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Abstract. Photopolymer resins after curing are the subject of research. The materials are widely
used in additive manufacturing of prototypes for casting on burnt model. The negative impact
of thermal expansion of photopolymer resins prototypes made, which leads to defects is noted
by researchers. The aim of the work is to construct a viscoelastic model of the material. The
mathematical description of the materials behavior is aimed at predicting the stress-strain state
of the research object under complex technological conditions. The Maxwell model on the basis of
Prony series, is chosen to describe the material behavior in the first approximation. The author’s
numerical identification procedure is used to describe the material model. The Envisiontec SI500
behavior model construction was performed in the work based on data from experiments in the
temperature range from 0 to 100 °C. The E(T, Ṫ ) dependencies are constructed.
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25676896. !"#$%&’$ #$(&)*)+"" ,"-).) "/0)*1234#/5 6*5 0-)"27)6/#78

98,"&)/#-)"#$*1&’( " 87"8:")&&’( 6$#8*$% 0-" .-30&)/$-"%&)9 " 9$*.)/$-

-"%&)9 0-)"27)6/#7$ [1, 2]. ;8<$/#7) "26$*"5 7) 9&)+)9 287"/"# )# =)-9’, 7 .)-

#)-34 0-)"/()6"# 28*"7.8 -8/0*878, " #$(&)*)+"% $$ 0)*3<$&"5 [3]. >-$9$&&’$

" ?.)&)9"<$/."$ 28#-8#’ &8 0-)"27)6/#7) #7$-6)% )/&8/#." "*" 0-$//-=)-9

57*54#/5 /6$-@"784A"9 =8.#)-)9 6*5 )#-8B)#." #$(&)*)+"<$/.)+) 0-):$/-

/8 0-" "2+)#)7*$&"" )0’#&’( 6$#8*$% [2]. C66"#"7&’$ #$(&)*)+"" 7&$6-54#/5

0-" 0$<8#" 0$/.)9 *"#$%&’( =)-9 [6], *"#1$ 0) 7’0*87*5$9’9 " 7’@"+8$9’9

9)6$*59 [7] " 0-$:"2")&&)9 *"#1$ [8] 6*5 B’/#-)+) /)268&"5 =)-9’ #-$B3$9)+)

.8<$/#78. >&$6-$&"$ 7 *"#$%&’$ #$(&)*)+"<$/."$ 0-):$//’ 9$#)6)7 " /-$6/#7

866"#"7&’( #$(&)*)+"% 57*5$#/5 0$-$6)7’9 &80-87*$&"$9 -827"#"5, &80-87-

*$&&’9 &8 37$*"<$&"$ +"B.)/#" " ?==$.#"7&)/#" #$(&)*)+"<$/."( 0-):$//)7

*"#15 [3, 4]. C #8.@$ /)268&"$ /*)@&’(, 7 #)9 <"/*$ " #)&.)/#$&&’( +$)9$#-"-

<$/."( )BD$.#)7 [5]. E6&"9 "2 &8"B)*$$ 0$-/0$.#"7&’( #$(&)*)+"<$/."( -$,$-

&"% 6*5 B’/#-)+) 0-)#)#"0"-)78&"5 57*5$#/5 0-):$// *"#15 0) 7’@"+8$9’9

9)6$*59. F0-)A$&&85 /($98 #$(&)*)+"<$/.)+) 0-):$//8 0-$6/#87*$&8 &8 -"/.

1.

