ C1@/1i /) 1@SiO2  ZP ) )  c&PH5( .  /1Pi

     a615 LI) M* *,p,$ D;R;8;  !;NM1V             ZP ) a615 =!"V 712"@ M* D;R;8;  !;NM1V =!H %!;H)>5 /) +H1( Y;( 1@ .

c&H6[(,S( >I,b5  C1@SBOAZ ) .  

  
 !" 4- OB0?B 2.0P1 5"QSBNA R#"S 5"!9 *9 ºC1500 2;N%( T"!D E 5RK"(   

  
 !" 5- UE"1  ! "#$! %&'( )!'( *%+,! '$%-&./%0/ 123 45 678 9:#;& *<=  *<=SBOA  

  
 !" 6- ./%0/ '$%-& *<=SBOA >?<@ *<A5 45 ºC 1500 'BC:3 D<A  E 5>F<3   
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3-2-   !" #$%&"' ()* +,-,& . /0)12  3  4567   

     !"# $%&%' ( )*+,- )./0#  1+2SBNA   ( SBOA  )3 4+5!     6(+' 789( +#  : "27      ;<=. /7 >"? $@A5' 1+2

   !8B!SBOA        CD EFG/ E@# HI ( SiO2          !8B!  # JKL!  !8B! ECI )*+,- MNG+O3 SBNA       4P $=%&%' ( 0F5=@# 

   J.I 0FB:)$A?7 .(    )3 I/ 03I ECI $@*7 ECI 4I8'            "=@#/+: QI/R +# +S@38*P M1"C0F@! 0TLB'I /7  : 70:  @98'  !8U

&@.    )3 VS:I( W/ ( X@L@   "S: 7+YCI 48*+LC+' M"27 .        $%&%' +S@38*P 4"? Z+@[I $@*7  # \+,S2 ECI /7   H+=# 1+2

     )3 7+YCI 4](0F@! R8T! 1I0# )K.+S3       )3 )*+,- V2+: ^K. _@! 4P ( 78?770U .            =#  =98' +=# 0=,C7 `0=a HI

          !8B! /7 0F5@#  5@? H+G /8b[ "2+? )5#(/ )!(0FA*I c8A.(0A@3 0C(+d'   SBOA         M 5=@? H+=G E=CI  : >78# 

       )3 VCI_GI I/ e+'I 1+37 /7 )5Bf \+AOF.I"27 .     $%&%' "?+# 0F5@#  5@? H+G  -02        ( >"=? 0g 10F5@# 1+2

)3 VCI_GI  F@L!I7"#+C .  !8B! /7  5@? H+G 478# 0FB:SBNA$%&%' 4I_@3 VCI_GI hi+# )3 H+# 1+2 770U.  

   
 !" 7- )>3!4 (C:3 ./%0/ 9GHG& I:+/<:A 45 678 'B'JK0&!E *7$'B:/ E *7:KL!  )MN ( ./%0/ O,<+N I:+/<:A

 45 678 'BC:3'JK0&!*7$'B:/ E *7:KL!   

3-3-   !" #$%&"8)&" ')9: ;: /<%= >)?@47"  3  4567   

           !8B! /7  : 78# ECI 0# /8d' I"F#I /7SBOA   6(+' $@*7  #              E@=# HI ^K=.  =:  !8B! ;<. /7 >"? $@A5' 1+2

    CD EFG/SiO2                  +=F# H+=G 78=9( MJCD83 H+G VCI_GI $@*7  # E@SjB2 ( >"? 4P ;<. /7 NG+O3-    ( 48*+@=. 

  k@' $@A5'        !8B! /7 QI0T[ $fI7 /7 +2SBNA             =!8B! /7 e+='I 1+=37 /7 )5Bf \+AOF.I MSBOA    HI E@C+=g 

   !8B!SBNA    ECI  : )*+[/7 M"?+#          $A? l#+<3  : "? >"2+53 ( 78K!  !8U8       S=g 0FS@=. 4+=3H /7 M   MJi+=. m

   !8B!SBOA          !8B!  # JKL! 10'D+# )5Bf \+AOF.I 1I/I7 SBNA J.I  .        n8=#03 `0a oC HI 03I ECI J&i

               !8B! "SCP0G 478# 1R8T! $@*7  # 1"C0F@! 0TLB'I /7  : J.I ECI  #SBNA          \+=Y!I 1I0=# 10F5=@# 4+=3H  # 

    k@' "?/ ( "SCI0G     $%&%' 0.+'0. +' J.I p+@F[I +2     "27 V?8g I/ +2        !8B! /7 0,C7 `0a HI (SBOA   $@*7  # 

                =# JKL=! 0=FB: $=%&%' ( >"=? $@A5' 7+CH  5@? H+G

   !8B!SBNA        J=.I 0F5@# e+'I 1+37 /7 )5Bf \+AOF.I  .

           =!8B! /7 0F5=@#  5@? H+G 789( J&iSBOA      =# JKL=! 

