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8?%1(= 9 -(,’9%=1 (,’7&’.’ &#.*-7+&%= % 94(’0%1 )+":+*#)-*. @)&’(%)+,A&’ &+94(’0#=
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Abstract. In mechanical engineering, metallurgy and electrical engineering, various phases of
intermetallic iron-aluminum alloys, due to their high resistance to corrosion and abrasive wear, are
used as coatings for structural elements operating under conditions of complex loading and high
temperatures. The relatively low cost and prevalence of the components of such alloys determine
the economic feasibility of their use. Industrial production of such alloys and coatings based on
them, as a rule, is carried out in the course of a significant number of technological operations,
which complicates the expansion of the product range and determines the paths to find alternative
methods. The use of aluminothermic remelting of charge materials consisting of a mixture of scale
fractions and aluminum alloys makes it possible to reduce the process of obtaining intermetallic
alloys based on Fe-Al to practically one stage. Due to the lack of practical information on such a
process, predicting the properties of the final alloys currently seems diPcult. A series of preliminary
studies made it possible to obtain alloys with an Al content exceeding 50%. The paper presents
the results of experiments to determine the eQect of additional heat introduced into the source
materials on a number of characteristics and microhardness values of iron-aluminum alloys obtained
by exothermic remelting of thermite batches.
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1:;<;=>;. !"#$%&’(%’ )"()*+’($"#,"#"-("#$% ,+’.,+%/$%0 123%("#$+"-
’(%/ % 1’$244*+5%% 6 #"6+’1’((78 *#4"6%/8 ",+’.’4/’$#/ 692%1"*6/9)"0 $2-
)%8 :2)$"+"6, )2) ;::’)$%6("’ %#,"4<9"62(%’ 12$’+%24"6, ;(’+5%%, 6+’1’(% %
;)"4"5%=("#$% ,+%1’(/’178 $’8("4"5%0 [1, 2]. >%+"62/ ,+2)$%)2 *#$"0=%6"5"
:*()?%"(%+"62(%/ ,+’.,+%/$%0, #,’?%24%9%+*@A%8#/ (2 67,*#)’ % "-+2-"$)’
1’$244",+".*)$2, :"+1%+*’1"5" %9 =’+(78 % ?6’$(78 #,426"6 #6".%$#/, ,+’-
%1*A’#$6’((", ) +’24%92?%% +2?%"(24<("5" ,+"%96".#$62, -29%+*@A’5"#/ (2
62+%2?%/8 +’?%)4%(52 1’$244"#".’+&2A%8 12$’+%24"6 [3].

B2), (2,+%1’+, 6 ,+")2$("0 &’4’9("0 ")24%(’, "-+29*@A’0#/ 6 +’9*4<$2$’
$’8("4"5%=’#)%8 ,’+’.’4"6 6 1’$244*+5%%, #".’+&2(%’ &’4’92 %("5.2 ,+’67-
32’$ 70 % ," 12##’ [4]. !4/ %964’=’(%/ &’4’92 %9 "$8"."6 ,+"1734’(("5"
,+"%96".#$62 ,+%1’(/@$ )2) $+2.%?%"((7’ (-+%)’$%+"62(%’, ,’+’,426), $2) %
%(("62?%"((7’ ((2,+%1’+, "-&%5 # ,"#4’.*@A’0 125(%$("0 #’,2+2?%’0) 1’$"-
.7 [5–7]. C::’)$%6("#$< ,+%1’(’(%/ $2)%8 1’$"."6, ",+’.’4/’$#/ +’24%92?%’0
,"6$"+("5" 6"64’=’(%/ 1’$244"6 6 ,+"%96".#$6’((70 ?%)4. D4’.*’$, ".(2)", "$-
1’$%$<, =$" ,+"?’##7 ,’+’+2-"$)%, "#*A’#$64/’17’ 6 8".’ 9(2=%$’4<("5" =%#42
$’8("4"5%=’#)%8 ",’+2?%0, ,+’.#$264/@$#/ ;(’+5’$%=’#)% 92$+2$(71%.

E’+#,’)$%6* ,"673’(%/ ;::’)$%6("#$% ,’+’+2-"$)% &’4’9"#".’+&2A’5"
#7+</ ,+’.#$264/@$ ".("#$2.%0(7’ ")%#4%$’4<("-6"##$2("6%$’4<(7’ ,+"?’#-
#7 ;)9"$’+1%=’#)"5" ,’+’,4262 3%8$"678 12$’+%24"6. B2)%’ 12$’+%247 #"#$"-
/$ %9 +294%=(78 )"1-%(2?%0 #""$("3’(%/ :+2)?%0 ")24%(7 % #,426"6 (2 "#-
("6’ 24@1%(%/ [8]. E+"?’## +2#,4264’(%/ )"1,"(’($"6 $’+1%$("0 3%8$7 ,+"-
$’)2’$ ," +’2)?%%:

2mAl + 3FenOm = mAl2O3 + 3nFe

F ?’4"1, .4/ ,"4*=’(%/ &’4’9"#".’+&2A’5" #,4262, 6 $’+1%$("0 3%8$’
."4&(" -7$< 17-25 % 2)$%6("5" 24@1%(%/ ("#$24<("’ ")24%(2). E" 926’+3’(%%
+’2)?%%, 66%.* +29("#$% ,4"$("#$’0, ,+"%#8".%$ ,+"%96"4<("’ +29.’4’(%’ ,+"-
.*)$"6 +’2)?%%: 6 (%&(’0 =2#$% #4%$)2 – &’4’9"#".’+&23%0 #,426, 6 6’+8(’0
– 342) (")#%. 24@1%(%/Al2O3).

C)9"$’+1%=’#)2/ +’2)?%/ 6 $’+1%$(78 3%8$28 $2)"5" #"#$262 ,+"$’)2’$ #
67.’4’(%’1 $’,42, =$" "-*#4264%62’$ (’"-8".%1"#$< %#,"4<9"62(%/ 67#")"-
"5(’*,"+(78 12$’+%24"6 +’2)$"+2 % :"+1, ,+%5".(78 .4/ )+2$)"6+’1’((78
*#4"6%0 ;)#,4*2$2?%% ,+% $’1,’+2$*+’ -"4’’ 2500 °C [9]. !4/ "#*A’#$64’(%/
;)#,’+%1’($"6, #6/92((78 # ,"4*=’(%’1 24@1"$’+1%$(78 &’4’9"#".’+&2A%8
+2#,426"6 6 42-"+2$"+(78 *#4"6%/8 G(#$%$*$2 123%("6’.’(%/ % 1’$244*+-
5%% !FH IJK (5. L"1#"1"4<#)-(2-J1*+’) %#,"4<9*’$#/ +’2)$"+, 67,"4(’((70
%9 5+2:%$%+"62(("5" ;4’)$+".2 12+)% CM15. H.(2)", 6 +’9*4<$2$’ ;)#,4*2-
$2?%%, 66%.* *6’4%=’(%/ =%#42 $’,4"#1’( % 2)$%6("5" 6"9.’0#$6%/ +2#,4262,
;4’1’($7 )"(#$+*)?%% .2&’ $2)"5" +’2)$"+2 +29+*32@$#/, =$" "-*#4264%62’$
,"%#) 62+%2($"6 #(%&’(%/ (’52$%6("5" 6"9.’0#$6%/ "$1’=’((78 673’ :2)$"-
+"6. B2)&’, 6 +’9*4<$2$’ +2(’’ ,+"6’.’((78 ;)#,’+%1’($"6, #6/92((78 # ;)9"-
$’+1%=’#)%1 ,"4*=’(%’1 &’4’9"*54’+".%#$78 #,426"6, *#$2("64’(2 ?’4’#""--
+29("#$< ,+’.62+%$’4<("5" ,"."5+’62 $’+1%$(78 3%8$, #".’+&2A%8 20-24 % ,"
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12##’ 2)$%6("5" 24@1%(%/ ." $’1,’+2$*+7 400 °C, =$" ,"96"4/’$ -"4’’ $"=("
,+"5("9%+"62$< 8%1%=’#)%0 #"#$26 %$"5"678 #,426"6, 2 $2)&’ ,"67#%$< 678".
1’$244%=’#)"0 :297 [10].

F 8".’ ,+’.62+%$’4<(78 %##4’."62(%0 62+%2?%’0 #""$("3’(%0 %#8".(78
)"1,"(’($"6 6 $’+1%$(78 3%8$28 ",+’.’4’(2 6"91"&("#$< ,+%1’(’(%/ 24@-
1"$’+1%% .4/ ,"4*=’(%/ %($’+1’$244%.(78 &’4’9"24@1%(%’678 #"’.%(’(%0
(2 "#("6’ Fe % Al # +294%=(71 #".’+&2(%’1 ;$%8 )"1,"(’($"6 6 %$"5"678 #,42-
628 [11]. B2), ,+% 24@1"$’+1%=’#)"1 ,’+’,426’ $’+1%$(78 3%8$ # #".’+&2(%-
’1 2)$%6("5" 24@1%(%/ 17,24-47,41 % *.2’$#/ ,"4*=2$< &’4’9"24@1%(%’67’
#,4267 # %$"5"671 #".’+&2(%’1 24@1%(%/ 6 (%8 0,009-47,9, 2 &’4’92 99,4-48,2
% #""$6’$#$6’((". N6’4%=’(%’ #".’+&2(%/ Al 6 %$"5"6"1 #,426’ ,+% "-7=(78
*#4"6%/8 :"+1%+"62(%/ #4%$)2 ")29762’$#/ 92$+*.(%$’4<(71 % "-*#4264%62’$
(’"-8".%1"#$< ,"%#)2 24<$’+(2$%6(78 $’8("4"5%=’#)%8 62+%2($"6, #+’.% )"$"-
+78 .","4(%$’4<("’ 6(’#’(%’ $’,42 6 %#8".(7’ 12$’+%247 ,’+’. 2)$%62?%’0
24@1"$’+1%=’#)"5" ,+"?’##2 ." (2#$"/A’5" 6+’1’(% (’ +2##12$+%624"#< [12].
K"6%9(2 %##4’."62(%0 ",+’.’4/’$#/ 6"91"&("#$<@ *,+264’(%/ +’9*4<$2$21%
,+"?’##"6 :"+1%+"62(%/ Fe-Al #,426"6 6 *#4"6%/8 )+2$)"6+’1’(("5" 692%1"-
.’0#$6%/ )"1,"(’($"6 6 "-+29*@A%8#/ +2#,42628, =$" ,")2 ,+’.#$264/’$#/ %9*-
=’((71 6 (’."#$2$"=("0 1’+’.

