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 ! "#$%&' ()#* - +,-./ 0 1 2 3(4*56   

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

  !"#$%& '(!)*+&%,+-./,012+ 3  4 15#$%&6%78% 9:); 3 <=>   

1- *+,-+  

 ?#@A ?B <@8,5C !81C 4<@D& ?E%/% 1D F@+%7( ?#@A G% 18,H I1J K@> /& 3  &1( 'L87:M <@D%,NC 7H%
F8 !)OP!D 3  !A I72)B /,=QM I,RS+ F@+%7(9(% ?#@A  . T,*L+ ?C /,=QM /& I72)B 3 -!)OP!D

?$%,U G%  &1L2(% !A1C '+ ';1V 'M/%7J W1@=O> ?+1$7C -7@H/1"C X@$ 3 TGY 78&1Z+ /& [(1)+ -1D%G .  

!A1C ?#@A <=> <@D1L+ 3 I,;% 7C -/37+ 1C 1+ \SC ]37A ?B 9(% 'Z^)+ _` .  

  
 ./01 - ?#@A 3 /,=C 4a81+ WY1J K@C b1QM/%  

/&  /1OA c"A 1<@)B '+ ?dJe+ f%g+ F8 -%7C %/ 1+& [hJ 7C  i83 <jJ ')S)+  . K8% <@)B k7P
&/%!$ -% ?=J7+ f3l 3  &,C 'EXU FM [@B7M .m^Z$ G% f%g+A  1+ ?C F@+1)8&,+7M -1QL0% 3 &,A '+ &7(  

 7@h+ ':@Qn W/,; ?C f%g+ ?B &G,+o '+ABCD8G /& 7@h+ K8% 'n 1C 3 !)8XH '+7C %/  -1+& 7Tf ?B 
&,A '+ I!Q+ -/,=C !+1U F8 ?C 49(% &1Oj$% -1+& . %/ 7@h+ K8% &%,+ mOD p1+3X0 ?B 9(% K8% 9@:q%3 1+%

 7@h+ 'n 1C p1r:C 3 !))B 'O$ 'nABE!$3/ '+ s@`  . m^Z$ 1M !)B c;1J &1Oj$% ?B K8% 63!C a81+E 

&,A '+ ?2(1B 6o 9@01@( G% p1QM7+ 3 &3/ '+ s@` ./,n 61OD c;1P !J /& !@)B '+ ?dJe+ ?BB 1M E 

 f%g+ ?C p1Je^;%Super cooled liquid&,A '+ ten%  . ?^Z$ /&E ')S)+ /& '(,hS+ [@A 7@@uM 
 T,*L+ ?C &1Oj$% ?B 9(% '01J /& K8% 3 9(%  !A [=; a81+ !:C ?C ?^Z$ K8% G% peO> 3 &,A '+ c;1J

9(%  &%!$ v/ w&,V 'O=> . ?#@A ?B 9(% K8%!)+1$ '+ -G1j+ !+1U %/ . G% _` ?x 6o I1J 7D ?C ?2Q0%
 m^Z$E 9(% '201J ?C 6!@(/ 6o 3 &/%& 'O=> y87:M F8 !+1U <@$%& '+ %78G &,A '+ f,hS+ !+1U <8/%& 

!$1OC 9C1z  &1+ <jJ 3 c"A ?B . ?28G,"h83 -Y1C /& 901J K8%)-37$%7H (1013 c;1J ?#@A /& G%,` 
'+  -1+& 61OD ?B &,ATg9(% -% ?#@A 901J ?C I1Z2$% 18  .  

<8G%&7` '+ 1D F@+%7( ?#@A '):8 '=;% \SC ?C ?#@A 7@h+ 7R2N+ '(/7C G% _` I1J . ?B 9LH !81C
&/%& /%7q ?#@A 7D &1*$ /& 3G/o F8 W/,; ?C /,=QM . 7@h+ 1+ ?B <8&7B ?dJe+ 9AgH ?B 'M1S@{,M /&

 !8% 81OM ?B 'C%g+ G% %/ '"@+1)8&,+7M Io 7@h+ ?C %/ 6o /1QU% ?C 3 <@2P7H 9(% ?2A%& &1Oj$% 3 /,=QM ?C c
<8&7B 98%!D 6!A ?#@A . ?#@OD s8,V 61+/o ?C I,RJ -%7C ?#@A F8 ?B 9LH !81C  &1( 7@Q:M ?C 1+%
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9(% 9;7P /1d2$% /& .  X@012h87B -% ?#@A 7D &&7H <D%7P 7H% 3 9(% '"@2@)B 9;7P F8 9;7P K8%
&,A '+ .1A ?2Q0% 7D I1J 7D ?C '03 &7@H T1j$% '2N( ?C /,=QM cO> -% ?#@A -1D <2h@( G% 'r:C /& !8

!A !D%,V  X@012h87B [(1)+ |8%7A 6!+o <D%7P W/,; /& -% ?#@A . c;1J /,=QM -% ?#@A /& 7H% p1+,O>
&7B c8!QM KhJ ?C %/ [@> K8% G37+% 7#C <=> 1+% !8o '+ f1hJ ?C ?#@A -%7C }Z$ F8 K8% &,A 9(%  

9(% ?2P7H &,V 9+!V ?C %/ 6o 3 . -/1@hC /& ?B K8% 6o 3 !(/ '+ 7d$ ?C TGY ?2"$ F8 7BgM 1U K8% /&
 3 9h@$ K"O+ !D!$ v/ 6o /& '$,@(%X@012h87B ~@D ?B -% ?$,H ?C f%g+ F8 6&7B &7( pY,;% &/%,+

&,A '+  X@012h87B -!J 1M I,RS+ .  

C 9h@$ K8% 1+ \SC &/,+ I,RS+ 1+% 3  !A I72)B W/,; ?C ?#@A /,=QM 1D F@+%7( ?#@A \SC /& ?"=
&,A  X@012h87B ?#@A &,V ?B 'M/,; 7D ?C ?$ 3 !D& '+ v/ 9(1+ 7d$!+ ?B/,n 6o . 6,@(%X@012h87B !J

 G% 1D F@+%7( ?#@A /& p1+,O> '03 9(% 7@u2+501M  100 &/%& &,U3 -/,=C G1P !;/& .  

      #@A ?B <8!A ?U,2+ 1U K8% 1M               c"A ?C 7d$ &/,+ [@B7M %!2C% 1D 6o /& ?B !)2hD 'MY,RS+ 1D F@+%7( ?
                   f,=^+ I,RS+ ?C  !A I72)B 'M/%7J W1@=O> 1C _�( 3 &,A '+ ?2V1( -% ?#@A m:^q W/,; ?C  %,N0&

<@(/ '+ .  

<8G%&7` '+ F@+%7( ?#@A 9:); W,q b1Z$ G% -%  /1` '(/7C ?C 1U K8% /& :  

3/ G%  &1L2(% '81$%,M p1r:C -1D w3/ ?C 9Qh$ 1D ?#@A 'D& c"A -&1R2q% 3 a87( 4],)2+ /1@hC -1D w
F@+%7( 9:); 7M -&1R2q% 7@� 3 7M ?2hDo 47M  !@�@` . 4�G1$ -1D ?u@M 9V1( !)8o7P <@$%& '+ I1�+ -%7C

3 �1@0%…!$7@H '+ T1j$% F@+%7( 9:); ?C 9Qh$ 7M 61(o 3 7M -&1R2q% /1@hC ?#@A 9:); /&  . 

  M%Y1C 6,@(1+, 

   1D F@+%7( !@0,M |V ?C 9Qh$ ?#@A !@0,M |V /& 72#@C 9P18G1C 61"+% 

                        ?�=J7+ /& ?�n,C7+ /12V1�( X�8/ 3  !�))B f,�(/ -1DG1P -.,0,P7+ 3 ],$ �@q& /1@hC I72)B 9@=C1q
1D F@+%7( ?#@A 6,@(%X@012h87B . 

 
 ./02  

  
./03  

  /1OA c"A /&2#@A F8 /& '$G ?$%,U G% '"@M1OA !@)B '+ ?dJe+ %/ F@+%7( ? . -%7C ?B &,A ?U,M
 <8/%& �1@2J% -&18G ?@03% -1D ?$%,U ?C �P,+ /,=QM F8)?=J7+a  ( m=J7+ /& 3b /& 3 &,A '+ T1j$% !A/ 

 ?=J7+c<8/%& %/ /,=QM yq,M  &7B !A/ -1D ?$%& 6!@(/ <D ?C 1C 61+XOD  . &,A '+ ?dJe+ ?B/,^$1OD
 'q1C ?#@A G1P -/%!Z+&/%& &,U3  !$1+.  

  /1OA c"A ?C <@2A%& 1D F@+%7( ?#@A /&  !A I72)B /,=QM 6,+%7@` ?B '�SC c@O"M /&3'+ ?U,M  <@)B .
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?$%,U /,rJ 63!C %/ ?#@A F8 6,@(%X@012h87B c"A K8%  61#$  !A I72)B 'M/%7J W1@=O> 63!C 3 %G
'+ !D& .%,U 7M [(1)+ a{%,+ /,rJ 9=> ?C ?B &,A '+  !D1#+ �^( /& '$G ?$)&/%& &,U3  /%,OD ?B( 4

!)2hD !)8o7P K8% mRN#+ /%& 9*U 3 9A/& -1D I12h87B ?B &,A '+ ]37A �^( G% 6,@(%X@012h87B . /&
&/%& &,U3 X@$ ?$,O$ 6,@(1+7P& 3 T1"S2(% 9P% I1O2J% !)8o7P K8% . c"A -1D/12V1( 78G /&43 5 3& 

C '$G ?$%,U '03% /& ?B -% ?#@A <2h@( %/ 9(%  &%& v/ 'P1B !A/ '+3& /& 3 7R2N+ !A/  %7OD ?
<@)B '+ ?dJe+ .  

      
 ./04                                                             ./05  

2-  "' 12+(3$ *420 5678!"9  

 I1( /& /1C K@03% -%7C1739 T1$ ?C -,h$%7P 6%!@O@A F8 -&e@+ Reamur -7^C ?B &12P% 7"P K8% ?C 
 X@012h87B %/ -% ?#@A -1D !)B )1*$o 6&%& W/%7J 3 ?(1+ 3 ~H G% -72hC /& 1D 6o 6&%& /%7q 1C .( 3% 1+%

!$!A 6,@(1+7P& 3 T1"S2(% 9P% /1x& 1D -7^C %78G 9A%!$ 'ZP,+ ?C7jM . G% _`Reamur 1M X@$ 220 I1( 

 I1( 1M '):81959 m2P/ 1^V ?C s81+Go �e;% 3 /%7"M 9*U /& -%  !A 9Qz w/%XH p%7D1� -&e@+  3%
&/%!$ &,U3 . T1$ ?C -&7P 1"87+o �!S2+ WY18% /& ?B &,C I1( K8% /& 1+%Stookey <2h@( /& /1C K@03% -%7C 

Sio2- Al2O3- Li2O9V1( F@+%7( ?#@A  .!)x I,RS+ K8% '$1�OB |(,M !:C I1( Corning W/,; ?C 
C ?C !)2A%& %/ <@Z2h+ ?=:A cOSM 9@=C1q ?B 'P37� '):8 78g` �,A �37�!+o /%G1 . !)x mLq3 �eV 7C 1+%

 9(% ?2A%gH 7( 9#` %/ 'P75A WY,SM 1D F@+%7( ?#@A I,SM7@( 7@V% -1D I1( /& 7@h+ K8% /& ?01(
&7C <@D%,V '` 6o G% '81D sNC ?C [01^+ ?+%&% /& ?B .  

3- :/2+(3$ *420  "' ;<=2$ >83<?@+  

3-1-  ;<=2$SiO2 - Al2O3 - Li2O 

'N8/1M !:C G% ?B <2h@( K8%9(% /%&/,V7C -%  i83 9@OD% G% &/%& /%7q /!; /& <D  . -%G ?$%,U c+%,>
 [(1)+C <2h@( K8% -%7TiO2 , ZrO2!)2hD  .  

 G1P <D 3 /12V1( X8/ <D %G ?$%,U /%!Z+ 3 ],$ ?B 9(% K8% 1D F@+%7( ?#@A \SC /& ?U,M cC1q ?2"$
!)B '+ I72)B %/  !A  X@012h87B .2h@( K8% /& 1)Q+ K8% 7C  X@012h87B !$%,M '+ 78G G1P ?( G% F8 7D <

&&7H :1- !+1U I,=S+ B- XM/%,B 2- Spodumene 3-� � Eucryptite [87{ ?C 1DG1P K8% �%,V ?=OU G% 
 6%,M '+ X8/ 3 y87� /1@hC W/,; ?C 6!A  X@012h87B 9@=C1q X@$ 3 'L)+ p1r:C 3 7L; p1r:C 'M/%7J b1hQ$%

&7B  /1A% . c"A /&6X8/ F8 &,A '+ ?dJe+ <2h@( K8% ?C b,C7+ /12V1(  .  
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 ./06  

          '+ 1D ?$,O$ ?C /,Bg+ K@012h87B -1DG1P -1D ?RN#+ ?B ';%,V !#NC4         /1@h�C '�M/%7J b1h�Q$% [87�{ 

                      !)�A1C '�+ �1L�A WY,R�S+ 9V1�( 61�"+% X�@$ 3 f,V /1@hC -78g` �,A ?j@2$ /& 3 K@81` .  9@P1L�A
?;1V -%                   '+ �7^+ /1@hC '"@2`%372"0% 3 '"@2`% -1D F@+%7( ?#@A \SC /& 3 7@V% -1D I1( /& ?B 9(%
!A1C .  /1OA I3%!U /&1 3 29(%  !A �/& <2h@( K8% ?C b,C7+ �%,V 'V7C .  

 A),B1  

  

 A),B2  

  
 478g` �,A W1SL; 3 �37� 7@d$ '81D&7C/1B -%7C %/ t,P -1D F@+%7( ?#@A /,Bg+ �%,VradomD  41
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9(%  !@$%&7H [(1)+ -758& &/%,+ 3 1DX)0 4�,"h=M -1D ?)8o .  /1OA c"A7 %/ 1D&7C/1B K8% G% 'V7C 
!D& '+ 61#$ .  

     
 ./07 -1                                                            ./0 7-2  

3-2-  ;<=2$SiO2- Al2O3- MgO (ZnO)   

 X@$ <2h@( K8% /& 7z�+ -1D%G ?$%,UTiO2 , Zro2/,=C -1DG1P !)2hD  <2h@( K8% /& !)$%,M '+ ?B 'O*+ K8
 !+1U I,=S+ !)C18 /,=QMB-�(% 3 9@O=83 49@$1H 49@M12h$% 49878&/,B 4XM/%,B @!)2hD c) . �%,V ?=OU G%

 [87{ 4'Qh$ -G%!H78& 4Y1C '2N( 3 '"@$1"+ T1"S2(% !)#NC '+ I,RS+ ?C 1DG1P K8% ?B 'O*+
0% f,V �81> 4K@81` 3 |(,2+ 'M/%7J b1hQ$%&7C T1$ 6%,2@+ %/ Y1C p12Qh$ 'M/%7J 98%!D 3 ?2@h872" .  

 I3!U /&39(%  !8&7H �/& <2h@( K8% -1D ?RN#+ 3 �%,V 'V7C  .  

 A),B3  

  
 F@$372"0% a81); -1D ?81` 78G 6,x '81D&7C/1B /& <2h@( K8% -1D F@+%7( ?#@A(Substrate) 4radom 

hD �7^+ 'h@n1)u+ -1D ?dP1J -1D Fh8& 3 1D!)2 . c"A /&8 WY,RS+ 'V7C ?C b,C7+ -7831RM 
9(%  !A ?E%/% <2h@( K8% /&  !A ?2V1(.  