!"#. 1. $%&’( )&%*+,+-".&#/+-+ 01+2&##( ,")34 0+ 567"-(&’6’ ’+8&,4’

G"2".)-9$(8&"<$/."$, #$(&)*)+"<$/."$, -$8.:")&&’$ " ?./0*38#8:")&&’$

/7)%/#78 =)#)0)*"9$-)7 ).82’784# 7*"5&"$ &8 .8<$/#7) 0)7$-(&)/#" *"#)+)

"26$*"5 &8 I-V ?#808( 7 <8/#" 9)-=)*)+"" " ,$-)()78#)/#". E/&)7&)$ 7*"-

5&"$ #$-9)9$(8&"." 98#$-"8*8 &8 #$(&)*)+"<$/."% 0-):$// &8B*468$#/5 &8

VI ?#80$, .)+68 0-)"/()6"# 7’0*87*$&"$ =)#)0)*"9$-&)% 9)6$*" 6*5 0)*3<$-

&"5 *"#$%&)% =)-9’ "2 +"0/8 "*" 9$*.)6"/0$-/&)+) .78-:8. H//*$6)78#$*59"

)#9$<84#/5 B)*1,"$ 6$=)-98:"" =)#)0)*"9$-&)+) 98#$-"8*8 7 0-):$//$ 7’-

@"+8&"5 [9]. I8&&’% ?==$.# 0-"7)6"# . 0)57*$&"4 9".-)- " 98.-)-#-$A"&

" 7’B-8.)7.$ =)-9’ [10, 11]. J8 0)/*$6&"( ?#808( #$(&)*)+"<$/.)+) 0-):$/-

/8 9)-=)*)+"5 =)#)0)*"9$-&)+) 0-)#)#"08 )/#8#)<&) 7*"5$# &8 .8<$/#7) "2-

6$*"5, 0)*3<$&&)+) 0-" 0)9)A" *"#15. I*5 /&"@$&"5 &$+8#"7&)+) ?==$.#8
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-8//98#-"784#/5 5<$"/#’$ /#-3.#3-’ -82&)% +$)9$#-"" [6, 12], "29$&$&"$ -$-

:$0#3-’ 98#$-"8*)7 [13], "//*$6)78&"5 7*"5&"5 #$(&)*)+"<$/."( -$@"9)7 [3]

" #.6. J) 6*5 -8:")&8*"28:"" #$(&)*)+"<$/."( 0-):$//)7 #-$B3$#/5 0-"9$&$-

&"$ 9$#)6)7 98#$98#"<$/.)+) 9)6$*"-)78&"5 " 0-$6".#"7&)% 8&8*"#".", 7 #)9

<"/*$ 6*5 /)268&"5 <"/*$&&’( 9)6$*$% 0)7$6$&"5 98#$-"8*)7 [14, 15].

