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Abstract. The authors of the article conducted a verification calculation on the contact fatigue
endurance of gear tooth surfaces and the bending fatigue endurance of a bevel helical gearbox
considering dynamic loads. The gearbox is used in agricultural machinery to transform torque,
change rotational speed, and transmit it to other units. The article presents an analysis of the
strength calculation results of the mechanism’s parts using computer modeling of fatigue failure
in the CAD system Kompas 3D and the CAE system APM WinMachine, from the occurrence of
the first microcracks on the surface and within the parts to fatigue failure. The strength properties
of the parts depend on geometric dimensions, surface condition, processing method, and several
other factors. The methodology proposed by the authors for strength analysis, based on dynamic
calculations of maximum, contact, and bending stresses varying over time in the materials of the
gearbox parts, considering the surface condition of the teeth during operation, using analytical and
computer methods, allows reducing the probability of fatigue crack initiation and stopping their
further growth.
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567879:7. !"#$%&’(’)*+ ,-,.&/,0’1*+ * (231*"* 0 #2%4#",5 3,6+7#(02
$.,*#3,/*( 0 12-%’8,$.*+(193 "%*5’(*:2#"*3 &#%,0*+3, 1’ 12$,".9(93 *
126’;*;21193 (2..*(,.*+3, $.* $,09<211,7 0%’=1,#(* * 6’$9%211,#(*. >(,
5,=2( $.*02#(* " &#*%21*? .’-,:28, <&5’, $2.28.20&, $.2=/20.25211,5& *6-
1,#& * 093,/& *6 #(.,+ ’8.,(231*"*. @,A(,5& "’:2#(0, *68,(,0%21*+ /2(’%27 *
09#,"’+ $.,*60,/*(2%41,#(4 ’8.,(231*"* *52?( -,%4<,2 61’:21*2 * (.2-&?(
#,02.<21#(0,0’1*+ * 5,/2.1*6’)** *3 ",1#(.&")*7. B*.,",2 $.*52121*2 0
#2%4#",5 3,6+7#(02 $,%&:*%* .2/&"(,.9 ",1*:2#",7 $2.2/’:*, $.2,-.’6&?;*2
".&(+;*7 5,521(, *6521++ :’#(,(& 0.’;21*+ * $2.2/’?;*2 28, /.&8*5 ’8.2-
8’(’5. C,=1, 09/2%*(4 ,#1,0192 $.2*5&;2#(0’ ",1*:2#"*3 ",%2# # ".&8,09-
5* 6&-4+5*: ,(1,#*(2%41’+ -2#<&51,#(4, $%’01,#(4 .’-,(9 * 09#,"’+ 12#&;’+
#$,#,-1,#(4. D’)2$%21*2 /2(’%27 ",1*:2#",7 $2.2/’:* $.,*#3,/*( $, 12",(,.,7
$%,;’/"2 ",1(’"(’, -%’8,/’.+ ",(,.,7 */2( .’#$.2/2%21*2 ",1(’"(1,7 1’8.&6-
"* $, 127.

E2/&"(,. ",1*:2#",7 $2.2/’:* .’-,(’2( 0 ,#1,01,5 $.* $2.2521193 1’$.+-
=21*+3, ",(,.92 51,8,".’(1, *6521+?(#+ 0, 0.2521*. E’-,(’ 0 (’",5 .2=*52
5,=2( $.*02#(* " .’6.&<21*? /2(’%27 $.* 61’:*(2%41, 5214<*3 1’$.+=21*+3,
:25 $.* #(’(*:2#",5 1’$.+=21**. !"#$2.*521(’%4192 *##%2/,0’1*+ 523’1*:2-
#"*3 #0,7#(0 5’(2.*’%,0 $.* 1’$.+=21*+3, $2.2521193 0, 0.2521*, $,"’6’%*,
:(, .’6.&<21*2 1’:*1’2(#+ # $,+0%21*25 5*".,(.2;*1 0 1’*-,%22 1’8.&=21-
1,7 6,12, 5*".,(.2;*19 $,#(2$211, .’60*0’?(#+ * 51,=’(#+, * /’%22 $.*0,/+(
" .’6.&<21*? ,( &#(’%,#(*.

F02%*:21*2 .’652.,0 * :*#%’ A(*3 (.2;*1 #,".’;’?( ,-G25 $,%1,)211,-
8, 5’(2.*’%’ /2(’%*. H,12) "’=/,7 (.2;*19 ,-.’6&2( 6,1& 0,61*"1,021*+
-,%4<*3 1’$.+=21*7, :(, $.*0,/*( " $,+0%21*? 1,093 (.2;*1. @.,:1,#(192
#0,7#(0’ /2(’%27 6’0*#+( ,( 82,52(.*:2#"*3 .’652.,0, #,#(,+1*+ $,02.31,#(*,
#$,#,-’ ,-.’-,("* $,02.31,#(27 * .+/’ /.&8*3 I’"(,.,0. @.,)2## ,-.’6,0’1*+
(.2;*1 #%,=21 $.* $2.2521193 1’$.+=21*+3. J1,8/’ 6,1’ $,+0%21*+ (.2;*1
0,61*"’2( 1’ $,02.31,#(* /2(’%*, 0 /.&8*3 #%&:’+3 K 01&(.* 5’(2.*’%’.

E21(821,%,8*:2#"*2 *##%2/,0’1*+ 52(’%%,0 12 ,-1’.&=*0’?( 61’:*(2%4193
.’6%*:*7 0 523’1*652 &#(’%,#(1,8, .’6.&<21*+ $.* #(’(*:2#",5 * /*1’5*-
:2#",5 1’$.+=21*+3. L’1192 *##%2/,0’1*+ $,60,%+?( $.,#%2/*(4 *652121*+
0 #(.&"(&.2 $.* 12-,%4<*3 1’8.&=21*+3, 09+0*(4 6’52(192 /2I,.5’)** 0
#(.&"(&.2 5’(2.*’%,0 $.* &02%*:21** 61’:21*7 1’$.+=21*7.

M1’%*(*:2#"*2 .’#:2(9 1’ ,#1,02 52(,/,0 (2,.** 5’<*1 * 523’1*65,0 $,6-
0,%+?( 09$,%1*(4 $.,02.,:197 .’#:2( 1’ ",1(’"(1&? 091,#%*0,#(4 ’"(*0193
$,02.31,#(27 6&-420 * 091,#%*0,#(4 $.* *68*-2, &:*(90’+ /*1’5*:2#"&? 1’-
8.&6"&. L’1192 *##%2/,0’1*+ +0%+?(#+ (.&/,25"*5*.

@.*52121*2 #*#(25 ’0(,5’(*6*.,0’11,8, $.,2"(*.,0’1*+ (NM@E) &$.,;’2(
$.,:1,#(192 *##%2/,0’1*+ 5’(2.*’%,0 $.* $2.2521193 1’$.+=21*+3. @&(25
$,#(.,21*+ 82,52(.*:2#"*3 * .’#:2(193 5,/2%27 /2(’%27 #(’%, 0,65,=1, $.,-
0,/*(4 51,8,0’.*’1(192 /*1’5*:2#"*2 * #(’(*:2#"*2 *##%2/,0’1*+ .,#(’ (.2-
;*1, /’0’(4 $.,81,69 $.,:1,#(* 5’(2.*’%,0 # &:2(,5 .’6%*:193 #%&:’7193
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$.*:*1. L’1192 *##%2/,0’1*+ +0%+?(#+ ’"(&’%4195*, (’" "’" /%+ $,09<21*+
12#&;27 #$,#,-1,#(* * &02%*:21*+ #.,",0 A"#$%&’(’)** ’8.,(231*"* ".’712
0’=1, 0,0.25+ $.,02#(* .+/ 52.,$.*+(*7 /%+ $,09<21*+ $.,:1,#(193 #0,7#(0
5’(2.*’%,0.

!"#$2.*521(’%4192 *##%2/,0’1*+ $.,:1,#(193 3’.’"(2.*#(*" ,-.’6)’ *6
#(’%* 5’."* 40O c ",1)21(.’(,.’5* 1’$.+=21*7 09$,%1219 $.* $,//2.=-
"2 I2/2.’%41,8, 8,#&/’.#(0211,8, -?/=2(1,8, ,-.’6,0’(2%41,8, &:.2=/21*+
09#<28, ,-.’6,0’1*+ PQ’%(*7#"*7 8,#&/’.#(021197 (231*:2#"*7 &1*02.#*-
(2( PRSTUCTOV *5. L.W. F#(*1,0’V. L%+ .2’%*6’)** $,#(’0%21193 )2%27
-9%* 6’/27#(0,0’19 #*#(25’ ’0(,5’(*6*.,0’11,8, $.,2"(*.,0’1*+ (NM@E)
H,5$’# 3D ,(2:2#(0211,7 ",5$’1** MNHSU * .,##*7#"’+ CAE-#*#(25’ APM
WinMachine.