  

  

  

  

  

  

 ./08  
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3-3-  ;<=2$SiO2- Al2O3- CaO (MgO)   

 <2h@( K8% /& 7z�+ -1D%G ?$%,UCr2O3!)2hD X)5)+ 3 KDo -1D!@L0,( 3  . K8% /& ?B 'O*+ K8/,=C -1DG1P
@$,2(Y33 4!$,A '+  X@012h87B <2h@(,8%& 3 9@M/,$o 49`!)2hD !81h.  

 A),B A),B55  

  
Y1C T1"S2(% 3 'H&/,V 9+31Z+ 4s81( 9+31Z+- -%7C %/ <2h@( K8% '"@+%7( ?#@A WY,RS+ 

9(%  &%& /%7q [(1)+ 78G -1D&7C/1B : 3 yB -1D sA,` 1O$ �)( 4Y1C T1"S2(% 1C '$1O2V1( �01R+
s81( 3 'H&/,V 7C%7C /& T31Z+ -1D sA,` .RS+ K8% '+ !@0,M �C1( -3/,A /& s@` 1D I1( G% WY,

  !$1(/ W1Qz% ?C %/ 7Bg0% t,P -1D 9@=C1q 1D  1H&37P c�+ -&&7M7` -1D |@S+ /& 6o 6&7C /1B ?C 3 !A
 &3!J /& -!@L+ 7O> /,Bg+ -/1B |8%7A /& ?B -/,n 9(%50!)A1C ?2A%& !)$%,M '+ I1( .  

9(% K8% <2h@( K8% \SC /& <*+ /1@hC m2"$ &%,+ G% 18 1D  /1C7( c�+ '2:); W1:81{ G% 6%,M '+ ?B 
 WY,RS+ 4!)2hD &7C/1B <B '03 !$,A '+ 9P18 /,P3 ?C 9:@Qn /& ?B -&%,+ peB 3 1D 90%G1C c�+ ':@Qn

9V1( %/ <2h@( K8% .  

  
 ./09  

  /1OA I3!U /&4<@)B '+ ?dJe+ %/ <2h@( K8% �%,V G% -%  /1`  .  /1OA I3!U5$ �%,V  G% ';1V ],
 T1$ ?C 3 !$%  !A ?2V1( 1D  /1C7( G% p%7RS)+ ?B !D& '+ 61#$ %/ WY,RS+ K8%Slagsitall!)2hD /,*#+  .

  /1OA c"A /&9&,A '+ ?dJe+ <2h@( K8% G% 'Q01U /1@hC /12V1(X8/ X@$ .  
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 A),B4  

  

3-4-  ;<=2$F-SiO2- Al2O3- MgO- CaO- R2O   

q '81"@+ -1D F@+%7( ?#@A ?2(& K8% -3/ 7C '0,O:+ w%7M /%XC% 1C ?B K8% [01U 3 !)2hD -/1"A%7M cC1
&,A '+ /1B WY,RS+ K8% .  

 '81"@+ -1DG1P 781( 3 9@C,H,=P -1"@+ !$,A '+  X@012h87B <2h@( K8% /& ?B 'O*+ K8/,=C -1DG1P
!)2hD .@hC F872"0% -& T1"S2(% 4-/1"A%7M 9@=C1q 6%,M '+ ?2(& K8% <*+ �%,V ?=OU G% Y1C /1) �81>

?2@h872"0% f,V (&7C T1$ %/ 1DG1H -%7C <B /1@hC -78g` l,L$ 3 .  

9(%  !@$%&7H [(1)+ 78G -1D&7C/1B -%7C %/ /,Bg+ WY,RS+ �%,V K8% :  

 ?2hD a81); 4-/1"A,U a81); 4�eV -1D <2h@( y=2N+ W1:^q 41rP %,D a81); 41D  7Z+ 3 1D �81> ]%,$%
 -%) 7C%7C /& 9+31Z+a#:#M('"AX�$%!$& 3 '"AX` a81); 4 .  /1OA c"A /&10 K8% ?C b,C7+ /12V1( X8/ 3&

9(% &,*#+ 6o /& 1"@+ -1D ?q/3 /,rJ ?B 9(%  !A  &/3o <2h@( . '5+7Zx s8%XP% c+%,> G% '"8
(toughness)!)2hD 1"@+ -1D ?q/3 K@OD <2h@( K8% /& .  /1OA c"A /&11 ?C b,C7+ -1D&7C/1B 'V7C 

?#@A9(%  !A  &%& s81O$ <2h@( K8% -1D F@+%7(  .  

             
 ./010-1                                                       ./010-2  
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 ./011  

3-5-  ;<=2$SiO2- CaO- MgO- P2O5   

 -1D F@+%7( p1+,O> ?2(& K8%AW ,@2B%,81C &%,+ 6%,)> ?C '"AX` -1D&7C/1B -%/%& 3 !$,A '+  !$%,V 

!)2hD .8% /& <*+ K8/,=C -1DG1P!)2hD 9@$,2(Y33 3 9@M1`o <2h@( K . K8% /& 7Bl cC1q �%,V ?=OU G%
 6%,M '+ %/ 6!C ':@Qn -1D 9P1C 1C K2P18 I1RM% 61"+% 3 6&,C ,@2B%,81C 4Y1C '5+7Zx 3 T1"S2(% <2h@(

&7C T1$ . ?C %/ W%7ZP 6,2( -1D  7*+ ?=OU G% 6!C y=2N+ -1D 9Ohq /& '$%,N2(% -1D 9A1B �%,V K8%
FOB&G1( '+ K"O+ 1D F@+%7( ?#@A K8%  .  /1OA c"A /&12 K8% /&  !A ?2V1( WY,RS+ 'V7C 

!$,A '+ ?dJe+ <2h@( .  

  
 ./012  

 3 !$,A '+ !@0,M -/1jM W/,; ?C <8&7B 'P7:+ 1U K8% 1M ?B '"@+%7( ?#@A -1D <2h@( T1OM  G37+%
!$7@H '+ /%7q �7R+ &/,+ .A <2h@( 3& ?C 9Ohq K8% /& 1+% 7{1J I1J /& ?B 758& <*+ '"@+%7( ?#@

&7B <@D%,V  /1A% !$/%gH '+ 7( 9#` %/ 'M1Z@ZSM cJ%7+ 72#@C .  

4-  C,D8E ) >8FG  "'H3I!"%  (3I :/2+(3$ *420  "' ;<=2$  

4-1-  ;<=2$ :=2J"DK+  "' 12+(3$ *420Fe2O3- B2O3- BaO   

<*+ K@012h87B -1DG1P : 3 '2$/1H -1D 987P 498%7P %X5D T,8/1C7d$!+ -1D&7C/1B '=@)�(% : -1D&7C/1B
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'"AX` 3 F@$372"0% 3 '"872"0% a81); /& ?x/1` F8 W1:^q 18 /&,` W/,; ?C 'h@n1)u+ ],)2+ /1@hC .  

4-2- 420LLLL$ *LLLLLLLL12+(3 G  "'LLLLLLLLL MFPerovskite<=2$ !H LL;  

 PbO (BaO)- TiO2- Al2O3- Sio2 (BaO)- Na2O- Nb2O5  
K@012h87B -1DG1P<*+  :<8!( W1C,81$ 4f7( 18 T,8/1C W1$12@M . 

?U,M cC1q �%,V :9@P1LA 1C  %7OD p1r:C 3 Y1C /1@hC F872"0% -& 9C1z .  

7d$!+ <*+ -1D&7C/1B : 4<@N{ ?8Y 18 �G1$ ?8Y W/,; ?C F872"0% -& 6%,)> ?C '$G1V -1D&7C/1B
'"@$372"0%,2`% -1D&7C/1B .  

5- 3I C,D8E ;@+  "'H3I!"% 38"$ "' 12+(3$ *420  (  

5-1- +  "' 12+(3$ *420 <.7N7  

&7C/1B :+ -1D F0%, '"AX` ],)2+ -1D&7C/1B 41D 9h@01M1B ?81` 3 1D72=@P 4'0,"0  

5-2-  :/2+(3$ *420  "'3O=P   

1D&7C/1B : F872"0%3X@` -1D75hJ 41DG1H 'r:C 'j)( 9d=� 49C,n/ -7@H  G%!$%  

-% ?2hD -1D ?01CG KP& 9*U 1D F@+%7( ?#@A   

7@d$ -1D&7C/1B 1C /12V1(,$1$ -1D F@+%7( ?#@A  : 3 '"@2`% -1D&7C/1B 1C �1LA -1D F@+%7( ?#@A
'"AX` -1D F@+%7( ?#@A 3 '"872"0%,2`% . 

 c"A /&10<@)B '+ ?dJe+ %/ cN=N2+ F@+%7( ?#@A F8  .  

6-  :8"@G  32Q *R2<G  

o 8G -1D  G,J 'M1Z@ZSM -1D  .37` -1D72@M G% -&%!:M '(/7C 1C -72#@C 9@OD% -%/%& [@M7M ?C 7
 %/ '$3XP%G3/ 9@OD% X@$ '2:); 3 -!@0,M 7d$ G%  !)8o /& !(/ '+ 7d$ ?C ?B !$!A  &%& }@N#M

!))B [hB . 

o  'h@n1)u+ -1D F@+%7( ?#@A  

o  '"AX` 7@� 3 '"AX` -1D&7C/1B 1C cN=N2+ -1D F@+%7( ?#@A 

o  �1LA -1D F@+%7( ?#@A 

o 872"0%37P -1D F@+%7( ?#@AF 

o  -/1"A%7M cC1q -1D F@+%7( ?#@A 

  

S"2$FT!"+ 3<%H  "TE U"DB  

   !"# $%&'()* +(,-( *%./) 0),1# +2 )3 45%62%17 +.89%: ;%<.()

!=9%-( 4> ?@# A9@BC 0)@9) D61E . FG)@> +-H 3* !9I1> J3K

=:%2 I1"2@/   LM,> 4NI(JI.  

 !"#! $%&!"' ()*+! 
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 !"  ! "# $%&'() * "*+,-( ./0(1 &2) 34 56)   

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

hsarpoolaky@iust.ac.ir 

 !"# $%"&'(-#)*+  $),-.!/ 0123456  % /!3  7-! 89*: % ;<= $5>-.!/ ?@!"  

  

 A?! 2/ BC3 D 8'9E% "F 72%"  G(' !"# 0#)*+  H6I2 J'#5K C! L5# %/ % 8M'F C! N'F 8IO& 5F

H6I2;P %  0QR 75P 8S"-'T A'*U-)#"'  "V*F 72%"E 5+45# A?! 0W $)I /5X?! 0Y'R . 5F "E5Z H45[  2/

 0.!/25R \W5[  2/ !2 (' !"# H6I2 BC3 D HR 045= BC3 D ]5M#3  % ^R!"  C! 06S5?2/ ]5=_W! HF H`3K

 0#2"F HF G 725 D 0P5>. 5F ).2!/ $)+9F 7"6R/ % )I2! 0#5*I25R G 0#5*I25R G % (' !"# BC3 D 8S"-'T

;-U % H6a!/"T $!2 A?! 2/ /3`3  75P N45U  7!"F (' !"# BC3 D $)*?D % C%" ! G C%"?/ C! 7C!).!

)?5Q*'  Hb!2! c"6d  @5&)*.!3a.  

 L5# c%/ HQ'. 2/ HR )I5F 0  @!"?! 89*: % ;<= $5>-.!/ G @!"?! 2/ (' !"# 0#)*+  BC3 D c5>-'T

1361>*P"S e_[.! C! JT  HF /!3  0#)*+  H6I2 (',YK L5f./ HF % 5P $5>-.!/ 0?5-&C5F 5F @5 ^QP % 0

 N?!"& g*T : B"?OT HF c!)h! (' !"# % ]!^<S @/!/ i,I G7"& H6j?2 G0*PD "'k ]!^<S G/l3S % APD

/3Q. H6I2 A?! 2/ 3X-.!/ . @5?3X-.!/ Hh_= /23  N?!"& A''9K m3na 2/ $2/5: iQ94!236#/ HF H`3K 5F

 H6I2 2/ ifh 75+45# @5&)I H6S"?OT % A'-'T @5?3X-.!/ C! 7/!)9K H,*?! C! JT % i'ndK HF ik5I

 /!3  0#)*+ )7123456  ( N?!"& 2/ i'ndK H !/! 2/ !2 /3a 7)*Qh_= G23-R "#!"# 75P $5>-.!/ C!

.!/ C! 0.5?3X-.!/ 23oZ 5F (' !"# 0#)*+  BC3 D $2%/ A'4%! G)./3Q. c_=! (' !"# p<6j  75+P5>-

)I J'#5K @!"?! 89*: % ;<= $5>-.!/ 7123456  % /!3  0#)*+  $),-.!/ 2/ . 3X-.!/ B"?OT $2%/ A'4%!

H6S"?OT 7"# A' %/ HR  L5# 2/ 7"#!"# 23,*R q?"W C! )*I5f'  H6I2 A?! @5&)I1362 8'S"r 5F % 35 

8S"?OT c5X.! "Y. .  

"6F A?%^h % ^?"fK G)f'  /!CD 75+P5>-.!/$!2 0#5*I25R \s[  2/ !2 (' !"# H6I2 )9F 75+45# 2/ t'K  7C!).!

)./3Q. . L%)`1$/3Q. Hb!2! !2 H6I2 A?! J'#5K 5F u3F"  ]5=_W!  8#!.  

 34561-23-R 75+P5>-.!/ 2/ (' !"# 0#5*I25R H6I2 J'#5K HF u3F"  ]5=_W!   
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G2?!; H!? 1362 1369 1372 1373 1380 1380 1380 1380 

H,& H!?I J:7K 35   25  32 50 75 75 150 

I J:7K83 23 162 30  32 46 59 58 150 

3X-.!/ g*T B"?OT 5F (' !"# )I2! 0#5*I25R $2%/ A'4%! G0<'Q,K ]_'ndK H9#3K H 5."F HF H`3K 5F 2/ 

 L5#1365/3Q. 25,F C5kD 89*: % ;<= $5>-.!/ 2/   . 2/ 71".! % /!3  $5>-P%vT "Q6M  NI3R % B_K

8'[S3  c5X.! $1%"T ^' !  eO` 5F $!"QP 89*: % ;<= $5>-.!/ 5F (?/^. 725,QP % (' !"# 0-P%vT 75P

w25S H 5."F HF "X*  (' !"# H6I2 A?! @_'nd64! / 3X-.!/ 8'F"K 8+` 7^?2 )I2! 0#5*I25R \s[  2
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 L5# 2/ 3X-.!/ B"?OT % (' !"#1372)?/"& $5>-P%vT A?! 2/  . Gx2)  8'F"K 75+P5>-.!/ Jy#

 "?!/ !2 (' !"# )I2! 0#5*I25R )9F 75+45# 2/ ^'. /!CD $5>-.!/ ]5['[dK % c3<= )Z!% % p?"I

)./3Q.) L%)`2(  

 34562- 75+P5>-.!/ 2/ (' !"# )I2! 0#5*I25R J'#5K 23-R  

#!$%"&' ()*+ , -./ 
I#!$%L,M  , '&C3

NO:"& 

 (2P:;

QR03 
S7:B

  C./ '&45

D!E2EF; 

G2?!; H!? 1365 1372 1373 1380 1373 

IH,& H!? J:7K 5 5 5 5   

I J:7K83 19 15 8 5 10 

  

H 5."F  NP5R 23V*QF 0nnjK 7!"6R/ \W5[  J'#5K "F )'R5K 5F @!"?! 2/ 0<'Q,K ]_'ndK BC3 D 75P

)'#2 t?3nK HF z25a HF 3X-.!/ c!^=! HF C5'. .H 5."F 56#!2 A'QP 2/  HQP 2/ 0#)*+  /!3  7!"6R/ 7^?2

N?!"&  L5# 2/ (' !"# H<Q` C! 5P13708S"& c5X.! @!"?! 89*: % ;<= $5>-.!/ 2/  . 2/ @D C! JT

/3Q. 25,F C5kD (' !"# N?!"& /!3  0#)*+  7!"6R/ ^'. 71".! % /!3  $5>-P%vT . 75+P5>-.!/ Jy#

 73X-.!/ B"?OT HF ]2/5f  )9F 75+45# ^'. p?"I $5>-.!/ % /!CD $5>-.!/ ]5['[dK % c3<= Gx2)  8'F"K

)./3Q. H6I2 A?! 2/ !"6R/.  