!6:;<;6=>89?6@A96 @5<B@C5> D<C<E<F9;6:8<G< ;>C6:9>F>. > 68&-

&)% -8B)#$ -8//9)#-$&8 2868<8, /7528&&85 / )0"/8&"$9 9)6$*" 0)7$6$&"5 =)#)-

0)*"9$-&)+) 98#$-"8*8 &8 )/&)7$ /))#&),$&"% #$-9)752.)30-3+)/#" / "/0)*1-

2)78&"$9 <"/*$&&)% 0-):$63-’ "6$&#"=".8:"", -8&$$ 0)6#7$-6"7,85 /7)4

=3&.:")&8*1&)/#1 0-" )0"/8&"" /982)<&’( " 0)*"9$-&’( 98#$-"8*)7 [16]. >

0$-7)9 0-"B*"@$&"" 7 .8<$/#7$ 98#$-"8*8 "//*$6)78&"5 7’B-8& =)#)0)*"9$-

Envisiontec SI500 (EnvisionTec Inc., Ferndale, Michigan) [15]. K8B)#8 &80-87*$&8

&8 8680#8:"4 8*+)-"#9)7, 8 #8.@$ ):$&.3 7)29)@&)/#" )0"/8&"5 =)#)0)*"-

9$-&’( 98#$-"8*)7 .8. #$*8 L8./7$**8 / "/0)*12)78&"$9 -56)7 Prony. > -89-

.8( "//*$6)78&"5 7’0)*&$&) "9"#8:")&&)$ 9)6$*"-)78&"$ DMA-?./0$-"9$&#8

0-" &8+-$7$ :"*"&6-"<$/."( )B-82:)7 3×7 " 4×9 99 0-" T → [0; 100] °C / -82&)%

/.)-)/#14 &8+-$78 Ṫ → [5; 15] °C/9"& 0-" )6&))/&)9 6$=)-9"-)78&"" )B-82:8

uz = 0, 005l. M./0$-"9$&# 0)27)*5$# )0-$6$*"#1 287"/"9)/#" 9$(8&"<$/."( (8-

-8.#$-"/#". 98#$-"8*)7 )# #$90$-8#3-’ (7-$9$&", <8/#)#’) 0-" 6$%/#7"" &8

)B-82$: )/:"**"-34A$% /"*’. J8 -"/. 2 0-$6/#87*$&’ 287"/"9)/#" ="2".)-

9$(8&"<$/."( /7)%/#7 98#$-"8*8 )# #$90$-8#3-’: 9)63*1 N&+8, 9)63*1 /67"-

+8, .)?==":"$&# O38//)&8. I8&&’$ 0)*3<$&’ )/-$6&$&"$9 -$23*1#8#)7 ?./0$-

-"9$&#8*1&)% 7’B)-.".

!"#. 2. 9(5"#"’+#)3 :";"/+-’&%(*".&#/"% #5+<#)5 :+)+0+,"’&1*+-+ ’()&1"(,(
Envisiontec SI500 +) )&’0&1()=16

2HIA<JE:JG>H ;<76FK E<567689H ;>C6:9>F> 8> <@8<56 :H7<5
Prony. I*5 )0"/8&"5 0)7$6$&"5 98#$-"8*8 "/0)*1234#/5 -56’ Prony 7

/752.$ / 9)6$*14 #$90$-8#3-&)-7-$9$&&)% 8&8*)+"" >"*159/8-!8&6$*8-G$--"
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(WLF), 0)27)*54A"$ )0"/8#1 0)7$6$&"$ 98#$-"8*8 &8 ,"-).)9 6"8082)&$ #$9-

0$-8#3-. P7521 &80-5@$&"5 " 6$=)-98:"" "9$$# 7"6 (1):

ωij(t) =

∫
t

0

2G(t↑ ε)
eij(ε)

dε
dε +

∫
t

0

K(t↑ ε)
ϑij(ε)

dε
dε , (1)

+6$ ωij – .)90)&$&#’ #$&2)-8 &80-5@$&"%; eij – .)90)&$&#’ 6$7"8#)-8 6$=)--

98:"%; G – 9)63*1 /67"+8; K – 9)63*1 )BD$9&)+) /@8#"5; ϑij – .)90)&$&#’

#$&2)-8 )BD$9&’( 6$=)-98:"%. > -89.8( ?./0$-"9$&#8*1&)+) "//*$6)78&"5

)0-$6$*$&8 287"/"9)/#1 9)63*5 N&+8 )# 7-$9$&". I*5 7)29)@&)/#" )0"/8&"5

/7)%/#7 =)#)0)*"9$-&)+) 98#$-"8*8 -5689" Prony, 0-)7$6$9 -56 0-$)B-82)78-

&"%. O-" 0)/#)5&/#7$ 9)63*5 )BD$9&)+) /@8#"5 K 287"/"9)/#1 .)?==":"$&#8

O38//)&8 )# 7-$9$&" B36$# 7’+*56$#1 /*$634A"9 )B-82)9:

ϖ(t) =
3K ↑ E(t)

6K
. (2)

O)*3<"7 287"/"9)/#1 .)?==":"$&#8 O38//)&8 )# 7-$9$&", 0$-$%6$9 . )0"-

/8&"4 9)63*5 /67"+8 )# 7-$9$&":

G(t) =
E(t)

2
(
1↑ ϖ(t)

) . (3)

EBA"% 7"6 9)63*5 /67"+8 7 287"/"9)/#" )# 7-$9$&", 0-" )0"/8&"" -5689"

Prony "9$$# 7"6:

G(t) = G→ +G0

n∑

i=1

ϱie
→t
ωi . (4)

+6$ G→ – /67"+)7)% 9)63*1 7 .)&$<&’% 9)9$&# 7-$9$&"; G0 – /67"+)7)% 9)-

63*1 7 &8<8*1&’% 9)9$&# 7-$9$&"; ϱi – 7$/)7’$ .)?==":"$&#’; ςi – 7-$9$&8

-$*8./8:"".

