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 ! "# $%&'( )*"+,-./( 0 1"23'( 4)56 -+"78   

9:%;' <7=";= >+ ?'@# "# $"ABC@D"E )FG 4: ,/(%)FG H:   

 ! "#!#$%&'() *%+,-. %/0-1#2 3)456) *'*78 '9-:! '  

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

Sanaz_n77@yahoo.com 

;/%<=:  &.4 5$617 89: ;1 0(< , $ 65#9    =+1> (> ?@A 3$  B(C D" ;E1     8$ =F> G9FHI  F;J    .F- K3(FD: 6L 

 :5#.2 M(NO+#, P(I8  (CB .4 6Q,    (/+ R9ST  E=+1> 3 ,6       JU(2 P1T  P(: (> , $90 .  # R.FQ7< F6V 

.W %# P(:6X> ?@A '59< ;9YN6?:!Y*  %3.> Z[(> ,  , $$.\.  

5$ ]T: ;X   2#.W E^1C E.-(2 , "G9 .4 ;_9 >9)+# ,      # .I]  P(: 1+#9Q> =< $9> 6$(`      P(F: .a# 3 '$9H+ 

      1I: #5 P(I8 %# JU(2 P1T6J  7bHC E17< ;V  (H+ P& ,6 O"(7  ,  10(> =Q0#$  .1>6V    =+9H+ =" 59c7  

(A .> deQ@ 6='177< fA#  B(C TiO2 3 ZrO2"5.> $59  ,?4.\ 5#.g .  

(Q+6h        \177< fA# K51g =< $#$ _(*+ '1 & ?"1> , TiO2  (]  5$ 6=N   (> ZrO2 > ;.Q*    .F- 3 '$9> 6L 

 :5#.2 M(NO+#, =+9H+   B(C 3(2 B TiO2  ?"# .:G(>  .G6=   =+9H+ 5$ .4(>  B(C 3(2 B ZrO2  XH[ i<   .:

   =+9H+ 5$ 3 '$9> (CB 3(2 B TiO2    N<# 1U5$ jC(< (> ;1 : ;+(Q;Ei  # ? (@- 6V G  F6=  #kF4# 6j 6 =FQ4( 

?"# .   # => =l9: (>6=Y7 #.- 6L  :5#.2 M(NO+# ,      :.: => P(I8 3 P9)+# E=+1>  F;L 7-10×85  E7-10×88~ 

3 °c/7-10×70 $9>  =+9H+ E B(C =+1> -  ( %& $59  P9)+#6j )HC ,   # => .`7  6$(`       5$ 3 1F0 .I]  P(: 

 =+1> ?8(2-P9)+#-     > %# '$(DQ"# (> 3 P(I8;9YN6?     (F/+ R9ST  P(: E?@: ,6)  F0(<, (   5$ '$31FT 

?4.\ 5#.g $5#1+(Q"#.  

>#-7272 %/0: ?*A EP9)+# (H+,6E0(< ,.- E?@A3$ 6L:5#.2 M(NO+# ,EP(: .  

1- ?(/ (  

=+1> (CB D" ;1    89: ?I7U 5$ ?@A ;1 0(< ,  8$ => ;J % 6(O,6 .C(m B      F7bHC 3 LS+ %# nA ;V     P(FI8 jC(F< 

4.S ,E      5#.g '$(DQ"# $59  , \;1+.   8$ => ( # ;J .- 6L    F:5#.2 M(NFO+# ,          :!Y*F  =F> .F`7  G9FHI  G(F> , 

 , 1+90 . 0(< =+1>, (CB $ ?@A3$ 65#9# 59c7H> 3 '$9> J@e@Q  6=Y7 %# 6f # ^.FW  F6V:  JF@e@2   %# 3 oFD

 $ ^.W6.)      0 3 P3p ! (< P(I8 qr" ;=* #B   4.S  P(I8 E$90 ,  1U5$ J (0 B .4  F6?    $9F> 1FC#9s ]1 .[ 5$

(7U6t     > %# P(I8 5$ G9HI  ;j   %# 90 %.46?      eI: ?F/l V89u(< '#.HC =>  F;X      $ $#9F  3 P(Fv3$ 6 .F)   '$(DQF"# 

 , $90 .2#.W, "G9 .4 ;_9 .4 6Q,  .- (> 6L   =+1> (> L"(7Q   (CB D" ;1) .-6L  :5#.2 M(NO+#,  G(F>  ( 5(F<B 

  kC 3 5#90$6=7  ?"# .>  . .4 P(I86Q,  <.: ?eI> ;L     F7bHC 3 '1+%(" $#9  ;V  1FO: 6J          5$ E^59F & %(F4 =F> _1F0 

(] 6=N  =+1> (>  (CB D" ;1  #5#$ E?@A B .- 6L  :5#.2 M(NO+# , .QH< B   , 10(> .#6V    ^!Qs# ,  1F+#9:   LFl9  

1*:61   7bHC 3 w.: ;V # 6$(`    + R9ST  5$ P(: (/,6 \ $$. .#.>(7>6V    # => = #$# 5$  F6V     $59F  3$ –  w.F:   (FCB 

s(:;.B(/+ R9ST  P(: 3 ,6 -10 1C#9s =Qs#$.A .  

1-1- @AB '9C4D6 0#E  

e< 59r>,  J ([ 5(/x , w.: Ll9  1+#9: (CBQ>9W5 , 6(s(: ;.B$90 ]2:[  

I. .-6L:5#.2 M(NO+# ,=+1> 3 P(I8   

II. G6=.4(> 1
  

                                                           
1 Buffer 
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III. (H:6JQ>9W5 M(NO+# => =+1> ,  

IV. Q"G#;N;=Q< =+1> 3 P(I8 i  

  > y(Or+# z1[;V #.- 6L  :5#.2 M(NO+# ,   , 1+#9:  # (> 6$(` j7:  (CB **< , 6( 5(*4 B   0(< qr" 5$ ,   LFl9  

 [ %3.>;P9      P(I8 _$59s w.: 3 _10 =Q"9A 1
 $90 ]2 .[     <.: (> P9)+# R9HI  59W =>;O,   w(s %# JY*Q    (FCB 

4.S ,            jC(< ^1C (> (:1H[ 3 '10 =Qs(" EP(I8 3 =+1> » (H+ P&,6«
2

 35 EB  0(< qr" ,  % 3 6.   R(H[# P(I8 

 , E$907bHC ;V1I: Z[(> 6Jj7:  (CB> ;V  =+1> 3 P(I8 , $$.\]1.[  

5$    8$ => E?@A z()7C ;J j7<#3  (CB > ;V      =+1> qr" 3 P(I8 6f G  F6=    F;+(,     G =F> z9F"9   F6=   # .4(F> 6 $(F` 

 , $90 .  C(  3 ? (@-;? # 6V G 6= a(: ;. N> ;5( % 6$(B  )+9)x 5$ ,    F> X>(Fr: ;V      $5#$ =F+1> 3 P(FI8 .<.: F;L 

0;H;(,6  C(  EP(I8 ;?   )+9)x 3 =+1> ,     ]QN  E=+1> 3 P(I8 ?@A ;(H   )+9F)x 5$ ,  (  3 C F;? G  F6=     .a9F  .4(F> 

?"# .  =U!s 59r>, _#9:?D\ :  

I. +G9W ?@A _( %, > .Q/> j7<#3 Z[(> .:;V$.\ =+1> 3 P(I8 6'1G 3 6=L"(7  .4(>  .:BY*: ;J  , $90.  

II.   (/+ ?@A =b+(7x,6    iC =+1> 3 P(I8    6# E$90 z(`+# _( %V     (> .Q/> 3$ 6 1FY6.)     G 3 '$#$ j7FF<#3  F6=   .4(F> 

L"(7  B.:  $9l3 => , 6&1).0(< => M9>. , (CB?@A f: (  

III. .a9  J ([ =+1> J@e@: 5#1] B> j7<#3 K10 5$ ;VQ+ 5$ 3 =+1> 3 P(I8 ;=`Y*: ;JG 6=  .4(> , 10(>.  

IV. P(I8 (C,6   .4 !Og =F< 6?  F70(F> '10          G 3 '1FF0 j7<#3 $5#3 .Q/F> =F+1F> (> 1 F6=       ZF[(> JFFU(2 .4(F> 

  P(FI8 3 =+1> .Q/> R(S:#, $$.\]3.[  

Y*:;J G 6=  # .4(> 6V e>(g ;?      P(I8 => #5 , 1C$   j7: 1+#9Q> =<      1F7< JHT: #5 (C]1 .[      .F- $5#9F  LFev# 5$6L 

 :5#.2 M(NO+#, G 6=  > .4(> ;V  %9: Z[(> =< ?"# =+1> 3 P(I8 6t7: j@A 3   j, $90]4 .[ Y*F:;J#  F6VG  F6= 

>;V    + =+1> 3 P9)+# ;k  HC# ku(2 ;?     3 '$9> , 1+#9:    (A 3 K(Oa Z[(> 65#1B  $90 _&  .   .s& $59 67I, Q"G#  F;N;=Q 

# 5$ P(I8 3 =+1>6(`7  ?>(a , 10(>.  

1-2- F#B  

   > ^!Qs# $9l3 (>;V #.- 6L  :5#.2 M(NO+# ,      (/+ R9ST  5$ E=+1> 3 P(I8 ,6  # P(: 6$(`   , $90 . F7I>   R(F{  _#9

  35 .> .\#B > ;9YN6?  G E?@: 6=  .4 P(I8 6Q,      8$ => E$90 ?@A 3 R(H[# ;J # 6=Y7 .- 6L   F:5#.2 M(NO+# ,   =F+1> 

D";1 > ;j  .- %# 6L  :5#.2 M(NO+# ,  .4 P(I8 6Q,      '1 & ?"1> R9ST  E?"# #5#$B     F  P1FT  P(: ,  $$.F\]2 [

  JY0 5$ =<1-    ?"# '10 '$#$ _(*+ d8# .JY01- Q8(2 P,     _(*+ #5 ,  < 1C$ > =;9YN6?     $#.\ R(FH[# (F>  F6_( 

( $,6  % 5$ 6.  G(> 3 B    A =e2.  5$ qr" ;j     (/+ ?@A 3 V< z.\ ,6E    89: .I]  P(: (> ;1         3 R(FH[# %# nFA 3 '10 

  0(< EP(I8 ?@A,     $k+ 3 i< P(: (> 6f     & ?"1> ?@: ?8(2 => 61 . # =x.\#6V    9H[ =O7l |35 , A ;#1    (F # '$.< 

:!Y* ,       z1[ }$5#$ '#.HC => #5 6Qs#97Y,         F" |35 3$ 5$ ~(Fx R(FH[#;fe  .YF"# 6V   5(F:35 3 B   F7bHC 3 ;V 

  D  .H[ jC(<;1    ~(x 5#k># )59:B      " j<35 3 ?@: ~(x 5$ ;517e   5(:35 ~(x 5$ B .(#6V   0(< 5$ �9-9  , (CB 

$ ?@A f:6'1H+ , $90% 6#. 5$  z(`+# _10 f*s =e2.  %# nA ~(x 3 P(I8 R(H[# ?8(2 _& , $90.  

?8(2  # P9er  6V    # (> =< ?"#   > %# '$(DQ";9YN6?     (/+ R9ST  => _#9Q> ?@: ,6   $k+ P(: (>  F6f       ?F"$ ?F@: =F> 

6?4(   HC => 3 ;V    59c7  , _#9:   >9)+# R(H[# (> ,  .- (> 6L  :5#.2 M(NO+# ,    # E=+1> %# .:G(> 6$(`       =F< $9FH+ .I]  P(: 

    0(+ P1T  P(: .a# 1+#9Q>,     17< _#.Ol #5 P(I8 %#  .#6V  $ ?8(2 5   JY0 1- $ �6'1   , $90 .O8#  \5(< => =Q;.B   P9F)+# 

 .- (>6L       Z[(> =+1> %# .:G(> , $90     .W %# P9)+# qr" =< 6X          *F*< j7F: ?FT: =F+1> 3 P(I8 ,      3 =FQ4.\ 5#.Fg 

 # R(HQ2#6$(`  Q>9W5 w.: , 1*: 61            $ JF #9[ 1F0 '5(0# G(> 5$ =< =+9)+(HC ( # E$90 6 .F)B +  F;k   Y*F: 5$ ;J #  F6V 

w.: (/m# 3 1+.a9  (C5# 5$ .c+ 6V=> M97  $59  ?N: z(`+#  (CB10 1C#9s �.r  = #$# 5$ =< ?"# M9>.  .  

                                                           
1 Crazing 
2 Water mark 
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 !" 1-   !" #$% &' (% #)*+,-. /01 2'3--41]3.[  

56' :#7' 89: /9;< =>-?0% @1A'3B C0,DE' F)3G 0. /0H6 I0JK' 3L' A" #$1 #)*+,-..  

/ :@< A" #$1 #60B M. /0H6 I0JK' &' (% ! 89: 9-6*1 3HN< 2A*O. I!' #$% A" #)*+,-. 9)P.  

Q :#$1 #)*+,-. 3. /0H6 =F70R< /*SE' T) &' 8"0UV7' 0. @< WUB #$1 #60B #$% &' (% ! I0JK' "*:.  

 $ =e�N 6.)B    0(< 5$ �9S@> =< , (CB V:5#    8$ => 53;J   G(> J@e@: 1U5$ B      F  �.Fr  =F+1> ,  E1F0(>  P& 

(H+,6 ?"#  .1>6V :.: ;L         $ $#9  '#.HC => P& ELS+ %# nA =< 6.)    " K!  =eHl %# ;_(H  J@e@: _35$   (FCB 

      �: Z[(> 3 =Q4.\ 5#.g =+1> %(>;;.     _& �+5 , E$90 # 6V �: ;;.   :59U 5$ �+5 ,   (FI8 =< P     4.SF  P9F)+# 3 ,  %# 

NA#;=Q O"(7  ,    35 J>(g E170(O+ 5#$59s.> 6? ?"#  . ;_#k 59+ B    J@e@: Js#$ => =<  (CB       p9FD+ P9F)+# 3 =+1> 

   # Z[(> 3 '$.<6$(`  (H+ P& ,6   , E$90     P& $9l3 t>(:  J@e@: 5$  ?"# (C .67I, +( % ;=Y J@e@:    F"9> (C;=e  P& 

 '10 .A   (]  5$ 1+#6=N  Q8(2 (> ,  J@e@: =<   8(s (C, > E170(   ;_#k  > 59+ ;.Q*B     59O[ #5 , 17C$ . #.0 5$6r,   =F< 

 4.S  P(I8,        # jC(< 5$ .a9  J ([ (/7: E10(> ?+5(�N+#.: 6V 1A 6'1  ?"# P9)+#  .(C59Q<(4B    NFA# .> .a9  ;=Q 

 (O[ P9)+# %# 17:5 : G ? (@-6E=  (H+ ?*A ,6 G 6=   J@e@: $9l3 3  (CB   P9)+# 5$ %(>  .#6V  (C59Q<(4 E=" ,6  5$ 

 #k4# ?/l6 NA# j;=Q       Z[(> 3 '$9> P9)+# , 1+90     $ .QH< =+1> �+5 =< 6'1 $90 ]5 .[  # 5$ #�86V  I" jC3�A , 

>9)+# ?s(" 5$,#5#$ =< ?"# B3 6\�, (CB% 6.10(> :  

  HT: P(:;e, P(I8 3 P9)+# > .I]  P(: jC(< ?/l 5$;9YN6?10(> .DU 12 (: .  

  > ^!Qs#;V.- 6L:5#.2 M(NO+# ,1I: =+1> 3 P(I8 6J# %# 3 6$(`(/<.: Bs(: ;.B\9el ;.B$90 .  

  (H+ P&,6O"(7  ,10(> =Q0#$ .  

  (A65#1B0 ;H;(,610(> =Q0#$ .  

+ 59c7  =>;J#5 '177< fA# J ([ �9+ 3$ %# y94 ^#1C# => 6h% 6V<.N<# 3 ;1: ;+(Q;i10 '$(DQ"# .  

N<#;1 % 67<.;i 6( % 67<.;( R9HI   6.:V     (7U 5$ '177< fA# J ([ 6t   #.F" ;f  ?F"#  .    (F: tFO7 ;V    G9FHI  _& 

%6V<.      .- => =l9: (> 3 '$9> 6L       ?"# fA# J ([ G(> (QON+ 59+ ?NY0  ..-6L    % 59F+ ?NY0 67<. F;( 13/2-

20/2  % 3 6V<.    $312 5$ 90/1   HC => E?"# ;V 8$ ;J Y*: ;J (4  N<# %;1 % 67<.;i   Z[(> #k4#6j  NFA# ;=Q    3 '1F0 

  P9er  ?@A %# nA, 10(>]6.[  

N<#;1 : ;+(Q;i       (:35 3 %(:(+& K59U 3$ => G9HI  6J     # %# =< $5#$ $9l3 6V      DF" %(F:(+& %(4 E3$ ;1       5$ 3 '$9F> �F+5 

(7U6t  #." ;f  /: 5$ ;= P(I8  B(C ke4 B      '$(DQ"# '177< fA# , $90]4 .[   # tl#.  .{<# 5$6=+9)7 > ;_(    =F< '10 

    .- => =l9: (> %(:(+&6L     G(> 59+ ?NY0 )9/2-5/2] (5[ fA# E '177< 8([ , #.> B (C( $ B (A ;6V) % F6. °C1000 (

 , (C( $ 5$ ( # 10(>BY*: (> G(> ;J(:35 %(4 6JD" %# ;1�: z.< => ;;.  �+5 , 1C$]1 [3]4.[  

2- G% HB IJ6  

 # 5$6V ]T: ;X  > %# ;9YN6? B(C 6Y,   9: K(`+(s5(< %# 8;1B 0(< , $ 65#9B   ." ?@A 3$ 6t es#$ ,  10 '$(DQ"#  .

#6V    YC& 53 V:5# E=+1> , D" ;1   #.>(7> E'$9> ?@A 6V #5#$ B  H< 1U5$ ,  NF<# ;(C1B     F)+5 3 53&%#1F\ ,    =FeHl %# 
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Fe2O3 EK2O ENa2O3  ...FF , 1FF0(>8(FF+& =FF< ;kNFF<# ;1B R31FFl 5$ _& 1?FF"# '1FF &  . JYFF0 5$2FF7T7  , 

$6.Q 9FF:!B'$53& =FF+1> =FF> M9FF>.  .FF- =FF< '1FF0 6LFF:5#.2 M(NFFO+# ,$31FF2 5$ _&  °C/
7-

10×85?FF"#  .

