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 !"#$%&' ()*+&)% ,-#. (/012 3  .&/ &45 &6*%#78 - 

 &*+#'1!"92 0#:6%;-1< 3 ;12 0-=2- >-#6? 92 @A&BC/-   

  !"#$%&$'()!1*+,#)-&./01 21"3!1 4)$56 -2 789&:2 ;<+% =,>6 ; 21
  

1 !"# $ %#&' ()*+,$-./01#!23 045. 6$789 : 4777-14155 

24;89 ()*+"#%:'# <=>!<!  

Parasto-k@Yahoo.com  

?=&@A:       ?@ !A)B C)B D% ?> /%#&'  D#E@# 1#&8F/),   G#!3 $ G!@  (%)H4I#   :J'  7"&JK   L# 7J83D)=F : 

     0!@783 /),%M&N 78")' O#EPNQ'!I ,  R<'#!I $ )  )J, .  1)J<' SJT# D%      ?J@ ?JU&3 )J@ :V<'#!JI %#&J' 0

:W-T$                      #7JT). $ XJI)8' :+JYZ $ /D)+JN [)V\4JI# 0]T)JI ?J@ M)J@ Q'$)^' 78")' 0%&Z /), /D

 :' :T)<Y<K   ?@ 78"#&3       ?@ G#!3 $ G!@ D#E@# 1#&8F  7"$D D)> .D% QTL&_')>   )8<'&`a /),-  0)<"&>!TL D&bB

    )8<'&`a ?8<'L D% )<"&>!TL O#Dc0 ?@  dVK       [)e"# Q<P@)f ?> #Ee' O#Dc      L)N ?@ C)"&W#!43 /L)N :"&W!W%

#D R<8<P>&"&'7"D#% :' :*'!^g ]T#EN# :P9# D)>$L)I 0 7K)@ .  

  h7,       QTL&_')> i8U L# :3);jf QZ)I 0],$-. ST# L#    79D% )@ )8<'&`a /),  /)<"&>!TL kP4l' /),

     QI# )T!4T# )@ (7K D#7T). ?Y<" .    L# )<"&>!TL D#7^'20- 5   L# !48<I /)'% $ :YeB 79D% 1650-1500 

 :4")I ?UD%   %&@ !<m4' %#!W .    ?"&Y" :*'!^g $ :`)*g 0[)V\4I#     (L#7J"# )J,    7JK /!J<W . " n@)Jj'  oT)J4

?@    #EN# )@ 0(7'a QI%    ?"&Y" :*'!^g 0)<"&>!TL D#7^' ]T    :' ]T#EN# ),          1a D#7J^' ST!4+J<@ ?J> 7J@)T

MPa.m
1/2 2/6   ?"&Y" ?@ p&@!'    /#D#% 20    :YeB 79D% QI)<"&>!TL .  ?"&Y" [)V\4I# D#7^' ),  D% 

:' ],)> )<"&>!TL 1%$EN# !q# D#7^' 0)<"&>!TL D#7^' ]T#EN# )@ $ 7@)T ],)> ST# :' !4Y> %&K.  

?B); C=&D  C+9:)8<'&`a 0QTL&_')>/:V<'#!I G#!3 $ G!@ D#E@# 0)<"&>!TL  

1- E6=F6  

   ?@ RT%E"   ?> QI# C)I 79 L#  D#E@# /),     (%)H4I# :V<'#!I G!@ :' %&K]1 .[ %#&' ST#  0 C)I :r   /%)Y4' /),

       7"7K :N!;' Q;89 ?@ 0sPF QN!+<. )@ $ .    L# [#7> !,   %#&' ST#       ?J@ ?JU&3 )J@ :JW-T$   J,:T)       /#!J@ 7J"D#% ?J> 

  /),%!@D)>:8<;'   (%)H4I# :' 7"&K.      ?@ !A)B C)B D% ?> /%#&'  D#E@# 1#&8F/),   G#!3 $ G!@  ?@    :' D)>  07J"$D 

 L# 783D)=F EPN O#     0!@783 %M&N 78")' 0Q'!I ,  R<'#!I $ )  ), .  )<' ST# D%      :W-T$ ?@ ?U&3 )@ :V<'#!I %#&' 1 /), 

     ]T)I ?@ M)@ Q'$)^' 78")' 0%&Z 4I# 0    XI)8' :+YZ $ /D)+N [)V\      ?@ 78"#&3 :' :T)<Y<K /D#7T). $    1#&J8F

     7"&K (%)H4I# G#!3 $ G!@ D#E@# .  1$EN#      :' %#&' ST# 0(7K (D)K# %D#&' !@   :W-T$ 78"#&3 /),     /),)'% D% #D %&Z 

    tHB E<" M)@788> .   :V<'#!I %#&' 1)<' D%0     L# :VT )8<'&`a 45l"      ?@ 1a L# ?> QI# /%#&' S<  # 1#&8F   G!J@ D#E@

  QI# (7K (%)H4I# . u`)Z /)8<'&`a0    :TM)@ :4lI %D#%) 9   v&' v)<^' D%  (        $ :+JYZ 0/D)+JN [)V\4JI# $

           :`&=f d@)f 7B D% E<" 1a ]T)I !@#!@ D% Q'$)^':' 7K)@ .         %D#% :@&JZ :T)<Y<JK /D#7T). 0(%)' ST# S<8wY,

    ?@ 1a Q5VK :*'!^g :`$        QJI# S<T). 0G#!3 $ G!@ D#E@# 1#&8F . #7J,     J<" 1a :J3D#!B QT      )J@ ?5JT)^' D% E

R<'#!I  !*T% /),0       x&JK L# ST#!@)J8@ 0QI# s>          &JZ!@ :2U&J3 dJ@)f /!TyJ.    Q5J<" D#%D]2 .[      ?J@ ?JU&3 )J@

:W-T$     %D&' D% (7K (D)K# /),  :JW-T$ /L)I ?8<2@ /#!@ 0)8<'&`a      QJTL&_')> L# 0(%)J' SJT# /)J,    ?J8<'L /)J,

  :' (%)H4I# :T)8<'&`a %&K .  1)<' ST# D%0 :'  3  QTL&_')> ?@ 1#&   /),   )J8<'&`a /         7JT!4<" )JT s<")J4<3 7J<@D)> O#Dc

s<")4<3  0)8<'&`a /!V5T$  /), s<5<P<I 7<@D)>    )8<'&`a $  /  %!> (D)K# )<"&>!TL .           %#&J' !J*T% L# 0)J8<'&`a !J@ ($zJF

      :' 7"D#% %!@D)> G#!3 $ G!@ D#E@# QZ)I D% ?> :V<'#!I  ?@ 1#&3s<5<P<I 7T!4<" $  v)Y`#i@ D&P@   7JT!4<" $

:=;V' D&@%!> (D)K# E<" .  
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2- GH<!I6+  +J&6!3K C+9  /+&(! $H<  

 O7' L#   ),0]<.  ?@ )<"&>!TL     RT 1#&8F  (%)'          :J' RY> (%)' ST# !48<I ?@ ?> )8<'&`a ?@ :"%$EN#     ?4Z)8JK 7J8>

 %&@ (7K]3[.   )<"&>!TL ) s<"&>!TL 7<5># (?@          %$7JB D% :J@$c /)'% 0u`)Z OD&9C{2700     :J3D#!B QT#7J, $  

%D#% :8<T). .:' !TL /L)N :"&W!W% D)g% (%)' ST# 0 1%#% OD#!B [)*8, %&K:  

  

Monoclinic     
1170°C

     Tetragonal     
2320°C

        Cubic  

  

  &' ?@ C)"&W#!43 /L)N :"&W!W%&"   %$7JB :JYeB p)5="# )@ $ QI# :4TE83D)' /L)N :"&W!W% RT 0R<8<P>4 %

QI# (#!Y, .# :Z!@ 1%$EN# )@ 78")' 0),7<5># LMgO 0CaO  0Y2O3  $ ...:'  )<"&>!TL /M)@ )'% /),L)N 1#&3

  |<\' /)'% D% #D3%&Y" Q<=}.1&T ST#  :')*8, /EPN /),   1&JT )@ ?>Zr   ?J@ 07"&JK STE*T)JU     S4JK#% dJ<`%

   0!4Y> Q<N!~     :' 1-<5># :`)Z /),)U %)eT# �F)@ 7"&K .              ?J@ Q+JWL)@ (L)JU# ?V=JK D% :`)JZ /)J,)U ST#

N  S<T). )'% /),L)    :Y" D)4Z)I ?@ #D     $ 78,%@  &9 ST# ?        :J' (%)J' ST# /M)@ )'% /),L)N OD      /)J,)'% D% 7J"#&3

7"&K Q<=}3 S<T). .  

    ?,% !Z#$# D%1970             ?J@ )J<"&>!TL L# (%)H4JI# ?J8<'L D% :;<I$ O)^<^\3 /%z<'          QZ)JI D% [$% L)JN 1#&J8F

QTL&_')>   7K L)�a ),]7-4 .[ QTL&_')> D)4Z)IETD ),/ )8<'&`a /  )<"&>!TL)ZTA (     $% D&bB ?T). !@ L)JN 7U# ?J")W 0

            QI# (7K )8@ 0$% ST# 1)<' 7')U C&P\' d<V+3 $ ]8>#$ [)e"# 1$7@ .     |JI&3 (7JK ?J'!^g /)8<'&`a QZ)I

          (7K D#7T). ?Y<" /)<"&>!TL QZ)I )@ )<"&>!TL (78>#!. O#Dc)PSZ (  QJN)T G!45W.       D#7JT). ?JY<" /)J<"&>!TL 

  (7K)PSZ (r&Pl'  :P. L# : h!'    ?@ ?> QI)<"&>!TL /),             /#!J@ (7JK ?N)JA# 7<5J># D#7^' 1%&=" :N)> d<`%

         Y<" L)N $ :=;V' L)N L# :r&Pl' 0:=;V' L)N Q<=}3    ?@ C)"&W#!43 /)<"&>!TL D#7T). ?   :' QI% 7Ta .     L)JN �Jf#$ D%

   O#Dc ?@ :=;V' ?8<'L:' C)YF# /D)+N ]83  0C)"&W#!43   L)N ST# Q<=}3 �F)@ ?> 78> ?@ $ (7K S<JY,  QJPF 

?@ L)N ST#   %&U$ )<"&>!TL �&" ST# D% D#7T). ?Y<" OD&9:' L)N ST# 0]83 C)YF# )@ $ %D#% ?@ 7"#&3    L)JN dVJK

       7,% dVK !<<m3 R<8<P>&"&' :8;T 0)<"&>!TL S<T). )'% .D&bB ST#      )8<'&`a ?8<'L D% )<"&>!TL O#Dc 0  ?J@    1#&J8F

      [)e"# Q<P@)f ?> #Ee' O#Dc  :"&W!W%        #D RJ<8<P>&"&' ?J@ C)J"&W#!43 /L)JN  7J"D#%   D)>$L)JI 0     ]T#EJN# :PJ9# 

  QTL&_')> D% :*'!^g  )8<'&`a /), /  :' )<"&>!TL  7K)@ .        /L)JN :"&JW!W% SJT# [)Je"# )@0 O#Dc   )J<"&>!TL    D)Jg% 

      ?> (7K :K!@ ]"!> $ :YeB p)5="#   17'a 7T7. X=I  D)>$L)I       :JHP4l' :J*'!^g /)J,0  7J8")'   :"&JW!W% 

 /L)N(7'a 7T7.L#  x!3 h#!\"# $ �jI D% /D)+N ]83 %)eT# 0x!3 ETD %)eT# 0]83 7K 7,#&Z.  