I*5 )0"/8&"5 7*"5&"5 #$90$-8#3-’ &8 752.)30-3+"$ (8-8.#$-"/#"." 98#$-

-"8*8 "/0)*123$#/5 #$90$-8#3-&)-7-$9$&&85 8&8*)+"5:

AWLF (T ) = 10
C1(T→Tr)
C2+(T→Tr) , (5)

+6$ C1, C2 – ?90"-"<$/."$ 0)/#)5&&’$ 98#$-"8*8; T – #$.3A85 #$90$-8#3-8; Tr

– 0)/#)5&&85 B82)785 #$90$-8#3-8.

P7521 9$@63 7-$9$&$9 " #$90$-8#3-&)-7-$9$&&)% 8&8*)+"$% "/0)*123$#/5

0-" 3<$#$ 7-$9$& -$*8./8:"":

ς↑
i
=

ςi

AWLF (T )
. (6)

>$.#)- &$"27$/#&’( x = {ςi,ϱi, Tr, C1, C2} )0-$6$*5$#/5 &8 )/&)7$ (4) " (5)

/ "/0)*12)78&"$9 9&)+)08-89$#-"<$/.)+) "#$-8:")&&)+) 8*+)-"#98 )0#"9"28-

:"" J$*6$-8-L"68. E/#8&)7.8 "#$-8:")&&)% 0-):$63-’ 287$-,8*8/1 0-" 6)-

/#"@$&"" 0)+-$,&)/#" 9$&$$ 5 %.

J8 -"/. 3 0-$6/#87*$&’ 08-89$#-’ -568 Prony 6*5 Envisiontec SI500 " /7521

9$@63 7$/)7’9" .)?==":"$&#89" " 7-$9$&89" -$*8./8:"".
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8) B)

!"#. 3. >6;/+=01=-(4 ’+8&,3 0+5&8&*"4 Envisiontec SI500 *( +#*+5& 148+5 Prony: ( –
0(1(’)&16 5&/)+1( *&";5&#)*6%; ? – ;(5"#"’+#)3 5&#+56% /+@::"2"&*)+5 +) 51&’&*
1&,(/#(2""

>/$+) 6*5 )0"/8&"5 #$-9)752.)30-3+)+) 0)7$6$&"5 =)#)0)*"9$-&)+) 98#$-

-"8*8 0)#-$B)78*)/1 )0-$6$*"#1 40 08- .)?==":"$&#)7 ϱi ↑ ςi. >52.)30-3+85

9)6$*1 0)7$6$&"5 =)#)0)*"9$-&)+) 98#$-"8*8 0)/#-)$&8 &8 )/&)7$ 3-87&$&"%

98./7$**)7/.)+) #"08. M#8 9)6$*1 .)#)-85 B’*8 7$-"=":"-)78&8 &8 "9"#8:"-

)&&)% 9)6$*" 0)7#)-54A$% DMA-?./0$-"9$&#.

I*5 8&8*"28 )#*"<"% <"/*$&&)+) " &8#3-&)+) ?./0$-"9$&#8 )0-$6$*5$#/5

φ = (Aexp ↑ Anum)/Aexp • 100%, +6$ Aexp – ?./0$-"9$&#8*1&’$ 68&&’$, Anum –

68&&’$ 0)*3<$&&’$ 7 -89.8( 7’<"/*"#$*1&’( 0-):$63-, A – 08-89$#- ="2".)-

9$(8&"<$/."( /7)%/#7 98#$-"8*8 (E, G, ϖ).