1. ;<6:=:>?=@A BC?D9?=@: 87@<E7F C78GH@?C< BC: B7C7>799IJ 9<-
BCKL79:KJ ?@ =@CGH@GCI :J ><@7C:<E?6 X231*:2#"*2 52(’%%9 * #$%’09,
*6 ",(,.93 *68,(’0%*0’?( ",1*:2#"*2 .2/&"(,.9, 1’$.*52., #(’%4 5’."* 40O,
#,#(,+( *6 51,=2#(0’ 62.21-".*#(’%%*(,0 $.,*60,%41, ,.*21(*.,0’1193 ,(1,-
#*(2%41, /.&8 /.&8’. U’*-,%22 $.,:192 5’(2.*’%9 # 52%",62.1*#(,7 #(.&"(&-
.,7. @.* *6&:21** 523’1*:2#"*7 #0,7#(0 -,%4<*3 .’652.,0 ,-.’6),0, /2(’%27
#:*(’?( 5’(2.*’% *6,(.,$195, ,/1,.,/195 * -26 $&#(,(. C2(’%%9 12-,%4<*3
,-G25,0 12 #:*(’?( ,/1,.,/195* # #,3.’121*25 523’1*:2#"*3 #0,7#(0 $.* .’6-
%*:1,5 /2%21**, #0,7#(0’ ,(/2%4193 62.21 $.,+0%+?(#+ 0 6’0*#*5,#(* ,( ,.*-
21(’)** ".*#(’%%*:2#"*3 ,#27 * 6’0*#+( ,( (,8,, "’" ,1* #,2/*1219 /.&8 #
/.&8,5. @%’#(*:2#"’+ /2I,.5’)*+ $.* (’",7 #(.&"(&.2 #"%’/90’2(#+ *6 $%’-
#(*:2#",7 /2I,.5’)** ".*#(’%%*(,0. E’6.&<21*2 #0+627 $, 8.’1*)’5 62.21
02/2( " 3.&$",5& .’6.&<21*?. @,%,=21*2 $%,#",#(27, $, ",(,.95 ’(,5192
#%,* *52?( -,%22 %28"&? 0,65,=1,#(4 #",%4=21*+ ,(1,#*(2%41, 1’$.’0%21*+
012<127 1’8.&6"*, 0 .’6193 ".*#(’%%*(’3 .’6%*:1,, $,A(,5& ,1* 12 0#2 ,/-
1,0.25211, $%’#(*:2#"* /2I,.5*.&?(#+. U’$.*52., 1’*-,%4<22 :*#%, 62.21
,/1,0.25211, 0#(&$’2( 0 $%’#(*:2#"&? /2I,.5’)*? $,#.2/#(0,5 #",%4=21*+ 0
$,%*".*#(’%%*:2#",5 52(’%%2, ".*#(’%%*(9 ",(,.,8, *52?( "&-*:2#"&? 8.’-
12)21(.*.,0’11&? .2<2("& [1, c. 22]. @%’#(*:2#"’+ /2I,.5’)*+ $,%*".*#(’%-
%’ 5,=2( $2.23,/*(4 *6 ,/1,8, 62.1’ 0 /.&8,2 $.* -%’8,$.*+(1,5 $,%,=21**
$%,#",#(27 #",%4=21*+.

L*#%,"’)** 0 ".*#(’%%*(’3 6’.,=/’?(#+ $.* ,-.’6,0’1** 1’ 8.’1*)2 5*"-
.,(.2;*19, ",(,.’+ $.2/#(’0%+2( #,-,7 ",1)21(.’(,. 1’$.+=21*7, #$,#,-197
#,6/’(4 1,0&? /*#%,"’)*? 0 #,#2/125 62.12 [2, c. 13]. >25 -,%4<2 .’6,.*21-
(’)*+ 62.21, (25 #%,=122 $2.23,/ /2I2"(’ *6 ,/1,8, *6 1*3 0 #,#2/122. X’"
$%’#(*:2#"’+ /2I,.5’)*+ $2.23,/*( *6 ,/1,8, ".*#(’%%*(’ 0 /.&8,7, * 2? 6’-
30’(90’2(#+ )2%’+ ,-%’#(4 $,%*".*#(’%%*:2#",8, #$%’0’. !(, ,-G+#1+2( -,%22
09#,"&? $.,:1,#(4 52%",62.1*#(,7 #(.&"(&.9 $,%*".*#(’%%*:2#",8, 52(’%%’,
$, #.’0121*? # ".&$1,62.1*#(,7.
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X.2;*19 5,8&( $,+0%+(4#+ 12 (,%4", 01&(.* ".*#(’%%*:2#"*3 62.21. J#(,:-
1*",5 *3 $,+0%21*+ 5,8&( -9(4 012<1*2 $.*:*19 - 1’/.269, /2I2"(9 #(.&"(&-
.9 5’(2.*’%’, #2:21*+, #,/2.=’;*2 ",1)21(.’(,.9 1’$.+=21*7 ",1#(.&"(*0-
1,8, 3’.’"(2.’. >’#(, $2.092 (.2;*19 0,61*"’?( 0 52#(’3 /27#(0*+ 012<1*3
#*%.

@.,:1,#(192 #0,7#(0’ 5’(2.*’%,0 0 #0,? ,:2.2/4 6’0*#+( ,( 61’:21*7 #’-
5,&.’01,02<21193 01&(.211*3 1’$.+=21*7 121’8.&=21193 (2% [1, c. 24]. S1*
0,61*"’?( 1’ 1’:’%41,5 A(’$2 – $.* *68,(,0%21** A%2521(’ *%* ",1#(.&")**
(0, 0.25+ $.,"’(’ 5’(2.*’%’ * ,#(90’1*+ 28, $,#%2 $.,"’(’; $.* ,#(90’1**
,(%*0"*; 0 $.,)2##2 #,2/*121*+ :’#(27 ",1#(.&")** $,#.2/#(0,5 #0’."* * (.
$.).

R1&(.211*2 1’$.+=21*+ 5,8&( 0,61*"1&(4 0, 0.25+ .’-,(9 523’1*65’. U’-
$.*52., 0 .26&%4(’(2 /2I,.5’)** *6/2%*+ # /,02/21*25 1’$.+=21*7 /, 02%*-
:*19, #.’01*5,7 # $.2/2%,5 (2"&:2#(*, * $,#%2/&?;27 .’68.&6"*.

!II2"( Q’&<*182.’ *522( 0’=1,2 $.’"(*:2#",2 61’:21*2 $.* )*"%*:2#",7
/2I,.5’)** 52(’%%,0 * #$%’0,0, 0%*++ 1’ $,+0%21*2 (.2;*1 1’ $,02.31,#(*
",1*:2#"*3 6&-:’(93 ",%2# .2/&"(,.’ [3].

@,#%2 1’8.&=21*+ (2%’ /, 0,61*"1,021*+ 0 12",(,.93 ".*#(’%%*(’3 $%’#(*-
:2#"*3 /2I,.5’)*7 * .’68.&6"*, 0,61*"’?( ,#(’(,:192 1’$.+=21*+. L’%22,
$.* $.*%,=21** " (2%& 1’8.&6"* $.,(*0,$,%,=1,8, 61’"’, 0,61*"<*2 &=2 0
(2%2 1’:’%4192 1’$.+=21*+ #1*=’?( #,$.,(*0%21*2 $%’#(*:2#"*5 /2I,.5’-
)*+5.

R .’-,:25 .2=*52 .2/&"(,. ",1*:2#",7 $2.2/’:* .’-,(’2( (’", :(, ",1(’"(-
1,7 $,02.31,#(4? +0%+2(#+ 09$&"%’+ #(,.,1’ A0,%4021(1,7 $,02.31,#(* 6&-’.
M 0 .2=*52 6’$&#"’ /0*8’(2%+ ",1(’"( $.,*#3,/*( $, $.,(*0,$,%,=1,7 0,81&-
(,7 #(,.,12.