 :4`)B D%          T# D% 0]83 L# (7'a 7T7. /L)N :"&W!W% D)>$L)I ?>      07JK)@ ?4K#% %&U$ QTL&_')> �&" S    ?JY<" O#Dc

 D#7T). L)N)<"&>!TL/43 ]l. :V<'#!I ?8<'L D% ?> C)"&W#! (7K 07"#  !J<<m3 :T)"#&3  0dVJK ?J@  )B   D#7JT). QJ`

   %&Z :V<')8T%&'!3)  L)N'&R<8<P>&"(     !q# !@ #D C)YF#   ]83 )?@    1#&J8F J}'C)    J" / !J"#   x!J3 x& ( 7J"D#% .  SJT#

 /L)N :"&W!W%0      %$7B D% :YeB p)5="# 4 %      %$7B D% :K!@ ]"!> $6% #D     (#!Y, ?@ ?4K#%      /D)+JN ]8J3 $ 

       %&K :' x!3 17K ?45@ �F)@ ?> #D0  :' 7T7. %D$a]4[.   _')> �&" ST# QTL& ),        ?J@ )<"&>!TL O#Dc �&" X5B !@ 

D)2g:' s<5^3 ?4I%  7"&K] 4:[ 

2-1- ?=8( L)=H+% C+&(! $H< M)LN ; +J&6!3K  

   C)I D%1976 Claussen       D#7JT).  /)J<"&>!TL O#Dc L# (%)H4JI# )J@ )8<'&`a :*'!^g ]T#EN# %D&' D% :^<^\3 

  (7+") ' L)N&R<8<P>&" ( %#% [)e"#]3[.    % :*'!^g ]T#EN# D)>$L)I    0s45<I ST# D 17'a 7T7.   ?J@ x!3ETD    dJ<`%

  /L)N :"&W!W% [)e"#   R<8<P>&"&' ?@ C)"&W#!43  %    0)<"&>!TL O#Dc DD%         QJI# !48<JI /)J'% L# ]T)'!I [)*8, . 

Claussen   x!3ETD ?> QN)TD%         !J4WDE@ O#Dc h#!r# D% !4+<@ 0),   :J' 7JT7.  7J8Ta .       c (L#7J"# RJT �Jf#$ D%(D 
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      1a !TL D% ?> %D#% %&U$ :"#!\@0 ETD  x!3 :Y" 7T7. 7Ta .  QTL&_')> �&" ST#          D#%D&JZ!@ :8<T)J. [)V\4JI# L# )J,

x&K )'# 7845, 7"D#% :TM)@ /!Ty.. 

2-2-  !" #$!%&' ()*+ ,&*+-./%0 1$#2 3 &4*5-67  

 John Claussen  !"  #$%&'()(*&+,- .+ /(01-   2%$3 4 5PSZ/ Al2O36$789  0,+: "/(]7-4[ . !" ;<

=> *?@ Lange   1( #A"  BA!1CD*+ E *?      FG%'D 4*?/H50 *- "5 PSZ         BI*J3 K"0 L,J< !" :0*M%3" *-   ]10-8[ .

=> *? )NOA   4*?    5 P*QRS #A" )T$(*TD   " 0,+ )35,-/(  %U*A50   /V     W*T8%3" .+      #A" B&TX )YD,7Z  E1J(

BA!1CD*+     /H50 5"/7D [A"\U" *- *? *$(1+,A!@ [A"\U" @ *D"  5"/7D       )%'3  =*&]+ B-*^ =>   [?*+ *? )D   /J-*A .

     )YD,7Z [A"\U" BG_  01`  @W*T8%3"    4!*U )(1N,N0  !" :/D> /A/<  )D [V9       [?*+ *D" /X*-5"/7D   )%'J3 

    @=*&]+ B-*^ .-    a$b04 ,$<        #A" 051D 50 c1G'D =1(*S !" )NOA  *?B3 .         )%'3 !" *$(1+,A! P"5d eS"  50

=*&]+ B-*^#$A*<  "051I,- *V$D1b> .- Bf&( 4,9/(5 ]8[. 

  _   ,- .+ 4,YA0 aD*    #A" )NOA   .(1N BJA!1CD*+           P"5d :!"/J(" @BJ3" ,^1JD *J?PSZ  )JD    /JX*-. Hever    

       *- "5 5"/A*< .g$( 4*$(1+,A! P"5d 45"/A*< [("5*Tg?  ("0 :!"/(".    BA!1CD*+ 50 FG%'D 4*?  *J?4 ZTA   )J35,-

/(0,+] 4[ .   .Gg` !"     50 .+ )GH" aD"1_051D      h,RD *$(1+,A! P"5d :!"/(" )D  *- )D @/VX    !" ="19   [(,+   4i,("

@)8R3             %A\V95*D 4!*U )(1N,N0 )(! .("1` =*TD"   4!*U )(1N,N0 )A*$g$X 0"!> 4i,(" ,$$j9)    0,J- W*J( .  *J-

     W*k(" P*7$789 .- .`19:/X@      @2%&$3 #A" 50 B&TX )YD,7Z #A,%]$-   50\A5   45*%I*J3   aD*JX    .J- *JV$D1b>

     0 ,? :",g?!*U *$(1+,A! 4)      l*(1N",%9D1V$G+1($m( *-      0 /n .("0 :!"/(" m µ5  -.  )D B30 /A> .    o,Jp !" *D"

    BA!1CD*+ [A*3 .- BD *7D @,YA0 *?4 ZTA     qb*I 4*V$D1b> *- .&A*7D 50 @   )D [?*+ )+/("  /-*A .  #A" BG_

 W*k(" @,D"    4!*U )(1N,N0   !" :/D> /A/<      r,9\A5 0*kA"   sR3 50 [V9  *? )D  /X*-      [A*J3,U [A"\U" t_*- .+ 

VZ)9*QRS #$ )D 01X.  

2-3- 87 3 &4*5-679 /5-   !4.$/' ,&:PSZ  

  BA!1CD*+ E1( #A" @*? #$%&'(    u319 5*- Evans     Stevense  /X .%I*3 /(]11[ .  BJA!1CD*+ #A" 5*%I*3  @*J? 

     )A*V$D1b> .V$D! mA aD*X*-    BX50 P"5d PSZ)   !"25- 5 ,%D ,T$D ()D   /JX*- . )JYD,7Z     P*JQRS B&JTX

     + E1( #A" !" :/X .%I*3BA!1CD*@    0 /n 50 MPa.m
1/2 5/13       0 /n 50 => W*T8%3"   MPa250 01-  .=>  *J? @

    2%&$3 *- "5 2%&$3 #A"    BA!1CD*+ /V(*D 4,YA0 4*?   *?ZTA  4"5"0 .+        *J$(1+,A! \JA5 5*$&- P"5d ) ,JA!  mJA  

 ,T$D,%D (  :01-   -   :0,+ .&A*7D " .        :,D1GN> !" .+ )g%&$3 50 .+ /(/$35 .k$%( #A    BX50 P"5d   *?   :0*M%J3" 

:/X B3"   @  @W*T8%3"-  .$b0a   v*- #%U5 5"/7D        ,%V$3 /VA",U W*YV? 50 w1$_ ).-   ="1V_xDl*  =/D> /A/<  a'G'9 

0*A!(  .- Bf&( @ 2%&$3   4*?4"5"0  \A5 P"5d   )D [?*+ @ /-*A .  )U,p !" *D"       tJ_*- @*$(1+,A! P"5d :!"/(" [A"\U" 

   ,U .7RVD 4*Vy< [A"\U""/VA ).$n*(   )(1N,N0 .+ 4"      B3" :/X W*k(" => 50 4!*U  ()D     )YD,7Z [A"\U"   01X

   2%&$3 #A" 50 B&TX@  )D [A"\U" /-*A .   )YD,7Z [A"\U" )GH" 4*?5*+ !*3         r,9 o",8(" @2%&$3 #A" 50 

 4!*U )(1N,N0 !" :/D> /A/<)D [V9 /X*- .)D \$( r,9\A5 5*+ !*3 .%fb" /X*- ,^1D /("19.  

2-4- #-; (< &*+-./%0 1$#2 3 &4*5-67 ,#-9< 3  /5-987 1  

BA!1CD*+ E1( #A" *? )D W 0   l " Bb*n !" )p1G'D \$( X*-V/]12.[  

3- =*6&>? @</AB ,&:  

  *JV$D1b> 4*?501<)MR 70-Martinswerk (  *J$(1+,A! )TZ-3Y, Tosoh (  Bf&J( *J-   4*J?5 @10 @15   20 

  *$(1+,A! )gkn /H50@   .b1GN w*$3> 50    :5"1?*D 4"       -   #G$9" )G< ;V` !" 4".   .- @,9 P51H     _*J3  0 P/JD B

 /(/X c1G'D .     .- 4*?501< !" ;C3               /(/JX .%I*J3 :51J8D mJ9 L,J< u319 @,z( 051D P*QRS @:/D> B30 .
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.(1g( B'< ,%Tb" :51+ 50 @*?A*D!> )TA )?*Y]Carbolite   l/JD =*%&JGY(" 51]+ BI*3 HTF 18 / 10  *J- 

.%X5   b1D )95",n 4*?$  G3 40 =/f$*&A  /)MoSi2 (  G-*S *-  $B 35 $     ,x+"/n 4*D0 .- =/o
C 1800    /JX W*Jk("  .

.(1g( D1b>501< !" 4,%&- 50 *?$/X :0"0 5",S *V:Gg_   $*D,N P*A B_,3 *- [ 
o
C/ min5   ,z( 051D 4*D0 *9 

    45*N/(*D =*D! *-120 S0 $     .(1g( 4",- @,x+"/n 4*D0 50 .7   /X l*g_" *? . " ;<        )b*JYZ @BJ'< /JVA",U W*k(" !

.(1g(    X5" { 5 .- *?     05"/(*%3" { 5 6-*RD @L/$g)ASTM C373 (     .(1g( )]gI W*T8%3"     .%I*J3 4*J?

 .- :/X    .R7( 5*yZ { 5 4"@ :!"/("  N$ /X 4, ..(1g( *?@ .-    R%&D |QTD aTX$a  *J?A     0*JQ-" *J- )120 50235050 

/(01-  .  - !" 4",-$  ,? =0,- #  _ .(1N$   .(1g( @)b*g%n" )8R3 w1      Gg_ B89 @B'< !" ;< *?$  *J3 P*A  ,JS [ 5"

/V%U,N .V}g?$ .fb #   .(1g( 4*?  ( *?$   "! B89 \A  .45   @.`50 .- 3 $      ;V` !" :0*fV3 ~�*+ .GSiC)   :5*gX150 (

/(/X 0,N .   .J(1g( )]JgI W*T8%J3"      :*Y%J30 uJ319 *J?Instron Universal Testing Machine 1196  

    BU,N W*k(" =*%&GY(" 51]+ BI*3 .  [A*D!> #A" 50@   mU B+,n B_,3        *?mm/min  5/0 01-  . /J7D   !*JU 5"

   .(1g( 50 01`1D l*(1N",%9         19,< {",< { 5 !" :0*M%3" *- *?X :!"/("    /JX 4,$N]13 .[  { 5 #JA"@  %&J'(   5*J- #$

  u319Garvie .-     B3" :/X .%U,N 5*+ .              50 01J`1D m$V$G+1VD !*U 5"/7D @,A! .R-"5 !" :0*M%3" *- @{ 5 #A" 50

.(1g(:!"/(" *?/X 4,$N:  

 !  !
 !  !  !111I111I111I

111I111I
X

tmm

mm

m

""

"
#  

 @.R-"5 #A" 50Im    It.- m$< P/X |$9,9 D 4*?!*U 4*?1   l*(1N",%9   m$V$G+1( XmD !*U ,&+ 1 m$V$G+1(

   )D :0*D 50 01`1D /X*- . .(1g( )YD,7Z     { 5 .- *?Chantikul  :!"/J("     /JX 4,J$N]14 .[     /J%-" @{ 5 #JA" 50 "

    .$b " r,9 !,TA  :/( 5 ,U u319    )D /A/< 4"  ;C3 @/(5 >  gI W*T8%3"  .(1g( )]  .- @*?   .R7( 5*yZ { 5       4"

.R7( .3 *A :!"/(" 4"  4,$N /X :.-   .R-"5 .G$3  )D "5 )YD,7Z 5"/7D 4" 01g( .f3*8D ="19.  

4- C%&D+ 3 EF<  

4-1-  0$!+$ @6&GH ,/*8  

        aTX 50 .+ 51p =*g?1  )D :/A0     )f&( )b*YZ 5"/7D @01X .(1g(  @*?      1N",%9 !*U )gkn /H50 [A"\U" *-  l*(

 )D [?*+  /-*A .   )D )b*YZ [?*+ #A"  .- /("19             .JV$D! !*JU .J- Bf&( *$(1+,A! P"5d P *M%D 4,A~<,%V$3 a$b0

)*V$D1b> (/X*- ..-         1+,A!   *V$D1b> 4*?!*U )95",n c*&f(" |A",� P *M9 a$b0        5*%I*J3\A5 50 |J$_ 45"/J7D @*$(

.-   )D 01`     )D .+ /A>        9 =/D> /A/< .- .(1g( ="1V_ .- ="19a'G'   0,+ :5*X" .   .J- #$V}g?     )JD ,Jz(      .J+ /J35

.(1g( )b*YZ  ,%V$3 4*D0 [A"\U" *- @*$(1+,A! B-*^ 5"/7D 4"5"0 4*?[A"\U")D  /-*A.  