>;9YN6? (C   ." ?@A '59<5$ 6t .835 B 75 .Q  B       Jg#1F2 K1F  => 45 g$ ; =F]      (F $ .{<#1F2 5$ 3   B°C1170 

 7T7  XOW,   JY0 3-  10 ?@A d8# .9S:6.   ;A9Y"3.Y, # 6V     JY0 5$ =+1> 4  : 59�2 J@e@ B(C    =F> #5 %(F> 

>9s,  _(*+ , 1C$.  

 F$#9 .S  4,  "G9 .4 5$ ;_9    .4 }%# 17:5(O[ P9)+# 6?        1F< (F> fFA# MS9       V89u(F< E1/*F  P(FI8 ?<.F0 %# 

WBB-C31" E;e;K(Y% 6 +9F<.;i (-325 Mesh) Johnson Matty-Italy ETiO2 %(F:(+& )Kotiox KA300-Korea( E

";e;n   ;+3.Y;'k    z#." 1+3(< +200Mesh=3%) (  1" 5(�"1e4 36f  8(+& =< ;(CkB 0 ;H;(,6  > M9>.     .C =6f 

 R31l 5$2?"# '1 & .  

#$%& 1-  X-60EP@)0-J-:ME9. 89: MV$%   

TiO2  Na2O  K2O  MgO  CaO  Fe2O3  Al2O3  SiO2  9-,Y'  

38/0  28/2  63/2  11/6  08/7  10/2  01/18  38/61   !"# $%&'  

 !"# 2- ()*+!, -+).)/012!3 4)*#3 '315   

LOI SO3 TiO2  Na2O  K2O  MgO  CaO  Fe2O3  Al2O3  SiO2 $)673  

00/2 30/0<09/0  16/8  04/1  49/0  95/0  55/0  73/17  06/68  8+9:$;<  

26/11- - 12/0 16/2 31/0 70/0 56/1 64/35 71/47 W.B.B 

- - - - - - - 04/0 - 70/99 =);):  

4/66=ZrO2 15/0 - - - - 07/0 50/0 50/32 >7?-" 

  
$%& 2- 4!$@ A?B51CD-'  EFE51

) . A+5' +C G$/ G$H+I5 J1K LH+7Cû110A+MN 4@ O1@?5 P:3 G+2B:' .(  

  
$%& 3-  EFE5 Q*3 RPST A+H : ?U73$V A+5' +@ P-1W6)@ G&17Cû11700 R : ?U73$V A+5' +@ 0+X* G&17

Cû1050  

  ! "#$%&   '( )*+,- )./#0 12      .3'4$0 567 0-*8 &9 0*( :$*4 ;    #<-=! .( =>, 0$*8 ; 0 1?% @.ABC     DAE0 .A( 

1/0  <*! F=G 12  H( #  .3;  9 #0 %8=G*IC   8*@J $.K $0 %.LC1 G$.( %=;      ME-'N :'8 &( # 16  .O DP.O 1Q 1 DAR. .

  8 Q?LO ST.U%V-W .O 1XQ  #$ Y',.8 ;   Z@- 45 8 %V#=[  8 &( %V-W    <- =B\9 1Z    A( 'A4$0 0*      "#$ &A( &A9 
                                                           

1 P:3 Y#?B62!, Z+)[5 &' J1K 83?))\C A'1.] &1F5 # 8&3?V 4^&' 83?))\C  [<3 &1F5. 
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 Y<-',- Z]T G%=; 'U  .   ( $*>L8 &(%&L <.O; -=U 1^ _*@*`$ ;    ,0#WR- <- XM4.N )./#0 C  .A3; STPP   # CMC 

8 &(%V-W(./#0 # Y0.aBO- F<b Cc,-0 .( %&B  g/cm
345/1'U M4.N  .  $.]A(J "#$ &A( )./#0;1 8 &A( #  A%V-W 

g50  ( =( %*[c1D    0.d(- .( cm
230×20  0=G e.\P- 1' . .fc,-=! ).d@D,$)    '9 .(ETG2    ' ]A8 ).Ad@  (   A\3 .A(%2 

-=U1^  #$ =( ;   'U e.\P- )*+,-  .       AO$=( XD,$.fcA,-=! ).d@ <- Y0.aBO- g'3C  =!'A( 12  -=AU 1^   .A\, )J C1   .A( 

    BO- V#'( # )*+,- $*hN       DO- Y0*( ).d@ Y'LL9 Zi- &,*G=3 <- Y0.a .   0-'d! )*+,- &,*\, =3 <-10 AU.9 0'P C 

 -=U .(1^   ! j*R %&   Y$*9 $0 #  .3; ).d@  =O Dki 1l =@#$ ; 70 =B8 ; 7 C    ME-'N :'8 40 E0 %&m     =n9-'AN .A( 

.80; °C1050LoL8 567 # C M[U 3-'U Dki ).  

  
$%& 4-  ?-1_CSEMG$/ 4BST 4!$@   

p[P .3; 8 %i*[O#=[C O*!    Y.+BO0 ^SEM   e'8 Cambridge-S360-5526 @.,J X% .A3W;  AU %\%.C1   ^AO*! 

EDX@.,J X%W XRD Y.+BO0 ^O*! PHILIPS EXPERT0 X1 =B8*A!q;   Y.+BAO0 ^AO*! NETZCH-404EP  .A( 

     .80 Y0#'o8 $0 # -*3 =ac\!-C1 °C500-25  'U F.?,- X .@.,J%W U %\%.C1      $- :.Pq7- r.O- =( F.T 0-*8 &`-  Y'U 

 D9=U <- .3; ! @*%'   @.,J # Y'LL9 %W U %\%.C1   )*+,- # &,'(  .3;       <- Y0.aBO- .( Y'U &Bki EDX   DO- Y'8J DO'(  .

-=(; Y0.8J  ;<.O &,*\,     1 ).d@ )./#0 X.3.            8-=AO g#=As $0 Y'U Y0-0 $-=E # Y'U Z]T )*+,- %[C    <- <*cA, 

     8 Y0-0 $*6P ).d@ Dki Y$*9C ',*U b V'U 0=O # )#t <- pi &9 1& ;-  #'AN D8.kAu &(  0mm10  MA4.N 

8C             =vE .( &,-*BO- M[U &( 0$-',.BO- &,*\, VJ <- &9 0*Umm5    e*7 # cm5   8 Y0-0 "=( C 0*U  &,*\, #   ;.A3 

(%*[c%1D , %W         ! 0.d(- V.\3 .( e#- Dki <- pi %& 8 C ',*U . -'B(- $0; LoL8 C ;.3   $-'m8 Y'8J DO'( ;   DAR- 

 .80 .!; °C110 0 1Y' 8 C 0*U  8 &9 w*(=  .vT &( ;   AO- Y.+BO0         ALoL8 &A9 .A?,J <- # DC      .A80 <- =!b.A( $0 ; 

°C200=m! 1.6vT C.8<J DO- 1Q.3.80 $0 ; <- =!b.( °C500O=, =>, &( F<b %'.  

O$=(C du# %D  .\, )J C1  $ .( 12Bk cc5  (J =3*K C I/ %x    DN.c8 =( cm
230  U.9 D]i C  p[P #  ;$-0=(    <- pi 48 

  'U F.?,- DP.O .-12   0'P "<$- "#$ ;    D K . L! # &BU-',  .m8 1&c    'U &BR=G $.9 &(  .   .m8 lAK=8 V-*Ld( A1X&c  A1Z 

 U.9 &,*\,C BdL4 CX    D]i =>, <- &9  C1.\,  .! 0$*8 %1'U ).kB,- XY0*( ' .D]i C1.\,mBc8 :$*y( %z0$-',.BO- $0   ;.A3 

    I8 0$-',.BO- &I\K <- e*\d8C - 1V-=   .i#$- 0$-',.BO- # C1 3 %H =d! 1aC 0$-',  . M\d@-$*BO0 $0 .3;  ( X0$-',.BO- %V.    &A9 Y'U 

U.9C    .6, {y, <- pi 1' |! %%=    'U.( &BU-0 r*co8 },$ ]7 [  &91[C  b0 <- 1M |! %%=  8 },$ C ',-*!  D]i &I~c8  C1.\, 

'U.(]5 .[ lK=8 &,*\,1Z@*! &,*\, %'- .( &9 Y0*( Y*6,- 120 1Y.G'.! 0$*8 %1'DO- &BR=G $-=E .  

Y<-',- %G=;  ( ).! %*[c1D  U.9 # C     <- Y0.aBO- .( »!%&| IR W;  R # %=I«  'U F.?,-  .d!%%2  U.9 D8#.m8 C   =(-=( $0 

 !$-=N w.c6,-C-B(*7$C      Y$.\U M\d@-$*BO0 r.O- =( 4000  I8 0$-',.BO- C - 1V-=  'U F.?,-  .     - &A9 .A?,J <- A12 

O*( Dc!%&I8 F.?,- $.k( #q9*!- C 0*U- g#=d8 #q9*!- Dc! &( DO]7.[  

                                                           
1 Water Fall 
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3-  !"#$ %&'() * +,)  

 - $012 mo! %5  .i =( 1& )*+,-  .3; -$ 1�  U.9 $0 C ;.3   Y0 XW8=E &,'(       =R <- Y0.aBO- .( e*8=R .31D  aO Zi- %'  &( 

  L8 XZ@.! Y-=\3%W1XD cI9 %D)      cI9 # F.T D@.N #0 $0%&L( O X%I%p 8 %,#=[%XYW   'AO :.fO'IR 1Z   AO.Bi # %XZ 

<1X29= < 1L9=%X. 8*@J %.L #  ... .8<J 0$*81Q      =3 &9 DR=G $-=E 1Z   b0 &( .L( 1 AIC    0*A6, {AO.L8  .<- VJ     $0 X&AI\K

&,*\, ;.3 #.N ;        R.aAU <- # $'A9 �vO Z@.! %D   #$ ).Ad@  CA1    'AU &BAO.9  .  &A,*\, $0  ;.A3  #.AN ;L8 %W A1XD 

�-$*O .3; $ 1W;    - ).d@ �vO $0 10.?    .i Q3.9 �P.( &9 'U 1$-';U %\%.C10=G VJ 1' .<1L9=%.8*@J # % .AL  &A( 

@0%M   b.( )#t &vm,  °C)3000-2950ZrO2:   # °C2050(Al2O3:  WR- �P.( -1Q # 1<*[c1&B    - # Y'U )-�8 10.? 

P%{@.m!=i DO*i C8 C ',0*\,]6X8.[  

. ,1.B     )*+,- &,*\, &O E1  XE2   # E3  @.,J .( %W c9- %';      e#'K $0 Y'U &`-$- 3 -$-0 X;       &A9 Y0*A( )*Iv8 �-*T 

.B,1�V*8<J  .3;t $0 Y'U F.?,- 1MDO- Y'8J .  

 !"# 3-  ()*+!, -+).)/012!3 4!1.! 4: G$/ 4BST   

$)673 SiO2  Al2O3  CaO Na2O  K2O  ZrO2 TiO2  ?-+:  

E1 83/59 56/9 64/7 30/4 68/1 96/12 - 5~  

E2 28/55 29/9 09/7 81/4 90/1 67/3 49/13 4~  

E3 12/60 07/11 79/6 14/5 10/2 41/3 61/6 5~  

3-1- %!"-$ ./  

   M[U $05  &,*\, XR      &A[@ =AvE .A( lAK=8 V-*ALd( cm34/4 &A,*\, #   .A3; E1 XE2 # E3  !=! &A( A%{ E .A(   =Av

&[@  ;.330/4  X84/2   # cm90/3    DO- Y'U Y0-0 V.],  .  &,*\,R 1Z  U.9 &,*\, C @*! %'      .( # )*+,- V#'( Y*6,- 

  8 Zi- ).d@C  'U.( . - $012    G*IK M8.P . L! D@.N %=;  D]i <-   C1.\,   ( Zi- ).d@ Y0* DO-  .   A\3 =A(%2   r.AO- 

.m81&c  ;- ( %2 &,*\,   ;.3 .8<J 1]C  'U F.?,- lK=8 &,*\, #  .=B (12B, %&?- <- 120 1Y.G'  &A,*\, $0 E2  pAi # 

    $0 VJ <-E3 0 1Y' 8 C  0*U   # E1 -=U 1vC    0$-0 lK=8 &,*\, e0.d8  .  $0E1      c9- <- Y0.aBO- &( &K*! .( %' <  A1L9=%z 

      - pi X)*+,- Y'LL9 Zi- M8.P V-*Ld(<  .3<.R Dki ; < 1X29=  @0.( XW!$-*9 %D  cI9 # %D  *+@- $0 ; XRD  M[U 

6- 0 �@-1Y' 8 C  0*U .c9-%' < 1L9=%z   - $0 0*K*8 12   =7 <- &,*\, 15 =R 1D R=y8 C  < #  A129=  8.A! %2     <- # Y'AU 

     .80 $0 ).d@ Dki &9 .?,JC1  .i .B6c, %12     0#'N $0 # °C1050         t*Aa, XDO- Y'U F.?,- M[U Xz9 V.8< :'8 #

  []! )-�8 <.R%M    0 :-$t $0 Y'U 1<-'G= < 129=  < # 1L9=%.  @qN # %D - 12           -=(.AL( XY0*A( zA9 )-�A8 <.R $0 #0 12 

 .3<.R :$*y(;   @.,J $0 -W?8 %W XRD 0 1Y' 8 C  ',*U   \3 0*K# &9 %2   @0 <.R #0 %M  cAi- %&B   - {AO.L8  A12   &A,*\, 

8C  'U.( . 0 &B[,1=+   cI9 <.R 0*K# %D        - b*\d8 &9 DO- Y'U &Bki &,*\, $0  A12    <.AR $0  .AL�- ;   W?! DAki  A1& 

8C @# 0*UC- $0 1.?LO &( &K*! .( %M[-=( F<b V.8< XDki Y.!*9 ;W?! 1& DO- &BU-', 0*K# VJ M8.9.  

.(   < g�N g'3 129= R=y8 C  @0 &( %M    IT-0 l6L8 0*K# F'P CX e*8=R  .3; 0'dB8 ; O$=( C     &A9 'U E2   DAId( 

  .3$*B9.R .( Dm(.v8;    - $0 =>, 0$*8 1.?L  8 �=v8 C 0*U .   =u &( &K*! .(1{        cAi- .A6E.dB8 # b.( $*, Dc[U %&B 

  c9- &9 b.(%' ! %,.B%z    8 V.], 0*T <- C  X'30 8 C  ',-*! =B ( 12 .K 1W+12 < 129=    -�@ 'U.( E2 E0 %.m    e*8=R .( E1  # 

  .K .( . L!1W+1LC   .K &( <.!.,J ; < 129= N-=7 C 'U  .-12     .\, )J =>, <- &,*\, C1 c( %$.    &,*\, <- =B ( E1 ABN # C 

  0*( lK=8 &,*\, .   M[U $05  c( &[@ %$. aT %� 0 1Y' 8 C  0*U .*+@-; XRD         M[AU $0 Y'AU &A`-$- 7-   0*AK# X)

!.,J  []! # <.%M @0.( %D   8 V.], -$ C  '30      QL9-# $0 D9=U V#'( <.!.,J &9    @#- :$*y( .3%& E.( C     MA8.P # Y'A,.8 

   L�\3 XDO- Y'LL9 Zi-%2 9=! %:.6 < 1L9=%z   =R $0 0*K*8 1D R=y8 C  []! .( %M  @0.( <.R %XD ci- %&B   ']A! -$ 1' 

    .\, )J �P.( # Y0*\,C1  - z9 12   DO- Y'U &,*\,  .9%a%D ovO C    Y0*( {O.L8       0*K*8 $*y! gqT =( #)  &A9

TiO2     .80 $0 Y0.aBO- :$*4 $0 ; b.( ; °C1000  ! �P.( %Y=   8 e*yo8 V'U C  0*U]1 ([  AIP #C    .A80 zA/$ ; 
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   0#'N Dki°C1050X   aO M4.N },$ %' R'4 C   =�- # Y0*( ;  |! <- %%=  0 },$ 1Y' '],  .  M[U6- *8 )1'   F'AP 

|!%=   .!#$ &( <.!.,J 1M       - =( Y#qP <.!.,J 0*K# &9 DO- 1&[L  aO �P.( %'   8 )*+,- V',.8 C   %ci- X'U.(&B  , -$  A%W   &A( 

-WR- :'U1QDO- Y0-0 .  