X’"*5 ,-.’6,5, 6/2#4 .2’%*6&2(#+ #*(&’)*+, ,$*#’11’+ 0 AII2"(2 Q’&<*182-
.’: $,#%2 1’8.&=21*2 5’(2.*’%’ /, (2"&:2#(*, .’68.&6"’ * 1’8.&=21*2 1’$.+-
=21*+5* $.,(*0,$,%,=1,8, 61’"’ +0%21*2 (2"&:2#(* 1’:12(#+ &=2 $.* -,%22
1*6",5 &.,012 1’$.+=21*7 *6-6’ /27#(0*+ ,#(’(,:193 1’$.+=21*7, $,+0*0-
<*3#+ 0 5’(2.*’%2 6&-:’(,8, ",%2#’. @.2/0’.*(2%41’+ 3*5*",-(2.5*:2#"’+
,-.’-,("’ ,#0,-,=/’2( 6&-:’(92 ",%2#’ ,( ,#(’(,:193 1’$.+=21*7, 0,61*"-
<*3 $.* *3 *68,(,0%21**. U, ,#(’(,:192 1’$.+=21*+, #0+6’1192 # AII2"(,5
Q’&<*182.’ -&/&( 0,61*"’(4 $.* "’=/,5 6’$&#"2 /0*8’(2%+.

M0(,.9 52(’%%,8.’I*:2#"*3 * I.’"(,8.’I*:2#"*3 *##%2/,0’1*7 R#2.,##*7-
#",8, 1’&:1,-*##%2/,0’(2%4#",8, *1#(*(&(’ ’0*’)*,1193 5’(2.*’%,0 Y,#&/’.-
#(0211,8, 1’&:1,8, )21(.’ EW $.2/#(’0*%* 5*".,#(.&"(&.& 0,81&(,7 $,02.3-
1,#(* 0 ,-%’#(* ",1(’"(’ $,#%2 $,0.2=/21*+ 0 .26&%4(’(2 1’0,%’"*0’1*+, %,-
"’%41,8, 1’%*$’1*+ * 09".’<*0’1*+ 5’(2.*’%’, :(, 8,0,.*( , 09#,"*3 ",1-
(’"(193 1’8.&6"’3.



10 A.B. *BAF-<B,3.@. 3AG*B<I!

U’ ,#1,02 09$,%121193 *##%2/,0’1*7 09+0%21,, :(, &#(’%,#(1,2 .’6.&<21*2
$.,*#3,/*( ,( $,02.31,#(193 /2I2"(,0 0 0*/2 .*#," ,( ’-.’6*01,8, *1#(.&521-
(’ 8%&-*1,7 $.*52.1, 17 5"5, ,.*21(*.,0’1193 0 1’$.’0%21** 52=6&-),0,7
0$’/*19 0 6,12 I’#," #, #(,.,19 5’%,8, 5,/&%+ (.*#. 1) [3].

E*#. 1. X.2;*19 &#(’%,#(1,8, .’6.&<21*+ $, 6&-),095 0$’/*1’5

H’" 0*/1, 1’ .*#&1"2 1, (*$*:197 *6%,5, 0960’1197 &#(’%,#(4? /2(’%*,
*522( /02 .’6%*:192 6,19: 8%’/"&? $,02.31,#(4, 8/2 .’60*(*2 (.2;*19 $.,-
3,/*%, 52/%211, * ".’+ (.2;*19 #8%’=*0’%*#4 $&(25 (.21*+ $.* &02%*:21**
1’8.&6"*; <2.,3,0’(&? $,02.31,#(4, $, ",(,.,7 #(.25*(2%41, <%, .’6.&<2-
1*2 [4, c. 422].

L%+ #1*=21*+ (02./,#(* 5’(2.*’%,0, $,%&:21*+ ,/1,.,/1,7 #(.&"(&.9 *
#1+(*+ 01&(.21128, 1’$.+=21*+ 5’(2.*’%,0 $.*521+?( ,($&#" #(’%27.

M0(,.’5* #(’(4* -9%* $.,02/219 A"#$2.*521(’%4192 *#$9(’1*+ 1’ &/’.197
*68*- #(’1/’.(193 ,-.’6),0 #2:21*25 10310 55 # ",1)21(.’(,.,5 U-,-.’61,7
I,.59 .’/*&#,5 1 55 *6 #(’%* 40O, :(,-9 $.,02.*(4 "’" 0%*+2( (25$2.’(&-
.’ ,($&#"’ 1’ &/’.1&? 0+6",#(4: ,-.’62) -26 ,($&#"’, ,-.’6)9 # (25$2.’(&.,7
,($&#"’ 350 ℃ * 600 ℃. R .26&%4(’(2 *#$9(’1*+ -9%, ,(52:21,, :(, ,($&#" /,
350 ℃ 5’%, 0%*+2( 1’ &/’.1&? 0+6",#(4, ",(,.’+ -26 ,($&#"’ * $.* (25$2.’-
(&.2 350 #,#(’0%+2( 57 * 59 L=/#52. N /’%4127<*5 &02%*:21*25 (25$2.’(&.9
&/’.1’+ 0+6",#(4 $’/’2(, $.,*#3,/*( $,1*=21*2 523’1*:2#"*3 #0,7#(0, ’ $,-
#%2 (25$2.’(&.1,8, ,($&#"’ 500 ℃ &/’.1’+ 0+6",#(4 .’#(2(. D2.1’ 5’(2.*’%’
&".&$1+?(#+ # $,09<21*25 (25$2.’(&.9 * 0.2521* 09/2.="*. @.* (25$2.’(&-
.2 600 ℃ &/’.1’+ 0+6",#(4 5’(2.*’%’ .’01’ 69 L=/#52. @.,:1,#(192 #0,7#(0’
5’(2.*’%’ $’/’?( # &02%*:21*25 (25$2.’(&.9, ’ $%’#(*:1,#(4 &02%*:*0’2(#+.
E26&%4(’(9 A"#$2.*521(’ #,0$’/’?( # $,/,-195* *##%2/,0’1*+5*, ,#02;2119-
5* 0 ,(2:2#(021193 * 6’.&-2=193 1’&:193 *#(,:1*"’3 [5–8].
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2. "9<E:@:D7=H:F C<=D7@ BC?D9?=@: ><@7C:<E?6 H?9:D7=H?F H?=?-
MGN?F B7C78<D: BC: B7C7>799IJ 9<BCKL79:KJ J#3,/192 /’1192:

1. @2.2/’(,:1,2 :*#%, u=1,86.
2. >’#(,(’ 0.’;21*+ <2#(2.1* n1 = 50 ,-/#2" * ",%2#’ n2 = 27 ,-/#2".
3. R.’;’?;*2 5,521(9 1’ <2#(2.12 M1 = 550 U·5 * ",%2#’ M2 = 967 U·5.
4. E2#&.# .’-,(9 4000 :’#,0 6’ #.," #%&=-9.
5. C2=,#20,7 &8,% ! = 45→.
6. H,AII*)*21( $2.28.&6"* Kn = 1,5.
7. z1 = 21 K ",%*:2#(0, 6&-420 <2#(2.1*, z2 = 39 K ",%*:2#(0, 6&-420 ",%2#’.
2.1. O97CP?-H:97><@:D7=H:F C<=D7@ BC:6?8<
M1 = 550 U·5 – ".&(+;*7 5,521( 1’ 0’%’3 $.*0,/’. n2 = 27 ,-/#2" – :’#(,(’

0.’;21*+ 093,/1,8, 0’%’. 1. S-;*7 H@L /0*8’(2%+: ω!"# = ω
m

$!%&’$ · ω(!)’*.+.,
8/2 ω

m

$!%&’$ K H@L $’.9 $,/<*$1*",0, m K :*#%, $’. $,/<*$1*",0 $.*0,/’
(ωm$!%&’$ = 0, 992); ω(!)’*.+. K H@L ",1*:2#",7 $2.2/’:* (ω(!)’*. +. = 0,97). ω!"# =
0, 992 · 0, 97 = 0, 95.

1. S-;*7 H@L /0*8’(2%+: ω!"# = ω
m

$!%&’$ · ω(!)’*.+., 8/2 ω
m

$!%&’$ K H@L $’.9
$,/<*$1*",0, m K :*#%, $’. $,/<*$1*",0 $.*0,/’ (ωm$!%&’$ = 0, 992); ω(!)’*.+.
K H@L ",1*:2#",7 $2.2/’:* (ω(!)’*.+. = 0,97). ω!"# = 0,992·0,97 = 0,95.

2. @2.2/’(,:1,2 :*#%, 523’1*65’ U1↑k = z2/z1, U1↑k = 39/21 = 1,86. H.&(+-
;*7 5,521( 1’ 093,/1,5 0’%& .’021: M2 = M1 · u1↑k · ω!"# ·M2 = 550·1,85·0,95
= 967 U·5.