H6I2 045= BC3 D e3n  H 5. A'?D 2/  @!3*= 8dK 7!"(' !"# 7!"6R/" 0K23: 2/ % 8#! $)-. p?"9K 

3  2/ 0?3X-.!/ 7!"6R/ $1%"T HR @!3*= 8dK {56?5+. G )I5F (' !"# /2" /!3  0#)*+ )(' !"# (" 0 

 )I5F . HR HR 0.5?3X-.!/ /!)9K HF H6MF !"6R/ \s[  2/ (' !"# N?!"& 7/%2% /!)9K HR 8#! "R| @5?5I

 $1%"T HR 7)*Qh_= @5?3X-.!/ /!)9K A'*}QP )**R 0  tMR 7"6R/ \s[  7/%2% @3 CD 2/ !2 043fh $"Q.

a 0<'ndK )I5F 0  ]%5Y6  )*?5Q*'  e5j6.! (' !"# H*' C 2/ !2 /3.  
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2P:;
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4C35 8[:3

\&0]L 62>Z^
 <T?' _7!*+

<L!$%"&' 0`&,

<TZ,' N!AL!$%"&' N',R, \!7Ca%"&' R!35

<"&'R![

<?!*BR![

0BR& <?!*BR![

N:T['

  
 +07&891-064%/ 75+P5>-.!/ HF (' !"# 0#5*I25R 7/%2% @5?3X-.!/ iR /!)9K   
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D
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0123
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<=.>3 :AB

#,!?

<3W?& '&45 #!$%"&' U23&:? N',R, \!7C>%"&'R!35

<"&'R![

<?!*BR![

0BR& <?!*BR![

N:T['

  
 +07&892-/!CD $5>-.!/ HF (' !"# 0#5*I25R 7/%2% @5?3X-.!/ iR /!)9K   

 /!)9K N?!^S! HF "X*  "'a! HP/ %/ 2/ (' !"# BC3 D 0QR H9#3Kw25S $)?/"& 0#5*I25R @_'nd64!  8#!

$2%/ 2/ @5#5*I25R A?! C! 0-jF @5'  A?! 2/ HR  06QMh % $)I i'ndK HF L3~-  0<'Q,K ]_'ndK 75P

$)I 25R 2!C5F eO` ^'. H6I2 "?5# )*.5QP @5'  A?! C! HR ).! w25S C! 7/!)9K 5P  "'k 75P25R 2/ @_'ndK!

$)?/"& 25,F L3~-  0nnjK ).!.  

Q.2!/3  75P1 % 2 0<'ndK \W5[  2/ /!CD % 064%/ 75+P5>-.!/ HF (' !"# H6I2 7/%2% @5?3X-.!/ /!)9K 

)P)'  @5-. !2 p<6j  .H6S"?OT /!)9K  /%)Z 0#5*I25R NjF 2/ 064%/ 75+P5>-.!/ @5&)I1500 3X-.!/ 

H6S"?OT 5F HM?5[  iF5h HR )I5f'  /!CD 75+P5>-.!/ 2/ (' !"# 0#5*I25R @5&)I C! N'F5F 2000 )f'  "Y. 

)I5f'  . $%5# % 5E"+I G]5['[dK % c3<= G5E"+I 75P)Z!% C! 0?3X-.!/ �'P C3*P HR A?! HF H`3K 5F

N.!/ $)-. H6a3 ! w25S /!)9K A?! ).! /2!/ q<9K /!CD $5>-.!/ )f'  )Z!% HF q<96  5+*K i'nd64! .;P  )Z!% @3*R!

>-.!/ % /!CD $5>-.!/ ]5['[dK % c3<= c!)R"P )f'  /!CD $5 /%)Z H.l5# B"?OT 8'S"r 5F150 73X-.!/ 

 )*P!3a $)*?D 2/ (' !"# @5#5*I25R 0QR % \?"# N?!^S! 2/ 7"�3  25'MF  N[. (' !"# 0#5*I25R

8I!/ . "'a! 75+45# 2/ BC3 D 0QR H9#3K ]_,-  �2/ 5F 064%/ 75+P5>-.!/ 0a"F HR 8M'45Z2/ A?!

 \s[  2/ B"?OT NP5R 06Z %  8'f�K HF c!)h!$/!/ 2!"h /3a H 5."F 2/ !2 0#5*I25R H.3>F ).!  $5>-.!/ HR 7!

 0<'ndK L5# 2/ @!"?! 89*: % ;<=83-84 (' !"# 0#5*I25R 7/%2% 7):2/ i+U 0f?"[K NP5R 5F 

 C! !2 /!)9K A?!35 HF 22$/!/ i'<[K "Y.  8#!.  

H6Y& HR 23s.5QP 5R G 0IC3 D c"P �'dnK "F 0*f  84%/ ;'QnK x5#! "F )I 3X-.!/ B"?OT 8'S"r NP

$)I H6S"& "V. 2/ )I2! 0#5*I25R \s[  2/ 8'S"r N?!^S! % 0#5*I25R \s[  2/ 8#! . $5>-.!/ 2/ @3*R!

 )I2! 0#5*I25R c%/ % L%! 8F3. @5?3X-.!/ �3QX  @!"?! 89*: % ;<=)40 % 8F3. @!3*= 5F 8'S"r HS5E!

6S"& "V. 2/ )I2! 0#5*I25R 7!"F H.5fI $2%/ 5? c%//3I 0  H ( @5?3X-.!/ �3QX  C! 5P N?!"& 0 5QK 2/

8#! "6-'F 7123456  % /!3  0#5*I25R \s[  N?!"& H#.  

 "Kl5F \W5[  8Q# HF 0IC3 D c"P �_:! $)I H?!2! 75P25 D 2/ HU"&)7"6R/ % )I2! 0#5*I25R ( 2/

H.5-. 064%/ 75P $5>-.!/ N.!/ /!)9K )I2 0fM. L"6*R C! 0?5P "# @5>6a3 D )I5f'  $)*?D 75+45# 0W (' !

 2/ @D \fK HF % $)?/ BC3 D 75P A'M'*,K /!)9K NP5R HF "X*  0.!/25R \s[  2/ BC3 D HF 0+`3K 0F 5 !

)?/"& )P!3a 89*: NjF 2/ 0K_,-  C%"F �=5F $)*?D . @D 2/ HR )I5F 0P5&)?/ C! 0I5. H45M  A?! )?5I
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. )Z "F @%^S! G (' !"# A'#)*+  B2%"T 5F 2/ A'M'*,K (? p?5r% c5X.! HF c^<  A'#)*+  C! 0a"F G C5'

 )./"& 0  069*: )Z!%.  

 HR 7! H.3>F G /2!/ /3`% 23-R 75P"+I C! 725'MF 2/ (' !"# A'M'*,K 8'F"K @5, ! ">?/ 0?3# C!

).3I 0  25R HF L3~-  /3a 8.3,# id  (?/^. 7)'43K )Z!% 2/ 0IC3 D $2%/ 0W C! JT 0 3F 75P%"'. 

 . 75P @56#"*P 2/ H45M  A?!"2!3`") $"[  Gc!"# x25T H.5a25R 2%5X  75P @56#"*P )*.5  % 7C5# ( ...

 ).3I 0  25R HF L3~-  069*: )Z!% @5QP2/ $)?/ BC3 D 75P%"'. C! 0Q'. ;R 8#/ % /3I 0  $)P5-  .

 )*?!"S A?! p'9oK tf# 045= BC3 D C! NjF A?! HF 0S5R H`3K c)= H.5Y#56  89*: 2/ NjF "Q�

8#! $)I @!"?! (' !"#.  

+45# 2/5H6M`"F 25'MF N[. B2%"T % BC3 D "'a! 7 A'M*,K 8'F"K 2/ 7!  \Q6X  2/ (' !"# 0*S 75P

H6I!/ @!^?34 0 _#! e_[.! 0*S 8#! . 0?5`2 )'+I $5>-.!/ HF 0IC3 D )Z!% A?! i?)fK C3X  tMR

*6  \W5[  2/ BC3 D H9#3K % J'#5K HF u%"- $/3F 0#5*I25R 0<'ndK �3  HF "X*  H.5Y#56  HR 8#!

qS3  C! 0,? ph3K H 5."F A?"K A'M*,K % "'F/ 8'F"K 0*9? 0*S 0IC3 D 75P  $!"Q+F (' !"# H6I2 0*S 75P

H6I2 ">?/ 8#! $)?/"& 0*S 75P  .  

oZ 5F $v?% HF % 8#! $)I c5X.! 7! $)*?!^S ]23nF (' !"# 0#5*I25R \s[  2/ 0QR H9#3K $5>-.!/ 23

 NP5R "sa 8'QR N?!^S! A?! H,<F G/3I 0Q. x5MZ! 7/3fQR �'P 0QR )9F C! 5+*K H. 0 _#! /!CD

)?5Q. 0  /^I3& J'#5K $C5K 75P )Z!% 2/ $v?% HF !2 8'Y'R . C5'. \S2 7!"F 0QR )I2 )I @5'F HR H.3>.5QP

H<Z"  2/ @3*R!% 8#! H6S"& ]23: @D C! "6-'F 06Z % 2!/ 2!"h 7! % 8'Y'R N?!^S! L5f./ HF )?5F HR ;?

 /3F @D �YZ.  
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<"&'R![

<?!*BR![

0BR& <?!*BR![

N:T['

  
 +07&893-N.!/ /!)9K  $5>-.!/ (' !"# p<6j  \W5[  @5>6a3 ! 064%/ 75P  

2!/3Q.  75P3 %4w25S 0QR N?!^S! HF H`3K HR )*P)'  @5-.   2/ m3njF (' !"# H6I2 @_'nd64!

0.!">. G/!CD $5>-.!/  0.%^S 8''Y'R NP5R /23  2/ !2 5P )-jF 0  .8#5'#  $5>-.!/ 2/ 0IC3 D @_R 75P

 ^R"Q6  0<'Q,K ]_'ndK HF H`3K % 0#5*I25R \s[  2/ 8'S"r NP5R L5f./ HF 06M?5f'   064%/ 75P
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//"& . HF /!CD $5>-.!/ 75P)Z!% 2/ ^'. 064%/ 75P $5>-.!/ @_'nd64! w25S C! 0a"F HR 8#! 045Z 2/ A?!

#3K 7!"F 8'S"r N?!^S! L5f./)*6MP N?3a 0<~I $5>?5T H9 . 5F �fK"  0=3. HF ^'. /3a i,-  A?! )?5I

)I5F 7)'43K 75P)Z!% 2/ H6a3 D N.!/ 75P%"'. eO` c)=.  

 $/C5F HF "X*  G@5?3X-.!/ HF 0*?"SD25R 75P BC3 D N?!^S! 5F ]_,-  A?! 5F H<F5[  25,P!2 )#"'  "V*F

 5+.D 0<Q= % 0Q<= @!3K C! 7"K)'Y  % "6-'F /5X?! 5F )*.!36F @5?3X-.!/ C! 0a"F HR 723W HF )?/"& )P!3a

 L5~6I! 75P H*?^& C! 0,? @!3*= HF !2 (' !"# 0K5 )a @5 C5# (? J'#5K 5? % (U3R 7)'43K )Z!% (?

)I5F H6I!/ /3a "V.)  /3a.  

N.!/ ;P C! 06M?5f'  (' !"# @5>6a3 D 2/ 0F5?25R ]_,-  5F H<F5[  7!"F !2 /3a @3*R!)**R $/5 D $)*?D  .

0  w3f. "n*= C! $/5Y6#! G$/5# @5'F HF  (' !"# H6a3 D N.!/ (? 0&).C % 0<~I $)*?D 75->P!2 ).!3K

)I5F 7% 8-'9  7/5n6h! A' 5K 25*R 2/ )'Y  25R (? C! ]O4 x5MZ! % 0<~I 75E2! 7!"F . AP| %2 A?! C!

59S {5Qb!/ 8M?5F 0  @5>6a3 D N.!/ % @5?3X-.!/ �_a 89*: 2/ /3`3  75P 8'<F5h m3na 2/ % $/3F L

 �"W H*?^& (? @!3*9F % )*I5F )?)` 75P 0*?"SD25R % 72%D3. L5f.)F @D 0f.5` ]5 )a % (' !"#

H6I!/ "V. )  !".D 0f*` ]5Qa % (' !"# H6I2 2/ 045~6I!/3a  )'Y  75P25R HF 5S": )?5f. ^&"P % )*I5F

/3Q. 5Y6R! @!">?/.  
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<?!*BR![

0BR& <?!*BR![

N:T['

  
 +07&896-K N.!/ /!)9 $5>-.!/ (' !"# p<6j  \W5[  @5>6a3 ! /!CD   

 c2!/ !2 H*' C A?! 2/ "6-'F i 5K 75E5[K 0 !"& @5&)*.!3a C! ;+  L!3# %/ �"W 5F @5?5T 2/:  

 (' !"# BC3 D 0QR H9#3K 7!"F 75P)I A?%)K % �j-  72!O& 8#5'# 5?D)BC3 D 0<R 23W HF (

� /2!/ /3`% 0IC3 D c5V.2/ 

!">. 5?D � 8#! /23  0F (' !"# @5>6a3 D N.!/ $)-. p?"9K N?!^S! % H?%2 0F H9#3K HF 8fM. 0.  

:;.<= 4 :60(=:  

1. Sarpoolaky, "Refractories Education and Research Potential in Iran", Proceedings of 
Tehran International Conference on Refractories, 4-6 May 2004, Iran 

2.  ]5=_W!5+P5>-P%vT % 045= BC3 D ^R!"  G5+P5>-.!/ C! 045#2! 725 D 

3. 0-P%vT % 0IC3 D ^R!"  (' !"# $%"& @!"?)  5F 0P5YI ]!"R!O   



 

 

22

 !  !"#$%& '()* +,$"# - +./0%12 3()4.,( 3%5/, 6*%,  

  !"#$ %&'() *+,-./%&012 3!45   

m-solati@merc.ac.ir, n-nemati@merc.ac.ir  

 !"#$% &'()*+,- ./$0# + 1#2" &34)*+,-   

  

67!89: 5360# 5#278%#9 :8%2!- ;3<  = ;# >()8" ?8=;2@"3A  BCD ;# :A E%# 5/FAG2HI  .3*

J=GK!6HA  ?L3M6<  ) E!L3-N ?6A+G'!* O3L'PQ (&'R S=;2L 5N G1 '0# .T=# ;# +G953P!%   K!6HA .3*

 ?UGJI G3!6I &1#203V :A ?L3M6< W3X!A$L ;#G1 #G ?" $I ?" 9'0$!U + T=J4=3D 5#2CQ :I 'C0#2L  3=

278%# Y2!Q &'CCA$-#&13M8%# 1G2" ?0'0$!U G#$Z .  

53P!% ?Q20 9$[3\ ]*+,- G1 < K!6HA ?U,=+ + :!^L ?L3M6 'R ?I3=;G# 5N .3* . T=# '"3D ]7I

R 53P!%__ >"3CaCO3,CaHPO4,TCP + HAS=3" ]7I + 5N  `2Ha" 9Na2HPO4  3I

E%# T!b" EcHd . 51G+N E%1 :I .#$I ]7I +1 T=# G12- :I S=3" EX60 3I EV#2C(= .$!PV

 e7)"(L/P) 9'0'R f!A$L K* 3I.  