  
$%& 5-  R?H1^ ?`3 8$/ # ?Ma48&3$@+X*  /+7 PIT ?@ b, J+.]3 "3 =T P]+:   

&,*\, E2    E Q3.9 g'3 .(%D\  =7 <- 15  8 Q3.9 %V-W c9- %' ! %,.B%Xz   D@.N # �q4-   .A3;  AaIBk8 C  AO$=( C 

    ( D@.N &9 'U%LA&   F.L( E3   0$*8 .!%1' E A DR=G $-= .   e#'K $03 0 1Y' 8 C  0*U  - &9  A12 9=!  A%{   -$-0 -0#'AN ; 

7 %TiO2     - 0*K# .( # DO- 1&[L 8 %V-W       &( VJ $0 Y'LL9 Zi- 60 %  &,*\,E2 O$%Y' - DO)  8 �*\?8%V-W  M8-*P 

   Y'LL9 Zi-TiO2   # ZrO2   $0 E2   0#'N 17 %   $0 #E3 =m! 1.6 10 %8C  'U.((     .\, )J =>, <- .8- XC1 -$-0 ;  -=AU 1^ 

(*Iv8C 0*(  .   M[U $05        - 'L� =3 &9 DO- Y'U Y0-0 V.], 12       .A\, )J =A>, <- &,*\, C1      &A( D6cA, E2   0*A6 ( 

     &( D6c, .8- &BU-',E1   c( lK=8 # %$.  O- =B ( D . O$=( .(C  .m8 # 1&c .3*+@- ; XRD &,*\,  .3;   .A8<J 0$*8 1Q 

   M[U $06      $0 &9 DO- Sk]8 XE3    X&� =G- TiO2      .!.,J <.R XVJ Y-=\3 &( #    Q3.9 <1X&BR.   .8- ZrO2   $0 0*K*8 

=R1D     $0 &9 Zi- E2   <.R D@.N &( ; @0.( %D     $0 0*( Y'8J$0 E3   c9- <.R :$*y( %' < 1L9=%z 0 1Y'  A8 C     &A9 0*AU

1Z  L9 Zi- Y'L *E ; Y0*( ]6 [   .\, )J {6c8 #C1  - )*Iv8 12   DAO- Y'AU &,*\, ) .ZrO2.m8 $0  A1&c  .AO .A( 1= 

9=!%:.6#.N ;< 1L9=%Xz-$-0 ;ci- %&B!b.( DO- =] .6([  

  
$%& 6-  A+H A12*3XRD  

Q*3 - 4!1.! E1R Z :  R>7?-"Q :  R(C&317B :  RP)*'+@C : P)6;7  

0 - 4!1.! E2 RQ :  R(C&317A :  R"+C+!,B :  RP)*'+@Al : P)c*,  

d- 4!1.! E3R A :  R"+C+!,Q :   R(C&317Z :  Re)E7?-" $)673Ac :  .)6;7 P)c*,  

3-2- 0  !"#$ %&'()* +",-.( /0()1 23"4&5.63 7 !89.  

   !"2 #$#% & ' ()*%+,-.      !" / 0123 7 #$#% &   01+41 03 5+3)%  67.        8)9: 09; <9=8 >+9?18 (@   56A9B18 

,C8)D&8): E8)47 03 6F1G (@,C8)D 56AB18 &H)I% <1C6JA18), >6KL & M/2N C' 4<=8 E2%G .  
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 !" 7-  !"!# $%&#'()*+ $,- ../0- 12'32 E14 5- 12'32 E26 5- 12'32 E3.  

#$%& 4- 720 8*0%94':20 512;<  (=0%> ?,@ A2=,B@20%( 4,C/ D ,-  

 (=0%> ?,@720 8*0%9  12'32   (=0%> ?,@720 8*0%9  12'32  

7 -
10×85  12;<  

7 -
10×88  E1 

7 -
10×70  A2=,B@20%( 4,C/  

7 -
10×91  E2 

  
7 -

10×90  E3 

3-3- 7:;8&( <,&  

   'C+% C'E1 L23 O   67P6H '+N/ . /6D . AQ; OR   ): ST,C8+; / (@  ,C8)D 56AB18 & 8TH8 (U (0*H6]3 [    '/2D C' /3 

 3 2D8/OU   <=8 0123 P8  . H)V P8&  8C8' >6KL . ): (@  ,C8)D 56AB18 &   6W @,8)% 03 O(X  .)9,       >+9?18 093 <BA91 

%& 2"63 .8(X   8): C' Y-*Z8 (@  ,C8)D 56AB18 &  % [\63 & '+"   += P8 >+?18 .       2"63 U]; <$, >6KL / 0123 

      7 0; '8' ^6]1 /-;+,8 <A, 6%8O_ (`  01+41 P8  67    ;), / E'+B1 '/')% &     9"6; ab9= C' & 8 ( '69c  2]91  .  d29\

       3 /-;+,8 P8 e/)Z P8 fW g), C+FhO^6   3 i36b, E2##; OX           9% ^6]91 / <9=8 >+?18 / >6KL S0123 &  297'   09; 

     U#, 0*A18+, >+?18 / >6KL 0\+4c% 67. 8 ('6c      6W / E');  4$, 8C E2" (C82   % / 21643 & ^8+, 8  9(X      093 8C )9%8 

!],O  j (0   )H63 (6 *=-WOAO0*   '8' k3C >+?18  .    !" C'8 j (0  !], )H63 O   3 E2" OX      ' 09123 / >+9?18  9(E2 

%& '+" . 8 <%6l:(X j (0 mµ29   j <%6l: / (0   >+?18 mµ103 % & S2"63 8)36#3 (X j (0      *%6l9: 693 )H693 & 

3OU P8 25 %j <%6l:(0 <=8 E2%G '+N+3 >+?18 )28.(%  

  
 !" 8-  %*'E(SEM 12'32 E1F;G 1&HI   

;),Om6B /6D. TiO2 8TH8 (U  2" E2#7' (2 ): (@  ,C8)D 56AB18 & % & 2#"63]9 [ 8 0;(X     )9: E2" [\63 )%8 (@ 

 ,C8)D 56AB18& E2    03 <BA1 E1   '/2D 3   2"63 ),j63 2D8/  .23(X ,),  9O@  )9: (@    9,C8)D 56A9B18 &    C' >+9?18 

  '/2D6       % / E'+3 ),j63 0123 P8 2D8/ & 218+,  g), @BA%  67&(   6F1 M+I$% C' &(    6%8 '+"  8 -4\(X  1 n6o,8 O'6*o 

   7 0V+3)% <A, /O01+?p  Z6, g), O).   '821 ^6]1 8C  .   1 -Bq 0; 01+?1647OT       g)9, C+9Fh d2\ S2" );r   697. 

Z6,O). Q\ &  2], RsC (2  ): Y-*Z8 (@  ,C8)D 56AB18 &S % & +,218  L' 03 O  !], O  j (0   4\ 6*BA1 )H63 Oi  93 OX 

      /6I, 0; 2"63 5+3)% >+?18 / 0123() % OW+!=/)!& % +(2          !9" 03 0N+, 63 S<=8 ^G 9   j <%6l9:  9(0   )H693 
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mµ37   j <%6l: / (0   >+?18 mµ118 % & 2"63 . 8 C'(X  j 01+41 (0   *%6l: 63 )H63 &     '/29D C' 38 %  <%6l9:

j(0      6t% C' 0; 0*H)u  !" S>+?18 (0A    01+41 63 E1   <=8 0*"8' 2"C  .            >/r 09bt1 ^'+93 ),j693 093 ^G <9Q\

P(X;)) °C2550 (  <BA103 6,61G   P)°C1640 ([8]     8TH8 ^G M6B1' 03 /(U / (P+!A(0*      >8v% r+o1 U76; / >8v% 

   <=8 5+3)% 0123 03 .  C'E3     % U76; 03 0N+, 63O^8T TiO2)   8TH8  %6\ 0;(U ): (@    9,C8)D 56A9B18 &  <9=8  (

WOU 3 O#& % & 2"  ): 0; (@  ,C8)D 56AB18 & E3     093 <BA1 E2        U769; m29" 093 ( S2936      M/29N 69%8 3  L691G OT 

;8AO2. 1G   % ^6]1 8)& 27'  % 0; O^8T  Qq )w6#\ O6&(  Qq / O6&( ;6Z & 8TH8 (U   8 0; 0*"8' (X A;8 O672 1 OT ): (@ 

 ,C8)D 56AB18&  8TH8 8C (U  9% &  29#7']9 .[6F1( 69*  )9: (@    9,C8)D 56A9B18 &    091+41 E3     '/29D C' °C/
7-

10×90 

%& 2"63 .   01+41 2#1647E2  3 Y-*Z8 OX ): (@  ,C8)D 56AB18 &    % >+?18 / 0123 & 218+, '        U#9, >+9?18 ab9= C

]];& 8 ('6c   6W / E'); (C82.     8 C' 6%8 27' U76; 8)1G (X*1 R7 'C+% O0c <A9,   697.    / E'+93 <9Bx% /-;+9,8 

;),&  2]1 E276]%  .L'O    f!\ C' ^G  67. % OW+!=/)!& ' (E2 % & '+" .       !9" C' 0; 01+?164710   E276]9% 

%& '+" j (0     <%6l: 63 )H63 mµ28  j / (0     <%6l: 63 >+?18 mµ62 !],O    % 09; E2"  9O^8T !]9, O j  9(0 

  )H6346 %   6t% C' / E'+3(0A  01+41 63  67. QBq &   29" 2"C (2.      6W @BA9% / 0*9"8'  9(C82.     g)9, )938)3 C'   697. 

Z6,O).  <=8 E2"  .L'O  8 (X 8TH8 (U 2" (2   j <%6l: C' (0  % )H63 & 218+,        A9;8 U769; 093 5+93)% O2   6*BA91 

'(P82u) TiO2    A;8 P8 E'6o*=8 / O267. Qq O6&( /  Qq O6&( ;6Z &  )V P8  9(i           C+y9D 09; 29"63 Sm6J9=2QH Y)I9% 

47OX         / U76; zBbL63 / >/r 0bt1 U76; [\63 g6Z (P+!A(0*     *1 C' / >+?18 >8v% O 09c  8T9H8 (U    C' r+9o1 

<=8 E2" 0123.  

 !" 9-  %*'E( SEM 12'32 E2F;G 1&HI    !" 10-  %*'E( SEM 12'32 E3F;G 1&HI   

3-4- %0"=. !"&  

(!&   8 Y8278 P8 (X   6, M)*#; U7/{W  3 >O+!A(<  )V P8 (i            )93 n+H >+?18 01+41 0= )|8 8vL '+3 >+?18 M64\8 

 6F1 >6,&( =C)3 &   6*1 0; 2" (}     M/2N C'  w6D 5  <=8 E2%G  .   % E276]% 0; 01+?1647& '+"    01+41 )Kt% >6, 

E1     ' 01+41 /' P8 )*4; ()?   L' 0; <=8 O    67C8'+41 03 ^G . ' ()*%+,-.     !" C' 7  % )3 &  '')9u .% 9O^8T   >69, 

8(c'6   t*A% C+b3 E2" OR   8): Y-*Z8 03 (@  ,C8)D 56AB18 &     % 5+3)% >+?18 / 0123 & '+"    C' / E2     093 0N+, 63 

6    3 0*A18+, SY-*Z8 2D8/ O)*](X   % )Kt% >6, O?16OX   M'6K% mm97/2  8 8C ('6c 2#;  .#p47OX   ' 01+41 /' ( )9? 

  8 63 @=6#*%(X  8 SY-*Z8 ('6c  41 >6, E'+ 218 C+b3 (0! E1    Y-*Z8 63 3 / 2D8.S % O?16OX   >6, mm96/0   / E3  63 

  Y-*Z85 2D8/ . % O?16OX   >6, mm67/2 8 ('6c E'+41  218 .23(X ,), O@       )9: 093 09N+, 63 (@    9,C8)D 56A9B18 & 

 H)I% >6KL&)    m6% / `W8 S<1C6JA18), (%& ^8+,>+?18 01+41 P8 E'6o*=8 63  67.     P8 E'6o*9=8 693 / S[9$3 'C+9% 

3O+!A(<    6F1 >6, 03 <l, &(  ~1 'C+%    <=' )(<H6 .8(X 01+41         8 8C )~1 'C+% )Kt% >6, <A18+, 67('6c   E')9; 

   <A, )~1 P8 /    L+, m6Il]% / 67O2.   Q% 'C8216*=8 / & 8 (^8) 6, O(2 '+"  . 6F1 C'(<   01+41 E3    % 03 0N+, 63  9O^8T 

  )*4;TiO2  q / O<4    8)" S)*4; E2" d64, (k <]W  641&(  8 S@=6#% ('6c )H63 4\ Oi    g), M64*D8 U76; /   697. 

Z6,O).1 / OT8 ('6cP )Kt% >6, ('6@=6#%  ),(X2" 0*Z6#" 01+41 .  
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#$%& 5-  $D= %< 4':20  JK3"( 4,( L0MK#A*'N@K<) mm
2-

10×(  

OK:2,K#  10  9  8  7  6  5  4  3  2  1  12'32  

96  100  90  90  110  100  100  80  90  100  100  E1 

297  290  300  290  310  290  300  290  290  310  300  E2 

267  260  260  270  270  270  280  260  270  260  270  E3 

4- >.?5@ A?)B  

- >+?18 .67 /6D . ;), Om6B , O16*OR 8C8' . AW8 O0* ),j63 .   8 / E'+3 (X    8T9H8 63 )%8 (U %  9O^8T TiO2  8T9H8 (U 

(<H6.  

-    8C C+I, Y-Z )3(}   0; TiO2  6%' C' .    P8 ),j63 °C1000  , [\63 OE)   % M+I$% ^2" &  '+"]1[     69F#, 091 S

     o= 0!Q3 2]1 C2; >+?18 �1CO2 H2w & P (6B&(  ')u  w6D (2 .L'O  8 (X           69% P69H C+y9D C' P69,61G 0; <=8 (z 

        �, / E'); �oD 8C '+Z C6*Z6= 0*A18+, S)*4;OO)           q )9~1 C69Fh8 29#�)7 S29721 �91C  9Kb&       d69c18 093 5+9#% 

6%PG(m6]E')*Au  &% ), 2"63.  

- >+?18 .67 /6D . ;), Om6B , O16*OR  6t% C' (0A  01+41 63  .67 /6D . P (SX;) 8C8' .  )9: (@    9,C8)D 56A9B18 & 

),j63.% & 2#"632" )Kt% >6, @N+% 0; (),2.% & 21+".  

-  Q; C'O0 >+?18      O3 Y-*Z8 '+N/ 63 67X 8): (@  ,C8)D 56AB18 &      7 S>+9?18 / 09123 O 091+?p  Z69, g)9, O). 

L' 03 0; 2]1 E276]%O 8 ('6cj (0)\ )H63 (�% & 2"63.  

-  j <%6l:(0    /6D >+?18 C' )H63 . P (X;)  '+3 )*4;    L' 03 0; EO  /  9(P+!A(0*  j693 .    /69D >8v9% . 8  9(X 

;),O@6t% C' (0A01+41 63  .67/6D .A;8 O2, O16*OR% & 2"63. 

5- %.(C'6D 7 )EF&  

 4!, C'O 8 0�8C8 / (Xt$, Oi64#78C / m2\6A% P8 &( 67.2% E21PC8 ()(<6#w ^6=6#"C6; / (z"6; &  ^6Fo9w8 

')u E'6o*=8(E26F1 0; <=8 (<18'C2q / )!], &P8 8 (XT\ (^8T%  4\ 03 & G(2.  

G)(HI  

1. Taylor J. R. & Bull A. C., Ceramics Glaze Technology, Pergamon Press, 1986. 
2. Maynard David, Ceramic Glazes, Borax Holdings Limited, 1980. 

3. DCO4&  *% S^+AH8 OX  �+L+#!, S^8)F% . %8)= O ̀67. )h (S�    6#w <;)" Sd/' 2QN (z  � g6Z O#& 8 (S^8) 

1369.  

4.  C )QW8('C6p 8  .   C �-u8' )QW8 /. >6KL S   U"+W / 67 67. " O0] 8.S   )~1 f4" 04N), . '67 .S    U918' )]1 

8(S^8) 1382.  
5. Boschi A. O., Melchiades F. G., Silva L. L., Silva V. A., Romachelli J. C., Vargas D. D. T., 

“Avoiding Water Marks by Adjusting Engobe Layer Characteristics”, Tile & Brick Int., 
Volume 18, No. 4, 2002, PP. 224-227. 

6. Kenneth Shaw, Ceramic Glazes, Applied Science, 1971. 
7.  8 'C8216*=8(�^8) EC64"  67. 67-25  S3993   / 4000    t$, / 'C8216*=8 0A=+% SOm6t *K#w & 8  9(^8)-   �69� 

 M/8-)F" (C+ 1376  
8. Singer Felix & Singer Sonja S., Industrial Ceramics, Chapman & Hall Ltd., 1963. 