3. >’#(,(’ 0.’;21*+ 0’%’ A%2"(.,/0*8’(2%+ .’01’ n1 = n2 ·U1↑k. n1 = 27·1,86
= 50 ,-/#2".

4. C,;1,#(4 1’ 093,/1,5 0’%& N,-. = 2 · ε · n2 ·M2. N,-. = 2·3,14·27·967 =
164 "R(.

5. X.2-&25’+ (.’#:2(1’+) 5,;1,#(4 A%2"(.,/0*8’(2%+ N1 = N,-./ω!"#. N1

=164/0,95 = 172,6 "R(. @, &#%,0*+5 .’#:2(’ 5,=1, 09-.’(4 /0*8’(2%4
MJN355SMA2 250 "R( 3000 ,-/5*1, MJE355S2 250 "R( 2980 ,-/5*1, A%2"(.,-
/0*8’(2%4 1’ 300 "R(.

2.2. )C?7H@:C?6?D9IF C<=D7@ 9< H?9@<H@9GQ 6I9?=E:6?=@A
1. C’(2.*’%9 * #$,#,-9 (2.5,,-.’-,("* 6&-:’(93 ",%2#. C’(2.*’% <2#(2.1*

#(’%4 40O, ",%2#’ – #(’%4 40O; N$,#,- (2.5*:2#",7 ,-.’-,("*: <2#(2.1* – ,-G-
251’+ 6’"’%"’; (02./,#(4 $,02.31,#(27 6&-420 40HRC - 372 HB - 392 HV; ",%2#’
K 6’"’%"’ $.* 1’8.202 XR>, 6’"’%21197 #%,7 $,0(,.+2( ,:2.(’1*+ 0$’/*19 43
HRC - 410HB – 424HV;

2. H,AII*)*21( <*.*19 6&-:’(,8, 021)’ Kbe = 1,2/(u + 0,6) = 1,2/(1,86 +
0,6) = 0,49. X’" "’" Kbe > 0,3, $.*1*5’25 Kbe = 0,3.

3. H,AII*)*21(, &:*(90’?;*7 12.’01,52.1,#(4 .’#$.2/2%21*+ 1’8.&6"* $,
/%*12 ",1(’"(193 %*1*7, KHω = 1,25.

4. @.2/0’.*(2%41,2 61’:21*2 ",AII*)*21(’ K
↓
Hε

, &:*(90’?;28, /*1’5*:2-
#"&? 1’8.&6"&, ,$.2/2%+2(#+ $, I,.5&%2: K ↓

Hε
= 0,97 + 0,00014·n1 = 0,97 +

0,00014·3000 = 1,39.
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5. H,AII*)*21(9 6’$’#’ $.,:1,#(*: /%+ <2#(2.1* $.* ,-G251,7 6’"’%"2 *
",%2#’ # $,02.31,#(195 &$.,:121*25 6&-420 $.*1*5’25 SH1 = 1,1 * SH2 = 1,2.

6. @.2/2% ",1(’"(1,7 091,#%*0,#(* ϑH lim b, C@’: /%+ 6’"’%211,7 <2#(2.1*
ϑH lim b1 = 17·HHRC + 200 = 17·40 + 200 = 880 C@’; /%+ ",%2#’: ϑH lim b2 =
17·HHRC + 200 = 17·43 + 200 = 931 C@’.

7. N&55’.1,2 :*#%, )*"%,0 $2.25219 1’$.+=21*7 NK $.* $,#(,+11,7 1’-
8.&6"2 ,$.2/2%+2(#+ #%2/&?;*5 ,-.’6,5: NK = 60 · c · n · t, 8/2 c – :*#%, 6&--
:’(93 ",%2#, #)2$%+?;*3#+ # .’##:*(90’2595 6&-:’(95 ",%2#,5, n – :’#(,(’
0.’;21*+, .’##:*(90’25,8, 6&-:’(,8, ",%2#’, ,-/5*1, t – #.," #%&=-9 $2.2-
/’:*, 0 :’#’3. NK2 = 60 · c · n2 · t = 60 · 1 · 1621 · 4000 = 333000000 = 38, 9 · 107
)*"%,0. NK1 = 60 · c · n1 · t = 60 · 1 · 3000 · 4000 = 72 · 107 )*"%,0.

8. Q’6,092 :*#%’ )*"%,0 1’$.+=21*7, #,,(02(#(0&?;*2 $.2/2%& 091,#%*0,-
#(*, ,$.2/2%+?(#+ $, I,.5&%’5 [9, c. 8–10]:

NH lim 1 = 30 ·H2,4
HB1 = 30 · 3722,4 = 4, 43 · 107 )*"%,0.

NH lim 2 = 30 ·H2,4
HB2 = 30 · 4102,4 = 55, 95 · 106 )*"%,0.

9. X’" "’" NK1 > NH lim 1 ,$.2/2%+25 ",AII*)*21( /,%8,02:1,#(* ZN1:
ZN1 = 20

√
NH lim 1
NK1

= 20

√
4,43·107
72·107 = 0, 86.

@.* NK2 < NH lim 2 ",AII*)*21( /,%8,02:1,#(* 1’3,/*(#+ #%2/&?;*5 ,-.’-
6,5:

ZN2 = 6

√
NH lim 2
NK2

= 6

√
55,95·107
38,9·107 = 1, 06.

10. J#$,%46&+ $,%&:21192 /’1192, 1’7/25 /,$&#"’2592 ",1(’"(192 1’$.+-
=21*+ ϑHP , C@’:

ϑHP1 = ϑH lim b1
SH1

· ZN1 · 0, 9 = 880
1,1 · 0, 86 · 0, 9 = 619;

ϑHP2 = ϑH lim b2
SH2

· ZN2 · 0, 9 = 931
1,2 · 1, 06 · 0, 9 = 740.

R "’:2#(02 /,$&#"’25,8, 1’$.+=21*+ 0 $.,2"(1,5 .’#:2(2 $.*1*5’?( 1’*-
5214<22, (.2. ϑHP = ϑHP1 = 619 C@’.

11. @,%&:21192 /’1192 $,/#(’0*5 0 I,.5&%& $, ,$.2/2%21*? 1’:’%41,8,
/*’52(.’:

dϖe1 → 770
1↑0,5·Kbe

· 3

√
M1·KHω ·K→

Hε

0,85·Kbe·ϑ2
HP

= 770
1↑0,5·0,3 · 3

√
550·1,25·1,39
0,85·0,3·6192 = 128 55.

2.3. !<=D7@ P7?>7@C:D7=H:J C<M>7C?6 87@<E7F H?9:D7=H?F B7C78<D:
1. H,%*:2#(0, 6&-420 <2#(2.1* z1 = 21. >*#%, 6&-420 ",%2#’ z2 = 39.
2. R12<1*7 ,".&=1,7 5,/&%4 $, YSNX 9563-80 me = 6 55.
3. X,8/’ &(,:1211,2 61’:21*2 012<128, /2%*(2%41,8, /*’52(.’ <2#(2.1*: de1

= me · z1 = 6·21 = 128 55. X,8/’ 012<1*7 /2%*(2%4197 /*’52(. ",%2#’ [10,
c. 182]: de2 = me · z2 = 6·39 = 234 55.

4. R12<122 ",1&#1,2 .’##(,+1*2
Re = 0, 5 ·me

√
z
2
1 + z

2
2 = 0, 5 · 6 · 44, 3 = 133 55, 8/2

ϖ1 = arcctg(u) = 28, 393°. ϖ2 = 45↑ ϖ1 = 45↑ 28, 393 = 16, 607°.
5. B*.*1’ 6&-:’(,8, 021)’ bϖ = Re ·Kbe = 133 · 0, 3 = 39,9 55.
6. N.2/122 ",1&#1,2 .’##(,+1*2 Rm = Re↑0, 5 · bϖ = 133↑0, 5 ·39, 9 = 113 55.
7. N.2/1*7 ,".&=1,7 5,/&%4 mm = me ·Rm/Re = 6 · 113/133 = 5 55.
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8. N.2/1*2 /2%*(2%4192 /*’52(.9: dm1 = mm · z1 = 5 · 21 = 105 55, dm2 =
mm · z2 = 5 · 39 = 195 55.