^40 ;# B- 53P!% .G3)< g3(a8%# `2Ha" G1 .G#' =/2h2=J!< .3"1 G1 + Ci37&;#'0#  'R .$!U .

E<$U G#$Z ?%G$I 1G2" J!0 .$=j- k=GJL 5#J!" .9&'R >!()L ?=3^0 .3*;3< T!!bL G2cC" :I 

 .3*J!h30NFTIR + XRDG12- .+G $I  53P!% .3*9 G1  =/2h2=J!< `2Ha" G1 3^0N 51#1G#$Z ;# 'bI 

53"; W'" 'R g3l0# 9mH87" .3*.   

]=#J<#EcHd  Na2HPO4 ER#1 `3X01 :I #G 5N g3(a8%# ]=#J<#  953P!% T=# S=3" ;3< G1. 

]=#J<#53"; W'"  `2Ha" G1 .G3U'03" 9 =/2h2=J!<1#1 ]=#J<# #G 53P!% n20 T=# g3(a8%#  .

'R 53P!% T=# $8^I .$=j- k=GJL oQ3I 953P!% G1 G12- :I S=3" EX60 ]=#J<#. ]=3";N  .3*

FTIR + XRD 953P!% 51#1 G#$Z ;# 'bI 3"N 1R &'& ;3< G2p\ 9 =/2h2=J!< `2Ha" G1 HA :I #G 

?=3^0 ;3< 5#2CQ ) fh3d ;3<(L =q'01$A '! . `2Ha" G1 .G#'^40 53"; W'" :r $* =/2h2=J!< 

'R &1+J<# E!L3-N ?6A+G'!* G#'s" $I 9E<3= ]=#J<# .  

1- 3.7:.  

 95#278%# 53P!%.1#2" T=$L'='D ;# ?(=E%# :A  $!V# :*1 :% G1  ?t3V :D2L 1G2" ?(RJ- ?%'C^" G1

:8<$U G#$ZE%# .  

53P!% 8%# .3*5#27?C8R3A 1#2" + 3*JL+$- &'CCA E!XuL 5#2CQ :I 3=  :I ?\#$D G1 &'CCA$- 5#2CQ  1G2" 3*

?" G#$Z &13M8%# '0$!U]1[.   

3P!% 5 5#278%# .3*vO3"2PQ ?H- :=3- +1 $I   ?(!"#$% + .$"C86* :A '?H- n20 T=$8<+$b" ;# ?" 5N .$"  5#2L

 :IPMMA) WF=$A# 38" >!8" ?H-(1$A &G3R#  G#$Z &13M8%# 1G2" $8)!I &$t3V T4h >wM" E!XuL .#$I :A 

?" U!$1.12D+ 3I  1#'bL #$D 13=;?\ 20#; + T4h .3* $[3\ `3\ G1 :A3!01 G1 9 :0x3%  G11+'\000/700 

?" 'R3I9>XZ .'Cr 3L  PMMA/ $8^I 5#278%# 53P!% T=?" G3PR :I '"N]1[ . 3"# 53P!% T=# ?MC" W3(0 ;#

?" LG#$\ 13l=# :I 5#2L? 1+'\ G1 90?803% :DG1  1$A &G3R# y$!U T!\ G1 91#$U?" :A   f!%N fD2" '0#2L

'R3I &'0; E<3I .#$I.  

 G1+153P!% 9$!V# :*1   12V ?(=/2h2!I fh3D z#2V 3I ?(!"#$% .3*0+J<#;+G G2{ :I? T=J4=3D 

53P!% .$P!H- .3*9  G1 &,=+ :I3*1$IG3A $!c0 ?=ECH@P=# E!XuL 3*JL+$- + 3*9 -+ ?0#278%# W#$M\ 51$A$ 

 ?0#278%# E<3I K!"$L&'R '0# .53P!%  .G12- |2H7" 3= G12- 9?(!"#$% 5#278%#  E%# `2Ha" 3= + YN 3I :A

 |2H7" 5'I 3= }3L# .3"1 G1 ?IN#$M\ 51$A$- G2cC" :I + G3A :I 5'I G1 ?C8R3A &13" E!XuL 3= 5#278%# W
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?" &1$I '02R. $I $~#  ?b!X{ 5#278%# + 53P!% �$8)" >w< G1 W3M6< K!6HA .3*G2HI 9&'R g3l0# ]CA#+

GY2%?" 'RG +  'CCA]2[.   

:8%1 53P!% T=# ;# .# ?" ?L3M6< K!6HA W3X!A$L >"3R 3* E6=; z#2V ;# :A 'CR3I  ?I2V G3!6I .G3U;3%

'0G#1G2V$I.�P* .$t3CQ 12D+ 95N EHQ 2?" 3^0N f!A$L G1 K!%38- + K='% 9$M6< 9K!6HA 5 'R3I . 3l0N ;#

 9'0G#1 12D+ 5'I  =/2h2=J!< �!a" G1 G2<+ :I $t3CQ T=# :A53P!% T=#  5'I 3I ?X%3C" .G3U;3% ;# 3*

?" G#1G2V$I 'CR3I]1[.  

53P!% 3* 5#278%# .()L S=3" + .G12- ]7I +1 ;#&'R >! '0# . $!c0 ?L3X!A$L >"3R Ox2Pb" 9.G12- EP6Z

 W3M6< K!6HA #$8L( TTCP )9W3M6< K!6HA .$L  ( TCP )9 W#G'!* .1 W3M6< K!6HA .1 (DCPD)9 .1 

 YN ?I W3M6< K!6HA(DCPA)+  00000 ?"  'R3I.S=3" ;3<  fHd# 9`2Ha" >"3R  .3*$!c0 ?IN 

NaOH,NaH2PO4.2H2O 3= Na2HPO4 E%#. I 953P!% :!^L .#$?" |2H7" K* 3I ]7I +1 T=# 02R 3L '

'=N E%1 :I EV#2C(= .$!PV]3[.  

 53P!% T!h+# ?(!"#$% :A 12I ?8!L3-N n20 ;# ;#+ W3M6< K!6HA#$8L |F8V#  K!6HA .1 W3M6< + 'R :!^L

')0 &'=1 5N G1 ?=#; 52!%3L2" + E!P% W#$~#]4[.   

`2H% 3I 53P!% ]CA#+  ��% + >V#1 .3*E%# fh3D G3!6I 95#278%#.E%FI2�8%#  ?h2H% E)A G1 3*9 

 YjD #G ?8!L3-N n20 ;# 5#278%# 53P!%&1$A?" 'RG B@% 9  + 'CCA &340N- #G 5#278%# 53P!% �2�%2 &'03R

?" S<1 #G 5/FA + 'CCA.T=# ;#  +G9?" G3c80#  53P!% :A 1+G  ?8!L3-N .3*:A.;3%;3I G2cC" :I  E7% E<3I 

f!%N '=1?" &13M8%# & '02R9 >V#1 G1  YjD 5#278%#1$U'0 ]4 [.   

53P!% .3* $!c0 ?(RJ- .3*1$IG3A 1G2" G1 ?\#$D G#JI# 51$A EI3~ .#$I fHd# 9?L3M6< K!6HA  + .'-2LG#

5#'01 9?(RJ-?" &1$I G3A :I  '02R .91#2" T=# '='D .3*1$IG3A ;# ?pbI>"3R K86!%   `3s80# .3* ]=3*G +

+G#19?%'C^" &'CCA$- + E<3I  ?" .;3% 5#278%# G2cC" :I 5#278%# .3*  'CR3I]5+6[.   

:8%1 .3^*#G ;# ?(= 53P!% .'CI  T!\ G1 &'R >!()L W3M6< K!6HA n20 �3%#$I ?L3M6< K!6HA .3*

?" 53P!% y$!U 'R3I.?" +G T=# ;#   G3^r :I #G 3* 53P!% T=# 5#2L&+$U1$A .'CI :8%1  ]7+8[: 

1. 6HA .1 9E!R#$I W#G'!* .1 W3M6< K!(DCPD) .  

2.  E!L3-N ?6A+G'!*.(HA ) Ca10(PO4)6(OH)2  

3.  E!L3-N ?6A+G'!*;# $!s<  K!6HA .Ca9 (HPO4)(PO4)5 (OH),(CDHA)  

4.  �G2"N K!6HA W3M6<ACP:A EX60 1G#'0 ?8I3~ .$8"2!A28%# . 

2- ;!'<1= ><$ %?,"@   

 .G12- ]7I T=#53P!%>"3R  961 %.$L 38I W3M6< K!6HA 9 26%.1  W3M6< 5/+G'!* K!6H__A ) E!802" (

(Merck No.2144)/10% K!6HA W3CI$A(Merck No.2069)+ 9  3 % E!L3-N ?6A+G'!*(Merck No.2196) 

12I.  

 EX60Ca/P  3I $I#$I .G12- |2H7"5/1'R :8<$U $c0 G1  .EV#2C(= + $8^I |F8V# .#$I 1#2" T=#  :I 9$L

 W'"3&G#2*3" Y3!%N G1 EQ3%  3I .# EQ$% 60'0'=1$U |2H7" 9 :s!Z1 G1 G+1 .53P!% ?Ht# &13" 9 38I 

?" W3M6< K!6HA .$L CI$A 51$A |2H7" ;# :A 'R3I3 ?h2" EX60 3I E!802" + K!6HA W1 :I 2 + 

WG#$\  .3"1 G1 ?*1900?803% :DG1  :I 1#$U W'" 4:I EQ3%  '"N E%1.  

 3I f%3C" $!PV  = >!()L .#$I :A 53P!% S=3" EP6ZZ6?" |2H7" 53P!% .G12- EP  >\ ;# 911$U

 G12- 51$ANa2HPO4 E%1 :I $�s" YN G1  N"'.`2Ha"  EcHd 3I ?=3*  ;# W+3M8" .3*1 % 3L8 % &13"N

=1$U'.  
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53P!% " .3*78?MHX60 3I E  .3*L/P  )- :I S=3" EX60___ G12cc/g  (mH87"23/0 925/0 93./ 94/0 945/0 + 

5/0'R :8V3% .  

 !"#$ %&'()*!+ ,-. /#01 2345'6 78 9+4 2: BET;<+/=#1 >2? @AB C!/D >&   >& )52E=.& 2: +

 )2F=.5Micromeritic Gemini)2F=.5 2: G&4H )>&I1& J!>'K + PSA, fritsch, Analysete 22  )>&I1&  L/#?

IM .NOP1Ca/P )52E=.& 2:  7!2QR& )IM NEB L2S.T6 9+4 >& ( ICP )   U##VK I!5/? . "#R21W L>2$

 X !& 'K/6 9&/6 Y.'K 89/#? >& X6 )IM Z#[K ;2S#. + Z#R+& 5&'\(XRD) 7]^. _#D + 

 `/.+/$) FTIR (N$/? 4&/a 7.4/: 54'\  .)>&I1& L&/: C!4"K L/#? ;2S#. L/!A6 b1/. >& 23  L23

)52E=.& L42]K IM  . c(&5 ;2S#. 8 J!2\ + 45'6 NSPa c\2d ;IM e'fg\ >& X6 4'0^\ U!& L&/:

. b1/  NMA? >& X6 + IM3 N.5 L+/#1 2: ZQ#a5 )C!4"K NR2h Z: (;+/#: Z:  )I1&4 IM .

7.4/: 76' .+/ #\ L23 42=(2."!4 Z1'S1 L+4 /:  7i:+4 71+/= R& j' .+/ #\ >& )52E=.& 2: 23

 kI\ Stereo scan 360-Leica Cambridge  N$/? l2]1& .L42i$ l2 m=.& ;&"#\  >& )52E=.& 2:

)2F=.5 Instron Universal Testing Machine   kI\1196: 8 Z1'S1 L+4 /  /-a Z: 7!2313 n2EK4& + 

267f#\  )>&I1& /=\ IM L/#?.  

3- AB? C DE<&2  

 53P!% .G12- ]7I W#G� &;#'0# S=;2L9?0+$8(h# �2(%+$(!" $=2wL  �$% +$< m!{ + 5N ;# B- 95N  :A 

>"3A G2{ :I&G#2*3" Y3!%N G1   9'R |2H7" .# f!L$L :I>(R G1 .3* 291 +3&'R &1G+N  #E% .  

  
 !"#1-J!2\ >2$ 2: ;IM e'fg\ >& cOa ;2S#. L45'6 og: G&4H )>&I1& J!>'K   

  
 !"#2-J!2\ >2$ 2: ;IM e'fg\ >& cOa ;2S#. L45'6 og: 71+/= R& j' .+/ #\ /!'pK   
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 !"#3-\ >2$ 2: ;IM e'fg\ >& cOa ;2S#. L45'6 og: `/.+/$ _#D J!2  

k+IB 18 pHN0fq 2: ;2S#. J!2\ >2$   _f=g\ L23Na2HPO47\ ;2i1 &4  I35  . N0fq o!&"$&

Na2HPO4 7\ /r& L42i$ l2 m=.& ZfSB >& ;2S#. L5/:42d %&'( L+4 /:   54&A?  

 $%&'1- pH;2S#. J!2\ >2$   

 pH  (%)EcHd Na2HPO4

8 1  

3/8 3 

9/8 4  

3/9 6 

10 8 

 .c M 4 N0fq /#rs2K 7\ ;2i1 &4 ;2S#. L42i$ l2 m=.& /: J!2\ >2$ I35 .;2S#. U!&  2: 233/0 

L/P = GI\ Z: 8 72 L2\5 45 + /F^!4 k'fm\ 45 Nt2. 377=12. ZB45  I1IM L4&I[F1 5&/? . u!2=1

7\ ;2i1 54&5 k2O15 Z: &4 L42i$ l2 m=.& o!&"$& 8N0fq o!&"$& Zd I35 .  

  
 F8G4 -8%# $I S=3" ;3< EcHd $~# 53P!% .G3)< g3(a  

 L&4&5 5'( 42=(2. 45 8;2i15': L>2: 2! LI#.& ;&"#\ Z: Z=P: s2KISt 87K2EP$ v#Pfd G2O#d/K

;'! >& 7Ef=g\ /!52Q\ ;'! o32d 2! o!&"$& G4'w 45 + I^=P3 L>2: 2! LI#.& G2EP$ L23  L23

OH
- +H

+ 
 /##xK /F!5 G42Ot Z: 2! +pH& %2( 7t'1 Z!"]K 2! c# iK ;&"#\ 8 G2EP$ v#Pfd >  23

7\ o32d 2! o!&"$& I:2!]3[ .  459<pH< 7@'.4   7K2EP$ v#Pfd G2O#d/K 45 )IM c# iK L23

 NOP1 L&4&5Ca/P G2EP$ v#Pfd L5 >& 8y#d/K + I^=P3 z! >& /=i#:  N#K26W 7Pd+4I#3 Z: 23
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7\ z!5"1  45 Zd L4'D Z: 85'M5/9=pH NOP1 Ca/P7\ o!&"$& 7i[B 4'D Z:  I:2! . 4510=pH 

@'.4 I^=P3 7=#K26W s2OR2q 8)IM c# iK L23]3+9[ . N0fq o!&"$&Na2HPO4J!2\ >2$ 45  n'1 U!& 

;2S#. o!&"$& {t2: 8pH7\ k'fm\   55/? ) k+IB1 .( ;W JOK Z: + J!2\ >2$ N0fq o!&"$& 2:

 o!&"$&pH 4&IQ\ 2K 10/. 7=#K26W L234'f: c# iK 8 J! 7\ /=i#: + /K 5'M  . c# iK Zd 2]1W >&

4'f: 7Pd+4I#3 L23 7\ l2 m=.& o!&"$& {t2: N#K26W I15/?]10[ X6 87\  l2 m=.& o!&"$& ;&'K

: &4 ;2S#. J!2\ >2$ N0fq o!&"$& >& 7M2128)IM )5&5 ,#|'K c!}5   L/K 2=: c!IOK Z: e':/\

 G2EP$ v#Pfd)ZS#1 >2$  7K2EP$ v#Pfd 4&I!26 (:7Pd+4I#3 4&I!26 >2$ Z NP1&5 N#K26W .  