F ;$"0 #6/9% ?’4<@ +2-"$7 /64/’$#/ ",+’.’4’(%’ 64%/(%/ #".’+&2(%/ 24@-
1%(%/ 6 %#8".(78 $’+1%$(78 3%8$28 (2 82+2)$’+%#$%)% %($’+1’$244%.(78
#,426"6 (2 "#("6’ Fe % Al, ,"4*=2’178 24@1"$’+1%’0, 2 $2)&’ 9(2=’(%/ %8
1%)+"$6’+."#$%. I’9*4<$2$7 %##4’."62(%/ (2,+264’(7 6 $"1 =%#4’ (2 +’24%92-
?%@ 6"91"&("#$% #(%&’(%/ 64%/(%/ :2)$"+"6 $’,4":%9%=’#)"5" 6"9.’0#$6%/
(2 12$’+%247 +’2)$"+2 .4/ ,"673’(%/ #+")2 ’5" ;)#,4*2$2?%%.

1. (;?@<A > B@<C@<A. C)#,’+%1’($24<(7’ &’4’9"24@1%(%’67’ #,4267
+294%=("5" #"#$262 ,"4*=24% ,*$’1 24@1"$’+1%=’#)"5" ,’+’,4262 $’+1%$(78
3%8$, )"1,"(’($21% )"$"+78 /64/@$#/ +26(7’ ," +291’+21 =2#$%?7 (:+2)-
?%% 0,2-1,5 11) 1’$244*+5%=’#)"0 ")24%(7 % 24@1%(%’6"5" #,4262 [2], =$" ,"9-
6"4/’$ #(%9%$< #’,2+2?%@ +29(",4"$("#$(78 )"1,"(’($"6 $’+1%$(78 3%8$.
E’+’,426 ,+"%96".%4% 6 +’2)$"+’, 67,"4(’(("1 6 6%.’ ,"4"5" 54*8"."(("5"
?%4%(.+2 # $"4A%("0 #$’()% 10 11, #(2-&’(("5" 6 6’+8(’0 =2#$% )+73)"0
# 529""$6".(71 ,2$+*-)"1, 2 6 ."(("0 =2#$% #4%6(71 "$6’+#$%’1 % 6$*4)"0.
F(*$+’((%0 "-O’1 +’2)$"+2 #"#$264/’$ 0,0008 13, =$" ,"96"4/’$ 52+2($%+"62(-
(" +291’A2$< 6 (’1 1 )5 $’+1%$(78 3%8$ 6(’ 926%#%1"#$% "$ #""$("3’(%/ 6
(%8 )"1,"(’($"6. D".’+&2(%’ 2)$%6("5" Al 6 $’+1%$(78 3%8$28 %91’(/4"#<
6 .%2,29"(’ 25-60 % ," 12##’ ("#$24<("’ ")24%(2). D ?’4<@ *.24’(%/ 6425% %9
"5(’*,"+(78 % 3%8$"678 12$’+%24"6, 2 $2)&’ #(%&’(%/ +29(%?7 $’1,’+2$*+
1’&.* (2=24"1 ,+"?’##2 % ’5" 926’+3’(%’1, $’+1%$(7’ 3%8$7 ,".6’+524% (2-
5+’6* ." $’1,’+2$*+7 400 °C % 67.’+&)’ 6 $’=’(%’ 1 =2#2 6 $’+1%=’#)"0 ,’=%
SNOL 12/1300.