9. S$.2/2%*5 ,".&=1&? #",.,#(4 6&-:’(93 ",%2#, 5/#: ϱm = (ε · dm1 ·
n1)/1000 = (3, 14 · 105 · 50)/1000 = 16,5 5/#. @, ,".&=1,7 #",.,#(* ",%2# 1’61’-
:’25 6-? #(2$214 (,:1,#(* 6&-:’(93 ",%2# [11, c. 39].

10. R12<1*7 (,.),097 5,/&%4: mte = de1/z1 = 128/21 = 6 55.
11. R12<1++ 09#,(’ 6&-’: he = 2mte(cos ς+0, 1) = 2 · 6 · (0, 8+ 0, 1) = 10,8 55,

8/2 #.2/1*7 &8,% 1’"%,1’ 6&-’ ςn = 30..40°.
12. H,AII*)*21( .’/*’%41,8, #52;21*+ # &:2(,5 $2.2/’(,:1,8, :*#%’ *

:*#%’ 6&-420 <2#(2.1* x1 = 0,22.
R12<1++ 09#,(’ 8,%,0"* 6&-’: hae1 = mte cos ς · (1+ x1) = 6 · 0, 8 · (1+ 0, 22) =

5,8655; hae2 = 2mte cos ς ↑ hae1 = 3,74 55.
13. R12<1++ 09#,(’ 1,="* 6&-’: hfe1 = he ↑ hae1 = 10,8 - 5,86 = 4,94 55;

hfe1 = he ↑ hae2 = 10,8 - 3,74 = 7,06 55.
2.4. )C?67C?D9IF C<=D7@ 9< H?9@<H@9GQ 6I9?=E:6?=@A <H@:69IJ

B?67CJ9?=@7F MGNA76
*BC787E79:7 C<=D7@9?P? H?9@<H@9?P? 9<BCKL79:K
1. H,AII*)*21( Zϱ, &:*(90’?;*7 #&55’.1&? /%*1& ",1(’"(193 %*1*7:
Zϱ =

√
1

0,95·[1,88↑3,2·( 1
z1

+ 1
z2

)]
=

√
1

0,95·[1,88↑3,2·( 1
21+

1
39 )]

= 0,8,
2. H,AII*)*21( ZH , &:*(90’?;*7 I,.5& #,$.+=21193 $,02.31,#(27 6&-420

0 $,%?#2 6’)2$%21*+, # &:2(,5 (,8,, :(, ",%2#’ *68,(,0%219 -26 #52;21*+,
$.*1*5’25 ZH = 1,76.

3. F/2%41’+ ,".&=1’+ /*1’5*:2#"’+ #*%’ φHε , φHε = ϖH · g0 · ϱm
√

dm1+dm2
2·u =

0, 04 · 4, 2 · 16, 5 ·
√

105+195
2·1,86 = 24,9, 8/2 ϖH = 0,04 – ",AII*)*21(, &:*(90’?;*7

0%*+1*2 6&-:’(,7 $2.2/’:* * 5,/*I*"’)** $.,I*%+ 8,%,0," 6&-420; g0 = 4,2
– ",AII*)*21(, &:*(90’?;*7 0%*+1*2 .’61,#(* <’8,0 6’)2$%21*+ 6&-420 <2-
#(2.1* * ",%2#’.

H,AII*)*21( KHε , &:*(90’?;*7 /*1’5*:2#"&? 1’8.&6"& 0 6’)2$%21**:
KHε = 1 + ϖHε ·bϑ ·dm1

2000·M1·KHω

= 1 + 24,9·39,9·105
2000·550·1,25 = 1,075.

4. F/2%41’+ .’#:2(1’+ 1’8.&6"’ φHt:
φHt =

2000·M1·KHω ·KHε

bϑ ·(1↑0,5Kbe)·dϑe1·cos ς1 = 2000·550·1,25·1,075
39,9·(1↑0,5·0,3)·128·cos28,393↑ = 387 C@’.

ZE– ",AII*)*21(, &:*(90’?;*7 523’1*:2#"*2 #0,7#(0’ 5’(2.*’%,0 #,$.+-
=21193 6&-:’(93 ",%2# /%+ #(’%*, .’021 190.

H,1(’"(1,2 1’$.+=21*2 0 $,%?#2 6’)2$%21*+ ϑH (C@’):
ϑH = ZHZEZϱ

√
ϖHt sin!

0,85(1↑0,5Kbe)dϑe1 sin ς2
= 1, 76 · 190 · 0, 8

√
387·sin 45↑

0,85(1↑0,5·0,3)·128·sin 16,607↑ =
665.

/?BG=H<7>I7 H?9@<H@9I7 9<BCKL79:K 6 BC?67C?D9?> C<=D7@7
1. H,AII*)*21(, &:*(90’?;*7 0%*+1*2 *#3,/1,7 <2.,3,0’(,#(* #,$.+=21-

193 $,02.31,#(27 6&-420 ZR = 0,9.
2. H,AII*)*21( Zε , &:*(90’?;*7 ,".&=1&? #",.,#(4, $.* H > 350 HV
Zε1 = Zε2 = 0, 925 · ϱ0,05 = 0, 925 · 16, 50,05 = 1,07.
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3. H,AII*)*21( ZL, &:*(90’?;*7 0%*+1*2 #5’6"*, $.* ,(#&(#(0** A"#$2.*-
521(’%4193 /’1193 $.*1*5’25 ZL = 1.

4. H,AII*)*21( ZX , &:*(90’?;*7 .’652. 6&-:’(,8, ",%2#’: (’" "’" d1 <
700 * d2 < 700, (, ZX1 = 1 * ZX2 = 1.

5. X,8/’ /,$&#"’2592 ",1(’"(192 1’$.+=21*+, C@’ [13, c. 150]:
ϑHP1 =

ϑH lim 1ZN1
SH1

ZRZε1ZLZX1 =
880·0,86

1,1 0, 9 · 1, 07 · 1 · 1 = 662,55 C@’,
ϑHP2 =

ϑH lim 2ZN2
SH2

ZRZε2ZLZX2 =
931·1,06

1,2 0, 9 · 1, 07 · 1 · 1 = 792 C@’.
6. R "’:2#(02 /,$&#"’25,8, ",1(’"(1,8, 1’$.+=21*+ $2.2/’:*, ",(,.,2 #,$,-

#(’0%+?( # .’#:2(195, $.*1*5’?( 1’*5214<22: ϑHP = ϑHPmin = ϑHP1 = 662,55
C@’.

)C?67C?D9IF C<=D7@ 9< H?9@<H@9GQ 6I9?=E:6?=@A BC: 87F=@6::
><H=:><EA9?F 9<PCGMH:

1. L27#(0*(2%41,2 1’$.+=21*2 ϑHmax:
ϑHmax = ϑH

√
K$/0 = 665

↓
1, 5 = 815 C@’.

2. L,$&#"’25,2 ",1(’"(1,2 1’$.+=21*2 $.* 5’"#*5’%41,7 1’8.&6"2, 12 0969-
0’?;22 ,#(’(,:193 /2I,.5’)*7 *%* 3.&$",8, .’6.&<21*+ $,02.31,#(1,8, #%,+
ϑHPmax, 6’0*#*( ,( #$,#,-’ 3*5*",-(2.5*:2#",7 ,-.’-,("* 6&-:’(,8, ",%2#’ *
,( 3’.’"(2.’ *652121*+ (02./,#(* $, 8%&-*12 6&-’. L%+ 6&-420, $,/02.81&(93
)2521(’)** *%* $,02.31,#(1,7 6’"’%"2, $.*1*5’?( [9, c. 18–28]:

ϑHPmax = 2, 8 · ϑT , 8/2 ϑT K $.2/2% (2"&:2#(* 5’(2.*’%’; (,8/’ ϑHPmax1 =
2, 8 · 746 = 2089 C@’, ϑHPmax2 = 44 ·HHRC2 = 44 · 43 = 1892 C@’.

3. @.,02."’ &#%,0*+ $.,:1,#(*:
ϑHmax ↔ ϑHPmax1 ↗ 815 ↔ 2089, C@’ – &#%,0*2 09$,%121,;
ϑHmax ↔ ϑHPmax2 ↗ 815 ↔ 1892, C@’ – &#%,0*2 09$,%121,.
2.5. !<=D7@ MGNA76 9< 6I9?=E:6?=@A BC: :MP:N7
1. φFε – &/2%41’+ ,".&=1’+ /*1’5*:2#"’+ #*%’ 1’3,/*(#+ $, I,.5&%2:
φFε = 0, 16 · g0 · ϱm ·

√
dm1+dm2

2u = 0, 16 · 4, 2 · 16, 5 ·
√

105+195
2·1,86 = 97.