9. %O'67).C+�, SX4F3 .C/6#H / .>6KL <Z6=  67.%8)= OS`36AD C+AH/)W )]1 T;)% &S1380. 
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 !"#$ %&" '()%*  +,-".P2O5 / ZrO2 / )#012 340*,5 %* 

647"%(  849 ),:;,(<=) >4:4? '!"@!A +,- +A '2,B404(  

 !"# $% &!'( )*+, -) +./0% 1 $% 2. 3 4 5(6 -78 &9: (;5<  

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

Khalkhali_Z@yahoo.com 

=>+"?:       20!34 "5678 9:;"< =>5?@8 A#! B! CDE  F-E!BP2O5 ( ZrO2 ;-GH-:I#; ( ;3*J8 $5*<-K "< =
    )GL5: B! 9J5M"8Li2O-SiO2          13< N(-OGP 98;!"Q N-5*R+ S30 (1 9T =9U-V! F-ED5LM! -<  . F!"<

    3PBW B! ;3X&P A#!   F-EDTA  =XRD   ( SEM  DY ,1-OG:!  .   Z#-[PBW A#! \#-G0        2[M 1!1  -/[0 -[E
P2O5         /5Y 2&5PB ;1 N-OLU )5G5] F;3*< B-U 1-^#! -< 2    -[_P =F!    2[0!34 F-[E       F!"[<  `("[GE 9[0B

                    )5[G5] N-_5*5[: F1 ,1-[P Z5a  !3&+ 2< B-U A#! ="8b-< F-P1 ;1 ( ,13R0 )E!"U )5G5] N-_5*5:-GP
cP[  $:! ,DY C" . + ;1[  d3ZrO2 5678 =[  *J8 ;1 F"[  5*5: F1 ;3[  Y!D0 )5G5] N-_[     ;3[*J8 2[_*< =2G

! F"8b-< F-E-P1 2< I50 !; )5G5] N-_5*5: -GP$:! ,1!1 e-?G0.  

@ A9393 +>$: FW f5P!": 2/5Y .9a .gh! . g"iR#!29@j: ;3*J8 =9R^Q ;3*J8 =;3*J8 kI50-_P =.  

1- B1>C1  

 f5P!": ,B("P!         )5P"8 A#I.#-4 $5:-LQ 1-^#! kD+ ( 9#-J#B l5]D< -E   ,DY I*U 2#-a "< 90!D01 F-E D0! .  2/[5Y
:[f5P!"      [^8  !3[&+ $[@8 =98-_5*5[: )5[G5] 90!D01 F-E F;-IPS EMPRESS 2   A#"81"<;-[M"a B! 9[_# =
:[f5P!"    la 25m8 ;1 -E   M(; ( -E[Z   &GLE 90!D01 F-E[  D]1-7 .[    [: 2/[5Y A#![f5P!"        2[#-a )GL[5: B! -[E

Li2O-SiO2       F-E;3*< F!;!1 ( ,DY 25m8 Li2Si2O5      D&GL[E 9*'! F;3*< B-U  !3&%< = .       A[#! D[5]38 k3[:"P n(;
  )5P"8 B! 2G:1    K n(; =90!D01 F-Eo]-   $:! B3_L#( F"5p .     2/5Y $#"U !DG<! n(; A#! ;1      !; ,D[Y q-5:W F!

  ZRY N;3' 2<      9P "G&#B ( ,1"M g"a 9#-E D&&M . ZRY ri:               ,-.G[:1 B! ,1-OG[:! -[< !; ,D[Y "[G&#B F-[E
 9'3csP)EP 500, Ivoclar vivadent ( 9[P 1D^P 9E1 N;!"Q q(t F-P1 2< f#1I0 F-E-P1 ;1    -[8 D[&&M

    )5P"8 o]-K l_Y      1"5.< 13H 2< !; "X0 1;3P 90!D01 .   f5P!": 2/5Y 9H"< ;1      2/[5Y l[uP -[E     ,1!30-[H F-[E
Na2O-BaO-SiO2            9[P N;3[' 9['-H 901(IU! 203p "E  (D< 9R^Q ;3*J8   1"[5p .        B! "[.#1 9[H"< ;1 9[](

,1!30-H    )GL[5: l[uP 2/[5Y F-E   F-[ELi2O- SiO2 =Li2O- Al2O3- SiO2 ( Li2O- ZnO- SiO2   9[RM ;!D[?P =
(IU!    l5JK B! 901P2O5  =ZrO2 ( TiO2          $:! B-50 9R^Q 2< 9@j: ;3*J8 l#DJ8 F!"< ]6 .[       2[< >[5?@8 A[#! ;1

20!34 ;3vQ "5678  F-E!BP2O5 ( ZrO2    )GL[5: B! 9[J5M"8 ;-GH-[:I#; ( ;3*J8 $5*<-K "< =Li2O- SiO2  B! r[a 
$:! ,DY 2GH!1"a 1D^P 9E1 N;!"Q B! ra ( "G&#B.  

2- 8 D'+E  5$,;FG 7  

 (D4 >JT  e1     2/5Y o5M"8 2: GB  =GP ( GBZD0DY 25m8  . 2/5YGB    2[0!34  (D[< ( 2[#-a o[5M"8  !3&%<   !B
2/5Y (1 ;1 ( ,13< GP ( GBZ o58"8 2< P2O5 ( ZrO220!34 Z?0 -8 ,DY ,1(IU!   W 9#!B 11"p 9<-#B;! -E.  

 !"# 1-  !"#$%&'(  )* )+#,)-./01 2341   

  SiO2 

)wt%( 

Al2O3 

)wt%(  

Li2O 

)wt%(  

K2O 

)wt%(  

P2O5 

)wt%( 

B2O3 

)wt%( 

ZrO2  

)wt%( 

GB  20/74  54/3  40/15  25/3  _  37/3  _  

GP  20/74  54/3  40/15  25/3  37/3  _  _  

GBZ  20/74  54/3  40/15  25/3  _  37/3  37/3  
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          5E D5:! -< ,DY 9#3Y D5:!  !DRE r5*5: =9U"cP 25](! 1!3P[   ;W kh! F-&5P3]W =f#"*M(;D 70
1

      2[0!1 ,B!D[0! -< 
 "#B70_5P ["GP([ [*H ( "[ [8b-< w3[ B! "99% [&<"M =[ [5G5] N-[ ))Merck No.1.05671( [G50 =[ [5:-Ga N!"[ )

(Merck No.1.05061)  "OL[[U D5L[[M! -[[G&a =(Merck No.1.00540) -[[503M"#B =(Merck No.1.00757) ( 
f#;3<D5:! (Merck No.1.00162)13<  . N-J5M"8 B!GP =GB ( GBZ283< B! ,1-OG:! -<  #-&5P3]W F-E 9cc100 ;1 =

 F-P1°C1350DY 25m8 $#"U  .   2/[5Y q!x[P 2[5m8 F!"< ,1-OG:! 1;3P ,;3M  =F!Atbin  eD[P AHT 15 13[<  .

       DY q-5:W $+-: f# NDR< 2*'-Q $#"U ri: .       20!1 -< ,DY f/H ;13a ;3*J8 ;-GU; ,-.0W       Z[P f[]! FD[&<
609K!"GU! 98;!"Q I5]-0W y:38 2

 )Polymer Laboratories eDP 1640 ( 3[P   $[U"p ;!"[K 9[:;"< 1; .  ;13[a B!
  w"K ,DY q-5:W     "jK 2< 9#-E15     $P-sV ( "GR5*5P 4  g"a ;-/U $@8 "GR5*5P 45  2[5m8  W B! e-_:-a-.P 

DY .Z#-PBW   r[_#! 3[8"a n!"a F-E3
   ,-.G[:1 -[< (Jeol-JDX 8030)  F-[#!(B A5[<  °75-5  z3_[:("_5P ( 

9/<(; 90("G_]!4
 -< SEM $M"Y $H-: Philips eDP XL30 $U"p k-^0!.  

3-  !H#IJ, 6 K  

3-1- DG++ 5 1L M$)/1<N <( =L O!.(  , %/9PG   5$DTA  6 XRD  

  l_Y1   9&@&P =DTA       2/5Y 2: $#"U 2< {3<"P GP= GB   ( GBZ   9P  -/0 !; DE1 .    9&@&P A#! 2< 2438 -<   =-[E
 9P ,D#1        2/5Y 2< e-?G0! F-P1 2M 13Y)Tg(     2/5Y B! f# "E F!"< =   F-EGP= GB   ( GBZ   |-J#"?8 =    2[< (  -L_#

    -< "<!"< o58"8°C450  =°C451   ( °C449 $:!  . 2/5Y (1GB ( GBZ 2[< ;3*J8 2< {3<"P !B-P"p f5a f# -m&8 = 

  F-E-P1 ;1 o58"8 °C625   ( °C655      2/5Y ( D0! 2GY!1 GP     F-P1 (1 ;1 °C625   ( °C825     F!B-[P"p Z&[M!( 
   9P  -/0 !; ;3*J8 DE1 . 9&@&P ;1   F-EDTA   2/5Y 2: "E GB =GBZ  (GP    2[< F-[E-P1 ;1 "5p-[P"p f5a f# 

  o58"8°C944  =°C934   ( °C950  9P ,D#1      9P "X0 2< 2M 13Y             2/[5Y ;1 F;3[*< B-[U e}[@0! 2< {3<"P D:;
 DY-<)g(D5~3_5] F-P1.(  

  
$%& 1- 5651% DTA!7 )8 948!1 :, ;#< )+=<!8 = )* !> )+#,GP ?GB  ( GBZ<@7< ;A!* ?: /12 B

)°C/min10(  

    B! l'-Q \#-G0 g-:! "<      r_#! 38"a n!"a F3.]! )  l_Y2(        F!"[< ;3[*J8 9*'! f5a =GP (  GB   ;1 °C625  ( 
  F!"<GBZ   ;1 °C655        )5G5] N-_5*5: -GP B-U 2< {3<"P )Li2SiO3 (          2[03R0 ;1 ;3[*J8 k(1 f[5a (GP  ;1 °C825 

 )5G5] N-_5*5: F1 2< {3<"P)Li2Si2O5 ($:! .  

                                                           
1
 MR70 

2
 DTA 

3
 XRD 

4
 SEM 
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          9&@&P ;1 k(1 ( e(! F!B-P"p f5a 2L#-?P -<DTA "8   o5MGP 9P =            ;3[*J8 kI50-[_P 2[M $[U"p 2[^5G0  !38
   )5G5] N-_5*5:-GP) e(! f5a(           )5G5] N-_5*5: F1 ;3*J8 kI50-_P ( 9R^Q N;3' 2< =) k(1 f5a(     N;3[' 2[< =
  $:! ,13< 9@j: .        -_P N!;t �j: y?U 9@j: ;3*J8 ;1 !"#B       D&GL[E 90B 20!34 F!"< 9@54"8 F-E .  e-[Q

       R8 ;1 =9R^Q 90B 20!34 ;1 2M  W      9P �; 90B 20!34 203R0 )^Q k- DE1 .        9[R^Q ;3[*J8 kI50-_P ;1 2^5G0 ;1
   ;!13[R0 ;1 l'-Q f5a 2^5G0;1 ( "G/5< ;3*J8  !I5P = -L_# 90-PB DQ!( ;1 =9@j: 2< $JL0DTA  "8D#D[Y 

 13< DE!3H .     9&@&P 2< 2438 -< o*jP A#!   F-EDTA      9P D5#78 )E ".#1 o5M"8 (1        ;3*J8 2M o58"8 A#! 2< =13Y
        o5M"8 (1 ;1 )5G5] N-_5*5: F1 B-UGB   ( GBZ      F-P1 1(DQ ;1 )E °C825     $:! ,1!1 �; )   l_[Y2 .(    A[#! -[<

 9&@&P ;1 B-U A#! ;3*J8 F!B-P"p f5a e-QDTA9R0 ,D#1 o5M"8 (1 A#!   13Y) l_Y1.(  

  
$%& 2- /C&:/1'D E: BXRD<!8 = !" )* #F 32 $#G />= DTA) Li2Si2O5: d ?Li2SiO3: m? Li3PO4 :LP(  

     l_Y 2< 2438 -<2 f5a =      B-U 2< {3<"P F-ELi3PO4              F-[P1 ;1 =)5[G5] N-_5*5[: -[GP "< ,(}+ I50 °C625  ;1 
  o5M"8GP  9P ,D#1  13Y .  9P "X0 2<                N-_5*5[:-GP B-U ;3*J8 ( 90B 20!34 2M ,DY �+-< B-U A#! ;3vQ 2M D:;

  )5G5] N-OLU F-E;3*< F(; "< )5G5])  `("[GE N;3' 2< (  1"[5p k-[^0! . 2[<    f[5a ND[Y $[*+ A5[RE    F-[E
 ;1 )5G5] N-_5*5:-GPGP F-P1 ;1 ".#1 o5M"8 (1 2< $JL0 °C625$:! "G/5< .  

   l_Y ;11         9&@&P ;1 ;3*J8 F!B-P"p f5a (1 A5< DTA   o5M"8 GP          D[Y lQ B! 9M-Q F"5p-P"p f5a �5E =
     9R0 ,D#1 =)5G5] N-_5*5: -GP B-U      9P "X0 2< A5&� ( 13Y     G5] N-_5*5: -GP 2M D:;     N-_5*5: F1 ,1-P Z5a =)5

 $:! )5G5] .     l_Y ;1 9U"T B!2 f5a         F-P1 ;1 )5G5] N-_5*5: -GP F-E°C825        "G_�3[M -# o5M"8 2: "E ;1 
  ,DY)GB   ( GBZ (      $:! ,DY 3@P -# ()GP .(                N-_5*5[: F1 B-[U l5_/[8 ;1 )5[G5] N-_5*5: -GP B-U A#! "< -&<

     203p 2< ( 2GY!1 Z?0 )5G5]    $:! ,DY C"cP F! .a           )5G5] N-_5*5: F1 ;3*J8 kI50-_P 2< �4!; 9*M ;3T 2< r
9P   $Op A5&�  !38 :                    ,D[Y g"[a ;13[a N!;t �j[: B! 9@j: N;3' 2< B-U A#! )X+! Zs< "G&#B A5Q ;1

 9P ;3*JGP 13Y .                     ( ,1"[M 9[0B 20!34 )5G5] N-_5*5: -GP F(; "< 9L_G5a! N;3' 2< I50 B-U A#! B! 9RM D' ;1
    4!  3#B3O#1 -< )M )M       20!34 =2T3<"P �V!3P 2<  W ,D&E1 l5_/8 F!I      9P DY; )5G5] N-_5*5: F1 F-E D&&M .

9P D5#-8 I50 �<-&P "uM! ;1 )5G5] N-_5*5: F1 F!"< )5G5] N-_5*5: -GP B-U  13< ,1-P Z5a  11"p]3-9 .[  

        l_[Y 2[< 2[438 -<1        9pD03[Y k"[0 F-[P1 =)TS ( o[5M"8    F-[EGP   ( GB  =°C465        9pD03[Y k"[0 F-[P1 ( 
  F"GP38}#1GBZ  =°C490 $:!  .               F-[P1 ;1 F"[55�8 ="OLU D5LM! F-4 2< ;3< D5LM!  1"M A#I.#-4 A#! "<-&<

           F;(WB!Dp  !I5P ( ,1"_0 1-^#! o5M"8 (1 A#! 9pD03Y k"0P2O5   ( B2O3  $:!  -L_#  .    o5M"8 ;1 9](GBZ =
           1 9pD03Y k"0 F-P1 Z#!IU! oJ: =2/5Y 2G#B3_L#( Z#!IU! -< -503M"#B ;3vQ  F"GP38}#)TS (    ,B!D[0! 2<25 

                          F-[E-P1 2[< I[50 !; )5[G5] N-_5*5[:-GP ;3[*J8 =o[58"8 A5RE 2< ( $:! ,DY ".#1 o5M"8 (1 2< $JL0 24;1
$:! ,1!1 e-?G0! F"8b-<)°C655.(  
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3-2- BH/AH  !"#$ %& '( ) *'+ ,* -. /01 '234, 567 ,* /8692&* 6( 80:; %78 XRD  

   !"3   #$%&' XRD    ()*+, -. -/ 01/+2  GP  3GB   4 GBZ              5%627 87 796:2 ;6<7 =8>+? @> 9A/ >8 B9" +&C$@ 

°C950  ;2 D%E'  9<7 .         ()*+, 87 %FC, 3 !" G$> -/ -H1, %/GP          =%!)I)6. 57 @%J 79:2 ;<7 =8>+? @> KL 

   M.> B9<%E2  /%N O)&)P .    ()*+, 47 87GB   4 GBZ               O)6&)P =%!)I)6. %6&2 @%6J %FC, 79:2 ;<7 =8>+? @> KL 3

 ;2 B9<%E2   71"         M.> B9"  ? -C)2@ 87 O)&)P =%!)I). 57 @%J 4 .           @> 5> -E6)" -6C)2@ D96" ;CQ -:)&' 87

Si
+4   4 Li

+             5%27 749? 87 O)&)P =%!)I). %&2 @%J 79:2 81IR, -/ +:C2 °C600)     -'1S' D9" 7+. G)? 87   87 %<

B81* (M.> B9".  

              2>+. -E)" 87 B9'%2 ;N%/ G$81I/ @%J T1' 4 ()*+, -* G$> -/ -H1, %/           G)6)A, B96" 796:2 ;6<7 =8>+6? U)

          ;2 KL 3M.> ;'>9'7 O)2+, D>1CV -/ DW ;$W8%* B1X' B9CC*            (6)*+, -6. D%)2 @> -* MJ+Y -:)&' D>1,GP 3

GB   4 GBZ        87 %FC, -* G$>  )P7 -/ GP                  G6$> 78>7 716H4 O)6&)P =%!)I)6. 57 @%6J 79:2 ;<7 =8>+? @> KL 3

(.%C2 81*Z2 7+/8%* 5>+/ ()*+, ;2 +, 9"%/.  