I’2)$"+ #""#(" *#$2(264%624% (2. 4%$’0("0 :"+1"0, )"(:%5*+2?%/ 6(*$+’(-
(’0 ,"4"#$% )"$"+"0 ,"96"4/’$ ,"4*=2$< ?%4%(.+%=’#)*@ "$4%6)* .%21’$+"1
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28 11 % ,+"$/&’(("#$<@ ." 150 11 (6 926%#%1"#$% "$ 12##"6"5" 678".2 1’$24-
4%=’#)"0 :297). F $’+1%$("0 3%8$’, +291’A’(("0 6 +’2)$"+’, "#*A’#$64/4%
")%#4%$’4<("-6"##$2("6%$’4<(70 ,+"?’##, ," 926’+3’(%% )"$"+"5" &’4’9"24@-
1%(%’670 +2#,426 67,*#)24% 6 4%$’0(*@ :"+1*. F ,+"?’##’ 67,*#)2 "#*A’#$6-
4/4% +’5%#$+2?%@ $’1,’+2$*+7 +2#,4262 ,"#+’.#$6"1 -’#)"($2)$("5" %(:+2-
)+2#("5" ,%+"1’$+2 ASP Swift 350 PL. H-+29?7 &’4’9"24@1%(%’678 #,426"6
(1’$244%=’#)*@ :29*) 696’3%624%, % ,".6’+524% %##4’."62(%/1:

• (2 8%1%=’#)%0 #"#$26 (,*$’1 2(24%92 "-+29?"6, 67,"4(’((78, #"542#("
MHDB 7565-81 PQ*5*(, #$24< % #,4267. >’$". "$-"+2 ,+"- .4/ ",+’.’-
4’(%/ 8%1%=’#)"5" #"#$262R ,+% ,"1"A% ;(’+5".%#,’+#%"(("5" +’($5’-
("6#)"5" :4*"+’#?’($("5" #,’)$+"1’$+2 EDX-8000);

• 1%)+"#$+*)$*+* (6 8".’ 6%9*24<("0 +’5%#$+2?%%, "#*A’#$64/’1"0 ,+%
,"1"A% ?%:+"6"0 )21’+7, #"61’A’(("0 # 1’$244"5+2:%=’#)%1 %(#$+*-
1’($24<(71 1%)+"#)","1 Axio Vert.Al MAT, ,"6’+8("#$% 1%)+"34%:"6
(2%-"4’’ 82+2)$’+%(78 ;)#,’+%1’($24<(78 "-+29?"6, "-+2-"$2((78 +’-
2)$%6"1 L’44’+2 [13]);

• 1%)+"$6’+."#$< (#"542#(" MHDB 9450-76 PG91’+’(%’ 1%)+"$6’+."#$%
6.264%62(%’1 24129(78 (2)"(’=(%)"6R ,+% ,"1"A% ?%:+"6"5" #$2?%"-
(2+("5" 1%)+"$6’+."1’+2 HVS-1000).

2. .D=@:=@; D@<;EFG=>;. F 8".’ ,+"6’.’((78 6 (2#$"/A’0 +2-"$’ ;)#,’-
+%1’($"6 *#$2(264%624% "#"-’(("#$% 64%/(%/ .","4(%$’4<("5" 6(’#’(%/ $’,42
6 %#8".(7’ $’+1%$(7’ 3%8$7, +291’A’((7’ 6 +’2)$"+’, (2 $’1,’+2$*+* #$+*%
+2#,4262, "-+29*@A’5"#/ 6 +’9*4<$2$’ ;)9"$’+1%=’#)"0 +’2)?%%, 12##"670 67-
8". 1’$244%=’#)%8 :29, #$+*)$*+* % #".’+&2(%’ ;4’1’($"6 6 %$"5"678 #,42628,
2 $2)&’ 9(2=’(%/ 1%)+"$6’+."#$% HV, 82+2)$’+(7’ .4/ +/.2 #$+*)$*+(78 #"-
#$264/@A%8 "-+29*@A%8#/ &’4’9"24@1%(%’678 :29. I’9*4<$2$7 ;)#,’+%1’(-
$2, ,+’.#$264’((7’ 6 5+2:%=’#)"0 =2#$% +2-"$7, "$+2&2@$ 926%#%1"#$% +/.2
+2##1"$+’((78 673’ ,2+21’$+"6 "$ #".’+&2(%/ 2)$%6("5" 24@1%(%/ 6 %#8".-
(78 $’+1%$(78 3%8$28.