  
 !" 1-  !"#! $%&! $'()* +,-./ 0,12234 567"8/(9 :(;< =  $#>? -@+A 7, $B=(4 C,"DE 7(F  G(!"H,1I4 :(2!"9167

 :(;(/A +AC"H(!"H.  
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4-2-  0$!+$  !;#I ,/*8J&+-8$/DB ,&*+-./%0 0&?  

      aTX 50 .+ 51p =*g?2  )D :/?*]D              D !*JU 5"/J7D @*J$(1+,A! !*U /H50 5"/7D [A"\U" *- @01X1   50 mJ$V$G+1(

  )D [A"\U" 5*%I*3 /-*A .           D !*JU 5"/J7D \J$( ,%V$3 4*D0 #%U5 v*- #$V}g?1        [A"\JU" 5*%I*J3 50 "5 mJ$V$G+1(

)D /?0 .   D !*U 5"/7D #A,%]$-1 1-,D m$V$G+1(        4"5"0 .J+ B3" )f$+,9 .- c20         50   *J$(1+,A! )Jgkn /JH50 

4*D0 °C1650  :/X ,%V$3  B3"  .    )D =*]( :/X W*k(" P*7$789     5d :!"/(" mA .+ /?0:     .+ 05"0 01`  )(",8- 

    *$(1+,A! P"5d @=> 4v*- 50@ )g(   .- /V("19     :/X B$fx9 P51H)   5"/A*< .g$( l*(1N",%9 !*U (      )S*J- #$A*J< 4*D0 50

/V(*g- .       )D )GD"1_ ,$^*9 B89 )(",8- P"5d :!"/(" #A"   /V+ ,$$j9 /("19 .   !" )TA        o",Jp" u$J8D ,J^" aD"1_ #A"

)D :5d  /X*-]4 5 .[   :0*D .}(*VZ               .J- Bf&( 4,9v*- =*&]+ B-*^ 4"5"0 :0,+ .p*n" "5 *$(1+,A! P"5d .+ 4"

      .- )(",8- P"5d :!"/(" #A" @/X*- *$(1+,A!      )D a$D ,%N5\- P"5d Bg3 /V+ . .J-  1Jp     BJA!1CD*+ 50 @l*JxD 5   4*J?

 *JJJV$D1b> / 1b> !*JJJU =*&JJJ]+ BJJJ-*^ @*JJJ$(1+,A!  )JJJD *JJJ$(1+,A! !*JJJU ,JJJ-",-  0 0 /JJJn *JJJV$D /JJJX*-  

)EAl2O3= 390 MPa, EZrO2= 210 MPa (   0 /n *9 )(",8- P"5d :!"/(" #A",-*V-mµ 1 )JD     [A"\JU" /J("19

/-*A .        5*%I*3\A5 4",- :!"/(" #A" .+ B3" )b*n 50 #A"   aD*X 4100           0 /Jn 50 *J$(1+,A! !*JU /JH50 mµ 3/0 

)D /X*- . /VA1N .V$D! 6A,p !" )b*g_" BA0 /8D @,^" #A" .-]4 5.[  

 
 !" 2- JKIL/ :(;(/A +A (2!"9167 $#>? -@+A M&? 1= G(!"H,1I4 7(F -@+A +,-./ 0,12234.  

  
 !" 3-  16"N4 $O=P+ $!P1IQ', R"QSP1Q2/)SEM( (D2/"'T 567"8/(9 +(IU(SV6+ (= 209167 $#>? -@+A  (2!"

 :(/A +A  91650$I!(S  W+A  5S, X-Y 1ID2S A,1H  )  :(/A +A  !"#!o
C 1500 0-/  = P 20 $4+,1? Z,  .2[A 

X-Y(. 

     .- @*$(1+,A! !*U /H50 [A"\U" *-                .Jk$%( 50   BJA!1CD*+ =*&]+ B-*^ [?*+   *V$D1b> !*U 5"/7D [?*+ a$b0

     $D! 6A,p !" )b*g_" BA0 /8D [?*+    ",8- P"5d :!"/("   .V     )D [?*+ l*(1N",%9 !*U 5"/7D @)( /-*A .  [A"\U" *-

   .("0 \$( ,%V$3 4*D0      )JD /X5 *$(1+,A! 4*?         => !" 4,%]J$- /JH50   /JV+    *J?        ,J%N5\- )J(",8- P"5d :!"/J(" !"
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)D                     /JX /J?"1I 5*%I*J3 50 l*J(1N",%9 4*J$(1+,A! !*JU /JH50 [?*+ |f3 Bb*n #A" .+ /(1X .    aTJX 503 

3\A5    *V$D1b> BA!1CD*+ 5*%I* /    4"5"0 .+ *$(1+,A!20     )D :/?*]D B3*$(1+,A! )gkn /H50  01X . =*Jg?   51Jp

           0 /n 50 *$(1+,A! P"5d :!"/(" @B3" q']D ,A1�9 50 .+1     .- #A",-*V-   /V%&? ,%D ,T$D    )D ,z(     .J+ /J35

A")D P"5d # /V(*g- )S*- 5*%I*3 50 l*(1N",%9 !*U P51H .- /V("19.  

4-3- 0$!+$  =KL" @G5/MH ,/*8  

=*g?      aTX 50 .+ 51p4           *J$(1+,A! !*JU )Jgkn /JH50 [A"\U" *- @B3" q']D @    [A"\JU" )JYD,7Z 5"/J7D 

)D /-*A .    .- c1-,D )YD,7Z 5"/7D #A,%]$-    *- )f$+,9 20 %  )D *$(1+,A! )gkn         4*JD0 50 .J+ /JX*-o
C1650 

B3" :/X ,%V$3 .  0 /n 50 5"/7D #A"MPa.m
1/2

  2/6)D  /X*-.   

  
 !" 4- 567"8/(9 5&QY $)/1.* 0,12234(D2/"'T -  (2!"9167 (2!"9167 7(F $#>? -@+A M&?1=.  

   .- �A*%( .Qb*RD *-                     E1J( #JA" 50 )JYD,7Z [A"\JU" 5"/J7D .+ 0,+ :5*X" /A*- @,YA0 #$778D u319 :/D> B30

BA!1CD*+   *?.-   51p    *%I*3 E1( .- .%&-"  aD*+   B3" 5]4 .[   )D *$(1+,A! P"5d aTX _ /("19 :/JVV+ #$$Q9 aD*  4"

   /X*- )YD,7Z 5"/7D 50 .=*g?           5*%I*3\A5 5*yZ @/X :5*X" => .- ,%]$J< .+ 51p =1N*J(1N   BJA!1CD*+ 50    4*J?

1b>  *V$D /    /(5"0 01`  *$(1+,A!]4.[              �1TJ3 ,T$D ,A *�9 .- .`19 *- @[? O< #A" 50 :/X .%I*3 BA!1CD*+ 50

   )]- 5 )( ,%Tb")  aTX3 ( )D :/?*]D 1X  (" .+ 0         BJ3" P *M%D BA!1CD*+ #A" 50 *$(1+,A! !*U P"5d :!"/ .  *JD"

      0 /n 50 P"5d #A" ,%]$-1  /V%&? ,%D ,T$D  .  [? O< L*3" ,-     @:/X W*k(" 4*?.-   )D ,z(       5*%I*J3 .J+ /J35

                        /JX*- *JA,%A" *J- :/JX 5"/JA*< .Jg$( 4*J$(1+,A! 51G- m9 P"5d :",g? .- *V$D1b> E1( !" BA!1CD*+ E1( #A"]4[ .

  P*7$789                  W*k(" B$G-*S *$(1+,A! P"5d @=> 4v*- 50 .+ 05"0 01`  )(",8- P"5d :!"/(" mA .+ B3" :0"0 =*](

                   )(1JN,N0 #JA" W*Jk(" 4*JD0   BX"0 /V?"1'( #$A*< 4*?*D0 50 "5 m$V$G+1(1D .- l*(1N",%9 4!*U )(1N,N0 

     )D a7%VD ,9v*- 4*?*D0 .- 4!*U 01X]5 .[     *$(1+,A! P"5d :!"/(" .- .`19 *-    .- @BA!1CD*+ #A" 50      )JD ,Jz(   /J35

           /VX*- .%X"0 #$A*< 4*?*D0 50 "5 4!*U )(1N,N0 W*k(" B$G-*S P"5d .+ .          {",J< 41JYb" .J- .J`19 *- #$V}g?

 19,<X .(1g( !" :/X .%U,N      .J+ /V%&J? l*(1N",%9 P51H .- 5*%I*3\A5 50 *$(1+,A! P"5d !" )Av*- /H50 @*?

    ,N0 W*k(" 5*+ !*3 01`  =*TD" *U )(1N       )D =*]( "5 [V9 l*g_" a$b0 .- 4! /?0 .         .J- .J`19 *J- ,YA0 o,p !"

     )]- 5 )( ,%Tb" �1T3 ,T$D ,A *�9)SEM (      )D =*]( "5 r,9 /X5 ,$&D .+    )JD @/V?0       .J+ BJU*A50 ="1J9

      .- ,%]$- 2%&$3 #A" 50 r,9 /X5    .("0 #$- P51H        .J%T( #A" .- .`19   :01- 4"@  .J-      )JD ,Jz(      P"5d .J+ /J35

!(1+,A     :/X r,9 ,$&D o",8(" |f3 *$ /(" .          \J$( r,J9 /JX5 W*YV? 50 P"5d =/X :/$]+ = ,$- @#A" ,- : �_

      )D =*]( .b*&D #A" .+ :/X :/?*]D       .("0 aI"0 50 W*T8%3" .+ /?0  v*- *? BJ3 .        =/JX :/$]J+ = ,J$- #JA"

.("0        => =0! a< h�RH" 50   *?     - @r,9 4 5 ,- *?      )D r,9 :/(,- 1G` 4 ,$( [?*+ t_*   01X)aTX    4*J?5 

  6.(  
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 !" 5- 4 16"N $O=P+ $!P1IQ', R"QSP1Q2/)SEM( !,A C-Y X-2O9 P \14 -Y+ 7,   :(D2/"'T 567"8/(9 +A (;

 (= X-Y 56".4209167 $#>? -@+A  :(/A +A  9 (2!"1650 $I!(S  W+A 5S, X-Y 1ID2S A,1H ) :(/A +A  !"#!
o
C 1500 0-/  = P 20X-Y $4+,1? Z,  .2[A (.  

  
 !" 6- "N4 16 $O=P+ $!P1IQ', R"QSP1Q2/)SEM( 56".4 (D2/"'T 567"8/(9 +A \14 12&/ ],1^!, P -Y+ 7, 

 (= X-Y20 :(/A +A  9 (2!"9167 $#>? -@+A 1650$I!(S  W+A  5S, X-Y 1ID2S A,1H .) :(/A +A  !"#!°C 1500 

 0-/  = P20X-Y $4+,1? Z,  .2[A (.  

.- )G+ 51p@2%&$3 mA 50 B'3 P"5d 01`  @_*-  r,9 o",8(" 5*+ !*3 =/D> /A/< t  /?"1I/X . #$V}g?

.- A! P"5d )95",n c*&f(" |A",� 50 o�%I" 01`  a$b0     [VJ9 0*JkA"   .JV$D! !*JU *J- *$(1+,    45*]JU 4*J?

.-           #A" .- 051I,- W*YV? 50 r,9 @:5d o",p" 50 )R$8D P51H         )JD o,J8VD 01I ,$&D !" )]V9 :!1n   01JX. 

   )D .+ 4,YA0 5*+ !*3             B3" r,9 \A5 =/D> /A/< @01X 2%&$3 #A" 50 )YD,7Z [A"\U" t_*- /("19 . 51R(*g?

         BG_ 5*%I*3\A5 #A" 50 r,9 \A5 0*kA" @/X :5*X" ,%]$<   05"0 )(1N*(1N 4*? .      W*T8%3" 5"/7D [?*+ .- .`19 *-

.(1g(  0 4*?     .(1g( .- Bf&( *$(1+,A! !*U 4"5"      .- @qb*I 4*V$D1b> ;V` !" )A*?   )D ,z( 35    0*kA" 5*+ !*3 .+ /

05"0 01`  BA!1CD*+ #A" 50 \$( r,9 \A5.  