  
 !" 3-   !"#$% &!"'(XRD)*+,- $+ ./ 012,3 45 6+,7   6"#8 *8 89:# ;<8C°950) Li2Si2O5: d =

Li2SiO3: m(  

3-3-  )6<=6>;SEM  

   !"4   +$4%[, SEM ()*+,  5%< GB  3GBZ   4 GP     87 +&C$@ @> KL >8  h2°C/825       79:2 ;<7 =8>+? @> KL 4 

87 min15°C/950;2 D%E'  9<7 .  

    ()*+, 47 D%)2GB   4 GBZ   @ @> KL 3    9E' B9<%E2 58%&\%.]$8 =4%^, +&C$ .     ;62 +*_ `/%C2 ;\+/ 87     -6* 716"

 -'>1H  2%V   5>@Zr
+4    -E)" 87 Li2O-SiO2    B]$+S)IL >8 ;,%!)I). -!R" 3          816IR, @>  RN 5@%J a$>9H 4 B7+* +,

 ;2 7%:$>   9C*]10 .[                   ;62 5@%6J a$>96H 8%6b7 O&c6). G6$> -* ;$%27 B749X2 87 +d%? Be4+L 87 ;P4   716"

)°C600   %, °C650([11]    ;$%SCY8]/ %, 10000   87 5@%J a$>9H @> 5+f> GBZ 9E6' B9<%E2  .    %6/ 4 G6$> +6/ %6C/ 

     U)L =9" -* G$> -/ -H1,        #$%&' 87 O)&)P =%!)I). 57 5%<XRD       ;2 371/ D%c!$ g%R$+h, ()*+, 47 G$>   D>1,

 -* MJ+Y -:)&'ZrO2 O&c). 87 Li2O-SiO278>9' ;$>@ -'>1H ah'   .  

 81I/ =>8_              M.> O)&)P =%!)I). 57 @%J -/ 01/+2 ()*+, -. +< 8%&\%.]$8 87 B9" B9$7 5 .     @%6J 47 >+6$@

                     i16IX2 %6/ D7+6* j> +6f> 87 =%^cJ O)&)P 4 O)&)P =%!)I).%&2  2%" O&c). G$> +k$7 581I/HF    6? 

;2  9'1"]6.[  
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 !" 4- ">#!* 4?!2,3 45 *"'@"5A1$+ ./ 4BC"D# 8*E# 0 $!*8 ,'F h2/C° 825  $+ ./ G*8 89:# ;<8 )*+,- 

min15/C° 950  

     ()*+, 47 87 -* ;/1Il2 8%&\%.]$8 GB   4 GBZ               G)6/ @> 796:2 ;<7 =8>+? @> KL 3M">7 71H4 +&C$@ @> KL 

                    81IR&2 O)&)P =%!)I). %&2 5%<81I/ B8%/47 D9" 7+. G)? 87 4 M.> B9"  ? O)&)P =%!)I). 57 m%S, 4 -&J8

B9"   9'>)   !"4 .(    ()*+, 87 ;P4GP -* 3    5%27 87 °C875             -6' 3796:2 ;6<7 =8>+? @> KL 3M.> B9" +&C$@

            %, DW 5%<81I/ -!I/ 3B9E'  ? O)&)P =%!)I). 57 @%J %FC,2-3    9'> -&J%$ 9"8 +/>+/  .      (6)*+, 87 %6FC, G$>+/%C/

GPB9"  ^N O< 87 8%&\%.]$8 379:2 ;<7 =8>+? @> KL 3 ;2 8>9$%L O)&)P =%!)I). 57 5%<81I/ @> 5> 9'%2 .  

7   ()*+, 8GP    81IR, MIA/ 3Li3PO4 87  °C625           +k$7 ()*+, 47 -/ MRc' O)&)P =%!)I).%&2 ;'@ -'>1H -&)c'>7 3

    ;S:? DW 81IR, 4 +&E)/   M.> B9" +, .             3M.> O)&)P =%!)I). 57 B7%2 a)L O)&)P =%!)I). %&2 -* ;$%H DW @>

)*+, 87 3+&E)/ =%!)I). %&2 @%J D>])2 MIV -/ ])' +)\> @%J 81IR, (GPM.> +k$7 ()*+, 47 @> a)/ 3.  

4- 2?@A: B@'5  

-       D12@W #$%&' -/ -H1, %/DTA   ;2 +n' -/              ;S:? T1' @> 3O)&)P =%!)I). %&2 81IR, 87 (P%Q m])'%!2 -* 9.8

M.> ;Xl. T1' @> 3O)&)P =%!)I). 57 87 4 .  

-     ()*+, 87 %FC,GP          B9"  ^N O< 87 8%&\%.]$8 379:2 ;<7 =8>+? @> KL 3   81I/ @> 5>      =%!)I)6. 57 5%6<

;2 8>9$%L O)&)P 9'%2 .  

- P2O5     @%J  )!E, %/ 3Li3PO4     ;$%27 B749X2 87 3°C650-600  D%6!2 3             %6&2 @%6J 5>+6/ ;6'@ -6'>1H 5%6<

;2 7%:$> O)&)P =%!)I). ;S:? -/ o$+p G$> -/ 4 9C* ;2 US* DW 81IR, m])'%!2 D9" +, 9C*.  
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- ZrO2    O&c). 87 Li2O-SiO2       378>9' ;$>@ -'>1H ah'             a$>]6J> (R6. 3-6C)2@ -&$@1!c6$4 a$>]J> %/ -!I/

    ;Y9'1" m+' 5%27)TS (   B@>9'> -/25                   816IR, 3(6),+, G)6S< -6/ 4 M6.> B9" +k$7 ()*+, 47 -/ MRc' -H87 

M.> B7>7 i%h&'> 5+,q%/ 5%<%27 -/ ])' >8 O)&)P =%!)I).%&2.  

;'*CD  

1. Höland and G. H. Beall, Glass Ceramic Technology, USA, The American Ceramic Society, 
Westerville, Ohio, 2002. 

2. Stephen Freiman, Global Roadmap for Creramic and Glass Technology, the American 
Ceramic Society, Canada, 2007. 

3. Oliver Anspach, Ralf Keding, Christian Russel, Oriented lithium disilicate glass–ceramics 
prepared by electrochemically induced nucleation, J. Non-Crystalline Solids; 351: 656–
662(2005). 

4. Ariadna A. Morales, Heriberto Pfeiffer, Arturo Delfin, Silvia Bulbulian, Phase 
transformations on lithium silicates under irradiation, J. Materials Letters;50:36–40 (2001). 

5. Burak Taskonak, Atilla Sertgöz ,Two-year clinical evaluation of Lithia-disilicate-based all-
ceramic crowns and fixed partial dentures, J. Biomaterials;26:3235–3241(2005). 

6. X. Zheng, G. Wen, L. Song, X. X. Huang, Effect of P2O5 and heat treatment on 
crystallization and microstructure in lithium disilicate glass ceramics, J. Acta Materiala; 56: 
549-558(2008). 

7. Elke Apel., Christian van’t Hoen, Volker Rheinberger, Wolfram Höland, Influence of ZrO2 
on the crystallization and properties of lithium disilicate glass-ceramics derived from a multi-
component system, J. the European Ceramic Society; 27: 1571–1577(2007). 

8. A. Arvind, A. Sarkar, V. K. Shrikhande, A. K. Tyagi, G. P. Kothiyal, The effect of TiO2 
addition on the crystalization and phase formation in lithium aluminium silicate (LAS) 
glasses nucleated by P2O5, J. Physics and Chemistry of Solids; 69: 2622– 2627(2008). 

9. W. B. Sauders Compay, Phillips’ Science of Dental Material, tenth edition, 1991. 
10. Chung-Cherng Lin., Pouyan Shen, H. M. Changb, Y. J. Yang, Composition dependent 

structure and elasticity of lithium silicate glasses: Effect of ZrO2 additive and the 
combination of alkali silicate glasses, J. European Ceramic Society 2006; 26: 3613–3620. 

11. P. C. Soares Jr. E. D. Zanotto, V. M. Fokin, H. Jain, TEM and XRD study of early 
crystallization of lithium disilicate glasses, J. Non-Crystalline Solids 2003; 331: 217–227. 
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 !"#$%  ! "#$ % &'() "*) "+  

 !"#$  %& '"($ )*+,- ./ 0+/1 )23!#4  %&  

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

zhamnabard@nrcam.org 

03"56:         ./01 '(")! .2  345! ,36 ,*7) .2 .89& *2  : '!6 ;*-            <=>? $@>- 6*/>?9) A#! 6: B"7C! '*1

      D7+!"- EF+ '*1:"26*G "2 '63"+ *2 H-!    ./01 <,9I 6: *1 !    '"/J72 $#*K?L B'2   3  !=K%MNO '!"

  ::"P E1!"5 A7QQR/+ .      D7+!"- ,! <:*S/-! T+*? <6*?! :69+ '*1:"26*G       ./0>1 HC9>- 6: *>1  B'!

                 ./0>1 '*>169/G!6 6:  3"&9>) <=>KKG UV@K>+ 3 <=>KKG ;">/KG BWX*8 :!9+      <=>)6!=FY) :!9>+ B'!

 ./01 '*1=)*%0Z   [K- ,3: B'!$       2 6: H\*SI 3 ',*- 69Q]+ B.@?!  $+ .@?! "2!"   ^>_*M 6: .G =?*2

D7+!"- ./-: .- D7+!"- .J7? 3 .J7? B'=70G! "7` B'=70G! '*1 H-! <=#:"P .a!6! *1.  

1- 78398  

(")!' ./01  !'      E&! ./01 HC!=P *# H5*V? ,!       + :*[#! b97)9&9cZ Bb97)!63! "7d) $#*1$ :9? .  (">)! A#!' !6!: ' 

*1:"26*G' )!3!"5 $    ,63*JG BH@Ke <,9I 6: ' 3  V?4Z $ + $ =?*2 .    (")! .2 Hf0)  L =7_9&' *1'   !,6! "Y#:   "&

  P:9_L 3 H-!$  g7]+ H0#, $     h36 *2 .0#*i+ 6: "/%G  *1'   =7_9& (")!'   HC9- j#"k ,!  *1' c705 $B   :*>[#! 

+$ =KG .     :3=I "l*I ;*I 6:450  ./01 <*P3"7)  !'   6: 32     + 6*V2 ;9mJ+  *F8 69JG $ =K?*2 .   :3=I *V#"+! 6:

20  : B=e6:    .0)!"5 677      U7cY)! 6: 3 =e6: 25   5"Q+ n"2 =e6: $  (")! ,! ' ./01      A7+*>& '! >+$    6: B::">P

D7+!"- B *7+ A#! #!402 oi) *1$(")! <,9I A#! 6: !6 '<:!: ,3"2 :9C ,!  =)!.  

 D7+!"- <,3"+!             '(9>_9KV& 3 p#*Ke ,! '6*702 6: Bq#!6 $/K- '*1:"26*G "2 <3NO *1       <*>Y#*8 ./5"J>7Z '*>1

$%F+  $+ !6!:  =K?*2 .  $+ .c%8 ,!        <,9I 6: :!9+ A#! ,! <:*S/-! .2  !9&         p#*K>e ">7d) $V#(9>_9KV& rc/R+ '*1

       ./0>1 BD>7)3"/V_! B36:9C B*s5 !91 B$+*d)      3 $V>?4Z 69>+! B'! ... <6*>?!  :9>%)  .       E>F+ '*>1:"26*G ,! $>V#

D7+!"-       ./01 p#*Ke 6: *F)L ,! <:*S/-! B*1       ifk 6: <=#:"P tO*2 .G H-! '!.   D7+!"- =#=8 '=K2  .C*? *1  '!

D7+!"- b*) .2 ./01 '*1 :"7Y2 TV? '!.  

           $+ BHC!=P '*169/G!6 3 b6*Fu T0) H5*V? '*169/G!6 <=K#L .2 $1*Y) *2  E/07-  !9&     69>/G!6 '*>1

 ./019+"& $1*YJ#*+,L  A72 '! cc%_!  $)ITER
1 (               '=>@2 T0>)  !9>KO .>2 !6 v*>2 '*>+: '*>169/G!6 *>#

 ./01 '*1=I!3 '!  :9%) $5"@+  .    ./019+"& =I!3 ;*w+  !9KO .2         HC!=>P x6=>M *>2 '!MW500 3   *>2 

      $+ 6*G "l*I '*169/G!6 "2!"2 <: $1:,*2 =KG .        3"&9) UGN5 3 *%-NZ '*+: y#!"? A#! H]&    6: *>1

     $+ v*2 6*702 69/G!6 z!48! TC!: =?*2 . TV? 6:)a1 (           *J>) $1*>P3"7) =I!3 A7Ku '!"2 "d) :69+ :!9+

  <:!: H-! <=? .   $+ .dIN+ .G .)9Y)*%1    *1:v95 B,!=P"#: x!4c5 ::"P' /#"5 $  /#"5 *# $ / /#4K&6*>+$ 

  A7a*Z ./#97/G! *2 )RAFM
2(           H#,9{+*G 3 |"k D# ,! =#*26*G  9V7c7- 3 BH75!"P 3 A2"G B   .K7+, $#*1

         '=70G! x!6X *2 <=? H#9i& '*1:v95 =K)*+ '4c5(ODS
3
)     6!: :"26*G *169/G!6 A#! 6: =) . '*169/G!6

        <:"/0P ,! $V#  !9KO .2 47) v*2 *+: H5*V?  =I!3 A#"&*1      H>-! <=? ./5"P "d) 6:  .      *>2 *1=>I!3 A>#!

  $83"CMW500     :3=I '*+: 6: K1300   6*J5 *2 3  MPa5   *2 DKC $+ 6*G b97c1 <=KKG  =KG .  *>[K#! 6:

         4c5 A72 x*f7G"& BTV7) .#*Z "2 '*1(*7_L ,*7) :69+ :!9+' b97K7+9_L  -&     *2 <=? H#9i& '*1:v95 Bb97)*/7

                                                           
1 Internatinal Thermonuclear Experimental Reactor 
2 Reduced activation ferritic/marthensitic 
3 Oxide dispersion straightens steel 
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     $+ *7)9G"#, 3 H75!"P B'=70G! x!6X =?*2 ) TV>?b1] (1[        *>1(*7_L 3 *>1:v95 }!9>)! ,! '     .>2 69G~>+ 

  6*/C*- :!9+  !9KO'      ,! 3 69/G!6 6:  H>75!"P            <:*S/>-!  3"&9>) <=>KKG W*>&,*2  !9>KO .>2   >+$  ::">P .

H#,9{+*G   '*1SiC/SiC      O .2 D7/-NZ "Z9- '*7)9G"#, 3         4>G"+ ./0>1 ,! <=KKG H\*SI :!9+  !9K' 

  + <:*S/-! 69/G!6$   o?9Z 3 =)9? *1' #*7)9G"#, $   o?9Z  !9KO .2   *>1'    >&6!"I =>l $1   .>_9_ 6:   *>1' 

=)6!: :"26*G AG DKC.  

  
 !" 1- (a)  !"#$% $&#' (b)()* )+, -./0#- 1/23 ]1[  

f7G"& "d) ,!$D7+!"-  ./01 p#*Ke 6: <:*S/-! :69+ '*1 $+ !6 '! 2  !9&.ifk $ce! <3"P .- . :9%) '=K2:  

  D7+!"- D7+!"- T+*? '=70G! '*1 3 E726! =70G! BE7)!63! =70G! B*7)9G"#, B$#*K7+9_L '*1...  

  D7+!"- H#,9{+*G 3 '=70G! "7` '*1 3 *1=#692 B*1=#"/7) B*1=726*G }!9)! T+*?  L '*1...  

  .J7? 3 .J7? }!9)!-D7+!"- /01 p#*Ke 6: <:*S/-! :69+ '*1. '!  

      D7+!"- EF+ '*1:"26*G "2 '63"+ *2 .G H-! <=? $@- 6*/?9) A#! 6:   ./0>1 '*>1     A>#! 6: *>F)L o>i) B'!

::"P  *7O "/J72 D#�&!"/-! H@Ke.  

                                                           
1 Thermal barrier coatings 
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2- :"84+; *+<$=> 7?@/ 'A=BC $* 23"@>4 2=/ 24  

2-1- 7?@/ DEF; 24  

2-1-1- GF"-4$H4 3"@>4 DEF;  

D7+!"-            97-!=70>G! .2 H+3*i+ T7_: .2 *&=%O '=70G! '*1           3 $>V#"/V_! j#*>O B$#*7%7>? $#*>wKC Bv*>2

       $+ !6!: H@Ke A#! 6: $Sc/R+ '*1:"26*G v*2 */f0) $&6!"I H#!=1 =K?*2 .     *1=70>G! A>#! A#">/%F+ .>c%8 ,!

$+                        ./0>1 HC9>- A#">/%F+  !9>KO .>2 ">l*I ;*>I 6: .>G :9>%) <6*?! E7)!63! =70G! .2  !9&     ">wG! 6: '!

     $+ <:*S/-! 6*G ;*I 6: '*169/G!6 P::" .         ./0>1 '*>169/G!6 HC9>- $>cG 69k .2          T>2*M p2*>K+ 3 :!9>+ ,! '!

        $+ T7VJ& E#69& 3 b97)9&9cZ Bb97)!63! x*f7G"& T+*? H5*V? :9? .        3 '=70>G! x69e .2 "e*KO A#! ^7G"&

          H-! 6!:69C"2 '"&v*2  *+=)!6 ,! "e*KO A#! '*1=70G! ,! $k9cR+ *# .      <:*S/-! :69+ HC9- A#"& ;9%@+ *+!