  
 F8G5 - =/2h2=J!< `2Ha" G1 .G3U'03" 53"; $I#$I G1 53P!% .G3)< g3(a8%#   

 54'\ 42#P: 8;2\> NMA? + 7h&/B cSt l2SK& >& IV: ;&'g=.& ;2S#. L42i$ l2 m=.& G&/##xK

54&5 4&/a ;2h&/B ZB'K . c M 455 82\> yPh /: l2 m=.& G&/##xK I1+4 k'fm\ 45 L42?I12\ ;

7\ &4 z!<'R'!"#$ 5/d )I32i\ ;&'K . z!<'R'!"#$ k'fm\ 45 U=$/? 4&/a >& X6 ;2S#. l2 m=.&

7\ o!&"$& U!& 2K  54&5 Z\&5& I1+4 U!& + I:2! OP1 ,-. Z: Z=E3 z! >& X6 Zds2=7\ 7=:2r  I.4 . Z:

? 2: 7fd 4'DA;2\> NM8OK o^d&+ I#3 Z: G2EP$ v#Pfd L/K c!I+4 c# iK + N#K26W 7Pd

4'f:  L23HA7\ L42i$ l2 m=.& o!&"$& {t2:  /?55] 11810 +12[. 

  
  !"6- #$"% &%'( )*+,-.% X#/,0/   1*023 )*+( L/P=0.3, 6% Na2HPO4 ) 4% 5$6 1 7 21 8,9:; <= )<%5>-/  47< 

?@A,.,@B2C  
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1*D/ 1%'-D+7E( F3<'6  G=%= FHI7<52+ #I J3% >/ K.*L 4*C MJ2N*(O1*023 'PI% F@*  )*+

Q2H9I F; FN*RHC 5"*6 ]4711[ .  MB2/ 'S*T U2V:N <= &%'( )*+,-.%,N'(#/,0/ W!@%  *+ 1*023 )

X:6 =<,; 4% 5$6 ?@ 7 21 )*;= <= 7 ?@A,.,@B2C 8,9:; <= YZC'[ <%'\ 47< 37 #]<= 

FZ/*3 =%'[ ) !"  6 ( /O 7^^^^^ B2.*FTIR#/,0/   *+ ) !"  7 (/7< M5  20!N   2!DN 7 _`I%7

2+5J2N*(O FHI7<%<  F@*>/ 4*C 1%,`a #6 52@bNF;  ``I5.  M'S*T )*+4*C M#ZR+ #3  J"c[ 4% W(

 '22dN 1*;4 J"c[ *6 4*C 7= Y@% JeH/ #I 5`"*6 F; f*RHC Q2H9I )'N*Z6 7 J2N*(O FHI7<52+

F; 5`I .#/,0/ W!@% ,N'( )*+,-.% 4% #I )<,g #6 F; hiD; 1*023 )*+ <= M=," Y2T 

_`I%7 F;  @5eN J2N*(O FHI7<52+ #6 f*RHC Q2H9I )'N *Z6 MG=%= j< )*+ =," . #H@*V; *6

k2g  )*+j'3 7'C )  !" 7 (F; G5^^^^+*D;  =75T <= l\%7 k^^2g #I =,"cm
-13600 #I 

<,mT #niD;- 
OH )  J2N*(O FHI7<52+ o'$; (F;  4*C *6 _`I%7 4%  e\ 1*023 K2I'N <= M5"*6

 l@*; )" ! 3 ( =<%5/ =,]7 . 1*;4 J"c[ 7 l@*; 4*C *6 1*023 15" p,9i; 4% W( *;% ) ^^^!"  

7(  k2g Mcm
-13600F; '+*q   1*@*( <= 7 =,"21F; G5+*D;  6*\ %<*!"O M47<  5"*6 . 4% W(21 

 1*023 j'37'C k2g <= M 47<)  !"7 (/*65] )*+c l\%7 F6=< 600 7 cm
-1 3600 #I '-/*D/ 

 <,mTOH
- =`ZH+ <*Zr*3 <5 s,S7 #6 =@5F; G ,"5/.  '6 M1*;4 J"c[ *6 #I J3% t,>R; 1%56 Y@%

G5" G=7BC% J2N*(O FHI7<52+ <%5V; J3%.  

  
  !"7-k2g  j'37'C )*+ #/,0/  1*023 )*+)  ( L/P=0.3, 6% Na2HPO4  4% 5$6 M 1 7 21 8,9:; <= )<%5>-/ 47< 

?@A,.,@B2C 

)*+ JeH/ u@*^^^Z/ #6 #],N *6 Ca/P#/,0/ 4% G5^^^^;O J3= #6   1*0^^^^23 k9Zi; )*^^+) 875]

2 ( 7 B2.*/OEDAX  #ZR+ #3 4% 5$6 1*023 )  !"8( M #IV; 7 'RHC 7 Q2H9I 'v*`a <,mT 5 )<%

35D/ %< '9I 7 Q@^^^^^ 1*F;  7 5+=#w2Z/ 7 f%5+*D; #6 #],N *6 2[^ ,N'( &%'(  )*+,-.% 4% )'

#/,0/ W!@%  1*023 )*+)!"   6 ( B2.*/O 7FTIR/,0/ ^^^^^# 23 )*+^^ 1*0) !" )*+ 377( M

F; F; J2N*(O FHI7<52+ J03 #6 1*023 K2I'N  @5eN F9;*!N 5/7< #I JC'[ #w2Z/ 1%,N 5"*6.  
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 !"#2- !"#  Ca/P $#%&# '(&)* +(,  

 $%&'Ca/P  ()*+, -'.*' /)0123   "4-'.*'  

51/1  -.(/ 0(1 (2 '34 5%67/ 08 9!:  BC  

59/1  3;34 +<83=># ?.@%A%.B)1 C%6D/ <E 0F< BC-3  

62/1  21;34 +<83=># ?.@%A%.B)1 C%6D/ <E 0F< BC-21  

1*023 F/7'Z!.% x,!37'!2; '@7*nN Y2`y0+  4% 5$6 21#/,0/ YZC'[ <%'\ 47<   8,9:; <= *+

 FC*2.% 7 F/4,3 )*+<*Zr*3 *6 J2N*(O FHI7<52+ 4*C <,mT M?@A,.,@B2C %<2@bN^^^^^^^^^^ 5/='I 5

 ) !" )*+ 9710 (.  

  
  !"8- B2.*/O EDAX023 ^^^^^^^^^ 1*

( L/P=0.3, 6% Na2HPO4 )M 4% 5$6 

21?@A,.,@B2C 8,9:; <= )<%5>-/ 47<   

  !"9-  '@,nNSEM 4% 5$6 1*023 4% 21 <= )<%5>-/ 47< 

?@A,.,@B2C 8,9:;  

  

  
  !"10- '@,nN  SEM 4% 5$6 1*023 4% 21)<%5>-/ 47< ?@A,.,@B2C 8,9:; <=   

1*023 M=<%,; 4% Fm$6 <= 'I'( <,z`; #6 FN*RHC Q2H9I )*+=G'RT 1 *+F@ =6 <5F; <*I #6 1 /7<5 
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6%[9  63'1 v%V wC+'C *+i). -(#.1%,2#$ 61#9 K#, b#Er5 -@(%E@rC ?#. KV/mm2 40    21 8'+)' 63'2C3T&' 

x+@/5%@!9 D!,+,  -'+( *C3!9 ?#.  yC%F+)S!/ ?#.63'2C3T&'  #9#F 8L:C x+@S>" z#X   21 ?N%9 ?#.

 3.1 u#\EMC 1+M 8, C2 R!'5%E@rC A#LkX 21 8(#j 5 +(55%@!9  -(#{< O"#:]255[ .  8r#[9 D(C NC y3.

 8I!: ZE0/ 2+G09 8, 8!r5C 8I!: 630.1 O!@I" |CZUC m/#09 -'N5 3P21 D!!L"– #, 2+=+>< ?#@!9 R!9C%/ 

9 W!>,#X 5 -@!'#@9 uC+M-9 m/#09 ?2#@0!:# 3:#,.  

2-  #$% &'#  

 ;53U1-9 *#I' C2 }qqq.57j D(C 21 63: z#`E'C ?#.Z!9H -'N5 3P21  3.1 . ?#.3!S$C D!9#" ?C%,

 63: -(+:3!qq/C -U#Q 61 o!>!/ NC m!"%" 8, Z!9H %. 21 2+$~9 ) NC }!, u+>M #,993P21  ( 21+j  

 -0jCb ?#0!9+rH ) u+>M #,983P21 (09 A#0,%$   Y(Z! ) u+>M #,983P21  (   Y(Z!09 3(2+>< )983P21 (  

 Y!/#Ej A#0,%$)983P21  ( 8!$%" -EL0P R(2+,3!/C 5)983P21  (3: 61#aE/C.  

 (')*1- �>E`9 ?#.Z!9H -'N5 3P21  

7GC.  6GC.  5GC.  4GC.  3GC.  2GC.  1GC.   !"#$#% &#'"() )wt%(  

91/3  08/4  8  6  17/4  09/4  4  K2O  

9  5  68/6  84/6  31/7  16/7  7  B2O3  

09/41  90/42  13/40  06/41  87/43  93/42  42  SiO2  

56/19  43/20  11/19  55/19  89/20  44/20  20  MgO  

63/16  36/17  24/16  62/16  76/17  38/17  17  Al2O3  

78/9  21/10  55/9  77/9  6  8  10  F  

 ?#91 21 5 -@(%E@rC �2+$ 21  *3: �+>`9 NC oj Z!9H %.C�1400 A39 8, 1W4#/  -0$%(N 8"+, *521 

3: z5g . ?#91 21 3: 61C1 O@: ?1K+< mr#X *521 8@'H NC oj 8>P#Q zC~9C�600 W4#/ Y!' A39 8, 

3: -(C1N }0" . ?#91 21 5 -@(%E@rC 62+$ *521 21 8I!: *1%$ 2+>BE9 2+G09 8, -"2C%Q A#!>)4C�925 8, 

 A398 *1%$ h%F W4%/ #,  W4#/ C/min�53: h#^'C  .9 D!!L" D!0i). 5 -"2C%Q A#!>)4 ?#91 �153]

 -"2C%Q Z!r#'H 6#&E/1 NC 61#aE/C #, -(C1N }0" ?#91DTA ;39 STA-1640  W$%: WM#/ Polymer 
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Labratories3: h#^'C  . O@:)2 (-9 *#I' C2 }(#9NH D(C 8^!E' 3.1.  

: A#LkX 21 -"2C%Q A#!>)4 NC oj 63: 1#^(C D(2+>, ?#.N#< #( N#< w+' -(#/#0: 8I!– 61#aE/C #, R!9C%/ 

 o@(C +"%j %&:C%j 6#&E/1 NC(Siemens, D-500)W<%F h#^'C  .}(#9NH -9#)" 21 8'+)' *N5 #.  }(#9NH ?#.

 63:38'C1 5 h%F   D!, 21+j ?30,45 -rC 603: z#`E'C *5%@!9  . O@:3}(#9NH D(C NC OP#Q 8^!E'   C2 #.

8I!: ?C%,  �3: 2+>BE9 ?#.1 #" 7-9 *#I'  30.1.  

  
  !"2 -  W:#&'#9%FDTA 8I!: 1GC.  

 21 D(2+>, AC2g d(N+" -&'+&V 5 2#EM#/ Z(2 -/2%,

 8I!: A#LkX NC R( %.– NC 61#aE/C #, R!9C%/ 

 -I,52 -'5%E@rC x+@/5%@!9(SEM) ;39 Stereo 

Scane 360 W$%: WM#/ Leica Cambridge 

3: h#^'C . 8I!: -I)M h#@]E/C D!0i).– 

R!9C%/ , #.8k[' 8/ A2+P 8  6#&E/1 #, 5 ?C

Instron;39  11963: h#^'C . ?C%, #. 8'+)' 1#L,C

 }(#9NH D(C50×5×12 mL@9 %E9 ->!9 8'+)' 1C3L" 5

1+, 134 �0j m!$%" %. ?C%, 63: ?%!F 6NC3'C. ) #,

 2#, ;#)4Cg100 A39 8, 30 8!'#� .( 6NC3'C ?C%,

N%@(5 �0/ -E`/ Z(2 6#&E/1 NC -E`/ ?%!F 

photoplan3: 61#aE/C . %. *3: ?2#@0!:#9 W!>,#X 

 8I!: A#LkX NC R(– #T'H ?2#@MC2+/ #, R!9C%/ 

 -r+)L9 8E9 c/+") %kX #,5->!9  %E9 ( o�/ 5

6NC3'C  NC OP#Q 21+j AC2g 6NC3'C d(N+" ?%!F

6NC3'C #, ?2#@0!:#9  NC 61#aE/C #, AC2g -F2Z, ?%!F

 6#&E/1 #, 5 ?2Z!r +"%jAnalysette 22 WM#/ 

 W$%:FritschW<%F A2+P .  

  !"3-  �C%j -0]09XRD8'+)'  #.  

3- +,- ' ./$01  

 8I!: 3: *#!, Z!' ;5C }`, 21 8$ 2+k'#).–R!9C%/  -9 63'+: ?2#@:C%" ?#.  ?#.N#< ?5#Q 30'C+"
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30:#, #@!9 61C+'#M NC -"5#aE9 D(2+>, .-9 63: 2+>BE9 ?#@!9 w+' 21 A5#a" #T0" 8' 8$ W/C -T(3,  %, 3'C+"

 3:#, %�+9 *H -@!'#@9 uC+M 5 8LkX ?2#@:C%" W!>,#X]3[-F7(5 8@>,   5 m!$%" *+i). ?%&(1 ?#.

 #@!9 D(2+>, AC2g 3:2 -&'+&V 5 63'#)!X#, 8I!: N#< 2C3[9 ) W9#`e 8, %kX WBS' %G' NC (-9 Z!'  30'C+"

-F7(5 D(C %,  3'C2~F %!�#" #.]6[ .-9 8EaF  -(#.%E9C2#j 8$ 1+: ?#@!9 D(2+>, N#< 1#(N -)^Q 3P21 O!BX NC

 2+=+>< W9#`e 8, %kX WBS'  D(2+>, AC2g 6NC3'C -@V+$ 1#(N  AC2g 1#(N -F3: OaX Y.21 5 #@!9 8X25 

-9 O!M1 8LkX ?2#@:C%" Wr+T/ 21 #@!9 D(2+>,  30:#,]35457[  .-F7(5 1+: mU+9 8$ ->9#4 %. oj  ?#.

$ %, 11%F 1#^(C 8LkX 21 2+$~9W:C1 3.C+M WB�9 %�C *H W!a! .8X25 3:2 ?C%, 8$ W/C 63: 8EaF  #, -(#.

-9 1#(N W9#`e 8, %kX WBS' �rC WS(#, ( 3:2 8$ -=#91 -0L( K#, J#EBS' ?#91 #" C2 #@!9 N#< -'N 8'C+U

-9 A2+P -'#TF#' z  WMC3'C %!M#" 8, 1%!F ( Y!/#Ej WG>� *1%$ 153]9 #,)8X25 630.1 ;#\"C #. (3:2 

� 5 1C1 }(CZ<C -E9#`e 3:2 8, WBS' C2 ?%kX ( }(CZ<C #, C2 63'#)!X#, 8I!: ?5%'C%FB2O3 #" 1C1 }.#$ 

8Br 8, |CZUC %EL(%/ *+(N+a(1 *#@9C 2+>, ?#.  1+: %(~j]7[ . ;53U 21 1+U+9 �>E`9 A#B!$%" z#`E'C)1 ( Z!'