,A1�97    :/X )G7$H eR7D sR3  4"       )D =*]( "5 BA!1CD*+ E1( #A" !"         *- !,TA  :/( 5 ,U u319 )+,9 .+ /?0

  4 ,$(100      B3" :/D> /A/< => 50 #91$(  .     aTX *- ,A1�9 #A" .&A*7D *-  8 .-   )D ,z(    r,9 .+ /35     /JA/< 4*J?

 0 :/D>  .(1g( #A" 5@   r,9 !" ,%TZ1+       .(1g( 50 :/X 0*kA" 4*?       )D *V$D1b> ;V` !" :/X .%I*3 4*?    .+ /X*- #A"

    .(1g( )YD,7Z [A"\U" \$( ,D"  BA!1CD*+ 4*?   *V$D1b>  /   )D P*f^" "5 *$(1+,A! /V+.          |Jb*RD .J- .J`19 *J- :5*JX" 

:/X@   )D ,z( .-          @)YD,7Z [A"\U" 5*+ !*3 .3 ,? .+ /35)VQA (1N,N0      .J- :/X W*k(" 4!*U )     l*Jg_" aJ$b0

                 "\JU" BJG_   /(5"0 01`  5*%I*3\A5 #A" 50 r,9 ,$&D o",8("   r,9 \A5 0*kA" @[V9      #JA" 50 )JYD,7Z [A
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)D "5 BA!1CD*+ 0"0 Bf&( 5*+ !*3 .3 ,? .- ="19.  

  
 !" 7-  16"N4 $O=P+ $!P1IQ', R"QSP1Q2/)SEM((D2/"'T  !"#!   $6 (= X-Y 56".4209167 $#>? -@+A (2!" 

 :(/A +A  91650$I!(S  W+A   5S, X-Y 1ID2S A,1HPP1F _S"4 $914   :P12! (= 71Q6P X-!P+100 CT +A `4"2! 

X-/T -6-a )  :(/A +A  !"#!o
C 1500 0-/  = P 20X-Y $4+,1? Z,  .2[A (.  

  
 !" 8-  16"N4  $O=P+ $!P1IQ', R"QSP1Q2/)SEM(\14 7,  P1F _S"4 X-/T -6-a :(; (= 71Q6P X-!P+ :P12! 

100 $6(D2/"'T  !"#! :P+ 1= `4"2!  :(/A +A  91650$I!(S  W+A  5S, X-Y 1ID2S A,1H . ) :(/A +A  !"#!
o
C1300 0-/  = P 30X-Y $4+,1? Z,  .2[A (.  

   e-*VD 50@=1N*(1N    BA!1CD*+ E1( #A" )YD,7Z     .Qb*RD *?/X B3" : . .- �A*%(  :/D> B30@    5"/7D [A"\U" )Yg? 

  )YD,7Z  "5 " *- D [A"\U     )D /$A*9 *$(1+,A! !*U /H50 5"/7 V+V/ ..- 0/_ *D"     e-*JVD 50 )JYD,7Z 4",J- :/D> B30

FG%'D@    B3" P *M%D ]4 5.[     P *M9 #A" aAv0 !" )TA       { 5 !" :0*M%J3" @*J?       :!"/J(" 50 =1N*J(1N 4*J?   4,J$N

  B3" B&TX )YD,7Z ..-  l*xD ="1V_@  .- 4*?0/_      { 5 50 :/D> B30   :!"/(" 4*?   &D 4,$N    *- r,9 l1p 2$7%

{ 5   r,9 0*kA" 4*?    :!"/(" ;C3   .$b "  W*T8%3" 4,$N@    )JD P *JM%D   /JX*- .         4*?0/J_ .J+ :/JD> e-*JVD 50

.-      :!"/(" { 5 !" :/D> B30              .J- 4*?0/J_ !" ,J%N5\- r,J9 l1Jp 2$7%&JD 4,$N       .J- :/JD> BJ30  { 5    4*J?

:!"/("    B3" W*T8%3" 4,$N .{ 5  ,- 4*?  :!"/(" .A*< N  ( W*T8%3" 4,$    )D P *M%D 2? *- \$ /VX*- ]15.[  #$V}g?

("     :!"/(" E1(   W*T8%3" .(1g( :!"/     W*T8%3" 4,$N) .R7( .3      .R7( 5*yZ *A   4" 4" (      .J- 0/J_ 4 5 ,- \$(   BJ30

  B3" ,^1D :/D> .    .(1g( 5*%I*3\A5 @05"1D #A",- : �_@ .-               ,^1JD )JYD,7Z 5"/J7D 50 \J$( .("0 :!"/(" l*xD ="1V_

)D /X*- .#A" .g? *?@ .+ /V%&? 405"1D => .- )YD,7Z 0/_ {5"\N W*YV? .- )g( :5*X" *? /(1X.  
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4-4- N&LFDO$  

     aTX 50 .+ 51R(*g?9    :/X :0"0 =*](                05"1JD ,%]J$- 50 @*J$(1+,A! !*JU /JH50 5"/7D [A"\U" *- @@ "   W*T8%J3

 )D [?*+ /-*A .    ,%V$3 4*D0 [A"\U" *- *D"@     )D ,%g+ [?*+ #A" 5"/7D  01X .   |$+,9 #A,%y-    W*T8%J3" ,Jz( !"@ 

   *- )f$+,915 %          ,%V$J3 4*JD0   *J$(1+,A! )gkn°C1650  )JD   /JX*- .   |J$+,9 #JA"@     0 /Jn 50 )D*T8%J3"    

MPa 3005"0 0.(1g( W*T8%3" 0 /n 50 .+  D qb*I 4*V$D1b> ;V` !" 4*?) /X*- .  

  
 !" 9-  : !"#$%&' ()*+ ,&-./01 2134456 &74%#89 :&;/&4<#'3!" (*=> ?@AB CD> 3E &4<#'3!".  

     !"# $% #&"'() *+ *,-) '+-    ./+"0 .1"#2 34 5)SEM (   6&7-8%'9 :&4 0'2;'!<&0 74 '=     6>?@A 0B *@9    C'@=

     DE FB4B G'/1 H$I )J E    C'=5   " 6( .% K   G4-)6L'&0B   $1-9#&7 M40N *9          F74D@14 0B '@O$%-3P *O$%7 0B '  C'@=

  D104B B-," .QR2S% . M40N :&4K       T@& #&7 74 40 CB'U+4 FB"DV%   @2%"# $%     '@) #5      .@% J%'@E #@2%"# $%   -@ED1 .

   6&7-8%'9 0B W' V2!4 M4#$$X)    'O$%-3P C'= /      6!4 .Y%#Z[ H&4<L4 C'=0'9"7'! #$\') 6V) '$1-9#&7 .*+   0-@]

.R9K   $Q&#^ *_+40 `+'_% a   .Y%#Z[ H&4<L4 '+ KK        .@% H&4<@L4 <@$1 W' V2!4 04DZ%           0B *3'?@% :@&4 .@3" D@+'&

      Z[ H&4<L4 0'9"7'! *9 6!4 b$Vc .)0-c       1 0'2;'! 0B d-$e 04DZ% H&4<L4 ae'+ .Y%#-/B .*+    f'@g% 0-@]K 

 6&7-8%'9 0B    'O$%-3P C'= /'$1-9#&7K     FDE W'h14 C7'L .1-^#^B C'=0'9"7'! K *+       i4#@V14 " HO@) f'@>e4 J$3B

j#)K .%        DOE'+ *2E4B W' V2!4 C"0 #+ .2kg% #$\') DO14-) .      j#@)<&0 B'@h&4 0'9"7'@! '%4K        C"0 #@+ .@QO% #@\4 

V2!4      .% W' V2!4 H='9 ae'+ " B04B W'  B-E .      6&7-8%'9 l-1 :&4 0B *9 'h1P 74K  *@+    0-@] f-@>U%K     *@! #@= 

    .% J>e m= '+ 0'9"7'! DOO9K    :&4 *+ *2?+ :&4#+'O+        C#2/$+ HZ1 T& W4D9 *9  40 H&4<L4 0B     KD@104B .@Y%#Z[ 

  .% W' V2!4 04DZ%   DE'+ M"'Q2% D14-) . ,-) '+      >1 0B W' V2!4 .k?1 H='9 *+ **1-    *@+ K'@=     .@% #@n1     *@9 D@!0

j#) <&0 B'h&4 0'9"7'!K6!4 *2E4B .Y%#Z[ H&4<L4 0B .>o% HZ1  .  

*+  .R9 0-]K  j#) <&0          J$3B DO[ *+ 0'2;'! :&4 0B '= .% D&DI DO&P . )<&0 K6?S1j#    FD@1'>$A'+ C'@= C4   DO2?@= 

 *+ *9        C7'L .1-^#^B W'h14 74 .E'1 mhp #$$X) J$3B   f'@1-^4#2) C'$1-9#&7    *@+   7'@L T@$O$R9-1-%     W'@YO= *@+

     #2O$! C'%B 74 H&'%#!*+ B-," .%  DO&P . DU+ *2!BK j#)<&0     *+ *9 DO2?= .&'=         C7'@L .1-@^#^B W'@h14 J@$3B

          B " *U_A 6? E W'YO= 0B HO) 74 .E'1 FD%P D&DI       .% D&DI *U_A *+ HO) f'>e4 #\4 0  DO&P .     K#@Y&B *2@!B '%4

 j#) <&0    *+ *9 DO2?= .&'=   #q ir2;4 J$3B            04D@Z% 0B M"'Q) " '$1-9#&7 " 'O$%-3P C'=7'L .)04#p s'?k14 t&4

        GDE B#! W'YO= 0B " #2O$! W'YO= 0B u'kZ14K  .% Jc'p  D1-E .     J E *+ *,-) '+2K    % 7'@L 04DZ% -  T@$O$R9-1

  0B*1->1   .% m9 '=   *+ :&4#+'O+ KDE'+  .% #n1     j#) <&0 *9 D!0            0B '@& K6?@ E W'YO= 0B #2/$+ FDE B'h&4 C'=

=DOE'+ FD%P B-," *+ #2O$! C'%B 74 H&'%#! W'YO.   F"re      v0<+ M40N B-," K:&4 #+)F#%-R^P  '= ( .% <$1   D@14-)

DE'+ W' V2!4 H='9 J%4-e 74 . & .  '@O$%-3P .)04#p s'?k14 t&4#q GB-+ M"'Q2% J$3B *+)  C
-16-

 10×6 ( 

'$1-9#&7 " )   C
-16-

 10×10(#2O$! 0'2L0 KGDE  M"'Q2% "B :&4 .% DE'+ .  " J@SRS) GD%P D&DI tk! #%4 :&4

*+           *h$21 0B " 0'2;'!<&0 0B d-$e :2L0 w'+ ae'+ .R9 0-]K     .@% W' V2!4 .k?1 6L4   B-@E .    .3'@Y[ H='@9
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 #%4 :&4 M'k\4 #+ .R$3B <$1 '$1-9#&7 04DZ% H&4<L4 '+ M'U_A .k?1 6!4]4"16.[ 

5-  !"#$ %&"'  

1-      M'U3'_% *+ *,-) '+ 1"#2 34 5- !"# $%   *1->1 C"0 #+ .   C'=   6@&7-8%'9   '@O$%-3P / .&'@$1-9#&7K  *@+     #@n1

.%    <&0 *9 D!0    6&7-8%'9 0'2;'!*+  KFD%P 6!B   'O$%-3P l-1 74 K *+          .@% '@$1-9#&7 C'@=0-R+ T) F4#>=     *@9 D@E'+

 #&7 '=0-R+ T) :&4 F74D141 #2%"# $% 6!4.  

2-     *+ x&'21 *+ *,-) '+    6!BP   C7'L <$3'1P 74 FD%K    F0'E4 D&'+B#9         '@$1-9#&7 D@c0B H&4<@L4 '@+ *9 K     7'@L 04D@Z% 

%-  *1->1 0B T$O$R9-1    .% H&4<L4 '= D+'& .:$Oy>=H&4<L4K   C'%B ! <$1 #2O$K   % 7'L 04DZ% -    0'2;'! 0B 40 T$O$R9-1

 .% H&4<L4 D=B .   % 7'L 04DZ% :&#2/$+-T$O$R9-1K      C404B .k$9#) *+ s-+#% 20   '$1-9#&7 .>hp Dc0B 6!   *@9 

 C'%B 0Bo
C1650$! 6!4 FDE #2O.   