K2 +%#.1. ,+’.#$264’(7 +’9*4<$2$7 ;)#,’+%1’($2 ," ",+’.’4’(%@ 64%/(%/
,+’.62+%$’4<("5" (25+’62 $’+1%$(78 3%8$ ." 400 °C (2 $’1,’+2$*+* #$+*%
+2#,4262, "-+29*@A’5"#/ 6 8".’ ;)9"$’+1%=’#)"5" ,’+’,4262 ,"#4’.(%8. I’-
9*4<$2$7 ,+’.#$264’(7 6 6%.’ #+26(’(%/ #$’,’((78 926%#%1"#$’0 $’1,’+2$*+,
82+2)$’+(78 .4/ ,’+’,4262 P8"4".(78R $’+1%$(78 3%8$, 2)$%6%+*’178 -’9
,+’.62+%$’4<("5" ,"."5+’62 ()+%62/ 1), % 3%8$ # .","4(%$’4<(" 6(’#’((71
$’,4"1 ,’+’. 2)$%62?%’0 ,+"?’##2 +2#,4264’(%/ ()+%62/ 2). K2 +%#.1 % (2 +%#.3
.","4(%$’4<(" ,+’.#$264/@$#/ 9(2=’(%/ R2 6’4%=%( ."#$"6’+("#$% 2,,+")#%-
12?%% .4/ )2&."0 %9 926%#%1"#$’0 % *+26(’(%/ ;$%8 926%#%1"#$’0.

K2 +%#.1 6 6%.’ 4%(’0("0 926%#%1"#$% 3 $2)&’ ,+’.#$264’(7 +’9*4<$2$7
$’+1"5+26%1’$+%=’#)"5" 2(24%92 (TGA) 12$’+%242 +’2)$"+2, ,"4*=’((7’ ,+%
,"1"A% $’+1"5+2:%=’#)"5" .%::’+’(?24<("-$’+1%=’#)"5" 2(24%92$"+2 DTG-
60H (Shimadzu, S,"(%/). T%(%/ 3 (2 +%#.1 "$"-+2&2’$ $’1,’+2$*+* 630 °C,



A@3*BC-6B<DEFG<HB H*CB?BFB<-B IE!-3-6H3D- 6-@CHD!BC?H3D- ...25

,+% ,+’673’(%% )"$"+"0 12$’+%24 +’2)$"+2 (2=%(2’$ ")%#4/$<#/ #" #+’.(’0
#)"+"#$<@ 0,023 %/# [2]. H=’6%.(", =$" =’1 673’ 9(2=’(%/ $’1,’+2$*+ +2#,42-
6"6, "-+29*@A%8#/ 6 8".’ 24@1"$’+1%=’#)"5" ,’+’,4262, $’1 # -"4<3’0 %($’(-
#%6("#$<@ -*.’$ ,+"$’)2$< ,+"?’## ,’+’8".2 12$’+%242 6 529"6*@ :29*, =$" 6
)"(’=("1 %$"5’ -*.’$ ",+’.’4/$< 6+’1/ ,+%5".("#$% +’2)$"+2 ) ;)#,4*2$2?%%.

!"#. 1. $%&’()(") *&’"#"+,#-). /0#1)%"+)(-&23(45 -)+1)%&-6% ,- #,7)%8&("9 &0-
-"’(,:, &2;+"("9 ’ -)%+"-(45 <"5-&5: 1 – #-%6" +)-&22&, 1,26=)((,:, &2;+,-)%-
+"-(4+ 1)%)12&’,+ -)%+"-(45 <"5- >)* (&:%)’&; 2 – #-%6" +)-&22& 1,26=)((,:,
&2;+,-)%+"-(4+ 1)%)12&’,+ -)%+"-(45 <"5- 1,#2) 1%)7’&%"-)23(,:, (&:%)’& 7,
400 °C; 3 – -)+1)%&-6%& ,0"#2)("9 +&-)%"&2& %)&0-,%&.