 6 6:                   HC9>- ,! $>%G "#:*>i+ *2 ':6!9+ 6: .G H-! b97)!63! =70G! B$2L AG DKC *2 '6*[& '*169/G!   '*>1

   $):345! *# 3 "Y#:           $>+ ^>7G"& BE7K7_3:*>P "7d)  3"&9) <=KKG ;"/KG '*1  :9>? . $>P�#3     '6*/C*>-4#6 '*>1

�"M   '*1UO2             TRcR& 3 .)!: TV? 3 ./02 .2 ,*2 TRcR& Hf0) B./70)!:"7d) <=? "/K7-     $%7i/0+ "7�*& B*1

            rc/R+ '*19&"Z ,! $?*) ':*@2! x!"77m& 3 ./?!: 69/G!6 :"Vc%O "2 )  b69& 3 EG!"&(      *7+ 3 H5*V? ;9Q]+ B

        $+ 6!"M "7��& H]& !6 HC9- |N` *2 oKG =1: .  �"M .V7&69e 6:      ,! 69>/G!6 6: <:*S/>-! :69+ b97)!63! '*1

     I!"k 69/G!6 B=K?*2 6!:69C"2 $#v*2 ./70)!:  <:"J5 <=? $   :92 =1!9C "& .        ./70>)!: :=O "P! .G H07_*I 6: A#!

  =?*2 v*2 $c7C  P <:"G:*2$ �"M           $+ ^7-L HC9- |N` .2 $1:9&"Z x=+ ;9k 6: *1 =)*-6 . �"M !~_  '*1

UO2        $+ <:*S/-! Df- WL '*169/G!6 6: *+9%O .G   ./70)!: B=)9?     <:3=]+ 6: '!94    *>& 97     ./70>)!: =>e6: 

 =)6!: D#69�& .                  :3=>I :*>@2! .>2 HC9- �"M A#=Ku '3*I .G '6*[& '*169/G!6 6: HC9- .c7+ ;9k5/1 

/)*-$     /)*- D# 3 }*S&6! "/+$   $+ "gM "/+    :3=I B=?*25/2   *& 4  H-! "/+  .      �">M 6*>G A7>I 6:     HC9>- '*>1

       $+ =7_9& H5*V? xv9Q]+ 3 ./5"P 6!"M 9&"Z H]& P <:"G:*2 tO*2 .G :9?$  $>+ �">M   ::">P . $s>@2 6: 

   ?*) TV? "77m& :6!9+$   P <:"G:*2 ,! $             /) 6: 3 �">M H0>V? t>O*2 3 <:92 v*2 6*702  .>[7     x!6X  =>? :!,L 

     $+ 69/G!6 <=KKG DKC .2 97/G!9#:!6 :9? .               =>K#!"5 ;9>k 6: .>)!: '*>1,"+ .2 TRcR& x"8*F+ "Y#: |"k ,!

        :6!: <!"%1 .2 !6 HC9- �"M EG!"& 47) H5*V? .     *8 T7VJ& .2 "[K+ =K#!"5 A#!      <=? �"M  9/- 6: $_*C '

   oKG!3 6: $&!"77m& .G      c7+ ^#"R& *# *+"P ;*i/)! B'"#~Z.             "7��>& 69>/G!6 :"G6*>G "2 3 ./?!: <!"%1 .2 HC9- 

  H?!: =1!9C $SK+ .$+  <=#=Z  !9&             ">2!"2 j>#"k ,! !6 �">M 6: b69& 3 EG!"& '*1'        '">Y#: ">2!"2 6: $>V# 

!"5 6: <�#3 HM: *2 .c�0+ A#! 3 :9%) ;:*@/+./01 �"M HC*- =K# 2*7/-: T2*M '!$H-! .  

.2    �"M 6*/C*-4#6 $cG 69k    ./01 HC9- '*1   $P�#3 .2 '!            $Y/0>2 ',*>- �">M =K#!"5 3 .7_3! 6:9Z '*1

:6!: .$P�#3                     !6 6:9>Z '"#~Z"/K7>- H>7c2*M 3 �">Z B6:9>Z ',*- .K7F2 "7d) "Y#: '*1=K#!"5 B.7_3! 6:9Z '*1

   $+ 6!"M "7��& H]&    #! ,! 3 =K1:        $>P�#3 ">2 ':">S2 "Q]K+ "7��& 3"K      �">M '*>1UO2        .>a!6! 3">K#! ,! =>)6!: 

            $P�#3 E7dK& 69dK+ .2 <:*S/-! :69+ 6:9Z x*7e9QC 3 4/K- ,! T+*G x*ONk!   63"l �"M '*1' H-! . . .2

 ;3!=8 6: �*f&6! A#! B.)9%) x69e1 3 2%G x69Q2 $H-! <=? <:!:  *J) .  

h36       E7)!63! =70G! 6:9Z 4/K- '*1 $+ !6      h36 $cG ./-: 3: .2  !9& *1'        :9>%) E70>i& DJ>C 3 "&  .  =>K#!"5

$#*7%7?                 b97)9+L x*)!63! ': $)*7+ ;9Q]+ x69e .2 BD%) ;9c]+ ,! E7)!63! $1: W9-6 T+*? "&)ADU
1( 

      b97)9+L T7)!63! x*K2"G *# 3)AUC
2(       & 69dK+ .2  97-*K70cG .+!:! 6: 3.7F   6:9Z UO2 H-!  .   $#*7%7>? =K#!"5

C T#=f& T+*? DJUF6 .2 UO2 oKG!3 j#"k ,! + ',*P H_*I '*1$ =?*2 .  

                                                           
1 Ammonium diuranate 
2 Ammonium uranyl carbonate 
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6:    6:9Z .V7&69e UO2                H>-! "#~>{)*V+! *%7i/0+ �"Z T%O :9? .7F& $5*G '"#~Z"/K7- *2 3  *#"8 T2*M 

      h36 ,! Te*I '*16:9Z v9%@+AUC   $+ �"Z *%7i/0+  ::"P .            EG!">/+ BW*7>-L .>2 ',*>7) H>_*I A#! 6:

  !"P B.7_3! ',*-      $%) *16*V)!36 3 *16=K#*2 �N/C! 3  97-v9)            ,! T>fM $>#!:, U>G!3 .cI"+ .[7/) 6: B=?*2

$%) b*[)! 47) �K#"/K7- ::"P]3[  

#$%& 1- 4%56' 17.87 9)3 9-,.: 9)3]2[  

UO2-AUC UO2-ADU  
);<%56'  

A  B  C  D  

 !=27O/U 17/218/2  16/2  19/2  

>? $@-,  15/0  16/0  14/0  21/0  

 4AB)")7(ppm) 60  160  90  110  

 CDE !&)2+(m
2
/gr) 29/4  37/5  66/6  04/6  

 F/G6- 1/<27#,(gr/cm
3
) 11/3  92/2  56/2  97/1  

  !" #$%&'()(gr/cm
3
)  24/2  15/2  08/2  02/1  

*+,$- ./0 (µm) 93/2  78/2  68/2  63/0  

 !"# 2-#',1' .$2%+ 3( 45 67!78 9 #$%&'() :;<= #$%&'() :>.5 ?<@A B!$7- C?),5 C<D]2[  

67!78 EF?)  

?),5 #',1'  
>.5 ?<@A  

(ton/cm
2
) 

;<= #$%&'()  

(gr/cm
3
)  

&'()#$% .$2%+  

(gr/cm
3
)  3<G  #$&G  

49/1  82/4  12/10  3/4  4/3  

23/2  32/5  53/10  0  9/3  A 

46/4  9/5  67/10  0  6/2  

71/1  89/4  18/10  5/3  6/3  

54/4  83/5  65/10  0  8/2  B 

95/5  10/6  71/10  0  3/2  

49/1  84/4  34/10  3/2  4/3  

91/4  81/5  64/10  0  9/2  C  

80/5  98/5  70/10  0  3/2  

89/0  56/4  50/10  0  2/4  

38/2  36/5  70/10  0  4/2  D  

31/4  81/5  76/10  0  8/1  

    !"#$% &'()*'+,UO2     -.+/0 )12#30 45 )H2 (  567/ 8.%5 45 °C1700   % 94":  5)+; .    <=., 80)> ?+!60 @5.%

A)B   8.CUO2 )*%"+D"*,0 8 45"E F  )*%"+D"*,0 G"H 8 UO2+x)   IJ%UO2.15 ( % 7K.> .   A)LB 07L*>0     M.L= 8.LC

UO2+x       8.%5 45 ND0)3 OP, 6 @7K -.+/0  °C1700     <Q2R 6 O
/U    ?> S(5TR2   G.130  %  7L*H0 .     7L'(0)H 45  L!6

        % M.UR0 -.+/0 V0 WQB ND0)3 F87+2D0 &'()*'+,   5"K)WXK2 .(       ?XQLK Y"L1R Z()[ ?\+,"> ND0)3 <]),   80U 

?D   45 UO2+x .>  Q,.'3 4"^ ?> x
2 % _(0TH0   % `)*'D F7>.( 5"K .8)*%"+D"*,0 UO2+x/U4O9-y ?*("+*D0 ?\+,"> 

    % `)*'D ab+2D0 V.;    %5 45 a"c F5"K.8  V0 _+>  °C600F     ?XQK d(0 45 ab+2D0 e)f3         ?L> F<L,0 )*gL+> .LC

      Y"1R ?h"3 W>.B _(0TH0 )^.=U     )*%"+D"*,0 G"H M"+R0460 7+2D0 45 8F        d+i.LE 8.C.%5 45 87+2D0 )*'+, ) IJL% 

°C1100 (  ?\:.H 45 6   @.3"D  R.%V 8.C    % M.UR0 )3 5"K .           )12L#30 )L++j3 ?\+L,"> @7K )*'+, M"+R0460 7+2D0 -.+/0

)*'+, ?> H2 A)B M.U2R0 864 )>  1'% )k0 ?R"lm+C a67> F@.3"D @465 S( 80)> UO2 % M.UR0  5"K]4.[  
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$%& 2- H?," I%G #&J<K- %+ C<D.$2 J<%L( 9 CE%&"( #$&D M=,+  C(]4[  

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

 ̀ ., 45        N+R"D)(V 7+2D0 V0 @5.1*,0 )+=0 8.C).+R"D)(V (  ?*2C <=", 45         ?LnoR 6  (.+#+K 8407(.E <\] ?> 80

    <,0 @7K p)n% q.> r6Y .       567/ r6Y ?noR .>  Q$X% 8.+R"D)(V3000          q.L> ?$LK0 )>0)> 45 <%6.o% 6 d("\D 

(7R.DL7    R0 OQ/ 80)>  Q,.'% 80L +'+*D0 s0"L +*D0"(504 8.C7L    ?*2C <=", V0 W:./ "  <,0 80 .    <L!./ d(0 45

LLH0 .LL>L 8.C7+2LLD0 a56TY2O3 6 Er2O3LL'] ?LL> LLL''D407(.E WLL%.] a0"L (.+#+LLK `"LL%)H .LL> 9.LLQ+D)3 @7 

ErxYyPuzZr1-(x+y+z)O2-(x+y)/2    ?*2C <=", a0"'] ?>     % p)n% 80 7'K.> .    <=", d(0  ;b(6   86./ ?D <2'(0

     7'R.% <H.XK W>.B 50"%U238  #R  7K.> .    <=", s"R d(0 WXg% d()*#t%         <Q2LR au )L*#D  340)/ <(07C F.C

    % N+R0460 7+2D0 ?> 7K.> .                     S+%0)L, .L( TL\H .L> @0)L#C <L(V"P%.D 94"L: ?L> <=", WXg% d(0 vH4 80)>

  % 40)B @5.1*,0 54"% )3q.>  340)/ <(07C .> 87+2D0 5)+; . V0    7L+!"3  QR.Lh 9q"wLf% V0  X( F)l(5 8",

   ?*2C 8.C4"*D04 45 @7K      <,0 N+R"3"\E FN+R0460 <=", .> 80 .x64        N+R"L3"\E 8V., @)+=Y 80)>  1\*y% 8.C

 5405 5"h6 .   x64 V0  LX(                   87+2LD0 z"L\y% 94"L: ?L> N+R"L3"\E 8V.L, @)L+=Y 6 `.Lo*R0 .LC )MOX (  45 6

   <,0 SQ, ru 8.C4"*D04 .   45 ?D  \(q5 ?>        <="L, V0 @5.1*L,0 F7K @4.K0 q.>            )L+{R  LJ'= ?L'+%V .L> 8.LC

   <,0 )k"% 4.+2> .+R"D)(V .      dE0|  #30 8|)R0 9.o+of3 ?2,"%)JAERI (        z"L\y% W%.LK ?D 04  *=", Z+D)3

    % W'+P,0 6 .+R"D)(V       40)B @5.1*,0 54"% <+oH"% .> 04 7K.>  <,0 @505 .         <(07LC @7L''D d+%.L3 a0"'] ?> W'+P,0

 >  340)/   % W#] q. 7(.#R .             .L> 8TL\H -TLh SL( .> @0)#C 6 <%), 94": ?> .+R"D)(V V0 @5.1*,0 a.+% d(0 45

     <,0  ,4)> W>.B )3q.>  340)/ <(07C .              WL=05 @7LK }65 N+R"L3"\E T(4 4.+2> 904Y 86./ ){R 54"% <=",

       <,0 8T\H  J'= ?'+%V 45 @7K _yE .+R"D)(V .          <="L, TLD)% 8.%5 _C.D `.#*/0 <\] ?>    @V07LR0 )JD07L/

    <=", 904Y )nB400  <,0 )*#+\+%  .     x64 V0 @5.1*,0 a.+% d(0 45       @)LD6)X+% ?L+t3 <th Z,.'% 8.C   8.LC

    %  ,4)> W>.B  (.+R"D)(V 7K.> .            ?*2LC <="L, 8.C7R.#2LE V0 )wL'] d(0 8V.,07h 94": 45    )wL'] F80

Americium(Am)       ?*2C 7R.#2E 45 @7R.#+B.> e.R)n= W%.] d()*#t%  "= 80 5"> 7C0 .      V0 8)+;"L\h 4"L{'% ?>

        <=", F7R.#2E 45 )w'] d(0 5"h6 V0  K.R 9.%7:       J'= ?'+%V .> 8.C(IMF
1
)     <L,0 @7LK s07>0 .    s"LR dL(0

<=",           W(7Q3 @7R405V.> W%0"] 86./ F7%.h `"\f% 94": ?> .CAm        L% 7L(7h  #, 8.C7+'+*D0 ?>   7'LK.> .

                                                           
1 inert matrix fuel 
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      r.y*R0 4"{'% ?> ?D  3.XRIMF   ?h"3 54"% Z,.'%   %             Fq.L>  L340)/ <(07C Fq.> r6Y 8.%5 V0 7'34.Q] 7K.>

    4.;V., F8V.H 90)++j3 s"B6 M7]8                 r"L\n%  X+R.LX% A0"L= 6 ?$LK0 )L>0)> 45 8407L(.E F<=", ~I� .>  .

S+%0),     .D d(0 80)> Z,.'% 8.C5)>4     W'+P,0 V0 7'34.Q] )MgAl2O4( dD)(V F)ZrSiO4(   N()L, 7+2D0 F)CeO2( F

S+%0),  +2D0)+� 8.C       <(V.R"% FN+2+\+, 7()*+R 6 N+2+\+, 7+>4.D )+{R 87)CePO4 (    @7LK407(.E 8.+R"D)(V 6

 .+>40 6 .()*(0 F.(), .>]566.[  

2-2- -.+/ 01(2& 3(4  

    S+%0), )l(5 8.C5)>4.D V0  X(     ?*2C v(.': 45 87+2D0 8.C              ?L> 6 _LK"E 94"L: ?L> .tRu V0 @5.1*,0 80

     }"36T(0 Y"1R )>0)> 45 �H.f% a0"']  7+C 8.C   ?*2C 8.C4"*D04 45 a|64   % 80 7K.> .}"36T(0     a|647L+C 8.LC

       7R405 04 .C4"*D04 8T\H 8.C4.*=., 45 Y"1R ?> W(.#3 N+*()3 )+{R . _LK"E     O'Lh V0  X+%0)L, 8.LCAl2O3 6 

Eu2O3          }"36T(0 d(0 Y"1R )>0)> 45 @7''D <�.1/ W%.] a0"'] ?>      % @5)> 4.X> .C 5"K . ;b(6     )Ll(5 Nt% 8.C

 _K"E d(0         % q.>  ;54"= <%6.o% 6  X()*X!0 <%6.o% .C 7K.> .    _K"E ?>  >.+*,5 4"{'% ?>    <+1+D .> 8.C

x64 Z,.'% 84"\> 4.*=., 6 q.>  % @5.1*,0 .tRu ?+t3 80)>  C5 _K"E @b(6 8.C 55);]768.[  

2-3- $564 3(478(96/ *1(:'() ; 3<=7>?8 3=  

  ?C5  ^ 45     _!.c V0  X( )+=0 8.C    #gLR05 86)>64 8.C  ?*2LC a07'           9.$(.L[ 8407LtlR 6 8V.L, 407L(.E 80

?*2C     q.> ?h45 80)HLW
1 (             L% ?\+L,"'(7> ?LD 0)Lc F<L,0 @5"> 7%.h WXg>         9.$gL$g3 V0 04 a.2LR0 a0"L3

                     ru a5)LD @5"L!u 6 <2(V �+f% 45 au x)*2; V0  H)^ V0 6 @5"#R �1/ 50"% d(0 V0 @)g*'% 8.C"3)E   8.LC

  5"#R 8)+;"\h  '+%V)(V . .#2E d+'c      .t'3  #U/ �.f! ?>  (.C7R3 % ?*2C 9.$(.[      L% W+Xg3 04 80   7L'C5