3-     f'1-94#2) 7'L 04DZ% *k!'V% '+ K *+    T>9     Kz &4 -)#I {4#I T$O )XRD     D@E FD='/%      H&4<@L4 '@+ *@9

     % 7'L 04DZ% K'$1-9#&7 Dc0B 04DZ%-    .% H&4<L4 0'2;'! 0B T$O$R9-1  D+'& .     *@1->1 #2/@$+ 0B :$Oy>=  '@=K   04D@Z% 

    L Dc0B H&4<L4 '+ .3'Y[     1->1 .3'Y[ " H='9 f'1-^4#2) 7'*   C'=404B     @$1 '$1-9#&7 6+'\ 04DZ% C     H&4<@L4 '@+ <

.% H='9 K#2O$! C'%B DO+'&.  

4-    *1->1 .Y%#Z[ B0-% 0B    C'=  6&7-8%'9  'O$%-3P /.&'$1-9#&7K    x&'21 *+ *,-) '+ K  FD='/@%   .@%        '@+ *@9 B-@E

   '$1-9#&7 .>hp Dc0B H&4<L4K    .% H&4<L4 .Y%#Z[ 04DZ%  D+'& .      *+ s-+#% .Y%#Z[ 04DZ% :&#2/$+   '@+ .k$9#)

20 %'$1-9#&7 .>hp 6! C'%B 0B *9 oC1650 6@!4 FDE #2O$!  .    B"D@p 0B 04D@Z% :@&4MPa.m
1/2

 2/6 

.% DE'+.  

5-        B04-% #2/$+ 0B K'$1-9#&7 Dc0B 04DZ% H&4<L4 '+ K   .% H='9 W' V2!4  D+'& .         #2O$@! C'@%B H&4<@L4 '@+ '@%4K 

    .% #2>9 H='9 :&4 04DZ% B-E .    ' V2!4 #n1 74 t$9#) :&#2o+WK     '@+ .k$9#) 15 %       C'@%B " '@$1-9#&7 .@>hp

  #2O$!o
C 1650.%  DE'+.  

()*+,  

1. E. D. Whitney, "Ceramic Cutting Tools" William Andrew  Publishing, (1994). 
2. Mitsuhiko Furukawa, "Alumina Ceramic Tools", Ceramic Bulletin, Vol. 62, No. 12 

(1983). 
3. Nils Claussen, "Fracture Toughness of Al2O3 with an Unstabilized ZrO2 Dispersed 

Phase",  J. Am. Ceram. Soc., ., Vol. 59, No. 1-2, pp. 49-51 (1976). 
4. J. Wang, R. Stevens, "Review Zirconia-Toughened Alumina (ZTA) Ceramics", 

Journal of Materials science, 24 pp. 3421-3440 (1989). 
5. F. F. Lange, "Transformation Toughening part 1 Size Effects Associated With the 

Thrmodinamics of Constrained Transformations", Journal of Materials science, 17 
pp. 225-234 (1982). 

6. H. ruf and Anthony G. Evans, "Toughening by Monoclinic Zirconia", J. Am. Ceram. 
Soc., Vol. 66, No. 5, pp. 328-332 (1983). 

7. A. H. Heuer, N. Claussen and M. Ruhle, "Stability of Tetragonal Zr2O3 Particles in 
Ceramic Matrices", J. Am. Ceram. Soc., Vol. 65, No. 12, pp. 642-650 (1982). 

8. F. F. Lange, "Transformation Toughening part 3 Experimental Observations in the 
ZrO2-Y2O3 System ", Journal of Materials science, 17 pp. 240-246 (1982). 

9. F. F. Lange, "Transformation Toughening part 4 Fabrication, Fracture Toughness 
and Strength of Al2O3-ZrO2 Composite", Journal of Materials science, 17 pp. 247-
254 (1982). 

10. F. F. Lange, "Transformation Toughening part 5 Effect of Temperature and Alloy 
on Fracture Toughness", Journal of Materials science, 17 pp. 255-262 (1982). 

11. R. Stevens and P.A. Evans, "Transformation Toughening by Dispersed 
Polycrystallin Zirconia", Br. Ceram. Trans. J., 83, pp 28-31, (1984). 

12. J. Wang, R. Stevens, "Toughening Mechanisms in Duplex Alumina-Zirconia 
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Ceramics", Journal of Materials science, 23 pp. 804-808 (1988). 

13. Ronald C. Garvie and Patrck S. Nicholson, "Phase Analysis in Zirconia Systems", 
J. Am. Ceram. Soc., Vol. 55, No. 6, pp. 303-305 (1972). 

14. P. Chantikul, G. R. Anstis, B. R. Lawn and D. B. Marshall, "A Critical Evaluation of 
Indentation Techniques for Measuring Fracture Toughness: II, Strength Method", 
J. Am. Ceram. Soc., Vol. 64, No. 9, pp. 539-545 (1981). 

15. Michael V. Swain and Nils Claussen, "Comparison of KIC Values for Al2O3-ZrO2 
Composites Obtained from Notched-Beam and Indentation Strength Techniques", 
J. Am. Ceram. Soc., Vol. 65, pp. C27-C29 (1983). 
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  !"# $% &'()*$+  ,()- ."/ 0!-12)"314"4 -* 56"78+*

,89"3 :*1,;  % 0(<"#= &>3?@A(/& 

 !"#$%&'  !"#$1%&'()  $*+, -./012 2%34$5 67!8 *9)$ 1 

1 !"#$% &'()*+,-  ,./$0# + 1#2" &34)*+,-  
25678 &34)0#1 91#2"2!: &'()0#1 ;$!<=$!"#   

I-Mobasherpoor@merc.ac.ir 

3:;;/<= :$>>5?@"         A2>>"$B 3>>: C>>!D3-E ;F>>=+G'!* H!F>>I= 3>>* C>>!D3-E &+$>>J 2K>>L MN

Ca10(PO4)6(OH)2               1#2>" HIL 9;%37O M!"P 9;%37O CFNP P# ;QI5R" .3* &P2S G1 T= C%# 

  1G#1 1$:G3= ;(OU- + .        12>O ;>" &1$>: V3>0 WE P# X>IY# T>= G2>Z WE 3N 9C!D3-E ;F=+G'!* H!FI=

        [!()D ;I8# \U] W#27L T: 9C!D3-E ;F=+G'!*           C>%# ;N3>*G2I: 1+'>6" P# W#'01 + W#2R5%# &'7*1

             G3JP3% CFNP ^G'_ T: T]2D 3: + 1G#1 12]+ &'0P ^#12]2" W': G1 13NP G#'`" T: T=.   M>N# X>%37" 

   " W': 3: &13";      7NU4N3] W#27L T: WE P# W#2D ;       3* W#'01 3N 3* W#2R5%# C@] X%37" .   &'N1 X!%E 

  75O3= W#27L T:;   &13Q5%# 12?0 . D 'N3:             a!>%+ b$5FJ &#G G1 a0#2" MN$D .'] P# ;(N T= CO#1 T]2

        ̂ 3QFB H!FI= .$D 9C!D3-E ;F=+G'!* W2c ;N3*  !"#$% 2!: +  ...       M>N# d!6>e ;(!03>(" f#2g

2!:        C%# ;6!<Z W#2R5%# 3: TFN3`" G1 3*  !"#$% .           G1 ;6!>%+ + &1$5F>J .3@>OhD [!i1 M!?* T:

      MN# ;(!03(" f#2g 12<@: C@]1#2"  #$% 2!:    C%# T5B$J ^G28 ;(!" .       M>N# 12><@: C@] &'N#  N

       'O3: ;" 2030 + +$(!" j3!`" G1 ;5NP2k"3= 1#2" T!@D + Cg3% 9f#2g .   C>N2`D C>!D3-E ;F=+G'!*

                    T5>%1 MN# G1 l3!i# + 9[(O .# TmQ8 1#2" 9G12- .3@I(O G1 ^#UIB 3N ;(!"#$% 1#2" $4N1 3: &'O

     '02O ;" .'7: T`<Z 1#2" P# .MN#   G + &'N#             T>: #G ;(!"#$>% T>7!"P ;5NP2k"3= 1#2" nB2" T6%2D b+

1G#1 A3<01.  

3>$?:/@8 !2 :75O3= 93*  !"#$% 2!:;9F=+G'!* ;(!03(" f#2g 9CNP2k"3=2030 9C!D3-E ;  

1- A,:B,  

         ;(!"#$% 1#2" P# .# T5%1 3*  !"#$% 2!:)  ;L27o" + ;6!<Z (              3>N + H!"$>D 9C>N2`D G2>p7" T>: T>= '75F*

    P# ;N3@5?F_ qN26D             ^'" T: W3F0# W': &135B# G3= P# 3N + r2!6" .3KL# 9CB3:        G3>= T>: 1+'>m"30 3N 1+'m"

 ;" &1$:       ;s7g C%# M(?" T= '02O)   3!02=$NP + 37!"2iE $!p0(    rt] [:3_ 9)      ̂ 3QF>B H!F>I= .$>D $!p0 (   3>N +

B  A36)   T)!O 9C!D3-E ;F=+G'!* $!p0    T)!O + 3*  3*  !"#$% ('7O3: .      3B$8 C%# M(?" 1#2" MN#  !: W#27L T: 2

1#2"    T5g3%+ ;S#$Z    '7O3: &'O)   T)!O 2!: u#20# '703" 3* (            &'>O ;>S#$Z $>4N1 .3*G2p7" T: #'5:# 3N +)  [>s"

37!"2iE (    !: W#27L T: '6: +1#2"2    '7O3: T5BG G3= T:  .  !"#$% 2!:           G2>I:  >D '>70#2D ;>" 3*)   $!B3>% [>s"(   ;>I- 9

 A35FN$=)C!D3-E ;F=+G'!* + 37!"2iE [s" ("3= 3N'7O3: CNP2k.  

   !: .$D$: ;I8# ["3L 1#2" 2     + .UIB u#20# $: ;(!"#$%    3% G1 .$?!I-   N# r2g G3!F: .G3JP >>>> " M >>>>>  3>: 1#2 

  P3%    'O3: ;" &'0P 12]2" .3*G3=+ .              .+3S 3D'?L 3*  !"#$% T= C%# WE P# ;O30 A+# TI*+ G1 .G3JP3% MN#

           27L T: '02O ;" CB3N &'0P .3* v!m" G1 T= '75F* .$837L        9HN'>% 9$QF>B 9H!F>I= T>: W#2D ;" A3s" W#

   1$= &G3O# HNU!7"+ H!%35- .              C!>83g T= '0G#1 12]+ 3*  !"#$% G1 H!035!D + H!7!"2iE $!p0 .$837L M!7w?*

C%# U!c30 + 1+'m" G3!F: &'0P CB3: [:3`" G1 3@0E ;?%.  

                  !>m" G1 ;0x2>Z ^'>" T>: M5B$J G#$_ P# y- ;5S ^#UIB lhg$: 3*  !"#$% 2!:       ^#$>!!zD G3>c1 &'>0P v

   '02O ;?0 'N'O ;N3!?!O .                  '>*1 ;>" {G 3>@0E G1 ;(!03(" + ;N3!?!O XN$RD ^'" P#G1 G1 T= ;"347* ;5S

                    G1 rt>] ;>6!<Z .3>* VU!03(" v%2D ;03%E T: &'0P CB3: ;4N3F?* G1 XN$RD P# ;O30 ^x2om" CpIY
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W':9   C%# A$57= [:3_  .         1 T>: 3*  !"#$% 9'O T5QJ Tw0E $: &+hL  #1 [>!i          j3>%# $>: T>= ;N3*G35g3>% M5>O

'02!-                       C>B3: v!>m" G1 9T>|!50 G1 + '75F>* 1#PE W+$5(i# '_3B 3"2?L '0# &'"E 12]+ T: ;02N + C0x#+2= .3*

                           [>!- [!()>D P# ;>O30 ;J1G2>g G3>c1 11$>J ;>" r2F>m" C>!i+$5(i# 3>@02N u#20# 12]+ CIL T: T= &'0P

'02O ;?0 ;N3!?!O+$5(i#.  

  7?)N'0# P# .G3!F:        P3>YE ./2>i27(D2!: ;J'>7i3: + ;N3B2(>O .3@i3% 9H(N + CF!: W$_ P3YE 3: T= '70E$: W#'

 'O '*#2g .        ;%'7@" + HIL W3ooR5" + W#'7?)0#1 9$4N1 ;N2% P#9      !"#$% $oL #G V2% &G#U*   &'!"30    '>0# .