J8 -"/. 4 0-$6/#87*$&8 287"/"9)/#1 ="2".)-9$(8&"<$/."( /7)%/#7 =)#)0)-

*"9$-8 )# #$90$-8#3-’ " -8/()@6$&"$ -$23*1#8#)7 6*5 &8#3-&)+) " <"/*$&&)+)

?./0$-"9$&#8.

Q8-8.#$- 287"/"9)/#" ="2".)-9$(8&"<$/."( /7)%/#7 98#$-"8*8 0-" &8#3--

&)9 " <"/*$&&)9 ?./0$-"9$&#8( "9$$# 98*’$ )#*"<"5. K8/()@6$&"$ 68&&’(

&8#3-&)+) " <"/*$&&)+) ?./0$-"9$&#8 0) E " G 6) #$90$-8#3-’ /#$.*)78&"5

35,329 °P, )0-$6$*$&&)% 7 -89.8( 0-):$63-’ "6$&#"=".8:"", 9$&$$ 5 %. O-"

#$90$-8#3-8( 7’,$ #$90$-8#3-’ /#$.*)78&"5 &8B*4684#/5 2&8<"#$*1&’$ )#-

*"<"5 E " G &8#3-&)+) " <"/*$&&)+) ?./0$-"9$&#8 6) 90 %. M#) 9)@$# B’#1

/7528&&) / &$.)--$.#&)/#14 "*" )#/3#/#7"$9 0)*&’( 68&&’( ?./0$-"9$&#8*1-

&’( "//*$6)78&"% 7 )#.-’#’( "/#)<&".8(. K8/()@6$&"$ .)?==":"$&#8 O38/-

/)&8 6)/#"+8$# 20-25 %, 98./"98*1&)$ 8B/)*4#&)$ 2&8<$&"$ 0)+-$,&)/#" /)-

/#87*5$# 0,099. R-$B34#/5 ?./0$-"9$&#8*1&’$ "//*$6)78&"5, &80-87*$&&’$ &8

)0-$6$*$&"$ #$90$-8#3-’ /#$.*)78&"5 98#$-"8*8.

O) -$23*1#8#89 /$-"" <"/*$&&’( ?./0$-"9$&#)7 0)/#-)$&’ 287"/"9)/#"

E(T, Ṫ ) (-"/. 5). E#*"<"5 9)63*$% N&+8, 0)*3<$&&’( 6*5 )B-82:)7 -82&)% 7$-

*"<"&’, &$ 0-$7’,84# 0,08 % (-"/. 5, B).

J8 -"/. 6 0-$6/#87*$&’ 287"/"9)/#" 9)63*5 N&+8 )# /.)-)/#" &8+-$78 )B-

-82:8 0-" -82&’( #$90$-8#3-8(.
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8) B)

7)

!"#. 4. 9(5"#"’+#)3 :";"/+-’&%(*".&#/"% #5+<#)5 :+)+0+,"’&1( +) )&’0&1()=16:
( – ’+8=,3 A*-(; ? – ’+8=,3 #85"-(; 5 – /+@::"2"&*) B=(##+*(; /1(#*(4 ,"*"4 –
."#,&**6< @/#0&1"’&*); .&1*(4 ,"*"4 – *()=1*6< @/#0&1"’&*); #&1(4 ,"*"4 – ω

8) B)

!"#. 5. !&;=,3)()6 "’")(2"" DMA-@/#0&1"’&*)(: ( – ;(5"#"’+#)3 ’+8=,4 A*-( +)
)&’0&1()=16 " #/+1+#)" *(-1&5(, +?1(;&2 3×7 ’’; ? – +),"."4 ’+8=,4 A*-( +?1(;2+5
3×7 " 4×9 ’’

S87"/"9)/#" 9)63*5 N&+8 )# /.)-)/#" &8+-$78 )B-82:8 0-" #$90$-8#3-8(

9$&$$ 60 °P 9)@$# B’#1 )0"/8&8 0)*"&)9)9 7#)-)% /#$0$&", 0-" #$90$-8#3-8(

B)*$$ 60 °P 287"/"9)/#1 B*"2.8 . *"&$%&)%. L8#$98#"<$/.85 287"/"9)/#1 E(Ṫ ),
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8) B)