G9 +%#.1 6%.(", =$" ,+’.62+%$’4<(70 (25+’6 $’+1%$(78 3%8$ ." 400 °C (926%-
#%1"#$< 2) "-*#4264%62’$ +"#$ $’1,’+2$*+7 +’2)?%%, =$" 6 ?’4"1 #)29762’$#/
(2 ,"673’(%% $’1,’+2$*+7 #$+*% &’4’9"24@1%(%’6"5" +2#,4262 6 #+’.(’1 (2
5-10 %, ," #+26(’(%@ # .2((71%, 82+2)$’+(71% .4/ 926%#%1"#$% 1. N#$2("64’-
(", =$" ,+’.62+%$’4<(70 (25+’6 "-’#,’=%62’$ (’ $"4<)" #$2-%4<("’ +29.’4’(%’
1’$244%=’#)"0 % 342)"6"0 :29, "-+29*@A%8#/ ,+% ;)9"$’+1%=’#)"1 ,’+’,42-
6’ $’+1%$(78 3%8$, #".’+&2A%8 2)$%6(70 24@1%(%0 6 .%2,29"(’ 9(2=’(%0
25-58 %, (" % 6"91"&("#$< +’24%92?%% ;)9"$’+1%=’#)"0 +’2)?%% 6 $’+1%$(78
3%8$28 # #".’+&2(%’1 ." 65 % 2)$%6("5" 24@1%(%/. G9 2(24%92 .2((78, ,+’.-
#$264’((78 (2 +%#. 1 #$2("6%$#/ "=’6%.(71, =$" $2)"’ #".’+&2(%’ 2)$%6("5"
24@1%(%/ 6 $’+1%$(78 3%8$28 #)29762’$#/ (2 %$"5"6"0 $’1,’+2$*+’ +2#,4262
% ,"96"4/’$ 9(2=%$’4<(" #")+2$%$< $’1,’+2$*+("’ % 1’82(%=’#)"’ 6"9.’0#$6%’
(2 12$’+%24 +’2)$"+2.
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D+26(%$’4<(71 2(24%9"1 .2((78, ,"4*=’((78 6 8".’ ;)#,’+%1’($2, *#$2-
("64’(", =$" 70 % 12##"6"5" 678".2 1’$244%=’#)"0 :297 )"(’=("5" %($’+1’-
$244%.("5" #,4262 *.2’$#/ ."#$%=< ,+% ;)9"$’+1%=’#)"1 ,’+’,426’ ,+’.62+%-
$’4<(" (25+’62’178 $’+1%$(78 3%8$, #".’+&2A%8 50 % 2)$%6("5" 24@1%(%/.
E+% ;$"1 12)#%124<(70 678". 1’$244%=’#)"0 :297 ,"#4’ ,’+’,4262 $’+1%$-
(78 3%8$, (’ ,".6’+52@A%8#/ ,+’.62+%$’4<("1* (25+’6*, (’ ,+’67324 63 % ,"
12##’. D$"%$, ".(2)", "$1’$%$<, =$" ,+% $2)%8 67#")%8 9(2=’(%/8 12##"6"5" 67-
8".2 1’$244%=’#)"0 :297 )"++’)$("’ ",+’.’4’(%’ Al 6 %$"5"678 #,42628 #$2-
("6%$#/ 92$+*.(%$’4<(71, $2) )2) ,4"$("#$% 1’$244%=’#)"0 % 342)"6"0 :29
#+26(%62@$#/. N#$2("64’(", =$" ,+% ,’+’,426’ (25+’62’178 $’+1%$(78 3%8$,
+2#,"4252@A%8 25-60 % 2)$%6("5" 24@1%(%/ 6 #6"’1 #"#$26’, #".’+&2(%’ Al 6
%$"5"678 #,42628 #""$6’$#$6*’$ .%2,29"(* 9(2=’(%0 7,3-58,5 % ," 12##’.

D".’+&2(%’ Al 6 %#8".(78 $’+1%$(78 3%8$28 % *#4"6%/ "#*A’#$64’(%/ ;)9"-
$’+1%=’#)"5" ,+"?’##2 "-*#4264%62@$ #""$("3’(%’ ;4’1’($"6 6 %$"5"678 &’-
4’9"24@1%(%’678 #,42628, %8 1%)+"#$+*)$*+*, 2 $2)&’ 6" 1("5"1 ",+’.’4/@$
%8 1’82(%=’#)%’ 82+2)$’+%#$%)%, #+’.% )"$"+78 ,+2)$%=’#)%0 %($’+’# ,+’.-
#$264/’$ .%2,29"( 9(2=’(%0 1%)+"$6’+."#$% HV, 82+2)$’+(78 .4/ ,"6’+8("-
#$’0 ,",’+’=("5" #+’92 ,+"$/&’((78 "-+29?"6 (%#,"4<9"62((78 6 (2#$"/A’1
;)#,’+%1’($’ .4/ ",+’.’4’(%/ 1%)+"#$+*)$*+). K2 +%#.2. ,+’.#$264’(" #+26-
(’(%’ 5’"1’$+%% "$,’=2$)"6, ,"4*=’((78 ,+% ",+’.’4’(%% 1%)+"$6’+."#$% HV
6 :"+1’ +"1-%=’#)%8 ,%+21%., 82+2)$’+(78 .4/ ;)#,’+%1’($24<(78 &’4’9"-
24@1%(%’678 #,426"6. H$,’=2$"), #:"+1%+"62((70 +"1-%=’#)%1 %(.’($"+"1
6 "-+29?28 # ,"6’+8("#$<@, "-42.2@A’0 -"4<3’0 $6’+."#$<@, %1’’$ 1’(<3*@
54*-%(* ,+"(%)("6’(%/. G9 +%#.2 6%.(", =$" (2%-"4<3’0 54*-%("0 "$,’=2$)2
"-42.2@$ "-+29?7 &’4’9"24@1%(%’6778 #,426"6, #:"+1%+"62((7’ %9 $’+1%$-
(78 3%8$ # 1’(<3%1 #".’+&2(%’1 2)$%6("5" 24@1%(%/. F7/64’(", (2,+%1’+,
=$" .4/ "-+29?"6 (+%#.2,2) 82+2)$’+(" 9(2=’(%’ 1%)+"$6’+."#$% HV210 ,+% 54*-
-%(’ "$,’=2$)2 18,957 1)1; .4/ "-+29?"6 (+%#.2,-) - HV943 ,+% 54*-%(’ "$,’-
=2$)2 8,955 1)1; .24’’, ,+% *6’4%=’(%% #".’+&2(%/ 2)$%6("5" Al 6 $’+1%$(78
3%8$28 .4/ "-+29?"6 (+%#.2,-) 1%)+"$6’+."#$< #"#$264/’$ HV875 ,+% 54*-%(’
"$,’=2$)2 9,295 1)1.