                  7= n!QID H* 3: #G 3@0E T= 'O3: $5@: 'N3O &3J'N1 +1 MN# ;I?L + .$p0 C!?*# }G1 .#$:H! .   T= ;N3@i3% G1

                    G#$>_ W3F0# .G+E$B MB + HIL +$?I_ G1 T= 12: '*#2g ;N3@)i3c MN$5?@" G3?O G1 ./2i27(D 2!: '"E '*#2g

                     $Nt-30 G3(0# + T5F]$: W3?J ;: CO#1 '7*#2g &'@L $: W3!" MN# G1 3*  !"#$% 2!: T= ;)`0 + CB$J '*#2g

 12: '*#2g .      + n!`mD .3* C!i36B 3@7D T0 &P+$"#            M!)>03] W#27L T: 3*  !"#$% P# &13Q5%# f2og G1 T6%2D 

                        3>: G#2>O1 ;N3@)>*+,- U>!0 W': V$0 .3@5B3: G1 3@0E P# &13Q5%# T7!"P G1 T(I: 9'%G ;" V3|0# T: CR% CB3:

     12O ;" .$!4!- CN'] + T_hL.                       M>N# T>: #G 3>" P+$>"# T>: 3>D P3>YE P# 3@(!"#$% 2!: CB$)!- '0+G T: ;*340

  G ;" C!6_#+                  E '>N'- .#$>: ;5>8$B H>(N + CF>!: &'>% P3>YE T>= '03%         a!>%+ 1$:G3>= C>@] ;03>!7: W1G+

 !"#$%2!: C%# &1G+E 'N'- ;(OU- .3* 1$:G3= P# ;L275" &$5FJ G1 3*.  

2-  -</C!<, D$(E ? -&F#5 G!2 -HI#?   

            '0$!J ;" G#$_ &13Q5%# 1G2" ;02J302J 1#2" 9&'0G2g .3* v!m" G1 &13Q5%# .#$: .  3= XIY# G1   C!6e+ 93* 1$:G

                        ;>S#$Z WE 3>: n:3>~" #G P3>!0 1G2" &13" W#25: 3D C%# &'O T5g37O ;B3= &P#'0# T: $p0 1G2" v!m" ;N3!?!O

  Cg3% + 1$= .      1G#1 ^+3Q5" h"3= ;N3!01 &'0P v!m" 3"# .         Gx2>"  >N ;:E A2Im" P# 3D'?L W': ^36N3" NaCl 

          �D+$- 9;iE .3* '!%# u#20# WE G1 T= C%# &'O [!()D          u#2>0# 9 >N/2i2!: .3* A2(i2"+$=3" 93* HNU0E 93* M!

            12O ;" CB3N &'O [S M:$= '!F=# .1 + W/+$5!0 9W,!F=# M!7w?* + 3* C!i+$5(i#]1[ .pH   G1 W'>: aN3>" 

  1+'S35/7          3D C%# M(?" CS#$] $�# $: 3"# 9C%# 3/5        '>S T>: P+G &1 l$>� x2?6" T= '7= #'!- �*3= U!0 

   11$J ;" P3: ;6!<Z]2[ .                &G#2>?* U!0 \U] $* ;N3!?!O T5N2!5=# 9\#U]# 1#'6D + u#20# P# ;O30 ;J'!w!- $: &+hL

   C%# $!!zD A3S G1 .                  #G 3>@0E V#+1 + '>0#$: 12>g P# #G 3* ;75O3= 9;~!m" M!7c T= CF!0 G+E CQ4O +G MN# P#

'*1 G#$_ 'N'@D �$6" G1 3?�#1.  

          D H@" T<7] +1 T: 'N3: ;75O3=  N P# &13Q5%# .#$: CO#1 T]2 :  �3>D A+#       &13>" $>:  >N/2i2!: v!>m" T>= .$!

;"         1G#1 W': $: &13" T= .$�# V+1 + 1G#tJ .              ;75>O3= + '>O3: U!c3>0 &13" $:  N/2i2NU!B v!m" $!�3D $J# ;5S

                      1G#1 #G C>!?*# C>N3@0 W'>: $>: &13>" $!�3D ;4024c 9'7= �QS #G 12g ;(!03(" + ;(NU!B ;4cG3k(N '0#25: .

  2" ;75O3= Tw037c                     91G1 P+$>: �>L3: C>%# M>(?" 911$>J W'>: ^36N3" 3N 12g l#$Z# CB3: G1 ;D#$!!zD X]

         12O �$" ;5S 3N �G#2] + 3KL# ;J'N1 X!%E 9.G3?!: .         v>%2D &13"  N b$Nt- .376" T: 9;5FNP .G3JP3%

      C>%# W3F>0# W'>: G1 ;75>O3= W#2>7L T: &13"  N 1$:G3= .#$: ["3L MN$D ;I8# 9W': ;7?N# V3p0 . C>!I:3_ 

  ;5FNP .$Nt- [!ImD                       $!�3>D ;75>O3=  >N .G#'>N3- G1 T>= C>%# ;>?@" 1G#2" $4N1 P# ;(!03(" f#2g + 

1G#1 ;N#UF:]3[.  

                      G#$>_ T>6i3~" + ;>%G$: 1G2>" .# &1$5F>J G2Z T:  N/2i2!: .3* H5F!% G1 ;D3QFB H!FI= .3*  !"#$%

 '0# T5B$J .          X!=$D T: T5F: #G 3* ^3QFB H!FI= 9 N/2i2!: f#2g $p0 P#           T>% T>: W#2>D ;>" .$5"2!=25%# + 

    1$= H!F`D $Nt- [!ImD h"3= + $Nt- [!ImD ;?= 9;?�#1 T5%1]4[ .    [>"3L +1 P# ;6:3>D ;5F>NP .$Nt- [!ImD

    C%# &,N+ �~% + ;N3!?!O X!=$D .  .$Nt>- [!ImD + C!ihS $:#$: G1 C!D3-E ;F=+G'!* C"+3`" ;I8# [!i1

                                                     
1 Biodegradability 
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      E ;N3!?!O X!=$D 9 N/2i2NU!B .3* v!m" G1              A3>% '>7c P# y- ;5!D3-E .3* ;75O3= T= .G2Z T: 9C%# W

       '703" ;" ;_3: T!i+# ^G28 W3?* T: 3<N$`D]4+5+7+8[ .            + C>%# $Nt>- [>!ImD ^3QF>B H!F>I= .$D [:3`" G1

           02O ;" 'N'-30 ;*3D2= ^'" l$� ^3QFB H!FI= .$D y7] P# ;75O3=            ;>6!<Z C>B3: T>: #G 12>g .3] + '

;" '7*1]4+6+8[ .    TF>N3`" G1                   + MNG2>I: C>!D3-E ;F>=+G'!* C>!ihS 9;D3QF>B H!F>I= ^3><!=$D $N3>% 3>:

                   ;N3>!I_ ;='0# ;i2Im" 9rE G1 WE W'O [S P# + C%# H= G3!F: �i3g rE G1 .$5"2!=25%# )9-7pH (   T>:

  'NE ;" 12]+ .        12O ;" [S '!%# G1 ;:2g T: C!D3-E ;F=+G'!* .       G35g3% 9X!=$D$: &+hL T= CO#1 T]2D 'N3:

  ;(NU!B                1G#1 $!�3D WE W+G1 T: W#2R5%# 'OG C!I:3_ + WE .$Nt- [!ImD W#U!" $: ;75O3= CB3: + .   W#2>7L T:

                        WE ;(!03>(" V3(m5>%# P# T>= ;i3>S M!>L G1 9':3N �N#UB# 3* ;75O3= G1 [RIRD W#U!" Tc $* 9&'L3_  N

':3N ;" �N#UB# WE W+G1 T: W#2R5%# 'OG + C!ihS 912O ;" T5%3=]9[.  

 ?* &P+$"#     !"#$% T= '0G#1 $p0 �3QD# T5(0 MN# $: W3``m" T    C!>83g P# C>!D3-E ;F>=+G'!* .3>*   CF>NP 

    .P3% W#2R5%# nN2)D + .G3JP3%!   '0G#1G2g$: ;:2g G3!F:  .          ;F>=+G'!* ;>J,N+ M>N# T>: �2:$" ^#'75F"

            12O ;" CB3N .'-2DG# + ;(OU- W#'01 9;(OU- a]#$" G1 ;0#+#$B T: C!D3-E .    .3* �N3"PE �N350  V3|0# 1'65"

 ;*34)N3"PE vN#$O G1 &'OIn Vitro + In Vivo       T>: T!<>O G3!F>: C>!D3-E ;F>=+G'!* T>= C%# &1#1 W3)0 

  C%# W#2R5%# A#$7!"]10+11+12+13[                3>: ;?!`5F>" '>02!- '>70#2D ;>" ;5!D3-E ;F=+G'!* .3*  !"#$% + 

  '77= G#$_$: W#2R5%#]9+14+15+16[ .    .+3S 3<N$`D W#2R5%#58 %  9C!D3-E12 %   + rE25 %        V3>0 T>: ;>iE 1#2>"

W/h=" 1+'S G1 .136:# 3: UNG G3!F: .3* }G2I: ^G28 T: WE G1 C!D3-E + C%# nm 60-51G#1 12]+ ]17[.  

                      WE ;N3>0#2D P# ;>O30 9WE .G3JP3>% CF>NP ;76N 9C!D3-E ;F=+G'!* ;J,N+ MN$D Xi3] T= '%G ;" $p0 T:

       % CB3: 3: ;N3!?!O '02!- ;L20 .G#$_$: .#$: 'O3: CR .             W'>O [>S CIL T: &'N'- MN# T= C%# MN# $: G2oD

            W#2R5%# }$5)" [oB G1 WE 1'|" G2I<D + H= G#'`" T: C!D3-E �~%-         9WE T|!50 G1 T= '*1 ;" {G C!D3-E

                 '>NE ;>" 12>]+ T: C!D3-E ;F=+G'!* + W#2R5%# M!: .# T<03] +1 + H(m" A3oD# .     ;F>=+G'!* P# &13Q5>%#

   5%# H!"$D G1 C!D3-E                    ;0#2R5>%# .3>* C>B3: .P3>%P3: G2>p7" T: T= ;N3* ;S#$] G1 #P 12g ^G28 T: W#2R

        1G#1 G#$_ 37<" M!?* $: 12O ;" V3|0# r2!6" .Jarcho           #G W#2R5>%# T>: ;5!D3-E ;0': .3@5O3= A3oD# '7NE$B 

C%# &12?0 ;%G$: ["3= G2Z T:]18[.  

         : C!D3-E ;F=+G'!* .3*  !"#$%2!: 1G2" G1 T= .$4N1 ["3L   ;(!03>(" + ;(NU!B f#2g CO#1 $p0 G1 'N3

C%3@0E .                    .3>*1$(I?L G1 f#2>g M>N# T>= C%# ;?@" �`0 3* C!D3-E ;(NU!B f#2g T: T]2D ;I8# [!i1

.G35g3%- '0G#1 &'@L $: W': CI(%# ;(!03(".  

Jaroch                    T>: H=#$>5" h"3>= C>i3S G1 3@0E v%2D &'O T!@D C!D3-E ;F=+G'!* T= '01$= bG#UJ W#G3(?* +  

       $:#$: .G3)B V3(m5%# .#G#1 M!403!" G2ZMPa 917       3: $:#$: ;))= V3(m5%# + MPa 196  C%# &12: ]19.[ 

Kato                3>: $:#$: X!D$D T: #G C!D3-E ;F=+G'!* ;)?g + .G3)B V3(m5%# W#G3(?* + Kg/cm
2 3000 MPa) 

294 (   +Kg/cm
2 1500 MPa) 147 (      $:#$: #G WE ;5R% +Kg/mm

2 350   '>01$= bG#UJ ]20[ .    T>~:#G  >N

                     &1+'>m" G1 WE ;i3>4c + &'>O $57!>% C!D3-E ;F=+G'!* W2%#2- XN$e + ;03F)= A+'" M!: ;~g75 %

 v%2D $Dx3: + .G2�D ;i34cDe With'O &'*3)" W#G3(?* + ]21[.  