   !8B!SBNA            =: J=.I 0TL=B'I /7 0F5@# 4q@L:I 789( M

    H+G $@A5' ^K.SiO2   J.I >"? `03P  .H     =: /8<SB2 I0C

)3         H+=G 17+=CH /I"=r3 1"@L:I 0TLB'I /7 W/ 789( X@!I7

  )3 7+YCI `03P          0=FB: $@*7  # 1"C0F@! 0TLB'I /7 )*( "S:

 7+==YCI 10==FB: `0==3P H+==G MW0F==.7 /7 4q@L==:I 478==#

)3 78? .              =# JKL=! 7+=CH  5=@? H+G /8b[ e+'I 1+37 /7

)3 0'D+# 70. \+AOF.I ^K.  *+FLC0: 1+2H+G 78? .  

 !" 8-  45 678 'BC:3 ./%0/ P<&! *<A5 45 O;0Q R<#SB3!'JK0&! *7$'B:/ E *7:KL!   
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3-4-   !" #$%&";)4=)7AB;  3  4567   

   $A? 0C(+d'9    !8B!  # n8#03      /7 >"? 0FS@. 1+20TLB'I       J#+s 1+37 /7 ( 1"@L:I ºC 1500    0FS@=. 4+3H (

5  J.I Ji+.  . )3 >"2+53     0C8d' /7  : 78?a9     @3H oC $@A5'  5@? H+G           /7  =: >7I7 I/  F=.8@g X2  #  S

        F.8@g X2  #  S@3H ECI 4/(7$%&%'  789( H+# 1+2   7/I7          H+=U p(0=f HI )=?+!  :CO2  J=.I  .   /7 E@=SjB2

  0C8d'b9   k@' 17I"t'                       /7 78=983 u=ACI  t=?I vI0=g 18=,*I ( VS:I( w8!  #  98' +#  : J.I >"? >"C7 

 $A?10 k@' ECI M"?+# JCD83 H+G  # n8#03 +2  k@' ECI /I"r3 )*(>HI"!I  # +2 $=%&%' $:  : JL@! 1I  +=2

"27 V?8g I/ .  

   0C8d' /7b11     )3 >"C7 0ALC( 17I"t' _@!     H+G  # n8#03  : 78?   +F# ( JCD83 1+2 -      /7 )=*( J.I 48*+@. 

   )3 >"2+53 _@! +YSCI     $A? "S!+3  : 78?b9    FL!I8F! +20A@.( ECI        "S27 V?8g I/ $%&%' $: "!I) /8d=' 

)3           J.I )G0d3 )&A*+# /I"r3 478# X: $@*7  # 03I ECI  : 78? (     )=3 >"2+5=3 )F[ (       HI )=f0#  =: 78=?

4P   FL!I8F! +2                      E=CI "=?/ 1I0=# 0FS@=. 4+3H 478# X: >"S27 4+5! 03I ECI  : "SC+B! "?/ )G+: /"x  # "!I

 J.I +2H+G)  mC+F!XRD l@x7   mC+F! HI 0'EDS /7 )S?(/  # +2H+G /8b[ ( J.I )3 JG+C 4P78? .(  ECI0#+=S#

                    H+G HI 0FB: /+@L# 1"C0F@! 0TLB'I /7  5@? H+G 4I_@3 J%g yCI0? ECI /7  : "? >"C7 0C(+d' ECI l#+<3

                     H+=G $@A5=' 1I0=# 1"@L=:I 0TLB'I /7 )G+: 4q@L:I 789( M4P J&i  : J.I 1"@L:I 0TLB'I /7  5@?

SiO2J.I .  

b  a 
 !" 9-  O;?E4 O/E'B#,! T%#3E'#:A '$E<-&./%0/  ! 45 678 'BC:3 *<='JK0&!*7:KL!   

  
 !" 10-  45 678 'BC:3 ./%0/ "#$! %&'( )!'( *%+,!'JK0&!*7$'B:/   
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a  b 
 !" 11- ./%0/  ! O;?E4 O/E'B#,! T%#3E'#:A '$E<-&  45 678 'BC:3 *<='JK0&!*7$'B:/   

4- CD64E ' 6F  

1-    !8B! J%g +#        /7 W/ >I0B2  # X@L@&@. "@#/+: 1+20TLB'I   +' ^@i M1"C0F@! 6(     "=? `0=a0# )=U7H . /7

   \_@!+A3 HI )AC  Y@F!   6(+' ^@i $@A5' 1+2     J.I X@L@&@. "@#/+: QI/R 4"?"@L:I M)U7H .   ECI /70TLB'I 

           1/8a  # "SF?I7 )#8&<3 J@tz( 102+{ 0|! HI Q+t<x J%g HI ug   )3 0|!  #  :    "=@#/+: 4"?"@L:I "./

   J.I >"? }x8F3 X@L@&@. .     M1"@L:I 0TLB'I /7  : )*+[ /7   6(+' /+-7  !8B!   "? "C"? 1+2 .   J.I ECI J&i

              X&@G EFG/ /+S: ^983 48@.I"@L:I HI $~+[ 1+A@&@. +# VS:I( +# +S@38*P  :SiO2       =!I7 0=# NG+=O3   1+=2

"@#/+: !I7 ;<. (  !"# $fI7  # Ji0.  # I82  Y@F! /7 ( >"? X@L@&@. )3 R8T! X@L@&@. "@#/+: 1+2"S:. 