K2 +%#. 3 6 ,"4%("1%(24<(78 )+%678 $+’$<’5" ,"+/.)2 ,+’.#$264’(" #+26-
(’(%’ 9(2=’(%0 1%)+"$6’+."#$% HV, 82+2)$’+(78 .4/ ;)#,’+%1’($24<(78 "--
+29?"6 &’4’9"24@1%(%’678 #,426"6, ,"4*=’((78 ;)9"$’+1%=’#)%1 ,’+’,426"1
$’+1%$(78 3%8$ (-’9 (25+’62 – 1 % (25+’62’178 ." 400 °C – 2), 6 926%#%1"#$%
"$ #".’+&2(%/ 6 (%8 2)$%6("5" Al.

J(24%9 .2((78, ,+’.#$264’((78 (2 +%#.3, ,"96"4/’$ *#$2("6%$<, =$" ,+’.62-
+%$’4<(70 (25+’6 $’+1%$(78 3%8$ ." 400 °C ,’+’. (2=24"1 %8 ;)9"$’+1%=’-
#)"5" ,’+’,4262 ,"96"4/’$ (’#)"4<)" *6’4%=%$< 9(2=’(%/ 1%)+"$6’+."#$% HV
6 #4*=2/8, )"5.2 &’4’9"24@1%(%’670 #,426 :"+1%+*’$#/ %9 $’+1%$(78 3%8$ #
#".’+&2(%’1 55-60 % Al ," 12##’. !4/ "$1’=’(("5" .%2,29"(2 #".’+&2(%/ Al 6
3%8$’, 82+2)$’+(" -"4’’ #$2-%4<("’ +29.’4’(%’ 1’$244%=’#)"0 % 342)"6"0 :29
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2) -) 6)

!"#. 2. $%&’()(") :26>"(4 ,-1)=&-0& %,+>"=)#0,:, "(7)(-,%&, #?,%+"%,’&((,:, 1%"
,1%)7)2)("" +"0%,-’)%7,#-" HV ,>%&*@,’ 8)2)*,&2;+"(")’45 #12&’,’, 1,26=)((45
"* -)%+"-(45 <"5- # %&*2"=(4+ #,7)%8&(")+ Al (% 1, +&##)) 1%" 6’)2"=)("" 5100:
& – 25; > – 57; ’ – 60.

!"#. 3. $%&’()(") *(&=)(". +"0%,-’)%7,#-" HV ,- #,7)%8&("9 &0-"’(,:, &2;+"("9
’ -)%+"-(45 <"5-&5: 1 - 8)2)*,&2;+"(")’45 #12&’,’, 1,26=)((45 &2;+,-)%+"-(4+
1)%)12&’,+ -)%+"-(45 <"5- >)* (&:%)’&; 2 - 1,#2) 1%)7’&%"-)23(,:, (&:%)’& 7, 400
°C.

6 ,+".*)$28 +’2)?%%, 2 9(2=’(%/ 1%)+"$6’+."#$% HV #""$6’$#$6*@$ %($’+624*
850-950.