                 W3)>0 ;5!D3-E ;F=+G'!* ^36~_ ;(!03(" f#2g 1G2" G1 &'O V3|0# dI5R" .3* ;%G$: �N350 u2?|" G1

   C%# &1#1                   G1 3>@0E ;)>)= V3(m5%# 9;5!D3-E .3* T0': G1 12]2" [RIRD W#U!" + .G+E$B b+G T: T5F: T=

  &1+'m"MPa 300-20       1+'>S G1 .G3)B V3(m5%# 9MPa 900-30         &1+'>m" G1 ;)>?g V3(m5>%# 9MPa 

200-30      1+'S G1 ;03F)= A+'" 9GPa 120-30        &1+'>m" G1 CF>(O ;4"$`c + MPa.m
1/2 5/1-48/0 

                                                     
2 Osteogenesis 
3 Collagen 



 

 

55

  
!"
#! 
$
%&
!"
'

 (
&)
*+
,
-

 /
 .
/)
01

7  
2%
#)
3

 
13

8
5

 
1G#1 G#$_]22[.  

       j3!`" G1 C!D3-E ;F=+G'!* ;03= ;5R%Mohs        $:#$: + ;i2?6" .3* T)!O '703?* 5 C%# ]14[    ;='>0# T= 

      'O3: ;" W#'01 .37!" P# $D CR% . A+'] G1 1            .$>D + ;5!D3>-E ;F>=+G'!* .3*  !"#$% ;(!03(" f#2g 

         C%# &'O TFN3`" W3F0# W#'01 + W#2R5%# 3: ;D3QFB H!FI=.    3* C!?= 13NP ^#$!!zD       G1 ;(!03>(" f#2>g .

               1#1 C<F0 ;D3QFB H!FI= .3*P3B '!i2D + Cg3% dI5R" .3*'7NE$B u20 T: W#2D ;" #G A+'].     T>= G2~03>?* 

                V3(m5>%# 3"# '0G#1G2g$: ;<%37" .G3)B V3(m5%# P# C!D3-E ;F=+G'!* &'O $57!% ^36~_ 12O ;" &'*3)"

       .3*  !7(D P# T= .1G#2" G1 \U] 3@0E CF(O ;4"$`c+ ;)?g      !D35>%#+UN# j$>- $>!p0 T5B$)>!- G3!F: 

               CF>!0 ;B3>= [>?L G1 3>"2?L 'O3: &'O &13Q5%# ^36~_ T!@D .#$: V$J .           P# &13Q5>%# 'o>_ T>= ;>5_+ #$>NP

                    V3(m5>%# $>:#$: T>% 3>D ;"3(m5%# T: x2?6" 'O3: W3!" G1 ;L27o" W#2R5%# W#27L T: C!D3-E ;F=+G'!*

   C%# P3!0 ;6!<Z W#2R5%# .    " G1 9+G MN# P#              1$:G3>= '>O3: [>"3L MN$>D .G+$e ;(!03(" G3: [?mD T= .1G#2

C%# T5B3!0 b$5FJ h"3= P27* C!D3-E ;F=+G'!*.  

 !"# 1- :   !"#$%& '() *+", '-".$-/ 0123 4(5$6/TCP-  71+.8 9$:"/  712;<=1 $>]14[. 

34!,  

 J!<K&L$

-118

(MPa) 

 J!<K&L$

 GM!1N

(MPa) 

 O?:,

-C!F18

(GPa) 

 -P,*B=

QF<R

(MPa.m
1/2

) 

L-&S

(Knoop)  

 T#*U

 (L$(V  

W3F0# W#2R5%#  160-60  180-130  30-3  12-2  166-132  25/0  

 W#'01 .37!"

W3F0#  
70-10  550-250  90-10  2 -1  3500 -400  27/0  

 ;F=+G'!*

C!D3-E  
300-40  900-300  120-80  1 -6/0  4500 -400  28/0  

 H!FI= .$D 35:

^3QFB  
120-40  650-450  120-90  2/1  -  -  

3-  5(W,!8 (C!C-1SX J!<K&L$ G!2 JY/C!<, ? !2 Q#  

                     .$5"203>0 136:# 3: TN203� P3B  N W1+UB# T= '*1 ;" W3)0 3* CNP2k"3= 2030 T7!"P G1 $!g# T*1  N ^3`!`mD

                12O ;" T7!"P ;(!03(" f#2g 12<@: X<% 9G35g3% UNG $5@: A$57= [!i1 T: ;(!"#$% T7!"P  N T: .  l$Z P#

     ?D# '02!- C!*3" [!i1 T: $4N1             .#G#1 1#2>" M>N# '75F* ;02N + C0x#+2= u20 P# $5)!: T= ;(!"#$% 1#2" G1 ;

                !5>%h- [(>O $>!!zD V'L + M!N3- ;4"$`c 9M!N3- T:$e T: V3(m5%#            d6>e T>~`0 M>N# T>= '7>O3: ;>"

 !"#$%           '7= ;" 1+'m" #G 1#2" MN# 1$:G3= + &'O r2Fm" 3* . ?* T:     CNP2k"3= 2030 ;%G$: �m: [!i1 M!   3>*

 .#$:C%# &'O �$~" $!g# .3@i3% G1 f#2g MN# 12<@:.  

                  '75F>* .$5"203>0 ^#G� TI!>%+ T>: &'>O CN2`D ;(!"#$% T7!"P  N ;(!"#$% .3* CNP2k"3= 2030 .  TQF>IB

                     C>%# 1#2>" M>N# .1$D ;76N 3*  !"#$% &'?L d6e T~`0 W#$<] .#$: ;IS &#G T�#G# C`!`S G1 3@0E Cg3% .

      CF(O V3(m5%# 9�!QN$J TN$p0 n<Z                }$>D A2>Z �*3>= 3>N + CF(O ;4"$`c �N#UB# 3: 3@7D 1$D 1#2"

':3N ;" 12<@: ;0#$m:.  

                        P3>B  >N P# �!: .#G#1 1#2" P# T5%1 MN# T= '7= ;" W3!: C%# &'O T�#G# 3* CNP2k"3= 2030 .#$: T= ;QN$6D

           C%# .$5"2030 136:# .#G#1 3*P3B MN# P# ;(N [_#'S T= '75F* '"3] .   " .$5"2030 '"3] P3B    9;i35F>N$= '0#2D ;

     'O3: lG2"E 3N + ;i35FN$= T<O .              G1 + G35g3% UNG $5@: A$57= X<% .$5"2030 136:# G1 ^#G� W1+UB# C`!`S G1

12O ;" r2I~" f#2g T: W'!%G CN3@0.  

Niihara '77= CN2`D P3B aNP2D ;4024c + &2m0 j3%# $: #G 3* CNP2k"3= 2030  T>7!"P [g#1 G1 .$5"2030 &  .#
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:# 3:[(O G1 &'O &1#1 W3)0 T5%1 G3@c T: $5"2030 3N + $5"+$(!" 136 1C%# &1$= .'7: H!F`D .  

  
$%& 1- $,  !"#$%&' #(&( )*#(* +,-. /0123  ]25[. 

     !"# $%&'( )*Niihara         +,-.&/#!0&1!1 +2!,3 !* +3% )451%&6 Al2O3-%5volSiC       !,'7#&89 ),1:* ;!<=4,3% 

    .% %> ?7478&'#350MPa      .% @7,* )* 1GPa   A      .% %> B,C#DEF3.25MPa.m
1/2      GA:,H ),* 4.7MPa.m

1/2 

:1!3D*]23[.  

            +3I!* J&K2 A L-> BK72 M%>N O.%:1% P7C1!7# QRD4#&1!1 )78A% G%&# BST-A P-D4UV# .       ),0 B6>&,W >G !,V'6

                      ),* B-!,V1 ),1:* >G RD4#&1!1 .!X +2%&'<- Y-.&6 $!<#% :'Z!* )1%G L-> >!75* O:''0 +-&E6 A )'7#. .!X  G&,[A

B# :-9 .G&Z B# D4'73 P7H >G )-&1!\ .!X ]7<^6 .% Y1!# L71 )78A% >G&_ RI!* J&K2.  

                        )K7,3A ),* $%&,6 B,# %> !,`>G&_ +aS $%&6 B# !` +-.&/#!0 &1!1 +2!3 R%D* !`>G&_ $GD0 b&Kc# G>&# >G

              G>A9 >G $d&U` b&Kc# M>&W )* B89 R!`  &K=# !- B*9 e7=# >G D6 f!739 .    OG%G $!^1 M!g8!h#   ),0 +3%

          G&,Z B# $GD0 ?^2 P7H >G +c3 R!` OD#&KS9 ]7<^6 ij3 f9 .% OG!a43% .    .% OG!a4,3% ),0 B6>&,W >G

             .% A G&Z B# M%>N $:Z )8&0&KXG A R>%:-!_ ij3  &1!4# e7=#          RD7S&,K[ +c,3 R!,` OD#&,KS9 ]7<^,6

B# :'0 .+3% Dh2 B* k` A )'-L` k0 k` f9 .% OG!a43% )U` P-% !*.  

  % RD7S&K[ R%D*                ?^2 L71 A L#Dl $AG!# .% OG!a43% $%DC^`AT_ Q$GD0 ?^2 ;!C'` )* !` OD#&KS9 ]7<^6 .

           D,3 $:Z ?^2 $!#. %D-. Q:1% OGD0 )7W&6 %> RG!Um1% $GD0           OD#&,KS9 ]7<^,6 $!,<#% A O:,Z D,6 Y-    A !,`

G&Z B# D4U0 M%>N >G @-%:[.  

     7X QB*!nAG RDS )4c-> oA> .% +-.&/#!0 &1!1 )1:* $G%G ]<Z R%D* ,_ D4K    OG!a4,3% B,E->L6 RD7Cj8!,l A pD

B# G&Z .G>%G B1%A%DX D7\!6 !` )1:* D4'73 D* B"'2 .!S A !`>G&_ i70D6 Q;!2 )4751%G $&F BK#%&(.  

4-  !"# $%&'()#   * +",#(-"'(' ./)0 12# 34.5 (6  

                  '0 +,-&E6 .!,X A )'7#. .!X P7*!# B6>%DH b!5j1% i-%Dq r!jh1% ;:( )0 :`G B# $!^1 M!E7E=6    @',6 O:,'

        :'0 B# G!m-% M%>N s%Dt% >G %> R:-:Z Bgq&# .             A B,(DX R!,` ),1%G.D# ]7<^,6 ij3 Bgq&# @'6 P-%

            G&Z B# D4'73 .% :g* @-!#D3 P7H >G M%>N s%Dt% >G !` B-!m*!1 .           A B,(DX R!,`.D# $9 >G )0 %> R% )7H!1

 :1&Z B# G!m-% M%>N s%Dt% >G !` B-!m*!1Frontal process zone'#!1 B# : .  ),* BKW% uD6 )0 B#!C'`

                    :,''0 B# R.!* %> uD6AD<7# )45` @E1 )0 uD=4# D7n R!` B-!m*!1 A !` uD6AD<7# Q:3> B# )7H!1 P-%

               A O:,Z uD6 u&1 RdD1% fv[ A BKW% uD6 $:Z R% )2!Z ij3         +,-.&/#!0 &1!,1 B,C#DEF G&,jV* ij,3 

B# :1&Z]24[.  
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   p!3% D*)h*%> Petch-Hall    O.%:1% P7C1!7# )F D`                ),'7#. >G uD,6 P-D,4S>L*  &,t Q:,Z!* D4<F&0 !` )1%G 

        +X> :`%&2 D6I!* )1:* ;!<=43% A G&* :`%&2 ?F&0 .           G&[A )* R!V0D6 &1!1 Q!` +-.&/#!0 &1!1 >G )0 B8!H >G

                       &1!,1 >G OD,aH P-D,4S>L* O:,U( >&,t )* A +3% D4<F&0 BK72 !` )1%G O.%:1% !* )5-!E# >G !` B-!m*!1 .% O:#9

  +-.&/#!0    +3% ;!<=43% O:''0  D4'0 Q!` .           R!,V0D6 ]7<^6 ;:( ]78G )* !` +-.&/#!0 &1!1 ;!<=43% P-%D*!'*

:`G B# $!^1 @-%LX% +2!3 P7H >G w>L*.  

  
 !" 2-  425-% Frontal process !"#$%&' 6! 78  ]26[.  

                   % i-D,q sx4,2% .% BZ!1 :1!U5_ @'6 L71 A uD6 s%D=1% QuD6 f!g^1% $&F B-!` ;L71!<# )F DS%  b!5,j1

                       fv,[ R!,` ;L71!,<# P7,* P,-% >G Q:'45` yDh# BC#DEF @-%LX% >G )'7#. .!X A O:''0 +-&E6 .!X B6>%DH

                     R!,` @'6 D7\!6 Q!71&0D-. $GALX% !* )0 +3% O:Z Bg3 ]78G P7U` )* A OG&* D6D\&# uD6 :Z> RdD1% O:''0

G>&# +-.&/#!0 &1!1 ;!<=43% A BC#DEF D* !71&0D-. )8!=43% .% BZ!1GD7S >%Dl B3>D* .  