W<%F A2+P �#/C D(C %, . m!$%"1G.C.|#0B9 ;+9%< ;53U D(C 21 61+,  63: hf4C 6153]9 8, 8U+" #, 5 

8I!: w+' D(C ?C%,- dU%9 21 #T@!9C%/]3[3(1%F z#`E'C. 8$ 3'3: z#`E'C �#/C D(C %, %&(1 A#B!$%" 5 

*+( NC -"5#aE9 -'N5 ?#.3P21 %!�#" *C+E,  *+i). -(#.B
3+

,K
+ 5 F

- C2  ) -'N5 3P21 DE:C1 8&' W,#� #,

 ;+9%< %. 21 %P#04 8![, (!: 21 8I–R!9C%/  1C1 2C%X -/2%, 12+9 #.. �#/C D(C %, ?#. 8I!:2GC 

53GC-0L( #0B9 ;+9%< 8, WBS'2+=+>< %!!p" �#/C %,  GC1 -0L( A#B!$%"4GC57 GC %!!p" �#/C %, K2O 

A#B!$%"5 #0B9 ;+9%< 8, WBS'2GC5 7GC %!!p" �#/C %, B2O33'3: 8!T" #0B9 ;+9%< 8, WBS' .  

 (')*2-(#9NH �(#E' 8'+)' ?52 %, 63: h#^'C ?#TI .#  
2)" 34#5- 6789  1GC.  2GC.  3GC.  4GC.  5GC.  6GC.  7GC.  

 :,;< 3=>1 ?)")001($!@A B$C(%) 5/9  79  100  7/40  5/65  65  79  

D#$!"75E F@G-$H  3,  z+M  z+M  z+M  z+M 2#!S,  c/+E9  c/+E9  

B$CI/#8G-  W!j+F+><  W!j+F+><  W!j+F+><  W!j+F+><  W!j+F+><  W!j+F+><  W!j+F+><  

d50(µm) D#$!"75E B7 3"$1 58/8<  77/8<  71/7<  43/5<  86/4<  97/7<  85/8<  

 J$!,047MPa  5/25  5/16  5/7  14  42  9  5/5  

 30K4GPa  08/4  46/4  25/3  03/3  51/2  92/2  51/4  

 ;53U)2 (}(#9NH O\Q#9  ?#.XRD  -E`/Z(2  -I)M h#@]E/C   d(N+" -&'+&V 5 ?2#@:C%" W!>,#X 

 8I!: D(C NC R( %. ?2#@:C%" NC -:#' ?#.21+j AC2g 6NC3'C–R!9C%/  -9 *#I' C2 #. 3.1 . 21 8$ 8'+&'#).

 ;53U)2 (-9 63(1  m!$%" 8/ A#B!$%" D(C *#!9 21 1+:2GC  3GC 5 4GC?2#@:C%" W!>,#X NC     z+M 51 

 m!$%"6GC  7GCc/+E9 ?2#@:C%" W!>,#X NC m!$%" 1 GCC%" W!>,#X NC 3, ?2#@: m!$%" 5 5GC NC 

3'1+, 2C12+M%, z+M ->!M ?2#@:C%" W!>,#X.  

      
  !"4-  8'+)' 2#EM#/ Z(21GC.-"2C%Q A#!>)4 NC oj                    !"5 -  8'+)' 2#EM#/Z(22GC.-"2C%Q A#!>)4 NC oj   

 ) -(#)0F2Z,300(                                                       )  -(#)0F2Z,300(  
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  !"6- / Z(2 8'+)' 2#EM#3GC. -"2C%Q A#!>)4 NC oj                       !"7-  8'+)' 2#EM#/Z(24GC.-"2C%Q A#!>)4 NC oj   

) -(#)0F2Z,300(                                                    ) -(#)0F2Z,300(  

 ?2#@:C%" -F7(5 W>43, 8I!: 21 – R!9C%/ 1GC 8]aP o@(C +"%j �C%j R!j A3: 8, 8U+" #,  )001( 

21 W!j+F+>< N#<-9 C2  R!9C%/ 8I!:  D(C  WS'C1 �+,%9 2+$~9 8I!: 21 n3'C 2+>B" *CZ!9 8, *C+" . #9C

-9 JC13^9 %&(1 A#B!$%" D!, ?2#@:C%" W!>,#X A5#a" n21 ?C%, A5#a" WS(#, ?2#EM#/Z(2 ?#. C2 #T'H D!, 

1C1 2C%X -,#(N2C 12+9 . %(5#\"4 #" 10R!9C%/ 8I!: 2#EM#/ Z(2 m!"%" 8,   ?#.1G.C. #" 7G.C. 8$ C2 

63: 8!T" -I,52 -'5%E@rC x+@/5%@!9 c/+" -9 *#I' 3'C 3.1 .-9 63.#I9 8$ 2+k'#).  1+:  

  

  !"8 - 8'+)' 2#EM#/ Z(2 5GC. -"2C%Q A#!>)4 NC oj ) -(#)0F2Z,300(  

 8I!: 2#EM#/Z(2– R!9C%/ 5GC8:+M -@V+$ %G' NC  (2 NC #T'H *3: OaX Y.21 *CZqq!9 5 D(2+>, ?#. Z

 8I!: 8![, 2#EM#/–R!9C%/  Z(#)E9 Jf9#$ #. -9 *5%@!9 3P NC %E@V+$ *H 21 #@!9 ?#. 8X25 6NC3'C 5 

3:#, .61%$ �2CZF JfBX Z!' %&(1 D![[]9 8$ 8'+&'#). D(C%,#0,  ?2#EM#/ Z(2 D!0V 1+U5 12+9 D(C 21 3'C

 8I!: ?2C12+M%, mU+9– R!9C%/ 5GC#(N 2#!S, ?2#@:C%" W!>,#X NC  WBS' %EI!, h#@]E/C D!0i). 5 1

8'+)' 8, -9 %&(1 ?#.  3:#,]458[ . 8I!:– NC OP#Q 21+j AC2g 6NC3'C c/+E9 %G' NC 2+$~9 R!9C%/ 

-9 A5#aE9 -/2%, 12+9 A#LkX %&(1 #, Z!' -E`/ D!0i). 5 ?2#@MC2+/ 3:#, . ;53U NC)2 (-9  *C+"

/ NC OP#Q 21+j AC2g 6NC3'C c/+E9 8$ 1%$ 63.#I9 *H -E`/ D!0i). 5 R!9C%/ 8I!: D(C ?2#@MC2+

 8I!: 8, WBS'–R!9C%/  -9 2C12+M%, 2C3[9 D(%E)$ NC %&(1 ?#. 3:#, .-9 8EaF  OP#Q 21+qqqqj 1#L,C 1+:

8X25 1#L,C 8, ?2#@:C%" NC  8I!: 8LkX 21 #@!9 D(2+>, ?#.– 12C1 -&ES, R!9C%/ ]9[ .D(C%,#0, 8$ 2+k'#). 

@/5%@!9 %(5#\" NC 3(1%F 63.#I9 Z!' -�-9  8X25 8$ W<%F 8^!E' *C+"  8I!: 21 W!j+F+>< D(2+>, ?#.– 

 R!9C%/5GC 8I!: 8, WBS' ?%E@V+$ 1#Lqqq,C –R!9C%/  3'2C1 %&(1 ?#. . 1#(N h#@]E/C Z(2 1#L,C D(C

 8I!: %&(1 8, 8S(#[9 21 Z!' C2 R!9C%/ 8I!: D(C–R!9C%/  -9 8!U+" #. C%(N 3(#)'3: 8EaF W/C 6 -'#9N 

8X25 1#L,C 8$  NC %EF2Z, #@!9 D(2+>, ?#.5/4 WBS' 8X25 %kX Y@( *C+" #, 8LkX h#@]E/C 3:#, *5%@!9 

 W:C1 3.C+M o@4]358[ .-9 8EaF  2+>, n%EI9 O\< 21 }0" Z$%)" 8, Wr#Q D(C 1+:– NC -:#'  8I!: 

 �+,%9 8I!: 80!9N #, #@!9 N#< -"2C%Q �#SB'C m(C%e �,#k" h34-9  AC2g1#L,C *3: %EF2Z, #, 8$ 1+:
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D(2+>, }0" *3: %EF2Z,   63: 1#^(C ?#. #, 6#F 8$1#^(C Z(2 n%"  W/C 6C%).  }.#$ 8^!E' 21 5 

 W:C1 3.C+M 6C%). 8, C2 h#@]E/C]35458[ . 21 8$ W/C ?%&(1 2+E$#< 61#9 -E`/ 8$ W:C1 8U+" 3(#,

 8I!: ?2#@:C%" W!>,#X–12C1 %�C R!9C%/  .C5 W!>,#X NC 3'2C1 ?%E)$ -E`/ 8$ ?1C+9 8$ W/C se

?%EI!, ?2#@:C%"Z!' 30:#, 2C12+M%, .  

 W/C 8U+" O,#X 1C+9 Y>4 6#F3(1 NC 8$ ?%&(1 8E@'  "%(#p9 -9 %G' 8, ;5C 8>.5 21 8$ W/C - 3/2 8^!E' 

 *+!"#$ *CZ!9 }(CZ<C 3'52 NC OP#QK
+ 8I!: 8LkX ?2#@:C%" -F7(5 %, –C #, R!9C%/  -)>4 d,#09 W(%�$

%&(1C2C1-9  3:#, . ?2#@:C%" W!>,#X 1+BT, 2+G09 8, 8$ 3'3[EL9 D![[]9 NC -M%, 3: %$g JfBX 8$ 2+k'#).

 8I!:–R!9C%/   2+=+>< ?#@!9 ?#. )8X25 W9#`e 8, %kX WBS' }(CZ<C �(%t NC  #@!9 ?#. (-9  WS(#,

 WG>� *#@9C 3Q #"K
+ 1C1 }.#$ 8I!: 21 C2 ]758[ . C #9Chyung WG>� }.#$ 8$ 3'3[EL9 }'C2#@). 5 

K
+-9 8I!: 21  8'C+U ;#)EQC }.#$ 3'C+" C2 #@!9 ?#.2+>, -'NZ!'  3:#, 8E:C1 -j 21 ]8[ . 5 %G' D(C 3!=#" #,

 %(+\" 8, 8U+" #,)8 (-9 %G' 8,  WG>� }(CZ<C %e#Q }.57j 21 8$ 3/2K
+ }(CZ<C mU+9 8!r5C 8I!: 21 

8'C+U W!>,#X < -'N#@!9 ?#.2+>, W9#`e 8, %kX WBS' }.#$ %&(1 ?+/ NC 5 #@!9 ?2+>, N#)  �(%t NC 

-E9#`e 3:2 W4%/ }(CZ<C (C2 8E:C1 6C%). 8,  W/C. #, %,C%, W9#`e 8, %kX WBS' 8$ W/C 63: 8EaF

12 h#@]E/C }(CZ<C %, ?%!�#" *H NC %EF2Z, ?#TEBS' 5 12C1 6C%). 8, C2 h#@]E/C *CZ!9 D(%EI!, 

3'12C]10[. D(C%,#0,-9 %G' 8, }0" NC -:#' h#@]E/C }.#$ 3/2 5 #.K#)EQC  �,#k" h34 NC -:#' ?#T$%" 

N#< 51 -"2C%Q �#SB'C m(C%e-X#, 8I!:  #@!9 2+>, 5 63'#9 -)T9 }[' 12C1 Y![ES9 8k,C2 ?%kX 3:2 #, 8$ 

C2 ?5#Q ?#. 8'+)' h#@]E/C }.#$ 21 K2OY$ -9 #a(C  3(#)'.  

      
!"  9- 8'+)' 2#EM#/Z(2 6GC.-"2C%Q A#!>)4 NC oj                          !"10- 8'+)' 2#EM#/Z(2 7GC.-"2C%Q A#!>)4 NC oj   

)  -(#)0F2Z,300(                                                        ) -(#)0F2Z,300(  

 NC 2+=+>< -^(23" }.#$10 8, 6D!0i). 5 h#@]E/C }.#$  -'N5 3P21 }.#$  8I!: A#LkX -E`/ – 

C%/ NC m!"%" 8, C2 R!9MPa 5/25 5 GPa07/4 )  m!$%" 211GC ( 8,MPa5/7 5 GPa25/3)  m!$%" 21

3GC (W:C1 ;#B'1 8, . z5g R)$ }[' 8, 8U+" #,F 8I!: m!$%" 21 2+=+>< _'+]11[-9 2#GE'C   8$ W<2

61#9 8@'H 8, 8U+" #, #9C 3:#, 8E:C1 6C%). 8, C2 -@!'#@9 uC+M }(CZ<C 61#9 D(C }.#$ 6300$ D!9#" 8!r5C 

 }.57j D(C 21 2+=+><MgF2-9 %G' 8, ;+[L9 2+$~9 �(#E'  1+,  3(H.-9 8EaF C%(N   8$ 1+:MgF2 m!$%" 21 

8I!: w+' D(C 8'C+U O9#4 *C+04 8, #. -9 O)4 D(2+>, ?#.N#< ?CN  30$]8512513[ . w+e+9 D(C 8, 8U+" #,

-9  -'N5 3P21 }.#$ 8$ W:C1 2#GE'C *C+"MgF2 8'C+U Z$C%9 1C3L" }.#$  NC }!, }(CZ<C 8^!E' 21 5 -'N

8X25 %kX 3Q E:C1 -j 21 C2 #@!9 ?#.3:#, 8h#@]E/C %, |+/ %�C 1+M Wr#Q D(C 8$ -E`/ 5  3.C+M 8LkX 

W:C1.  

 8I!: A#LkX -E`/ 5 h#@]E/C %!!p" 6+]'–-'N5 3P21 %!!p" #, R!9C%/    2O3 B W!LB" -P#M 3'52 NC 

�(#E' 5 1%@'61C1 8, 8U+" #, OP#Q  -9 s!e+" O,#X %!� 1+U+9 A#4ftC 5 #. 3:#,.  
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4- :L@01  D5@M  

  3(1%F OP#Q O(g �(#E' }.57j D(C h#^'C NC:  

   3P21 }(CZ<C #qqq,K2O 8I!: 8LkX h#@]E/C 5 -E`/  ?2#@:C%" W!>,#X 8I!: m!$%qqq" 21 – 

-9 }(CZ<C R!9C%/ 3,#(.  

   -j+@/5%@!9 %(5#\" 8, 8U+" #,SEM �(#E' 5 XRD-9 %G' 8,    8I!: uC+M 1+BT, 8$ 3/2– 

 R!9C%/) 3P21 *3: %EI!, NC -:#'K2O (-, 5 *3: %"Z(2  -)^Q 3P21 }(CZ<C NC  21 %EI!, -)G'

8:+M }(C2H 6+]' -9 8)IV%/ 2+=+>< ?#@!9 N#< ?2+>, ?#. 1%!F.  

   }(CZ<CK2O#.2+>, W9#`e 8, %kX WBS' }.#$ �(%t NC 8I!: m!$%" 21 8X25 ?  2+=+>< ?#@!9 ?C

 mU+9  8I!: 80!9N 5 ?2+>, N#< -"2C%Q �#SB'C m(C%e �#Bk'C h34 NC -:#' }0" }.#$ 8^!E' 21 5

 m!$%" h#@]E/C }(CZ<C5GC-9 %&(1 A#B!$%" 8, WBS'  11%F.  