        V0 _+> F?*("+*D0"(504 a0T+% �.f! ?>  !695 %    % )> 45 04  5)L+;]9 .[           8460)LH V.L> V0 .37L#] .C7R.#2LE dL(0

<=",    ?*2C @7K ~)w% 8.C    % W:./ 80 55); .   45 "3)E  \:0 v>.'% HLW    K.E06      <H.XLK 9q"wf% 

)Cs
1376 Sr

90
 (  K.E06 6! 7+'*D0 ):.'] )UFNp FPU F Am6  Cm ( %  7LK.> .  LK.E06     8|)LR0 )LE 904Y   F

?*2C     *g;)> 8.C)recoil (     ?$K0 6 8|)R0 ND"   % 7+!"3        K.E06 ?X+!./ 45 7'D!     8|)LR0)E 904Y ! )5/4  .L3  

5/5   <!6 a6)*X!0 .l% ( ?*2C F       8|)LR0 )LE 8.C)70    .L3 100      <L!6 a6)L*X!0 "L\+D  (  407Lo% 6    ?$LK0 8"   7L+!"3 

 % 7'D]10611 .[ ̀ ., 45                  45 ~)lLK  !"Lf3 Fe0)'+L, ?> M","% 7(7h  X+%0), @5.% S( 5646 .> )+=0 8.C

       <,0 @7K W:./ .C7R.#2E s"R d(0 8407tlR ?'+%V .      9.LR.*+3 ?L(.E )L> 8V.LH 7L'c 8T*', @5.% S( e0)'+,

 %              M); �)E .( 87+2D0 ?+!60 50"%  (.o!0 r6Y �()^ V0 ?D 7K.>       L% <L,7> ?+!60 50"% 45"E       V0 0)L+=0 6 7L(u

S+'X3    W, )+{R 8)37(7h 8.C-       <,0 @7K @5.1*,0 T+R au ?+t3 80)> `|]12 .[         `.L, 45 4.L> d+L!60 @5.% d(0

1978   4"2LH6)E �L,"3 Ted ringwood     7LK T*'L, .+!0)*L,0  L\% @.lgLR05 45 ]13614 .[   au @7L#] 8.LCV.H

<+!"R"D)(V )CaZrTi2O7( <(.X,66)E F )CaTiO3(   <(7Rq"C F(BaAl2Ti6016)  %  7K.> .     1\*y% s0"R0 @5.% d(0

   s"R V0B .3 FA       ?*2C 9.$(.[ s"R Z2/ )> ?D 5405    % 80       5"L#R  L/0)^ 04 au a0"3 .       V.LH Fe0)'+L, @5.L% 45

  e.= ):.'] <+!"R"D)(V        %)> 45 04 .C7+'*D0 6 r.+#D 8.C 5)+; .     e.L= )L:.'] <(.XL,66)E      6 r.L+#D 8.LC

   6 .C7+'*D0       L% )L> 45 04 N+2R0)*,0       <(7LRq"C 6 5)L+;CsF Rb 6  Ba         8407LtlR .C7L+i"\D"R"(504 a.L+% V0 04 

 % 7'D .         )\D6)(.LE V.LH 540"L%  =)> 45)pyrocholore (     `"L%)H .L>A2B2O7           ?+QLK 84.*=.L, �.Lf! ?L> ?LD 

5405 5"h6 .C Z+D)3  �$> 45 <,0 <+!"R"D)(V]17-9.[  

 @5.% d(0 `607*% s"Rsynroc –C) +synroc –B7R.#2E50"% (   9.$(.L[ 86.L/ 9.$(.% 8407tlR 80)> ?D <,0

?*2C               % @5.1*,0 SQ, ru 8.C4"*D04 @7K ~)w% <=", 8460)HV.> V0  K.R q.> ?h45 80 55); .   WL>.B ?*XR

          8.C7R.#2E s"R ?> ?h"3 .> ?D <,0 au ?h"3HLW  %         5"#R ?+t3 04 au V0 8)l(5 s0"R0 a0"3 .    `.LJ% a0"'] ?>

                                                           
1 High Level Waste 
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 % "3 ?> a0synroc -D d+\1R V.H 86./ ?D 5"#R @4.K0 (Na,k)AlSiO4    a.L>T+% a0"L'$> <(7LRq"C 8.U> Cs F

Rb6  Ba %   )l(5 s"R F7K.>synroc -F %   V.H V0  '� ?D 7K.>pyrocholore     80)L> 6 @5"L> <L+!"R"D)(V .L( 

         % @5.1*,0 @7gR  >.(V.> 6 @7K ~)w% <=", 8407tlR     .(V )(5.o% 86./ 6 55);  85Pu 6  U  %      s"LR 6 7K.>

 )=usynroc -FA ?*2LC 9.$(.[ 8407tlR 80)> ?D <,0       L% @5.1*L,0 M"L+R0460 V0  L'� 80  5"LK]9617 .[ 45

`67h)3(  (.+#+K 6 8V.H T+!.Ru FSYNROC-B<,0 @7K ?i040 .  

 !"# 3- C3<A 9  J<%1%N O%P<'Q synroc -B  ]16918[  

 '()*+*& ,*-)./(%)  01)2 ,*-)./(%) 

CaO  BaO ZrO2 AL2O3 TiO2 Peroveskite Zirconolite Hollandite 

9/15 2/7 4/11 6 5/59 33  32 35 

      ! "#$%! #& '()*+,! -).!$/synroc    0123 (!4/ 05 6789               "!$:2/ -&!;:<=9 (>5&):? @:.! &( '()*+:,! (&4/ -!

             A)BC D4EF5 )G;2H4I?49 4.(!&  ! JK2,# '(#;L/ @+%>M >5 &( N;9)O8P (!4/  ! ->+125    05 6/#)Q/ N;2B+?! >

                  J:/ (!4:/ @:.! >RS):5 JR&!>T 6.!;G # >+<5 JU29)U/ 6/#)Q/ N>+125 JR&!>T -&!;.)P N>RS)5 JM(&4V  ;:3)5 

]15-9 .[            WBR N6,! 0123  ! >RS)5 X!>B2, JR&!>T 6.!;G 0U2.)Y9Z  ! [)\/ "!4BC 05       ! J:3)9 JR&!>T -)G

 (! Z -)/>M     (!4/ 0I2,45 ';3HLW  6,! >+O?  .BRW      X>R ()Y.! ]C)5 S)5 JR&!>T -)G      &( # ';3 JIV!( -)G

        J/ ^.>8R ;9)O8P (!4/ _#>V # JM(&4V 6C>, 0Y2+9 ((>M]15 .[       `.!>:3 &( >RS)5 JR&!>T 6/#)Q/ @2BaOG

  J/ ]C)5 [)/>R#&;2G      (>5 &)U5 @2/  >1b &( ->+125 c)OC! &( "!4+5 !& X!>B2, 0? (43]16 [   (!4:/ J5):. )5 #

HLW  X!>B2,  !   J/ 0?                6789 "Z >RS)5 J.)2O23 6/#)Q/ d2e;5 (>2M &!>b '()*+,! f4, (&4/ -(&!4/ &( ;9!4R

dU1/ 0123 05 6,! >R]13.[  

dU3  094O9 JG(   -)Gsynroc   g#& h!49! )5         i:e)b &( '&4L/ jR k>M l>P -)G         k>:M l>:P NJ:+2%!>M -):G

         J/ m&4A &(4P >+B2, )5 '!>OG (>, l>P # j2R)+,!#$.! (>2M .G  094O9 @.! @2BaO      -;28?! n4IF/ o#p )5 )G

m!>+29 # )R -)G)/( &( # qI+F/ -)G °C1550/ '()/Z J ;943]18#19.[  

3-  !"#$% &$'()* +,!-*# $!. +)/01234")* 5  6 +)/)789:-/ ;1)<= (&  +#  

             >+Ue! 6.!;G # S)5 &)285 JR&!>T 6.!;G NJ.)2O23 J.)\BV NS)5 J+F, NS)5 "42,!;28?! 6/#)Q/  i,)B/ JU.

  JMr.# @.>+O</  !  j2/!>, -)G            0+8:G -)G(>5&)? &( !& )<9Z  ! '()*+,! 0? 6,! -;28?!>2s -)G    o!t:u -!

 6,! '(4O9 .       6. 4v/)? # &45 ;25&)? N&45 ;.>+29 N;.)5&)? "4U2I2,         j2/!>:, @.>:+O</ 0:IOu  ! )<9Z -)G   -):G

J/ 6KBA @.! &( '()*+,! (&4/ ;B3)5 .>5&)? 05 WF5 @.! &(j2/!>, h49 @.! -)G( J/ '&)3! )G ((>M.  

3-1- 9:-/ +)/(3:*#( 98,' +#  

6. 4v/)?   -)GSiC/SiC                   # g$:V 0:5 6:/#)Q/ NJ:=/>Qw Ni:,)B/ 0K3! 05 6/#)Q/ NS)5 -&)? -)/( -!&!( 

       / S)5 -)/( &( Je)C JM(&4V 05 6/#)Q/J       J/ @2H)P )<9Z J.)Qe! 0+.42+?! @2BaOG ;B3)5       [):\/ "!4:BC 05 ;3)5

 ! 0u&(   6. 4v/)? @.! "(45 42+?   )G5        ? 6,! "$9 x9  (S4%  ! >+O? >5!>5 0         "Z  ! (&!4/ @.! &( [4OK/ &4y 05 

 J/ '()*+,! (43 .      &( '()*+:,! 6:<u i:,)B/ '():/ "!4:BC 05 &4?t/ 6. 4v/)? 0? ';3 ]C)5 m)2A4EV @.!

 0+8G -)G&4+?!&     (43 0+%>M >z9 &( -! . 6. 4v/)? @.!        (!4:/ "!4:BC 0:5 >+125 )G      [#! &!4:.( &( -&)+V):, 
1

  # 

6U9{5 0+8G &4+?!& -)G J/ '()*+,! -! ;943]20.[  

&(  6. 4v/)? @.!      0+,42P |)2e! )GSiC    J/ &!>b '()*+,! (&4/      0B2/  # ;9>2MSiC J/    g#& 05 ;9!4R   qI+F/ -)G

                                                           
1 First wall 
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-p4*91
  (>2=5 dU3  .       )% 0? 6,! ';3 '(!( ")19 m)Q2QLR SiC-        (#;:T k&4:R &!;Q/ 1/0    ):R 2/0   &( ;:A&(  

°C1000-800            J/ '()/ @.! -S)5 0K3! >5!>5 &( -&!;.)P ';BG( ")19 0? (&!(   ;:3)5 .     J:Mr.# (4:7<5 ):5   -):G

  6. 4v/)? @.! N|)2e!     )R Je)C JU29)U/ D!4V )G °C1200  J/ ")19  ;BG( .          0:5 6:/#)Q/ (!4:/ @:.! @2:BaOG

        dU2, #>B.!  ! 0+3!( J7,)B/ JR&!>T J=+8V # X43   @3#& Je!4+/ -)G          i2:,Z N&4:+?!& "(>:? g4/):V # 

JO9 ()Y.! )<9Z &( -().  -&)+V), ;B?.  

  
 !" 3-   !"#$%&'()*+,!- ./0 *123 4& 567 89 ./0 *123 4& :;9  <!/SiCf/SiC*123 4=0 >?@ 29 ]21[  

   6. 4v/)? JK/)u }2QLR &(        0+%>12P |)2e! )5 ';3 ;2e4R -)GHi-Nicalon   h49 S   # Tyranno-SA    0K:3! 6LR 

 ;B+%>M &!>b              -!>5 @2K/ J.)/( '(#;L/ &( )G '(!( >=.( )5 W.)/ Z ~.)+9 # SiC       0+V):, 6:. 4v/)? # 0w&)vU. 

   |)2e! @.! )5 ';3     dU3 &( )G)3 (   6,! ';3 '(!( ")19 .           k)UL+:,! 0:5 JG( 4R>P  ! ;K5 J.)<9 k)UL+,! >.()Q/

     J/ ")19 JG(4R>P  ! d7b J.)<9   6. 4v/)? 0? ;G(        /)UL+:,! WG):? �2:G &4?t/ -)G       #( ):R !& Jdpa
210 

;9(!;9 ")19]21.[  

3-2- >1,?@A,<<*  )/3A,<')@2)' 5  +)/4B5$@38   

      0+8G -)G&4+?!& &( �</ dH)8/  ! JU.  "#>R49 -!            )+78:9 -�>9! -!&!( 0? '(45 6%)U3 `,4R ';3 (! Z -)G

   (#;T NS)5)MeV2 (J/ ;B3)5 .   WB?!# 0/!(! &4zB/ 05   '>:2Y9  -)G         )U:3 m):2IOC # &4:+?!& &( -!   N(;:Y/ 6%

"#>R49              J:BK. J:R&!>T -�>:9! '(#;L/ &( -�>9! -!&!( 0? J.)G)ev 025/0 ( J:/        ->RS):5 �9):3  ! N;:3)5

 ;B+8G &!(&4V>5 .        �R! )5 (&4V>5 `,4R "#>R49 -�>9! &!;Q/ WG)? @.!>5)B5  J/ k)Y9! >=.( -)G  ((>:M .   @:.! 0:5

          P otu ��, N().  -)G(&4V>5 -! ! 05 -�>9! WG)? J+8.)5 &4zB/        ;:3)5 S):5 "#>R49 WB?!>P ��, # @2H) .

           J/ k)Y9! jw4? -)G(&4V>5 �IA)% @2=9)2/ # &>U/ -)G(&4V>5 Jy dOC @.!  ((>:M .   0+8:G  ):29    Nc4:% -!

JMr.#             J:/ ';:BB? d.;KR "!4BK5 '()/ j. o)F+9! -!>5 !& JA)V -)G  ;:7Iy .          Nc4:% -):G&)2K/ 0:5 0:u4R ):5

                                                           
1 Infiltration 
2 Displacements per atom 
3 Moderators 
4 Reflectors 
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       ! N6,! o4V &)285 ';BB? d.;KR j. "�#&;2G          �()*+:,! N"�#&;2G `,4R "#>R49 -S)5 otu ��, >y)F5 )/

 J/ (#;L/ "Z  ! ;3)5 .6.(#;L/ 05 0u4R )5      0:? !& �.>:R#( J:BK. "�#&;:2G  ! ;K5 �+8G @.>+U7, c4% -)G

       J/ "4R#>P j. # "#>R49 j.  ! i?>/   J/ !& ;3)5      (4O9 J,&>5 (>5&)? @.! -!>5 "!4R .     -!>:5 JIA! dU1/ )/!

'(>+8M '()*+,!J/ "!>M 6O2b # J789 (47O? N"Z  !  ;3)5.  

�R!        J/ ';BB? d.;KR '4Qe)5 $29 ->=.( j7, -)G                 @.>:+<5 ):<9Z m):72?>R ):. # @5>:? # �2I.>5 `Q% )/! N;B3)5

   ;B+8G ;/)u ';BB? d.;KR .           ;:9&!( (>5&):? ):G&4+?!& &( &4zB/ @.! -!>5 �2I.>5 m)72?>R .      ;:B? D!4:V 0:w>M!

    )b  �2I.>5 ;28?! JM;BB?              -&!;:.)P N6V), 6e4<, >2z9 ->=.( d/!4C Je# N6829 -$I% �2I.>5 )5 08.)Q/ d5

            o!tu !& i2?>R @.! (>5&)? @2H)P 6O2b # ^1K1R # m&!>T d5)Q/ &(   6,! '(4O9 >R .    k)UL+,! )5 �2I.>5 ;28?!

             JMr.# @2H)P JR&!>T n)879! # k42B2/4eZ $I% ;T &( S)5 m&!>T [)Q+9! NJe)C JU29)U/   :G -)G0+8    J54:I�/ -!

           0+8:G ;A)Q/ &( '()*+,! 6<u !& j2/!>, @.! (>5&)? 0? 6,!              j:BV &4:+?!& @.;:Bw &( # '(4:O9 ;:2*/ -!

J/ &!>b '()*+,! (&4/  )M `,4R ';943 (>2M.  

         "#>R49  ! J�K5 -(&!4/ &( 0? 6,! >?p 05 k S        '>2Y9  WB?!#  ! 6%)U3  ! ';3 (! Z -)G      # ';:3 _&)V -!