5- "'('.&7(89 1/-:;<&6 =5(8  * 1)&#> ? =@&#+ A(6 .5+",#(-  

  +-GA:=# .% B<-                   $:,* >G $%&c4,3% R%D,* i,3!'# B'-LC-!,[ $%&'( )* +76!_9 B50A>:7` .% OG!a43% R!`

       +3% OG!# P-% P7-!_ B<71!<# J%&2 QO:1. M%G&[&# .          ),-!_ D,* B<7#%D3 )'7#. R!` +-.&/#!0 +2!3A )7V6

         :Z!* B# ]<^# P-% ]H R!VZA> .% B<- Q+76!_9 B50A>:7` .            z,aH !,` +,-.&/#!0 P,-% )7V6 >G kV# )4<1

 +3% O:#9 +3G )* +-.&/#!0 B45-. J%&2  D4'0A .  D,7{1 !` O:''0 +-&E6 .% RG!-. G%:g6 D72%  !3 :'F >G

           !a43% Q)'7#. >G RLKX M%>N $GD0 O:'0%D_ Q:'K* s!78% Q!`D<5-A Q)-&1!\ M%>N        :,78&6 )-!_ D* Rd&8&'<6 &1!1 .% OG

          O:Z B|L[ +7j"6 !71&0D-. .% OG!a43% Q!` +-.&/#!0 &1!1(PSZ)  $%&'( )*            }'X!,6 G&,jV* ~,(!* ),0 R% OG!# 

B#           &# O:Z L4'3 R!` +76!_9 B50A>:7` B<71!<# J%&2 G&jV* +V[ QG&Z    :1% )4XDS >%Dl OG!a43% G> .  A:,[ 

2       'F O:#9 +3G )* B<71!<# J%&2 )*           G>%G O>!,Z% +76!_9 B50A>:7` )-!_ D* B<7#%D3 )'7#. +-.&/#!0 P-: .

      e,3&6 O:,#9 +,3G )* )m741 P-D4V*Dewith A Corbijn        +,-.&/#!0 ),* b&,*D# ),0 +,3% O:,Z o>%L,S 

 !* +76!_9 B50A>:7`30-20 % d!789 RLKX Dj-!XFe-CrR%>%G Q OGA:=# >G B5'X!6  6-7.4 MPa.m
1/2

 = KIc 

:H >G B#!<=43% A GAf= 175-224 MPa +3% ]25[.  

                      R%>%G M%L,KX !,* O:,Z +,-&E6 +76!_9 B50A>:7` R!` +-.&/#!0 !-9 )0 +3% P-% G&Z B# yDh# )0 B8%&3

�D72 !- :'45` �8!2 +76!_9 B50A>:7` )* +j51 i3!'# R>!S.!3 +5-. +7K*!l  

        3%A }'X!6 @-%LX% !` +-.&/#!0 )7V6 R!-%L# .% B<-        +,3% �8!,2 +76!_9 B50A>:7` )* +j51 ;!<=4 .  D,S%

                     +5,-. +,7K*!l @`!,0 $!<#% Q+76!_9 B50A>:7` )'7#. ]2%G )* B[>!2 G%&# GA>A !* )0 GD0 )[&6 :-!* )F
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                      RD,6 ),* +76!_9 B50A>:7` )-Lm6  !U4H% G%&# P-% GA>A !* L71 DC-G sDt .% A O:Z G!-. M:Z )* R>!S.!3

    # @-%LX% L71 M!a5X k75K0 :*!- B .               @-%L,X% ~,(!* +,76!_9 B5,0A>:7` >!,'0 >G M!a5X k75K0 RD6 >&�H

                    :,*!- B,# @-%L,X% L,71 uD,6 :,Z> +,7K*!l A G&Z B# B476!_9 >!42!3  x=Uq% +(D3 .    ),-Lm6 P7,'�U`

G>%G Ba'# D7\!6 B4-.&/#!0 D4'73 )KHD# D* +76!_9 B50A>:7`.  

   }'X!6 P-D6 i3!'#A P-D4V* )0 :Z )4aS P-% .% D4^7_   B5,0A>:7` R!,` +-.&/#!0 )* b&*D# O:#9 +3G )* 

       :Z!* B# RLKX s!78% !* O:Z +-&E6 +76!_9 .              G&,[A !,` +,-.&/#!0 P-% .% OG!a43% O%> >G B1%A%DX Mx<^# B8A

                    !�,6% G>&,# +,X!* !,* G%&,# P-% >!* $!-. R!V^'0%A !- @-!3 QBSG>&2 $&F B6x<^# �G>%G .    ),U` !,j-DE6

    73A )* RLKX R!` B'4Z!0                      &,t >G !,` @',6 �7=,W Y,-.&6 .% D#% P-% )0 G&Z B# )8&5/0 G&[&# +X!* )K

          G&Z B# B'4Z!0 $:Z +53 ~(!* A :'0 B# RD7S&K[ B'4Z!0 .        R>!S.!,3 +5-. +7K*!l )0 GA> B# >!{41%

   +76!_9 B50A>:7` B4-.&/#!0 B'4Z!0/              D,4U0 R:,H !,6 �8!,2 +,76!_9 B50A>:7` ?7#%D3&7* )* +j51 LKX

:Z!*]26A27[.  

#$%& 2- 03&9: ;1'<7,0= 4!&9 >.  !"#$%&' ,-? ;@0(&@% A*#B]25[.  

B<@@- .5"37 +(C  

) <D;E F/G *

1HIG(  

 =J&/'>E

1K/'%  

1LHM $()NJ?> 

MPa 

O@C(7  

MPa.m
1/2

 =* A(6+(C

B<#9 .?E  

.M(? <@59 C  

)E> 2&J'(? F/G * (#E(

60-5% D<5,,-ASiC !,,-

Si3N4 
98-5/72  300-180  2/3-5/2  

HAP 

!-TCP 

"-TCP 

73D4' 1300-1250  

HPR!#G>G  1200-1000  

30-10 %RLKX R!`Dj-!X 100-94  224-96  4/7-7/3  HAP HPR!#G >G  1000  

30-5 %!'7#&89 M%>N  7/99-96  250-90  5/2-4/1  
HAP 

!-TCP B|L[ 
HPR!#G >G  1250-1000 

15-5 %M!=aW SiC 81-76  --  --  
HAP 

!-TCP 

"-TCP 

R!#G >G D4'73 1200-1000

10 %Dj-!XR!`  

ZrO2!-  Al2O3 
82-68  --  --  HAP 

!-TCP 
R!#G >G D4'73 1150-1000 

50-10%  

(3Y)ZrO2 
5/99-93  310-160  3-1  

HAP 

!-TCP 

"-TCP 

HPR!#G >G  1400-1050  

B`!SHIP 

                       A f&,2 BSG>&,2 ),* +,#A!E# A B^,-!3 +,#A!E# QB'4Z!0 G%&# $%&'( )* B<7#%D3 OG!# ?- BKW% +-L#

* P7* @'0%A ]l%:H P4Z%G+3% B'4Z!0 A G&[&# +X! .  D,7{1 B<7#%D3 G%&# .% RG!-. G%:g6 P-%D*!'*ZrO2 , 

Al2O3 , SiC     OG!a4,3% G>&,# B476!,_9 ),'7#. R!` +-.&/#!0 >G O:''0 +-&E6 ]#!( ?- $%&'( )* :'1%&6 B#  

:1D7S >%Dl.  

         +2!3 ]<^# Q+76!_9 B50A>:7` )-!_ D* O:Z )42!3 R!` +-.&/#!0 Mx<^#.% DC-G B<-   k0%D,4# M!,ghl

                    )* .!71 I&Ug# A OG&j1 D-v_ $!<#% k0%D4# M!ghl +2!3 >!^X  !U(% B8&Ug# R!VZA> !* )0 +3% G%&# P-% .%

;DS pD_ $&F B1%DS R!VZA> .% OG!a43%  ;DS ?76!43%AL-% pD_ !- A! :Z!* B#. 

             GD0 OG!a43% D4'73 ?U0 G%&# $GALX% .% $%&6 B# P7'�U` ]<^# P-% ]H R%D* .-%       ]#!,Z :,'1%&6 B# G%&# P

                 !,- k7,478 A k-:,3 Qk7,3!4_ R!` M!a5X !- A k75K0 Qk-L7'# Qk7478 Qk-:3 Qk73!4_ R!`:->&KX D7{1 B6!j70D6

         :Z!* k757K73 !- A k7'7#&89 Qk-L7'# Qk7478 Qk-:3 R!` :750% .         >&�,H >G D4'73 :'-9DX �-&^6 !* M!j70D6 P-%

      $&-.&a-G i-Dq @-%LX% !* !- Y-!# .!X         )42!,3 ),ghl P4X!,- k0%D6 J%&2 G&jV* ~(!* +76!_9 B50A>:7` >G 

                                                     
4 Hot pressing 
5 Hot isostatic pressing  
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  :1&Z B# O:Z .                    k75,K0 RD,6 !4* !- A !a89 R!`.!X >&�H QD4'73 ?U0 G%&# P-% $GALX% !* )0 +Z%G )[&6 :-!*

                  +(D,3 @-%LX% A R>!S.!3 +5-. +7W!2 R>%:-!_ $:#9 P7-!_ ~(!* .!X AG P-% $&F Q:*!71 @-%LX% M!a5X

 #%D3 fv[    :1&Z B# +76!_9 B50A>:7` ?7 .   i70D6 >&�HCaO           ),* G%&,# $:7j5F A  !�6% ;:( ~(!* L71 

 )* $:Z ]-:j6 .% BZ!1 @'6 G!m-% ]78GCa(OH)2G&Z B# kmH D77�6 A .  

          ?7#%D3 R!` +-.&/#!0 +2!3 !* }'X!6 A ;!<=43% G&jV* kn> BK(-      Mx<^,# ]78G )* Q+76!_9 B50A>:7`

    5-. +7K*!l @`!0 .% BZ!1               ),0 B6x<^# D-!3 A )'-L`D_ A $%DS +2!3 R!` :'-9DX P7'�U` A R>!S.!3 +

                  &740%&7* R!` )^7Z !* B476!_9 )'7#. R!` +-.&/#!0 +2!3 D7{1 R:-:[ R!`GD<-A> Q:Z O>!Z% $9 )* I!* >G

+3% )4XDS >%Dl )[&6 G>&# +76!_9 B50A>:7` B`G @Z&_ :'-9DX .% OG!a43% !- A !`DU7K_ !-]25[.  

6-  =I&J' A &P  

                     A R.!,3.!* ),* b&,*D# D,q!H  !H >G ?7#%D3 &7* $%&'( )* +76!_9 B50A>:7` R!`GD*>!0 Q)Wx2 >&t )*

              :Z!* B# R:_&6>% A ?743x_ R!` BH%D[ >G OG!a43% A B1%:1G M!g-!q )m8!g# Q?X k7#D6.  L[ )*   >G GD*>!0 

          A>:7` Q+c3 +X!* P-LC-![ OG!# $%&'( )* B<ZL_ $%:1G A B<ZL_        L,71 RD,C-G OG!a43% G>%&# +76!_9 B50

G>%G .  G%&#   +-.&/#!0 &1!1    .% B"'2 B'4Z!0 B<71!<# J%&2       R% )[&6 ]*!l A BX!0      ?- $%&'( )* OG!a43% R%D*

  +'K/U-%:1>%G>&2D* .               D7{1 !` M!a5X k75K0 )-!_ D* B-!` +-.&/#!0 .% L71 R>!S.!3 +5-. +7K*!l G&jV* R%D*

    0 RD6 A +76!_9 B50A>:7`       A :1&7_ !6 G&Z B# OG!a43% M!a5X k75K         D* D,6 Y-D,3 !` $%&c43% !*  !�6%  >%D,l

G&Z .                     ],U( !,` $%&c4,3% :,Z> R%D* %. )1%&[ ]#!( ?- $%&'( )* M!a5X k75K0 RD6 A +76!_9 B50A>:7`

 R!V1&- G&[A A OGD0Ca A P+3% ;.I $%&c43% :Z> ;DX D77�6 A :Z> )* $:7^c* +(D3 R%D* .  
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