  -9 %G' 8,  *CZ!9 }.#$ 3/2F *CZ!9 }.#$ �(%t NC  MgF28'C+U Z$C%9 2C3[9 }.#$ mU+9    5 -'N

 21-9 8X25 %kX -tC%<C 3:2 8^!E' 1+: .h#@]E/C }.#$ Wr#Q D(C-E`/ 5 W:C1 3.C+M -j 21 C2 . 
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             !"#$ %#& '#()*+, -.'#/ 0123, 4*5.! 6!", %*7'8 9:;%&  

'+*,"5< 9+23(; -'=,%># '()*+,   

 !" #$%& '()*1()+,- .$/0 12 23/"  4/5&67* 13867&69.:; +,<=:; 141 >.3?; @4; A6,B)1  

1
  !"#$" %&'( ) *+, -./01"22

  3456" 2"78 -./01"23 9$#: 3;&'( -./01"24<=.> 7?@1 %A#:  

'.$C<: A.'B4?C8 3';D$= E.F4#G 2#H=.-.'B4?C8 ) .$IB'4 - =2 J.H .'B4?C8 E.K#G8 E.G LH M'BN6" 

 2J?O E.K MBP.> ) -=.H#6 QR IG LH (%6" -S: T?U&4 .K L1.R=.A 7" 3R#H =2 . E.F4#G =2

.'B4?C8- LH %4).V4 W$"IO" XG?4 ) 22#Y 34 MBZ0P  .G=2  [=?( LH M'BN6" =.A \B] =2  .$IB'4 

R22#Y 34 3Y2=? . 2#A -2.^;6" !"?P 34 E2S&;4 LBC)" 2"?4 7" _#G =2 .$IB'4 3O#&4 E"#H . \$" =2

 \B4`P E"#H -S: #;'$7 E.$IB'4 ) *$IB'4 S$#+A  *$IB'4 SB@A)=SBK  *$IB'4 [.'H#A 7" WK)a>

%6" -S: -2.^;6" .$IB'4 . !"IB4MgO T2.&4 =?Ab4 LBC)" 2"?4 =2 2?G?4 wt%91/2-97/0H  -2?

%6" . ?P#> c"#> ) E=.;R.6I$= ) 3ZB1.Z4 d$.;1x E).] E.F4#G   2"?4 \$" \BH 7" LA %6" 3A.] 

 e$7?P -?f1  2#6 30UR _.Zf;6"  3O#g4 h8 S(=2 #i1 7" *$IB'4 [.'H#A ) -S: #;'$7 E.$IB'4

B'4 S$#+A E).] E.F4#G LH %j@1 E#P X6.'4 %B&k) M'BN6" 7.O 2.l$" ) L'B47 =2 #(.', ) *$I

S1" L;:"2 *$IB'4 SB@A)=SBK EJ.H S(=2 E).] E.F4#G . MBC2 LH *$IB'4 S$#+A E).] E.F4#G

 *$IB'4 SB@A)=SBK EJ.H S(=2 E).] E.F4#G ) mn6 LH !8 [#G.F4 ) *$IB'4 S$#+A T5f1"

S1" -2"S1 !.01 "= 3H?+n4 o"?R .KSB@A)=SBK 3&k?4 eUlP MBCSH.  

 >.$4D E634D: D$= E.K _#G.'B4?C8 3';-.$IB'4 E).] LBC)" 2"?4   .G=2 M'BN6"   .$IB'4  

1- F;.!;  

.'B4?C8 E.F4#G-.'B4?C8 ) .$IB'4 - 2J?O E.K MBP.> #;68 =2 M'BN6" )LF()  =.A LH p.&B6) -=.H#6 QR #$7 =2 

 S1)= 34]1 .[ 3';D$= E.F4#G =2Al2O3-MgO ) S'A 34 W'A") 2#H=.A \B] =2 .'B4?C8 .H .$IB'4    M'BN6"

 .G=2)In situ (.'B4?C8 3';D$= E.F4#G =2 LZBC.] =2 SK2 34 MBZ0P- EI;'6 ["=q 7" "S;H" !.UK 7" M'BN6" 

22#Y 34 -2.^;6" M'BN6"]2.[.'B4?C8 E.F4#G- %U@r E"#H .$IB'4 Impact pad.'B4?C8 E.F4#G ) -="?$2 ) - 

 IG LH -=?A 9A %U@r E"#H M'BN6" Impact pad1)= 34 =.ZHS]2 .[ E.F4#G 3Y2=?R #H"#H =2 %4).V4

.'B4?C8-.'B4?C8 E.F4#G 7" #;FH .$IB'4 -M'BN6" ]3 [.'B4?C8 E.F4#G 3P="#] s?: #H"#H =2 %4).V4 )- M'BN6" 

S:.H 34 #/$2 t?1 7" #;FH]1 .[.'B4?C8 _#G t?1 )2#K #;H?+n4 3Y2=?R %4).V4 MBC2-.'B4?C8 ) .$IB'4 - 

7"SY#$2 LH %j@1 M'BN6" E.F1?$ hbG %B+H.r LH !"?P 34 "= 3$.'B4?C8 E.KMn
+2   Fe

+2 
  Fe

+3 Q6?P 

 \B'uUK ) -=.H#6 ) 2J?O h"b4 7" 3:.1 3YS1=?R WK.A LlB;1 =2) _#G =2 2?G?4 M'BN6" S4.G T?+f4

 MBZ0PCA6 W'A") #v" =2 CaO .H -=.H#6 =2 2?G?4 Al2O3 *A"#P W$"IO" LlB;1 =2 ) _#G L'B47 =2 2?G?4 

 L;B@1"2 w5;R" MBC2 LH L'B47CA62"2 %j@1 30'A") M4"?, .H ]4 .[ LZ'$" \UkCA6 W'A") \$" 7" M(.] 

2="2 h"b4 7" "= .F1?BP.A hbG %B+H.r IB1 31.UB6 E.K7.O [5$SjP .$ ]4.[ E=.g;R" *x5, 7" .K7.O yfH =2

C=CaO   A=Al2O3  S=SiO2 )  H=H2O%6" -S: -2.^;6" .  

_"#Y.$2 zH.n4 Al2O3-MgO *$IB'4 [.'B4?C8 M'BN6"  E#;4?BA?;6" XBA#P )MA ( E"="22/28 317) S(=2 

MgO) 8/71 317) S(=2 Al2O3 LH SK2 34 {= !8 =2 .$IB'4 ) .'B4?C8 T5f1" .42 W$"IO" .H ) S:.H 34 

 =2 LA E=?|°
C 1600  2 317) S(=2MgO) 6 317) S(=2 Al2O3" 2.l$" LH #l'4 ) M] M'BN6" =2  M'BN6

22#Y 34 .'B4?C8 7" 3'} .$ ) .$IB'4 7" 3'}]5 .[ [=?( LH QBf4 E.42 =2 =?Ab4 S4.G T?+f4 E.K M'BN6"

 .$IB'4 .$ .'B4?C8 3,#O 7.O ) S4.G T?+f4 M'BN6" 3+(" 7.O M4.:   E7.O )2 [=?( LH pJ?U&4 ) ="S$.> LUB1
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S':.H 34]6 .["#H =2 %4).V4 2?jFH =2 2"78 E.'B4?C8 =?~]?: #H"#$7 %6" #v?4 M'BN6" 3P="#] s w5;R" 

22#Y 34 s#PI$= 2.l$" .$ ) �=IH E.K s#P !S: L;@H XG?4 7.O )2 \$" 3P="#] �.@j1" X$"#k]6 .[ =2

SH.$ 34 W$"IO" 31?B18 3C.R E.K.G .$IB'4 7" 3'} M'BN6" =2 ) 31?BP.A 3C.R E.K.G .'B4?C8 7" 3'} M'BN6" .

BN6" =2 .'B4?C8 T5f1" #B} !"IB4 \BUDP E"#H t?k?4 \$" 7" LA 22#Y 34 S]") T?+6 2.&H" WK.A XG?4 M'

2?: 34 -2.^;6" M'BN6" !2?H E#;4?BA?;6"]7 .[ LBC)" 2"?4 7" M'BN6" MBZ0P E)= #H E2S&;4 [.&C.n4

%6" L;O#Y [=?(  9+;D4 .SerryA#$7 SB@A"  %B@jBY  3H?6= %B6)#H 7" W1"=.ZUK ) ?%B'U+$"   _?B1 

 .$IB'4 ) .'B4?C8 7" 3'}  E#;4?BA?;6" 9+;D4 E.K M'BN6" LBFP E"#H -S: L'B@+A %B@A?H ) 3&Bj|

 312)IO" -2.4 E).] M'BN6" \B'uUK)ZrO2S1" -2#A -2.^;6" ]8 .[Chen E.F4#G LBFP E"#H W1"=.ZUK ) 

.'B4?C8-  =2?>7" .$IB'4 5/5 E).] E.$IB'4 317) S(=2 95 S(=2 MgO) 4/0 S(=2 Al2O3-2#A -2.^;6"   S1"

]2 .[FuhrerW1"=.ZUK ) .'B4?C8 3';D$= _#G =2 LBFP E"#H - E.'B4?C8  =J?jP E.'B4?C8 E).] L'B47 7" .$IB'4 

 .$=2 h8 E.$IB'4 ) J.H .'B4?C8 !.UB6  �B+B6)#ZB4  ?B;A"=)mm250/0< ( S1" -2#A -2.^;6"]6 .[

Muknopadhyoy'BN6" =2?> "S;H" W1"=.ZUK ) M6 E.F:)= 7" "= LP"=SBK *$IB'4 [.'B4?C8 M- 3H?6= ) T� 

 !"IB4 �N6 ) S12#A LBFP%2-5/0S12#A LO.k" !.UB6 *A 3$.'B4?C8 L$.> _#G LH "= !8 7" 317) ]9 .[Nandi 

.'B4?C8 E.F4#G L'B47 o"?R E)= #H W1"=.ZUK )-S1S: IA#U;4 .$IB'4  . �?+D4 h8 .H "= L'B47 2"?4 .F18

&H ) -2#AE.K.42 =2 !2#A <#> 7" S °
C 1400.P °

C 1500S12#A #;'$7  .Nandi ej'4 )2 7" W1"=.ZUK ) 

 E#;'$7 E.$=2 h8 E.$IB'4 3Z$ .$IB'4)mm251/0-089/0 ( *$IB'4 SB@A)=SBK ))mm053/0< ( -2.^;6"

S12#A]10 .[ E).] 9+;D4 LBC)" 2"?4 *BV;@4 2#H=.A E)= #H [.&C.n4 LZ'$" LH LG?P .HMgO2  E.F4#G =

.'B4?C8-%6" -S: L;R"2#> t?k?4 \$" LH WK)a> \$" =2 %6" -S: 36=#H #;UA .$IB'4 .  

2- G$!?5 HI&  

 T)SG =2 3O#g4 LBC)" 2"?4 [.gD041%6" -S: -2=)8  .  *$IB'4 [.'H#A M4.: 3O#g4 LBC)" 2"?4 LBVH

 o?+R .H 3$.BUB: t?1 7" *$IB'4 S$#+A ) *$IB'4 SB@A)=SBK991"2 ) S(=2  #$7 ES'H L m 74%6" -2?H  .

.'B4?C8 3';D$=  _#G t?1 7" 3H.D;1" E.K !?B6J?4#O-L'B0BH #nr .H !.UB6 *A 3$.$IB'4 (Dmax) mm76/4 

 )3/0 = n) !7.$=S18 LnH"= =2 (%6" -2?H . =J?jP E.'B4?C8 !"IB478 =.Z6 !.UB6 !"IB4  317) S(=2 5 

 ?B;A"= E.'B4?C8  317) S(=27317) S(=2  .$IB'4 E).] 3H.D;1" LBC)" -2.4 ) -S: L'B@+A E.'B4?C8 t?Ul4 ) 

10%6" -2?H 317) S(=2  . T)SG =2 .FC?4#O SA -"#UK LH .$IB'4 E).] LBC)" -2.4 !"IB42%6" -S: -2=)8 .  

 JI.K1-3O#g4 LBC)" 2"?4 E.K 3Ya$)   

 9L7I  &M=N5 >6:$;=BOF:$P4D >6:$;=BO6:$;=BO=$2D)& > &6C0 863$0 +2:7* >67Q$:;

Al2O3 40/99  26/99  6/99  2/72<  1<  

MgO 03/0  05/0  -  3/0<  97>  

SiO2 03/0  04/0  05/0  8/0<  6/0<  

Fe2O3 02/0  02/0  03/0  3/0<  1<  

Na2O 35/0< 36/0  06/0  25/0<  -  

 Q$B6"O

 76$3$-  

%) "*I(  

CaO 03/0  03/0  02/0  2/29<  5/1<  

R=ST; UV0 -  -  34001  41002-3600  -  

E)&W '*).")  -  -  5/2  9-8  603  

E)&W '*).")  4760  37  12  95  74  

 E6STX;

 C7Q$Y  

 4Z) >6[*6Y   !_)S1"=?A  !_)S1"=?A  !_)S1"=?A CA-CA2 75A E#>  

1 :  !" #$BET    2 : %&'$  !" #$   3 :(#)*+,- ./0120  

1/0 3C" 25/0 *$S6 [.^@O 3+> E#P 317) S(=2 )TPP ( *$S6 [.^@O.;4"I/K ))HMP ( 7.@1")= !"?', LH

 )%04/0 -"#UK LH !.UB6 c#BY -S''A S'A !"?', LH  �$#;B6 SB6" %5/7-5/6 _#G �?+D4 LBFP E"#H h8 

S1S: h.D;1" .7" �>4 ) �0R [=?( LH _#G !2#A �?+D4 LVBr2 3 ) h8 .H -"#UK !2#A �?+D4 LVBr2 
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 -S,.r E"="2 [.Z$) XC.r =2 3';D$= _#G  [=.H?K \A �?+D4 =2 312)IO" 2"?4mm100 t.^P=" ) mm50 

S: E#BY XC.r . #^( E.F1.47 =2 LV+] \;:"2#H .H)t0 ( )15 LVBr2 )t15 ( �N6 )25 -./;62 .H !27 LH#k =.H 

 MZ: =2 .K L1?U1 7" 3Z$ d$.;1 LA S: E#BY -7"S1" .K#nr W$"IO" S(=2  !.$#G IB41%6" -S: -2=)8  .

 !2)IO" 22#Y 34 -SK.04 LA =?| !.UK2/0 =2 E" Li]54 MH.r #Bv`P *$S6 [.^@O .;4 "I/K S(=2 

2="2 E7.@1")=.  

 JI.K2- !"IB4  .$IB'4 -S''A \B4`P LBC)" -2.4)317) S(=2 (.F1?B6J?4#O SA )  

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

97/0 03/2= 1C 40/1= 1H 29/2= 1 Cl 1= 1D 

94/1 06/4=2C 80/2= 2H 58/4= 2Cl 2= 2D 
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°
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  !"# $%&  '()' $*+,- $*%. /01MgO%94/1+2 3"# 45 06- 37+ 89 +%:!'5  ; °
C 1450 %<'= +2 > 

%88/6 (?,# @5,# AB%94= 2(1 CDEF? CGDHI5 x)  /%J!I2 KI(?Jeol JDX-8030 (.37,L M+(N . $%&(JO5

 (?,# @5,#x CE1 +2 +(;P9 $%&  '()'   53I5 /01 /2+*=  .%!Q%I RB++ /%J!I2 KI(? S(7 $%&  '()' 

T(EI*,ED9 8'*,!EO5 )SEM+EDX ( U09S360-Cambridge 45 CN%. VB%!'  ; 37,L +5,W 8I+,- 2+(9 

$%<XE1 +2 %& 8I+,- YB56 8O5 93I5 /01 /2+*=.  