2-  !8B!     /7 >"? 0FS@. 1+20TLB'I     !8B!  # JKL! 1"@L:I         /7 >"=? 0FS@=. 1+=2 0TL=B'I    1I/I7 1"=C0F@! 

                    "=@#/+: QI/R E@# /7 0F5@#  5@? H+G 789( 03I ECI J&i  : "SFL2 10F5@# e+'I 1+37 /7 )5Bf \+AOF.I

J.I X@L@&@.. 

3- )./0#  )3 4+5! +2           !8B! /7 $%&%' ( )*+,- ^@'0'  #  : "27SBOA           =!8B! HI 0=FB: ( 0F5=@# SBNA 

  !8B! /7  5@? H+G 478# 0'D+#  # _@! 03I ECI  : >78#SBOA)3 >7I7 JKL! 78?  . 

4-        )3 0|!  # )5#(/ )!(0FA*I c8A.(0A@3 0C(+d' W+.I0#        =!8B! /7  =: "./SBNA    $=%&%' �=CH8'   +=2

JfI8SAC    k@' 7I"t' ( 0'     $%&%' $fI7 /7 >"? $@A5' 1+2   J.I >"? 0F5@# +2 .    /7 48- +3I0TLB'I !  1"C0F@

 0FB: >"? $@A5'  5@? H+G /I"r3CI /I"r3 ( >78# k@' EJ.I E@C+g 70. )5Bf \+AOF.I J.I X: +2 . 

GH" 9  

1.  M *8? �!+,T*("HI"U0C7 7I83"4I0�' M4+!+9 QI/+5F!I M4+C78BO3 02+a  B90' M /+�# M1378.  
2. V. P. Sivov, “Clay- Silicon Carbide Refractories Based on Technogenic Materials Produced 

by Slip Casting”, Glass and Ceramics, Vol 58, Nos 9-10, 2001.  
3. W. E .Lee & W. M. Rainforth, Ceramic Microstructures book: "Property Control by 

Processing", Chapman & Hall PP 395-495, 1994.  
4. S. Somiya Y. Inomata, "Silicon Carbide-2", Elsevier Applied Science Publishers Ltd, London. 
5. K. H. Jack, "Nitrogen Ceramic" Trans. J. Brit. Ceram. Soc, 376-384, 72, 1973.  
6. Haijun Zhang, Bo Han, Zhanjie Liu, "Preparation and Oxidation of Bauxite- based  -Sialon-

bonded Sic Composite", Materials Research Bulletin, 1681-1689, 41(2006).  
7. P. Pastila, E. Lara - Curzio, A.P. Nikkila, T. Mantyla, "Microstructure and Fracture of some 

SiC-based Clay Bonded Hot Gas Filter Materials After Exposure to Thermal Cycling and/or 
High Temperature Water Vapour", Institute of Materials Science Tampere University of 
Technology korkeakoulunkatu 6, 2003. 

8. H. Q. Ru, N. Zhang, P. Z. Yu and X. D. Sun, "Direct Synthesis of Sialon/SiC Multiphase 
Refractory using Clay", Acta Metallurgical Since (English Letters), Vol 12.NO5, PP1179, 
October 1999. 

9. Ke Changming, J. J. Edrees and A. Hendry, "Fabrication and Microstructure of Sialon- 
bonded Silicon Carbide", Journal of European Ceramic Society, Volume 19, Issue12, 
October 1999. 
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10. W. E. Lee, G. P. Souza, C. J. McConville, T. Tarvornpanich and Y. Iqbal, "Mullite Formation 
in Clays and Clay-derived Vitreous Ceramics", Vol 28,Issue2, PP465-471, 8 April 2007. 

11. N. N. Ault, "Raw Materials for Refractories SiC and Si3N4", proceeding of The Raw 
Materials for Refractories Conference: Ceramic Engineering and Science proceeding, 
published by The American Ceramics Society, Into, Columbus, 186-193, 1982. 

12. J. H. Chesters, "Refractories Production and Properties", Published by the Iron and Steel 
Institute Carblton House Terrace, 1973. 

13. C. Y. Chen, G. S. LAN, W. H. Tuan, "Preparation of Mullite by Reaction Sintering of 
Kaolinite and Alumina", Journal of the European Ceramic Society 2519-2525, 20(2000). 

14. I. Higgins. And a. Hendry, "Production of  -Sialon by Carbothermal Reduction of Kaolinite", 
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