2. KFε – ",AII*)*21(, &:*(90’?;*7 /*1’5*:2#"&? 1’8.&6"& 0 6’)2$%21**:
KFε = 1 + ϖFε ·bϑ ·dm1

2000·M1·KFω

= 1 + 97·39,9·105
2000·550·1,4 = 1,26,

KFω = 1,4 – ",AII*)*21(, &:*(90’?;*7 12.’01,52.1,#(4 .’#$.2/2%21*+
1’8.&6"* $, /%*12 ",1(’"(193 %*1*7.

3. F/2%41’+ .’#:2(1’+ ,".&=1’+ #*%’
φFt =

2000·M1
bϑ ·(1↑0,5·Kbe)·dϑe1

·KFω ·KFε = 2000·550
39,9·(1↑0,5·0,3)·128 · 1, 4 · 1, 26 = 450,5.

YFS = 3,71 – ",AII*)*21(, &:*(90’?;*7 I,.5& 6&-’ * ",1)21(.’)*? 1’-
$.+=21*7.

4. E’#:2(1,2 52#(1,2 1’$.+=21*2 $.* *68*-2 [12, c. 291]:
ϑF = YFS · cos ϖ1 · ϖFt

0,85·(1↑0,5·Kbe)·me

= 3, 71 · 0, 88 · 450,5
0,852·6 = 340,2 C@’.

/?BG=H<7>I7 9<BCKL79:K 6 BC?67C?D9?> C<=D7@7 9< :MP:N
1. L%+ 6’"’%211,7 <2#(2.1* *6 #(’%* 5’."* 40O SF1 = 1,7, /%+ ",%2#’ 6’"’-

%211,8, $.* 1’8.202 0 XR> *6 #(’%* 5’."* 40O SF2 = 1,7.
2. NF lim – -’6,0,2 :*#%, )*"%,0 $2.2521193 1’$.+=21*7, NF lim = 4 · 106

)*"%,0;
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N&55’.1,2 :*#%, )*"%,0 $2.2521193 1’$.+=21*7 NK1 = 72 · 107, NK2 =
38, 9 · 107

X’" "’" NK1 > NF lim = 4 · 106 * NK2 > NF lim = 4 · 106, (, YN1 = YN2 = 1.
3. H,AII*)*21( Yς, &:*(90’?;*7 8.’/*21( 1’$.+=21*+ * :&0#(0*(2%41,#(4

5’(2.*’%’ " ",1)21(.’)** 1’$.+=21*7, 1’3,/*(#+ 0 6’0*#*5,#(* ,( 61’:21*+
5,/&%+ me

Yς = 1, 082↑ 0, 172 · lgme = 1, 082↑ 0, 172 · lg 6 = 0,948.
4. H,AII*)*21( YR, &:*(90’?;*7 <2.,3,0’(,#(4 $2.23,/1,7 $,02.31,#(*

09-*.’25 0 6’0*#*5,#(* ,( 0*/’ ,-.’-,("*
/%+ <2#(2.1* YR1 = 1,05, /%+ ",%2#’ YR2 = 1,05.
5. H,AII*)*21( YX , &:*(90’?;*7 .’652. 6&-:’(,8, ",%2#’:
YX1 = 1, 05↑ 0, 000125 · de1 = 1, 05↑ 0, 000125 · 128 = 1,034,
YX2 = 1, 05↑ 0, 000125 · de2 = 1, 05↑ 0, 000125 · 234 = 1,02.
6. @.2/2% 091,#%*0,#(* $.* ,(1&%20,5 )*"%2 *68*-’ ϑ

→
F lim b

, 09-*.’2(#+ 0
6’0*#*5,#(* ,( #$,#,-’ (2.5*:2#",7 *%* 3*5*",-(2.5*:2#",7 ,-.’-,("*

/%+ 6’"’%211,7 <2#(2.1* *6 #(’%* 40O ϑ
→
F lim b1 = 400 C@’,

/%+ ",%2#’ 6’"’%211,8, # 1’8.20,5 XR> *6 #(’%* 40O = 464 C@’.
7. H,AII*)*21( &:*(90’?;*7 (231,%,8*? *68,(,0%21*+ $.*1*5’?( YT1 =

YT2 = 1
8. H,AII*)*21( YZ , &:*(90’?;*7 #$,#,- $,%&:21*+ 6’8,(,0"* 6&-:’(,8,

",%2#’: /%+ $,",0"* YZ1 = 1 * YZ2 = 1.
9. H,AII*)*21(, &:*(90’?;*7 0%*+1*2 <%*I,0’1*+ $2.23,/1,7 $,02.31,-

#(* 6&-’, Yg1 = 1, Yg2 = 1.
10. H,AII*)*21(, &:*(90’?;*7 0%*+1*2 /2I,.5’)*,11,8, &$.,:121*+ *%*

A%2"(.,3*5*:2#",7 ,-.’-,("* $2.23,/1,7 ".*0,7, Yd1 = Yd2 = 1,1.
11. H,AII*)*21(, &:*(90’?;*7 0%*+1*2 /0&#(,.,1128, $.*%,=21*+ 1’8.&6-

"*, YA = 1, (’" "’" $.,*#3,/*( ,/1,#(,.,1122 $.*%,=21*2 1’8.&6"*.
12. @.2/2% 091,#%*0,#(* $.* ,(1&%20,5 )*"%2 *68*-’:
ϑF lim b1 = ϑ

→
F lim b1 · YT · YZ · Yg · Yd · YA = 400 · 1 · 1 · 1, 1 · 1 · 1 = 440 C@’,

ϑF lim b2 = ϑ
→
F lim b2 · YT · YZ · Yg · Yd · YA = 464 · 1 · 1 · 1, 1 · 1 · 1 = 510,4 C@’.

13. L,$&#"’2592 1’$.+=21*+ ϑFP ,$.2/2%+?(#+ $, I,.5&%2:
ϑFP1 =

ϑF lim b1
SF1

YN1YςYR1YX1 =
440
1,7 · 1 · 0, 948 · 1, 05 · 1, 034 = 266,4 C@’,

ϑFP2 =
ϑF lim b2
SF2

YN2YςYR2YX2 =
510,4
1,7 · 1 · 0, 948 · 1, 05 · 1, 02 = 304,8 C@’.

!<=D7@ 9< BC?D9?=@A BC: :MP:N7 ><H=:><EA9?F 9<PCGMH?F
1. E’#:2(1,2 52#(1,2 1’$.+=21*2 ϑFmax, ,$.2/2%+?( $, I,.5&%2:
ϑFmax1 = ϑF1 ·K$/0 = 340, 2 · 1, 5 = 510 C@’, ϑFmax2 = ϑF2 ·K$/0 = 340, 2 · 1, 5

= 510 C@’.
2. SFSt = 1,7 – ",AII*)*21( 6’$’#’ $.,:1,#(*;
YX – ",AII*)*21(, &:*(90’?;*7 .’652. 6&-:’(,8, ",%2#’, ,$.2/2%+2(#+ $,

I,.5&%2: YX1 = 1, 0125 · YX2 = 1,034, ",AII*)*21( YRSt = 1 * ,(1,<21*2 YϖSt

YϖStT

= 1.
ϑ
→
FSt

– -’6,0,2 61’:21*2 $.2/2%41,8, 1’$.+=21*+ 6&-420 $.* *68*-2 5’"#*-
5’%41,7 1’8.&6",7:
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ϑ
→
FSt1 = 1800 C@’, ϑ→

FSt2 = 1620 C@’.
YgSt – ",AII*)*21(, &:*(90’?;*7 0%*+1*2 <%*I,0’1*+ $2.23,/1,7 $,02.3-

1,#(* 6&-’ = 1,05, YgSt2 = 0,95;
YdSt1 = 1, YdSt2 = 1 - ",AII*)*21(, &:*(90’?;*7 0%*+1*2 /2I,.5’)*,11,8,

&$.,:121*+.
3. L,$&#"’25,2 1’$.+=21*2 ϑFPmax ,$.2/2%+?( .’6/2%41, /%+ 6&-:’(93 ",-

%2# (<2#(2.1* * ",%2#’) $, I,.5&%2. X,8/’:
ϑFSt1 = ϑ

→
FSt1 · YgSt1 · YdSt1 = 1800 · 1, 05 · 1 = 1890 C@’,

ϑFSt2 = ϑ
→
FSt2 · YgSt2 · YdSt2 = 1620 · 0, 95 · 1 = 1539 C@’.