7) +)

!"#. 6. 9(5"#"’+#)3 ’+8=,4 A*-( +) #/+1+#)" *(-1&5( +?1(;2( 01" 1(;*6% )&’0&1(-
)=1(%: ( – 20 °C; ? – 30 °C; 5 – 40 °C; - – 100 °C; #"*44 ,"*"4 – +?1(;&2 3×7 ’’; /1(#*(4
,"*"4 – +?1(;&2 4×9 ’’

0)*3<$&&85 9$#)6)9 &8"9$&1,"( .786-8#)7, 6*5 )B-82:)7 3×7 99 0-" -82&’(

#$90$-8#3-8(:






E(Ṫ )
∣∣∣
T=20↑C

= 0, 0028Ṫ 2 ↑0, 3224Ṫ + 2656, 7

E(Ṫ )
∣∣∣
T=30↑C

= 0, 0388Ṫ 2 ↑2, 4102Ṫ + 2600, 8

E(Ṫ )
∣∣∣
T=40↑C

= 0, 4875Ṫ 2 ↑21, 626Ṫ + 2291, 9

E(Ṫ )
∣∣∣
T=100↑C

= ↑0, 0019Ṫ + 22, 384

(7)

I*5 0-)7$-." (7) B’*8 0-)7$6$&8 /$-"5 7’<"/*"#$*1&’( ?./0$-"9$&#)7 /)

/.)-)/#59" &8+-$78 9$&$$ 5 " B)*$$ 15 °C/9"&. K8/()@6$&"$ 9)63*$% N&+8, 0)-

*3<$&&’( 0) =)-93*89, )# <"/*$&&)+) -$,$&"5 9$#)6)9 .)&$<&’( ?*$9$&#)7,

&$ 0-$7’,8$# 0,2 %.

L>AFM?6896. L)6$*1 #$*8 L8./7$**8 0)6()6"# 6*5 )0"/8&"5 0)7$6$&"5

=)#)0)*"9$-&’( 98#$-"8*)7 7 -89.8( #$-9)9$(8&".". I*5 .8<$/#7$&&)+) 0)-

/#-)$&"5 9)6$*" #-$B34#/5 68&&’$ /$-"" &8#3-&’( ?./0$-"9$&#)7 7 -89.8(
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DMA-8&8*"28, 8 #8.@$ ?./0$-"9$&#8*1&) )0-$6$*$&&85 #$90$-8#3-8 /#$.*)78-

&"5.

!"#"$%&’($)%"
*+,-. -/0121/. >. C. $)1=/+5( *(0"#(*"& )&/#)( 1=/+0"#", 01+5&8&*"& @/#0&1"-
’&*)+5, D. D. E(’&*#/"% *(0"#(*"& )&/#)( 1=/+0"#", #+-,(#+5(*"& :"*(,3*+< 5&1#""
1=/+0"#", A. F. G+#+5 01+5&8&*"& @/#0&1"’&*)+5, H. F. B=#)+5(,+5 +?;+1 ,")&1()=-
16 0+ )&’& #)()3", 1&8(/)"1+5(*"& )&/#)( 1=/+0"#".
3145,6+0 64072781/. D5)+16 8&/,(1"1=I) +)#=)#)5"& 45*6% " 0+)&*2"(,3*6%
/+*:,"/)+5 "*)&1&#+5, #54;(**6% # 0=?,"/(2"&< *(#)+4J&< #)()3".
&801946+ 564-48621/-46:. K()&1"(,6 0+,=.&*6 5 1(’/(% 01+-1(’’6 1(;5"-
)"4 0&1&8+5+< "*7&*&1*+< L/+,6 M>6#L(4 L/+,( (5"(2"+**+-+ 85"-()&,&#)1+&*"4N
BGCBO -. B&1’3.
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