  KOu 0I2,# @.;5   J/ WG)? J9#>R49 62 ;5). ."#>R49         J:5 J%;:G 094M>G -!>5 ';B5). 619 -)G      # '(4:5 ';:.)%

         ((>M 0%)�! 6V4, "!4BK5 6%)U3 �()/ 05 )R 6,! k S .   J/ J9#>R49 619 @.!      ';BB? o)R )5 j. `,4R ;9!4R

 ;5). WG)? .        JMr.# ")OG J+8.)5 ';BB? o)R )5 "!4BK5 '()*+,! (&4/ '()/   BB? d.;KR -)G';      '(4:O9 @2/)R !& )G

;.)O9 0y)T! !& &4+?!& 0+8G |!>y! #]22.[  

3-3- A,<<* CDE B5$@38 +)/  

   0+8G &4+?!& j. &(     WB?!# 0? 6,! k S -!  '>2Y9  -)G               0:I2/  ! #>:B.!  !  N(4:3 [>:+B? S)5 6b( )5 -!   -):G

        / '()*+,! "#>R49 -S)5 otu 62I5)b )5 (!4/ -#)TJ (43 .      "#>R4:9 ot:u ��, )5 >A)BC    �2/():? NS):5  )2400 

"&)5(   &45 N)750 "&)5 (   �2B%)G N)115 "&)5 (   �.;.>.! N)440 "&)5  (    '4:2u #)380  "&):5  ( J:/  ;B:3)5 .    0:UB.! d2e;:5

               J/ o)2O? )+789 $I% j. �2/()? # ;B+8G "!>M # &()9 >A)BC '42u # �.;.>.! N�2B%)G       I:A! 6:.4e#! !t:e ;3)5JN 

  6,! &45 >EBC .    +,! )5 &45 m)K�b 6V), ! '()*     -)/( &( k>M l>P  °C1000-800  J/ k)Y9!  (43 .  '()*+,! -!>5

"#>R49 [>+B? 6<u &45  !  >OC [4y # JU29)U/ k)UL+,! 0U9Z @O� N;3)5 (4u4/ &45  ! JEF1/ &!;Q/ ;.)5 )G

  ;3)5 0+3!( i,)B/ .          (&!( 6.(#;L/ (>5&)? @.! &( >EBC dU3 05 &45  ! '()*+,! .      ! d:2e( @2OG 05B4C # BN # 

   ! &45 >=.( m)72?>R'()*+, J/           dU3 05 # '(45 &!;.)P S)5 -)G)/( )R 0? (43        k>:M l>P `,4R �?!>+/ {/)? -)G

 J/ 02<R ;9(>M]22 .[  0+8G -)G(>5&)? &(          �4R#$.! "(>? JBs )5 c4% m)72?>R 62*2? N-!B
10    ):R 90 %  -4:+L/

J/ (47<5 J<u4R d5)b &4�5 �e)V &45 ;5). .  ! �4R#$.! @.!& "#>R49 >.  WB?!# }.>y!J/ &)</  ;B?.  

MevLiHenB 4.27

3

4

2

1

0

10

5   !  

      WB?!# @.! otu ^�Q/ ��,3850   "#>R49 -!>5 "&)5               Je):C -!;:.;9)? !& '():/ @:.! 0? 6,! JR&!>T -)G

    J/ J%>K/ JR&!>T -)G&4+?!& -!>5 ;B? . -�>9! &(          J:/ jw4? JI2V >A)BC >\?! ^�Q/ ��, >RS)5 -)G   (4:3

�, 0U2e)T &( �4R#$.! otu ^�Q/ �B
10J/ WG)? J/!&Z 05  ;5).]23.[  

           62e)K% [>+B? &( JO</ WQ9 $29 &45 ;.>+29 ). &45 ;25&)? @2BaOG   0+8G 6V4, -)G       &4:zB/ @.;5 # ;9&!( -!

     D>b -#& >5 W34P m&4A 05   0+8G 6V4, -)G   J/ '()*+,! -!   W34P @.! N;943       g#& 0:5 )/4OC )GCVD 

J/ [)OC! d5)b ;B3)5]24.[  

3-4- F8)-<!"3G3"$@ $:H12&  

        [)+8.>?  ! JV>5 05  )894. -)G4R>P W5)R >�! &(           '>:2Vp [)+8:.>? &( 4:R>P -�>9!  ! ->8? N)G  J:/  ((>:M .

                    J:/ >G):� J:H>/ &49 m&4A 05 @2K/ -)G)/( &( # m&!>T >�! &( [)+8.>? &( ';3 '>2Vp -�>9!  ((>:M .  @:.!
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   J/ ';2/)9 �9)8B2/4e4/>R ';.;P (43 .  >R &49 m;3               )8:94. -):G4R>P  ! ';:3 ot:u -�>:9! ):5 �9)8B2/4e4/

       J/ ';.;P @.!  ! #>B.! ! N(&!( �2Q+8/ n)7R&!         (>:? '()*+:,! ):G4R>P ->+O. ( -!>5 "!4R .      &4:9 m;:3 ")/;:9!&

                   ';:3 �( (!4:/ h4:9 # ;:A&( N")O+V):, N�B:u 0IOu  ! -(;K+/ d/!4C 05 �9)8B2/4e4/>R1
    [)+8:.>? &( 

(&!(]25.[  

C!49!J  O. (  !    �9)8B2/4e4/>R -)G>+)TLD
2 (       ";5 6%)5 )5 o4V - &! �G -!&!( 0?3

       J:e# 0K3! otu >z9  ! 

 N6,! q2K� 62,)8T )5Lif: Mg,TiN) BeONa # Li2B4O7(Mn)J/  ;3)5 . )5 @2H)P - &! �G -!&!( >=.( h!49!

     d\/ S)5 62,)8T Je# ";5 6%)5 :CaSO4(Tm,Dy)   ).CaF2(Dy)   # Mg2SiO4(Tb)  J:/  ;:3)5 .(   @+:3!TLD 

           6%)5 )5 J54V - &! �G # S)5 62,)8T -!&!( �G 0? i,)B/        6:,! �:</ &)285 ;3)5 ";5 -)G]26 .[  D!4:V

                 &( �9)8:B2/4e4/>R �():, j:2P NS)5 62,)8T "(45 !&!( No4I�/ �9)8B2/4e4/>R �()/ @+3!( -!>5 o4I�/

 (#;T -)/( °C200             *+:,! �:.�& N #( otu >z9  ! ";5 6%)5 )5 "(45 [()K/ N          "):/  N'():, d:29Z # (;:Y/ �()

' !;9! 6,! @2H)P �2F1R 09)+,Z # @2H)P JI2V  #( "!$2/ ->2M]27.[  

0w>M!  Lif:Mg,Ti    05 |#>K/  TLD-100          J:/ �9)8B2/4e4/>R ->+O.  ( -!>5 ;2*/ �9)8B2/4e �()/ j.    N;:3)5

      ';.! �9)8B2/4e4/>R �()/ �2<R -!>5 }2QLR Je#     -)G )29 k)OR 0U2/)=BG )R [Z       0:/!(! ( ), |>y>5 !& >z9(&4/ 

(&!( . �9)8B2/4e4/>R �()/ )+,!& @2OG &( Lif: Mg,Cu,P2,)8T )5 6 6:2*2? 0? ;3 02<R S)5     o4:I�/ -):G

   J/ !&!( !& c4%           J/ �*T (;Y/ '()*+,! Jy &( !& (4V 62,)8T # ;3)5 ;B? .      (&4/ @.! &( 0? JR)Ke)�/ l),!>5

JIA! -).!$/  ! JU. 6,! 0+%>M k)Y9!  Lif: Mg,Cu,P  0:5 6789  TLD-100     &( '():/ @:.! -S):5 62,)8:T 

(#;T 35-20J/ >5!>5  ;3)5]28.[  

LiF: Mg,Cu,P0B2/  &( 0K3!  ! 6�)*T ->+O. ( &( ->=.( ^2,# -)G(>5&)?  (&!( >=.( -)G .   [):\/ "!4:BK5

  !LiF: Mg,Cu,PJ/ &!>b '()*+,! (&4/  )M # 6*9 _!>F+,! &(  (>2M .  '(!( ")1:9   0:? ;:3LiF:Mg,Cu,P  0:5 

-!&#)/ W5)R JO9 l)8T W*B5   62A4EV @.! 0? ;3)5LiF: Mg,Cu,PJ/ &()b !&    6:LR &49 �I2,45 )R ( ),

  (>2=9 &!>b >2�)R .      ' !;9! -!>5 '&!4G)/ j. &( &4?t/ >+O. (              4:u  ! _&):V -)�:% &( ';:BB? '$294. W5)R ->2M

        ;/Z 6,( 05 J1F5 6.)�& ~.)+9 # ;3 '()*+,! ./ A)V 0I�8J           (&!( (4:u# J:�2L/ x:29&4+294/ (&4/ &( 0? 

          # @2H)P J�2L/ ^1K1R  ( "!$2/ 0? 6,! "ZW*2y     J/ #>B.!  ! 6,! ';2a2P        '()*+:,! (&4:/ >+O. ( J+8.)5

                   l)8:T # ;:3)5 Je)C -�>9! �,)P # S)5 62,)8T JMr.# #( >G -!&!( J�2L/ m)K1K1R x29&4+294/ -!>5

)R ;B3)79 654y& # )/( 05;BB? i8? !& ->+125 >OC [4y . LiF: Mg,Cu,PJ/ '(&#Z>5 !& )G )29 @.!  ;B?]29.[  

4- 9I!J 5 9I!J &$'()*- !"#$% 9:-/ ;1)<= (& )/ +#  

4-1- 9I!J 5 9I!J-  !"#$% 9G)'2 KL& (& A&)M:%# &(3" +)/ 9:-/ +)/ +#  

         ';3 0+V)B3 ;B.!>% 0123 &( S)5 0+.42+?!4.(!& )5 -)G;9)O8P -&!;<=9  6,! -!        J:y JK2:,# &4:y 05 0? 40 

          6,! 0+%>M &!>b '()*+,! (&4/ J5>s -)G&41? >\?! &( 0+3tM [), .        01:23 i,)B/ i2?>R j. &4zB/ @.! 05

         0123 [4EL/ j. ()Y.! # (!4/ @.! "(>? dT 6<u          6<u i,)B/ [)U3! 05 d.;7R 62I5)b 0? 6V!4BU. -!

    J/ o)F+9! N;3)5 0+3!( -&!;9)O8P ((>M .  ?>R o)F+9! &(             "!$:2/ -):G>+/!&)P 0:5 J+8:.)5 01:23 i:,)B/ i2

 (!4/ [{L9!HLW
4(4O9 0u4R -&!(&)79! `2L/ &( "Z @2H)P JM(&4V # 0123 d2U1R -)/( N0123 &( .  

   �+82, l),! @.! >5    J/ JC4B+/ 0123 -)G             -&!;:.)P J.)2O23 # JR&!>T NJU29)U/ �)Le  ! 0? (>5 &)U5 "!4R

  ;B3)5 0+3!( J7,)B/ .   JIA! 6.$/            (!4:/ i:,)B/ 62e{T (>5&)? @.! -!>5 0123  ! '()*+,!HLW    N01:23 &(

                                                           
1 Doped 
2 Thermoluminscence dosimeter 
3 tissue- equivalence 
4 High level waste 
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      X4I5 02<R -!>5 @2H)P -)/(  ! '()*+,!  0123 -)G !-               i:2?>R &( >:22�R 0:5 62,)8:T k;:C N-&!(&):79! d5)b 

J/ qI+F/ m)K1K1R >5!>5 &( S)5 6/#)Q/ # 0123 -S)5 J.)2O23 -&!;.)P N;9)O8P ;3)5.  

@.>R&!;.)P  3 i2?>R        6,! J82I2, 0123 N;9)O8P -&!;<=9  6<u 012 .          @:.! o#p -):/( WG):? &4:zB/ 05

0123      J/ '()*+,! &45 m)72?>R  ! )G (43 .          J/ WG)? !& - ), 0123 -!>5  )29 (&4/ -)/( J9(#$%! @.!   &( ;G(

          J/ �*T >z9 (&4/ J72?>R �(#;L/ &( !& J7,)B/ -&!;.)P 0U2e)T ;B? .   @.! >5l),!    3 >�)T [)T &( 012  -)G

         (!4/ -&!;<=9 -!>5 i,)B/ �()/ "!4BC 05 JR)U2I2,#&45HLW        &!>b '()*+,! (&4/ ")<u >,)R>, &( J/ ;9>2M .

  123 h49 @.!:0  L/ )G:       J/ dT !& ;9)O8P m)72?>R  ! JK2,# �(#;               0:5 # D):V (&!4:/ &( "Z i:2?>R # ;:BB?

 B2<5 &4zB/:    :Mr.# "(>:? 0:J      :A! Nq:I+F/ -):G:  J:/ �{  :3:;94 . i:2?>R        :OC ';:3 0:Ke)�/ -):G:  &( �)/4

+82,:�       J9(#$%! )5 '!>OG �.;, m)U2I2, #&45 -)G         B? �{:A! -)G;28:?! >:=.(  ! JH)G ';:B     N):B2/4eZ >:2z9 

6,! '(45 -#& # �28I? N�2+2e -)G;28?!.  

-!>5  X4I5 6V),   0123 -)G           [4IL/ '()/ >2F7R dOC )5 !;+5! N;9)O8P -#)T -!HLW        &( ;:/)u m&4:A 0:5 

J/   ;.Z                  k>% j. d2U1R -!>5 - ), 0123 dOC 6.)<9 &( # 0+%>M m&4A "42,)B28I? dOC ;K5 0IT>/ &( #

    J/ k)Y9! "�4OG # ;/)u (43 .     05 (#;L/ o#p -)/(1200- 1100        6:,! (!>=2+9):, 0:u&(  ):R     (!4:/ >:2F7R 

   ;,>5 db!;T 05 6%)U3 .     J/ - ), 0123 # "42,)B28I? ;B.!>%                   L/ j. &( ;9!4R       6e)T @.! &( 0? ;G( �& 0z*

      (!4/ )5 '!>OG 0123 &(4PHLW         J:/ 0:+F.& |>� dV!( 05 ';3 j1V             d:V!( 01:23 o!t:/ �v:, # (4:3

ie)b      05 k4,4/ JA)V -)Gcanister         >M ;OYB/ # (>, "Z &( )R ';3 0+F.& (( .      "42,)B28:I? >:=.( g#& &(

J/            94R '&4? j. &( - ), 0123  ! d7b # 09)M!;u m&4E5 ;9!4R   (>:2M m&4A JI .         d:V!( 0:5 @+:F.&  ! ;:K5

X4I5 # ';3 k)Y9! ";3 jBV # d29Z dOC ND4EF/ |#>� J/ dQ+B/ -&!(&)79! 6O8b 05 )G (43]14.[  

-&)285          0123 6789 -&!(&)79! `.!>3 &( ->+125 -&!;.)P JU2/!>, -)G )%  !        J:e# ;:9&!( JR)U2I2,#>5 -)G

    j2/!>, 6V), 05 n45>/ -�4e4BUR  ';2a2P )G      0123 ;2e4R  ! >R)          ! [>+B? m)9)U/! 05  )29 05 0u4R )5 �)A4EV

   ̀ 2L/ &( &#( '!&  0+8G -)G -! (6,! . 0123 @.!>5)B5- j2/!>,    J:/ )G  ;:B9!4R          @2:5 !& ;B/(4:, n):7R&! j:. 

        "Z 0? !>w ;9&#)25 (4u45 j2/!>, # 0123 D!4V  "),Z )G   "! &! # >R   j2/!>,  ! >R   J/ 02<R )G     @2C &( # ;943

T    0123  ! ->+125 -&!;.)P [)   J/ ")19 )G ;BG( .  6:.$/  ! ->:=.( &)O3 c4% (&!4/ >5 '#{C    &( '4Qe):5 -):G

  0123  ! '()*+,!- j2/!>,    )P d/)3 )G-&!;.   JMr.# # JR&!>T          i2?>R JT!>y &( J.)9!4R # >R>5 JU29)U/ -)G

   JMr.# 05 0u4R )5         >5&)? 05 n45>/ -)G )29 "(4O9 |>y>5 -!>5 D)V -)G     m!>22�R dOLR J.)9!4R N'r.# -)G(

  j2/!>, 05 6789 ;9)O8P i2?>R &( >+125 J/ !& )G (>5 k)9 "!4R .0123 05 6789 )<9Z 6V), >=.( |>y  !   ):G

2P';2a J/ JI2OUR JR&!>T m)2IOC j. 05  )29 - ), 0123 ;B.!>%  ! �P # '(45 >R ;3)5.  

�+82,   0123  ! J.)G– j2/!>,      -&!;<=9 -!>5 0? )G   (!4/ HLW      j2/!>, 0123 d/)3 6,! ';3 0H!&!    -):G

                  01:23 # �28:I? �29):+2R m)U2I2:, N�28I? �.$2B/ m)U2I2, N�.&)5 �29)+2R m)U2I2, N�.&)5 m)U2I2, 4B2/4eZ

j2/!>,     J/ JR)*8% # J+e! )5 -)G ;3)5]14 .[       :B2/  &( m):Q2QLR $29 ")/&41? &(0      (!4:/ -&!;:<=9 HLW  &( 

 j2/!>, 0123   M m&4A )G   / 0? 6,! 0+%>J     ,&>5 # 6V), 05 "!4RJ        j2/!>:, 01:23 &4:I7R k$29):U/   ):G -

SiO2-PbO-CaO-ZrO2-TiO2(>? '&)3! ]30.[  

4-2- +2)% (3NO"19I!J )' 9?J#  P'$% +)/  

  �+82,  ! JU.  0123 -)G      0+8G ^.)BA &( '()*+,! (&4/ -!  0123 -!   J/ J5>, -)G ;3)5 .     j:. J5>:, 0123

    )G;28?!  ! dU1+/ |&4/Z �()/       J?)V J.)2Ib # J.)2Ib >A)BC N�28I2, No>, - )  �? &!;Q/ 05 ( J:/  ;:3)5 . &(

                 J.)2O23 6/#)Q/ W.!$%! 6<u )294?>.  # )29)+2R d\/ J.)G;28?!  ! �? JI2V >.()Q/ 05 @2BaOG i2?>R @.!

                                                           
1 shielding 
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     J/ '()*+,! !(  o)7T m)72?>R # (43 .         J/ o#p �v, # 02<R c4% (!4/  ! Jy4IF/ !;+5! ((>M .  )T o!t:/  0I:A

     J/ 0123 d2U1R ";3 (>, )5         o>:, ;28?! "!$2/ "(45 S)5 d2e;5 0? ;G()65-55 (%     )T{�:A! i:2?>R &(

   J/ ';2/)9 J5>, 0123             J/ )/)M 4R>P otu ]C)5 o>, "!$2/ "(45 S)5 d2e( 05 # (43 ((>M .    &( J5>:, 0123
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