4. C’"#*5’%41,2 52#(1,2 1’$.+=21*2 $.* *68*-2 [14]:
ϑFPmax1 =

ϑFSt1
SFSt

· YRSt · YX1 · YϖSt

YϖStT

= 1890
1,7 · 1 · 1, 0125 · 1 = 1125,7 C@’,

ϑFPmax2 =
ϑFSt2
SFSt

· YRSt · YX2 · YϖSt

YϖStT

= 1620
1,7 · 1 · 1, 0125 · 1 = 964,85 C@’.

@.,02."’ &#%,0*+ $.,:1,#(*:
ϑFmax1 ↔ ϑFPmax1 ↗ 510 ↔ 1125, 7, C@’ – &#%,0*2 09$,%121,;
ϑFmax2 ↔ ϑFPmax2 ↗ 510 ↔ 964, 85, C@’ – &#%,0*2 09$,%121,.

3. ,?>BAQ@7C9?7 >?87E:C?6<9:7 H?9:D7=H?F H?=?MGN?F B7C78<D:
BC: B7C7>799IJ 9<BCKL79:KJ J#$,%46&+ 0,65,=1,#(* $’"2(’ H,5$’# 3D,
-9%* $,%&:219 (02./,(2%4192 5,/2%* /2(’%27 ",1*:2#",8, ",#,6&-,8, .2/&"-
(,.’ (.*#. 2).

E*#. 2. X02./,(2%4192 5,/2%* ",1*:2#",8, .2/&"(,.’

Q,%4<*1#(0, ’0’.*7193 .’6.&<21*7 /2(’%27 5’<*1 * *6/2%*7 #0+6’19 #
&#(’%,#(195 .’6.&<21*25 *%* 3.&$"*5 .’6.&<21*25 $, $.*:*12 1’%*:*+ &#(’-
%,#(1,7 (.2;*19. @,A(,5& -9% $.,02/21 #.’01*(2%4197 ’1’%*6 $.,:1,#(193
3’.’"(2.*#(*" ",1*:2#",7 ",#,6&-,7 $2.2/’:* # 1’%*:*25 (.2;*19 * -26 (.2-
;*19 *6 1*6",%28*.,0’11,7 #(’%* 40O c U -,-.’6195 ",1)21(.’(,.,5 $.* $2.2-
521193 0, 0.2521* 1’8.&6"’3. F.’0121*2 @A.*#’ /%+ #(’%* 40O c U-,-.’6195
",1)21(.’(,.,5 1’$.+=21*7 -9%, *#$,%46,0’1, 0 0*/2 dl/dN = 10↑9↘K3,1, 8/2
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N - ",%*:2#(0, (.2;*1 /, .’6.&<21*+ /2(’%*, ↘K – ",AII*)*21( *1(21#*0-
1,#(* 1’$.+=21*+ & &#(4+ (.2;*19, dl - /%*1’ 6,19 &#(’%,#(1,8, .’60*(*+
(.2;*19.

U’ .*#&1"2 3 $.*02/21 #".*1<,( .26&%4(’(’ .’#:2(’ 5’"#*5’%41,8, 8%’01,8,
1’$.+=21*+ (Maximum principal stress) /%+ 5,/2%* 02/&;28, ",%2#’ -26 (.2;*-
19 * 1’ .*#&1"2 4 - # (.2;*1,7. U’8.&=21*2 5,/2%* 1’:*1’%,#4 # ".&(+;28,
5,521(’ 550 U·5 * "’=/&? #2"&1/& &02%*:*0’%,#4 1’ 750 U·5.

E*#. 3. E’#:2( 8%’0193 1’$.+=21*7 0 5,/2%* ",1*:2#",8, ",%2#’ -26 (.2;*19

E*#. 4. E’#:2( 8%’0193 1’$.+=21*7 0 5,/2%* ",1*:2#",8, ",%2#’ # (.2;*1,7

M1’%*6*.&+ .26&%4(’(9 5,/2%*.,0’1*+ &#(’%,#(1,8, .’6.&<21*+ (.*#. 5),
#/2%’25 090,/, :(, 52%4:’7<*2 5*".,(.2;*19 $,#(2$211, ,#%’-%+?( 5’(2-
.*’% 0, 0.25+ .’-,(9 $.* $2.2521193 1’8.&6"’3. N&/+ $, 61’:21*+5 5’"#*-
5’%41,8, 8%’01,8, 1’$.+=21*+ * $,%1,7 /2I,.5’)**, $,#(2$211,2 .’6.&<21*2
$.* 12-,%4<*3 61’:21*+3 1’$.+=21*7 $.,*#3,/*( ,:214 52/%211,, 1, #",.,#(4
.,#(’ (.2;*19 $.,8.2##*01, 0,6.’#(’2(, ’ $2.2/ #’5*5 .’6.&<21*25 $.,)2##
.’60*0’2(#+ 61’:*(2%41, -9#(.22.
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E’##5,(.*5 $,/.,-122 .*#&1," 3 * 4. N,8%’#1, (2,.** &$.&8,#(*, &$.&8’+
/2I,.5’)*+ - &/%*121*2 * #/0*8* A%2521(,0 5’(2.*’%’, ",(,.92 *#:26’?( $,-
#%2 .’68.&6"*. @.* -,%4<*3 61’:21*+3 ".&(+;28, 5,521(’ *6521+2(#+ #0+64
52=/& ’(,5’5* 0 ".*#(’%%*:2#"*3 62.1’3 $, $%,#",#(+5 #",%4=21*+. U,092
,-.’6,0’1*+ 0 5’(2.*’%2 #(’1,0+(#+ 1’*-,%22 $.,:195*, /%+ .’6.&<21*+ ",-
(,.93 (.2-&2(#+ -,%4<’+ 1’8.&6"’. U’ 5,/2%* # (.2;*1,7 (.*#. 4) 0 52#(’3 22
.,#(’ 1’$.+=21*+ .26", 0,6.’#(’?( # &02%*:21*25 1’8.&6"*. @.* #.’0121**
61’:21*7 5’"#*5’%41,8, 8%’01,8, 1’$.+=21*+ /%+ 5,/2%27 # (.2;*1,7 * -26
(.2;*19 $.* 12-,%4<*3 1’8.&6"’3 #/2%’25 090,/, :(, 6’52(193 *652121*7 0
#(.&"(&.2 5’(2.*’%’ 12 $.,*#3,/*(. C’"#*5’%41,2, 5*1*5’%41,2, #.2/122 61’-
:21*+ 8%’0193 1’$.+=21*7 0 5’(2.*’%2 5,/2%* -26 (.2;*19 /’=2 -,%4<2 $.*
".&(+;25 5,521(2 /, 3500 U·5, :25 0 5’(2.*’%2 # (.2;*1,7, (’" "’" ",1)21-
(.’(,.,5 1’$.+=21*+ +0%+25#+ 12-,%4<’+ $%,;’/"’ & 1,="* 6&-’. U, $.*
61’:21** ".&(+;28, 5,521(’ 4250 U·5 1’ 5-,7 #2"&1/2 1’8.&=21*+ #*(&’)*+
521+2(#+. C*1*5’%4192 * #.2/1*2 61’:21*+ Maximum principal stress 0 5’(2-
.*’%2 ",%2#’ # (.2;*1,7 61’:*(2%41, -,%4<2, :25 -26 (.2;*19. J .’61*)’ 0
/’1193 61’:21*+3 $.,8.2##*01, &02%*:*0’2(#+.

E*#. 5. E’#:2( 5’"#*5’%4193 8%’0193 1’$.+=21*7 0 5,/2%* ",%2#’ #
&#(’%,#(195 .’6.&<21*25

N.’01*0’+ .26&%4(’(9 .’#:2(’ 61’:21*7 8%’0193 1’$.+=21*7 /%+ 5,/2%*
",1*:2#",8, ",%2#’ -26 09".’<*0’1*+ $,02.31,#(* ",%2#’ * /%+ /2I2"(1,7
<2#(2.1* (.*#. 6, .*#. 7), $.*/25 " 090,/&, :(, ".&(+;*7 5,521( /%+ /,#(*=2-
1*+ $.2/2%’ $.,:1,#(* $,:(* 1’ 50% 09<2. L%+ -26/2I2"(1,8, ",%2#’ /’11,2
#,#(,+1*2 /,#(*81&(, $.* 61’:21** ".&(+;28, 5,521(’ 5516,7 U·5, ’ # 09".’-
<*0’1*25 $,02.31,#(* - 3861,1 U·5.