  
  !"5 -  615 @5,# $(JO5 x $*%. ZX!"9 $%&  '()' MgO 94/1 % $%92 +2 3"# 45 [#ûC 1450   

3- #$% & '()*+  

 CE1 \-%]91 %- ^I%G9 $4%_'5*+ %04/0I5  * `B,!DI 0D%2/0 2(1 89 CN%. aB0I M%b_7 %!9 5RJ& 

 3_? %- 87,c9 d= e5RD9  ;ball in hand aBRDG9 M%G-,; * /01 ,!GB4 3BRDG9 $*%. $%&  '()' $5,- 

%5/6 aBRDG9 0D_;*+0D& $*%. $%<9,f $5,- > %7 aBRDG9 0B,X; $*%. $%&  '()' $5,- * %5/72(- . %-

 e%)DI a; $%<9,f $5,- 87,c9 d= 0N+2  ; YB5  -  f(?%5  '52  ; 0I+ 89 ,:'  - > 01%- 89 8'4* 

0G-\Dgh? YB5 +2 8I+,- 2+(9 M%iD;,? $ %-  ; 3I5 ,!<- YDGj)& * 0'+52  XN%7 U5 /0B5 $0G-  '52 45 

22,L k%l'5 $4%_'5*+ $+%l? $%&4%_'5*+ .e(DImn %B Uoh'5 p%G)q /2%b!I5 $%BRDG9 $*%. M%iD;,? 45 8Q,- 

01%- d= ,!FD- r,c9 $5,- $,JB2 C9%s 2(Q 0'5(? 89 RD' /01.  

 $%& CE1 \-%]9 2,I 8F)Q k%Eh!I5 VB%!'28O54 $%BRDG9 $*%. $%&  '()' k%Eh!I5  ; 0&2 89 e%F' 

 06- * 01%- 89 a&  Di1 ZX!"9 $%&%92 +2 p%iB,g? aBRDG9 M%G-,; * /01 ,!GB4  '()' $%<9%Eh!I5 e= 45

2+52 +5,W aBRDG9 0B,X; $%&  '()' d(X]9%' $%& k%Eh!I5 3B%<' +2 * aBRDG9 0D_;*+0D& $*%. $%& .

 k%Eh!I5°
C 110 * 87,c9 d= e5RD9 >%&  '()' $+*= C)s >e%)DI 0N+2 >$0G-  '52 tB4(?  - %&  '()' 

0)& $*+ ,- ,JB2 25(9 * 8'2*R75 25(9 C-%g!9 $%& AG;2+52 8J!_- ,JB .k%Eh!I5°
C 500 %&  '()' ,u;5  

 k%Eh!I5  - 3i_'°
C 1102+52 A&%; $+50g9  . 2(f(9 8'%)DI $%&4%7 e01  ?5+0D&2 CDO2  - v(q(9 YB5

 Cu9  GD94 +2CAH10 > C2AH8 > C3AH601%- 89 3D_iDL * aDGD9(O= M5+0D& Un > ]11 .[+2°
C 500 $%&4%7 

C12A7 > A50g9 pm%)!.5 * 2+52 2(f*  ?5+0D& $%&4%7 45 $+ .  DX; +2 [DXDI*,ED9 45 /2%b!I5 k0s CDO2  -

 8!DO(w4 4%7 %&  '()'CASH  D.%' Y!152 CDO2  - 8'%D9 $%&%92 +2 %&  '()' k%Eh!I5 375 45  ; 2+50' 2(f* 
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0G; $,DL(Xf e(DI5+0D&2 tDI*]12  .[+2 /01  !"# M%6]W k%Eh!I5°
C 1000DX; +2 p%iB,g?   %&  '()'  

+2 /01  !"# M%6]W k%Eh!I5  - 3i_'°
C 500 $%&4%7 e01  ?5+0D&2 CDO2  - pm%)!.5  ; 2+52 8wRf 375 

 $%&4%7 2%lB5 %B * /0'%)DW%-  ?5+0D&CA > CA2 * A 4%7 45 C12A7 %- %&  !D_'52 ro!Q5 CDO2  -  ; 01%- 89 

B5R75 *  GD94 e*+2 +2 AG? 2%lB5 ^f(9 86q(9 x%ig'5 89  ; 22,L 89 %& C"X"? /450'5 +2 8wRf A

22,L k%Eh!I5 375 ^f(9 3B%<' +2 0'5(?]11 .[ 0D_;*+0D& >aBRDG9 M%G-,; $*%. $%&  '()' +2 p%G)q

 $%92 +2  BRl? k%)?5 CDO2  - aBRDG9 0B,X; * aBRDG9°
C 100001%-  !152 2(f* 8!_B%- $,!FD- C"X"? .  

      
  !"6 -Gs 8B  Fg' tB4(?   '()' $5,- ,N%CL2                              !"7 - '()' $5,- ,N%Gs 8B  Fg' tB4(?   H2  

           
      !"8-  '()' $5,- ,N%Gs 8B  Fg' tB4(? D2                           !"9-  '()' $5,- ,N%Gs 8B  Fg' tB4(? C2 

%GD9(O= $%<9,f +2- 45 CGDHI5 CDEF? %BRDG9 °
C 1200 +2 * 2(1 89 v*,1 °

C 1400  - k%l'5 $2%B4 3s,I 

2(1 89]6 .[  615 @5,# KI(?  6O%]9 2+(9 $%<9,f  )& +2 CGDHI5 CDEF? v(q(9x CE1 \-%]9 5 0DB%? 

3I5 /0B2,L .%? /01 CDEF? CGDHI5°
C 1400 8O5(. +2 /yB(- e= 45 06- 8O* 01%- 89 $,!9(D;(!I5 p%iB,g? °

C 

16009 CDEF? $2%B4 +50g9  - %GD9(O= 45 8Gz CGDHI5 22,L 8 . 4%7 ,JB2 r,{ 45CA 3)_W +2 2(f(9 

  - VB+0?  - 8'%)DICA2 * CA6$%92 /2*0h9 +2 °
C 1200%?  °

C 1400 8EB2R' +2 ,L5  ; 22,L 89 CB0i?

22,L 89 k%Eh!I5 AB5R75 ^f(9 * 0G; 89 |(b' e= }]I  - 01%- +m(i? $%GD9(O= M5+| }]I]13 .[ \-%]9

  615 @5,# $%&(JO5x)  CE15( +2  6O%]9 2+(9 $%&  '()'CA22+52 2(f*  . 8wRf +50g9  j'%G~ ,L5

 aD_X; aBRDG9 M%EDXDI(GD9(O= $%&4%7 CDEF? %- 01%-  GD94 +2 U%67 [DXDI %B [DXDI*,ED9CMAS +2 

22,L 89 2,I k%Eh!I5 AB5R75 ^f(9  GD94]4 .[,:'  -  +2 ,!GB4 %- /5,)&  - S(7 $%& /0B0#  ; 0I+ 89

$%92°
C  1450 $%92  - 3i_' %&  '()' k%Eh!I5 0B01 AB5R75 C9%s  °

C 100001%- 89 .  

 $%&  '()' 2,I k%Eh!I5 /+%-+2MgCl2 $%&  '()' * %&0N+2 k%)? +2 Mg(OH)2  '()' +2 H3  - 8!_B%- 

2(1  f(? e2,; `FQ * e2,; �(X"9 k%JG& +2 /2%9 *2 YB5 +%!7+ . Uoh'5 e5RD9MgCl2 $%92 +2 C
 

20 

2*0. gr/100ml 50> Mg(OH)2 * MgCO32*0.  gr/100ml 01/0 * MgO 2*0. gr/100ml 0006/0  89

01%-]14 .[ C)s a!_DI /0GG;  )O2 C9%s e5(Gs  - 3Q%I k%JG& +2 aBRDG9 0B,X;  ; 2*+ 89 +%:!'5 YB5,-%G-

 87,c9 d= 0N+2 AB5R75 ^f(9 * 0G; 89 A&%; $5,- 8X9%s 2(Q  ; 22,L r,{ 45 >01%- 89 k%Eh!I5
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 45 YB5,-%G- * 0G; 89 M,f%<9  6]W }]I  - aBRDG9 0B,X; 45 8<f(? C-%W +50g9 e2,; `FQ k%JG& ,JB2

22,L 89  !I%; CGDHI5 CDEF? +2 e= ,D�%? .  '()' $5  Fg' tB4(? [EsCl2CE1 \-%]9 6 t)l? ,JFB%)' 

 e01  )O2 CDO2  - %<'%)DI 45 $+50g9)tB4(? \-%]9 ,cGs Ca ( a; +50g9 2(f* *Mg  ; 01%- 89  GD94 +2 

0G; 89 0DB%? 5+ S(7 M5,:' . Uoh'5Mg(OH)2 45 ,!); +%D_- MgCl2  ; 2()'  f(? 8!_B%- 8O* 01%- 89 

 e= a; $%&0N+2 e2,; �(X"9 k%JG& 01%- 89 $5  '%L50f ^_~ 2(Q aBRDG9 0D_;*+0D&)  '()'H1 (

 22,L 8)' /0&%F9 8N%Q /0B0# e= $m%- $%&0N+2 e2,; �(X"9 k%JG& 8O*)H3 ( ,D�%? CDO2  - pm%)!.5

 m%- 8); 87,c9 d= e5RD9 a& >a& $*+ ,- aBRDG9 0D_;*+0D& * m%- %GD9(O= e%)DI ^_~ v(' *2 d(X]9%'

8#(EI*,ED9 CE1  ; +({ e%)& 2+52 2(f* %<'= e0F' A"# d(Q U%)!.5  EGB5 a& * 2*+ 897 ,J'%B%)' 

 2(f*Mg(OH)2 4,H_B2 01%- 89 /0F' .8#(EI*,ED9 CE1 \-%]98 ,cGs tB4(? Mg  BRl? 45 CN%. 

 ,cGs 8B  Fg' tB4(? �%I5 ,- e%)DI +2 e(DI5,9(XL5 $+50g9 YEDO* 01%- 89 RB+ +%D_- M%G-,;Ca 

22,L 89 /0&%F9.8#(EI*,ED9 CE1 \-%]99 ,cGs tB4(? Mg ,cGs tB4(? 45 ,? 31+2 MgBRl? 45 81%'   

 CDO2  - YEDO * 22,L 89 ,- /01 /2%b!I5 /01 ,!GB4 $%BRDG9 e2(- U%!_B,; 31+2  -  ; 01%- 89 M%G-,;

 e%)DI 3Q5(GEB tB4(? /5,)&  -  GD94 +2 e= 3Q5(GEB p%iB,g? tB4(?) tB4(? \-%]9Ca ( k%Eh!I5 0&%1

aD1%- 89 e= 45 8iI%G9.  

4- ,-.*+ /0.1  

o %GD9(O= $%<9,f  D<?-Q %- %BRDG9  $%BRDG9 $*%.  DO*5 25(9 %- ^I%G9 +%!Q%I RB+ * 2,I 8ED'%E9 �5(

 U2%69 $%BRDG9 %- aBRDG9 M%G-,; * e,-22wt%91/2-97/03I5 k%l'5 C-%W  .  

o  $5,- e2,; `FQ k%JG& }]I  - e= M,f%<9 * k,f  D<? k%JG& e= $m%- Uoh'5 CDO2  - aBRDG9 0B,X;

%GD9(O= $%<9,f +2 2,-+%;-? %BRDG9 2(1 8)'  DN(.  

o  45 ,!); ,B2%g9  - aBRDG9 0D_;*+0D& r,c9wt%8/2 ,?m%- ,B2%g9 +2 8O* 3I5 k%l'5 C-%W %<9,f YB5 +2 

 +%!Q%IRB+ * 0G; 89 375 %<9,f 8ED'%E9 �5(Q aBRDG9 0D_;*+0D& 2(Q e(DImn 3DN%Q CDO2  -

22,L 89 CN%.  GD94 +2 8'n()& %'. 

23405  
1. Y.C KO "Influence of the characteristics of spinels on the slag resistance of Al2O3-MgO and 

Al2O3-Spinel castables" J.Am.Ceram.Soc. 83[9], 2333-2335, 2000 
2. S.K.Chen, M.Y.Cheng, S.J.Lin, Y.C KO "Thermal charactristics of Al2O3-MgO and Al2O3-

spinel castables for steel ladles" ceramic International, 28, 811-817, 2002 
3. M. Nakashima, T.Isobe, S.Itose, A.Touno, I.Shimizu "Improveing the corrosion resistance 

of alumina-spinel castubles by spinel additions" Journal of the Technical Association of 
Refractoriues, Japan 21[3] 155-161, 2001 

4. F.Simonin, C.Olagnon, S.Moximilien, G.Fantozzi "Thermomechanical behavior of High-
alumina refractory castables with synthetic spinel additions" J.Am.coram.soc. 83[10] 2481-
2490, 2000 

5. R.W.Mcconnell, R.A.Marra, F.A.Fullington, "Benefits of sintered magnesium aluminate 
spinels in high purity castable refractories" Refractories Applications and news, vol. 
7.NO.20 23-28, 2002 

6. M.Fuhrer, A.Hey, W.E.Lee "Microstructural evolution in self-forming spinel/calcium 
aluminate-bonded castable refractories" J.Eur.ceram.soc. 18,813-820, 1998 

7. C.F.Chan, Y.C.KO "A study of commercial Magnesia-Alumina spinels for alumina-spinel 
castables" Interceram.vol.47.NO.6, 374-378, 1998 

8. M.A.Serry, S.M.Hammd, M.F.M. Zawrah "phase composition and microstructure of 
refractory MgAl2O4 spinel grains" British ceramic Transactions vol.97, No.6, 1998 

9. S.Mukhopadhyay, S.Sen, T.Maiti, M.Mukherjee, B.N.Nandy, B.K.sinhomahapatra. "In situ 
spinel bonded refractory castable in relation to co-precipitation and sol-gel derived spinel 
forming agent" ceramics International 29, 857-868, 2003 

10. P.Nandi, A.Grag, B.D.chattoraj, M.S.Mukhopadhyoy "Effect of silica and temperature on 



 

 

52

spinel-based high-alumina castables" Am. Ceram.Soc.Bull. 79(12), 65-70, 2000 
11. A.Nishikawa " Technology of monolithic refractories" plibrico Japan, 1984 
12. B. Myhre and B.Sandberg "The use of microsilica in refractory castables" seminar on 

monolithic refractory, Tehran, Iran, 1997 
13. C.F.Chan, Y.C.KO "Effect of CaO content on the hot strength of alumina-spinel castables in 

the temperature range of 1000
0
C to 1500

0
C ". J. Am.ceram.soc.81 [11], 2957-60, 1998 

14. F.Singer, S.S.Singer, “Industrial Ceramics”, Chapman & Hall LTD., London, 1960. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

&*y# A"- +2 894+5(Q 8XX)O5 YD- /+5(GFf YD)&0l& +2  ; aD!7%B vo{5 $%& A

 �,{ %- Y)l'5 U%67 $%�s5 45 8O%~0'* 0'*%- 0)h9 �0G<9 $%W= $5  6I(? ) AB5R75

 0B0f $%&4(_' 45 /2%b!I5 %- $4%I 2m(7 $%<XD?%# 4(_' ,!I= ,)s U({ ( YB5 k*2  i?+

0'252 �%c!Q5 2(Q  - 5+ A"- . aB0G9*4+= *  !bL `B,i? e%FB5  - 5+ k%g9 YB5 ^_;

FD- $%& 3Dg7(9 0&%1aD1%- +(F; `D95,I  69%f +2 e%FB5 ,!. 

  
640(4 7.5408 /)9:;4< =.>&4+ vo{5 +(:G9  -   DX; 87,69 * 8'%I

 8!6GN $%&0.5* ,0B2,L  D<? 8ED95,I 814(9= * 8?%gDgh? . e50G)Wos

0GB%9,7  D<? e5,B5 `D95,I Y)l'5 ,!72 45 5+  s()l9 YB5 0G'5(? 89.   
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