B’8("4"5%=’#)% #$2("6/$#/ ."#$*,(71% 62+%2($7 ,"4*=’(%/ #,426"6 %9 $’+-
1%$(78 3%8$ # -"4<3%1 #".’+&2(%’1 6 (%8 24@1%(%/, =$" "-*#4264%62’$ 6"9-
1"&("#$< ;)#,’+%1’($24<("5" ",+’.’4’(%/ +/.2 %8 :%9%)"-1’82(%=’#)%8 ,2-
+21’$+"6. H.(2)" +"#$ 24@1%(%/ 6 %#8".(78 $’+1%$(78 3%8$28 ((2,+%1’+,
." 65 % ," 12##’) ,+%6".%$ ) #(%&’(%@ 9(2=’(%0 1%)+"$6’+."#$% HV ." 716.
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D"542#(" .%25+211’ #"#$"/(%/ #,426"6 #%#$’17 &’4’9"-24@1%(%0 [14–16] 6
*)292(("1 673’ .%2,29"(’ #".’+&2(%/ Al 7,3-58,5 % ," 12##’ 6 %$"5"678 #,42-
628 ,+% +294%=(78 $’1,’+2$*+28 "-+29*@$#/ %($’+1’$244%.(7’ :297 #4’.*-
@A%8 $%,"6: Fe3Al, FeAl2, F e2Al5 % FeAl3, )2&.*@ %9 )"$"+78 82+2)$’+%9*’$
#6"0 (2-"+ :%9%)"-1’82(%=’#)%8 #6"0#$6. L2) ,+26%4", #,4267 $2)"0 #%#$’17
"$4%=2@$#/ ,"673’(("0 8+*,)"#$<@, 6#4’.#$6%’ =’5" ",+’.’4’(%’ $2)%8 ,2+2-
1’$+"6, )2) 6+’1’(("’ #",+"$%64’(%’ +29+76* ω! %4% ,+’.’4 $’)*=’#$% ω" ,"
+’9*4<$2$21 %91’+’(%/ 1%)+"$6’+."#$% HV 679762’$ +/. 92$+*.(’(%0. >’$"-
.7 +2#=’$2 *)292((78 ,2+21’$+"6 ," 2(24"5%% #" #$2(.2+$21%, ,+%1’(/’171%
) #$24/1, .4/ %($’+1’$244%.(78 #,426"6 ,".8"./$ (’ 6 ,"4("0 1’+’ % (*&.2-
@$#/ 6 )"++’)$%+"6)’.

3. 0GHIJK;=>; F 8".’ ,+"6’.’((78 %##4’."62(%0 *#$2("64’(", =$" ,+’.-
62+%$’4<(70 (25+’6 $’+1%$(78 3%8$ ." 400 °C # ,"#4’.*@A’0 2)$%62?%’0 ;)-
9"$’+1%=’#)"0 +’2)?%%, "-’#,’=%62’$ +"#$ #)"+"#$% %8 5"+’(%/ 6 %($’+624’
#".’+&2(%/ Al 25-65 % ," 12##’ 6 %#8".(78 12$’+%2428, ," #+26(’(%@ # ,’+’-
,426(71% ,+"?’##21%, ,+"$’)2@A%1% 6 (’(25+’62’178 $’+1%$(78 3%8$28.

E+’.62+%$’4<(70 (25+’6 $’+1%$(78 3%8$ ,"96"4/’$ (2 5-10 % *6’4%=%$<
$’1,’+2$*+* #$+*% +2#,426"6, "-+29*@A%8#/ 6 +’9*4<$2$’ ;)9"$’+1%=’#)%8 +’-
2)?%%, % "-’#,’=%62’$ 52+2($%+"62(("’ +29.’4’(%’ 1’$244%=’#)"0 % 342)"6"0
=2#$’0 ,+".*)$"6 +’2)?%% ,+% #".’+&2(%% 2)$%6("5" 24@1%(%/ 6 %#8".(78
12$’+%2428 ." 60 %, 2 12)#%124<(" 6"91"&(70 678". 1’$244%=’#)"0 :297
#"#$26%4 70% ," 12##’.

>2)#%124<(7’ 9(2=’(%/ 1%)+"$6’+."#$% HV #""$6’$#$6*@A%’ .%2,29"(*
850-950 82+2)$’+(7 .4/ #,426"6, ,"4*=’((78 ;)9"$’+1%=’#)%1 ,’+’,426"1 $’+-
1%$(78 3%8$ #".’+&2A%8 55-60 % Al ," 12##’.

!"#"$%&’($)%"
*+,-. -/0121/. A. B. C6790,’&, A. A. D%)7)"( 1,7:,-,’0& " 1%,’)7)(") /0#1)%"+)(-
-&23(,. =&#-" %&>,-4, #,:2&#,’&(") ?"(&23(,. ’)%#"" %60,1"#". $. E. F"2"(, G. B.
H,:7&(,’& ,>*,% 2"-)%&-6%4, (&1"#&(") -)0#-& %60,1"#", #,:2&#,’&(") ?"(&23(,.
’)%#"" %60,1"#", %)7&0-"%,’&(") -)0#-&.
3145,6+0 64072781/. B’-,%4 7)02&%"%6;- ,-#6-#-’") 9’(45 " 1,-)(@"&23(45
0,(?2"0-,’ "(-)%)#,’, #’9*&((45 # 16>2"0&@"). (&#-,9I). #-&-3".
&801946+ 564-48621/-46:. !&>,-& ’41,2()(& ’ %&+0&5 :,#67&%#-’)((,:, *&7&-
("9 J(#-"-6-& +&<"(,’)7)("9 " +)-&226%:"" C&>&%,’#0,:, K)7)%&23(,:, "##2)7,-
’&-)23#0,:, @)(-%& LAM !BG.
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