U’ .*#&1"2 8 0*/1,, :(, 5’"#*5’%4192 1’$.+=21*+ $, C*62#& $.* ".&(+;25
5,521(2 3861,1 U·5 %,"’%*6&2(#+ & ,#1,0’1*+ 1,="* 6&-’, 8/2 1’-%?/’2(#+ U -
,-.’6197 ",1)21(.’(,. 1’$.+=21*7.
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E*#. 6. E’#:2( 5’"#*5’%4193 8%’0193 1’$.+=21*7 0 5,/2%* ",%2#’ -26
09".’<*0’1*+ $,02.31,#(* 6&-’

E*#. 7. E’#:2( 5’"#*5’%4193 8%’0193 1’$.+=21*7 0 5,/2%* ",%2#’ #
09".’<*0’1*25 $,02.31,#(* 6&-’

E*#. 8. E’#:2( 1’$.+=21*7 $, C*62#& 1’ $,02.31,#(* ,#1,0’1*+ 1,="* 6&-’
",%2#’
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4. 5I6?8I U’ ,#1,02 .’#:2(,0 52(,/’5* ",5$4?(2.1,8, 5,/2%*.,0’1*+
#%2/&2( ,(52(*(4, :(, 1’ ",1)21(.’)*? 1’$.+=21*7 0 /2(’%+3 ",1*:2#",7 $2-
.2/’:* # (*$*:195* /2I2"(’5* * -26 /2I2"(,0 0%*+2( .’/*&# 6’".&8%21*+ $,-
02.31,#(* 6&-’. L%+ #1*=21*+ #,6/’0’2593 1’$.+=21*7 0 6&-2 /’1197 .’/*&#
#%2/&2( &02%*:*(4. E26&%4(’(9 A"#$2.*521(’%4193 *##%2/,0’1*7 R#2.,##*7-
#",8, 1’&:1,-*##%2/,0’(2%4#",8, *1#(*(&(’ ’0*’)*,1193 5’(2.*’%,0 Y,#&/’.-
#(0211,8, 1’&:1,8, )21(.’ EW $,%1,#(4? #,0$’/’?( # .’#:2(’5*, 09$,%121-
195* ’0(,.’5* #(’(4* # $,5,;4? ",5$4?(2.1,8, 5,/2%*.,0’1*+ &#(’%,#(1,8,
.’6.&<21*+.

M0(,.’5* #(’(4* $,"’6’1’ #0+64 #(.&"(&.9 * I*6*",-523’1*:2#"*3 #0,7#(0
",1#(.&")*,1193 5’(2.*’%,0 $.* A"#$%&’(’)** 0 A"#(.25’%4193 &#%,0*+3 /*-
1’5*:2#"*3 61’",$2.2521193 1’8.&6,". E’##5,(.21*2 A(*3 $.,)2##,0 # &:2(,5
AII2"(’ Q’&<*182.’ $,60,%+2( -,%22 $,%1, $.2/#(’0*(4 A(’$9 ,-.’6,0’1*+
* .,#(’ (.2;*1, *1(2.$.2(*.,0’(4 0*/ $,02.31,#(* .’6.&<21*+ ",1*:2#"*3
6&-’(93 ",%2# .2/&"(,.,0. J(,8* $.,02/211,8, A"#$2.*521(’ #,052#(1, # Q’%-
(*7#"*5 8,#&/’.#(021195 (231*:2#"*5 &1*02.#*(2(,5 PRSTUCTOV *5. L. W.
F#(*1,0’ $, *##%2/,0’1*? 0%*+1*+ (25$2.’(&. ,($&#"’ 1’ &/’.1&? 0+6",#(4
3,.,<, #,8%’#&?(#+ # $,/,-195* *##%2/,0’1*+5*, ,$&-%*",0’1193 0 ,(2:2-
#(021193 * 6’.&-2=193 1’&:193 *#(,:1*"’3.

N,6/’11’+ ’0(,.’5* 0 #*#(25’3 H,5$’# 3D * APM WinMachine ",5$4?(2.-
1’+ 5,/2%4 ",1*:2#",7 ",#,6&-,7 $2.2/’:* ’/2"0’(1, ,$*#90’2( $.,)2##9, $.,-
*#3,/+;*2 0 5’(2.*’%2 /2(’%27 $.* .’6%*:193 &#%,0*+3 1’8.&=21*+ * .’6%*:-
193 #,#(,+1*+3 .’-,:*3 $,02.31,#(27 6&-420 ",%2#. E’##:*(’1192 ’1’%*(*:2-
#"*5* 52(,/’5* 61’:21*+ ",1(’"(193 * *68*-193 1’$.+=21*7 0 5’(2.*’%2
5,/2%* -26/2I2"(1,8, ",%2#’ $.* ".&(+;25 5,521(2 550 U·5 $.*-%*=219 "
61’:21*+5 5’"#*5’%4193 8%’0193 1’$.+=21*7, $,%&:21193 ",5$4?(2.195*
52(,/’5* (.*#. 3). >(, 8,0,.*( , $.’0*%41,#(* $,#(.,21*+ .’#:2(1,7 5,/2%*
",1*:2#",8, ",%2#’ 0 $.,8.’55193 $’"2(’3. N%2/,0’(2%41,, $.2/%,=211’+ ’0-
(,.’5* 52(,/*"’ *##%2/,0’1*+ 1’$.+=211,-/2I,.5*.,0’11,8, #,#(,+1*+ 5’-
(2.*’%,0 /2(’%27 $.* $2.2521193 1’$.+=21*+3 # $.*52121*25 ’1’%*(*:2#"*3
* ",5$4?(2.193 52(,/,0, $,60,%+2( 0 ",.,("*2 #.,"*, -26 6’(.’( /212=193
#.2/#(0 1’ *68,(,0%21*2 A%2521(,0, $.,81,6*.,0’(4 .’-,(,#$,#,-1,#(4 /2(’-
%27 ",1*:2#",8, .2/&"(,.’ # &:2(,5 .’6%*:193 I’"(,.,0. @, /’11,7 52(,/*"2
5,=1, 0*.(&’%41, $,/-*.’(4 1’*-,%22 $,/3,/+;*2 82,52(.*:2#"*2 .’652.9
/2(’%27, #$,#,-9 ,-.’-,("* *3 $,02.31,#(27, $.,*8.90’(4 .’6%*:192 0’.*’1-
(9 1’8.&=21*7 ",%2# # (.2;*1’5* * # /2I2"(’5* ",1(’"(1,7 $,02.31,#(*.

5. ;<HEQD79:7 E26&%4(’(9 ",5$4?(2.1,8, 5,/2%*.,0’1*+ * A"#$2.*521-
(’%4193 *##%2/,0’1*7 $,"’6’%*, :(, /,%8,02:1,#(4 * $.,:1,#(4 ",1*:2#",8,
.2/&"(,.’ 0 .’-,:*3 &#%,0*+3 6’0*#+( ,( &#(’%,#(1,7 $.,:1,#(* 28, #,#(’0193
/2(’%27, (.2. ,( *3 82,52(.*:2#"*3 .’652.,0, #,#(,+1*7 * #$,#,-’ ,-.’-,("*
$,02.31,#(193 #%,20, 09-,.’ 5’(2.*’%’. L%+ $,09<21*+ 12#&;27 #$,#,-1,#(*
* &02%*:21*+ #.,",0 A"#$%&’(’)** 12,-3,/*5, $.,02#(* .+/ 52.,$.*+(*7 /%+



FB3(GAH <B *FI(<I3AJ @I<-(G3@I)I FG?+@AIFB ... 21

$.2,-.’6,0’1*7 I,.5 /2(’%27 /%+ -,%22 .’01,52.1,8, .’#$.2/2%21*+ 01&(.21-
1*3 #*% 0 ",1#(.&")*+3. X’"=2 (.2-&2(#+ (;’(2%41’+ ,-.’-,("’ $,02.31,#(27
/2(’%27, *#$,%46,0’1*2 ’1(*",..,6*71,8, $,".9(*+, #,6/’1*2 ,#(’(,:193 1’-
$.+=21*7 0 /2(’%+3 $&(25 $.2/0’.*(2%41,8, 1’8.&=21*+ 6’ $.2/2% (2"&:2#(*
/%+ $,09<21*+ $.,:1,#(193 #0,7#(0. L%+ 12 0,61*"1,021*+ (.2;*1 (.2-&2(#+
$2.*,/*:2#",7 ,#5,(. #,#(,+1*7 $,02.31,#(27 /2(’%27, 6’521’ *61,#*0<*3#+
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