
"2`2+?MmM; /2` �mbrB`FmM; K2+?�MBb+?2` aT�MMmM;2M
�m7 /B2 �mb#`2BimM; pQM G�K#@q2HH2M

JB+?�2H SQMb+?�#- .�MB2H �X EB272`- ai27�M CX _mTBib+?
6`B2/`B+?@�H2t�M/2`@lMBp2`bBi i 1`H�M;2M@LɃ`M#2`;- G2?`bim?H 7Ƀ` a2MbQ`BF- NRy8k 1`H�M;2M- .2mib+?H�M/

1K�BH, KB+?�2HXTQMb+?�#!7�mX/2

1BMH2BimM;
1MirB+FHmM;2M BM /2` bi`mFim`2HH2M wmbi�M/bɃ#2`r�@
+?mM; b2ix2M �m7 /2M 1BMb�ix ;27Ƀ?`i2` 2H�biBb+?2` q2HH2M
xm` .2i2FiBQM pQM _Bbb2M �#2` �m+? xm` ɂ#2`r�+?mM;
/2` 1B;2MbT�MMmM; /2` ai`mFim` (R)X �Mr2M/mM;bKƺ;@
HB+?F2Bi2M #2bi2?2M #2BbTB2Hbr2Bb2 BM /2` ɂ#2`r�+?mM;
pQM "`Ƀ+F2M mM/ i`�;2M/2M ai`mFim`2M- a+?B2M2M- SBT2@
HBM2b mM/ .`m+F#2? Hi2`MX 1BM rB+?iB;2b "�mbi2BM /2`
1MirB+FHmM; ;22B;M2i2` J2bbp2`7�?`2M Bbi /B2 "2b+?`2B@
#mM; p2`2BM7�+?2M/2` JQ/2HH2- rB2 /B2 BM /B2b2K "2Bi`�;
#2i`�+?2i2 �mb#`2BimM; ;27Ƀ?`i2` q2HH2M BM 2BM2` 7`2B2M
SH�ii2X

.B2 HBM2�`2 1H�biQ/vM�KBF #�bB2`i �m7 /2` EQMiBMmmKb@
i?2Q`B2 /2` HBM2�`2M 1H�biBxBi i M�+? *�m+?vX 1BM J�i2@
`B�H rB`/ ?B2`#2B /m`+? /B2 S�`�K2i2` .B+?i2- 1H�biBxB@
i ibKQ/mH mM/ a+?2`KQ/mH /2}MB2`i mM/ /B2 2`KBii2H#�@
`2M a+?�HH;2b+?rBM/B;F2Bi2M bBM/ mM�#? M;B; pQK aT�M@
MmM;bxmbi�M/ /2b J2/BmKbX 1b #2/�`7 /�?2` 2BM2` MB+?i@
HBM2�`2M h?2Q`B2- mK /B2 o2`7Q`KmM;b�mbrB`FmM;2M �m7
/B2 a+?�HH;2b+?rBM/B;F2Bi �##BH/2M xm FƺMM2MX .2` �Fm@
biQ2H�biBb+?2 1z2Fi U�11V rm`/2 /m`+? >m;?2b mM/ E2H@
Hv RN8j 2`biK�Hb #2b+?`B2#2M (k)X .B2 BK 6QH;2M/2M ;2x2B;@
i2 �M�HviBb+?2 >2`H2BimM; /2b �11 7QH;i 2BM2` xm /B2b2K
wr2+F 2Mibi�M/2M2M �`#2Bi /2` �miQ`2M S�Q- a�+?b2 mM/
6mFmQF� (j)X 1BM2 �Fim2HH2 �m7�`#2BimM; }M/2i bB+? xX"X
BM (9)X

.2` pQ`HB2;2M/2 "2Bi`�; #2?�M/2Hi 2BM2 MmK2`Bb+?2 JQ@
/2HH#BH/mM; /2b �11 #2xQ;2M �m7 ;27Ƀ?`i2 q2HH2M BM SH�i@
i2MX 1`;2#MBbb2 xm wm;@ mM/ "B2;2bT�MMmM; r2`/2M �M@
b+?HB2Ľ2M/ /BbFmiB2`iX

JQ/2HH#BH/mM;
.B2 HBM2�`2 J2+?�MBF ;2?i pQM BM}MBi2bBK�H2M o2`7Q`@
KmM;2M �mb- r2b?�H# /�b EQQ`/BM�i2bvbi2K /2b p2`@
7Q`Ki2M mM/ mMp2`7Q`Ki2M wmbi�M/b xmb�KK2M7�HH2MX AK
MB+?iHBM2�`2M 6�HH bBM/ �HH2`/BM;b /B2 EQQ`/BM�i2Mp2`@
b+?B2#mM;2M MB+?i K2?` p2`M�+?H bbB;#�`c /�?2` r2`/2M
/`2B EQQ`/BM�i2Mbvbi2K2- rB2 BM �##X R ;2x2B;i- /2}MB2`iX

�mb; M;HB+? #2}M/2i bB+? /2` Eƺ`T2` BM b2BM2` mMp2`@
7Q`Ki2M G�;2- r2H+?2 �Hb M�iɃ`HB+?2` wmbi�M/ #2x2B+?M2i
rB`/X 1ti2`M2 E`�7i2BMrB`FmM; Q/2` BMM2`2 K2+?�MBb+?2
aT�MMmM;2M 7Ƀ?`2M xm` oQ`p2`7Q`KmM;- /2K AMBiB�Hxm@
bi�M/X 1BM2 ɂ#2`H�;2`mM; /2b bi�iBb+?2M AMBiB�Hxmbi�M/b
KBi 2BM2` /vM�KBb+?2M 2H�biBb+?2M q2HH2 7Ƀ?`i xmK 6B@
M�Hxmbi�M/X S?vbBF�HBb+?2 :`ƺĽ2M FƺMM2M bB+? �m7 /2M
AMBiB�H@ Q/2` 6BM�Hxmbi�M/ #2xB2?2M mM/ r2`/2M /2K@
2MibT`2+?2M/ KBi 2BM2K ?Q+?;2bi2HHi2M AM/2t B- #2xX 7
p2`b2?2MX :`ƺĽ2M- /B2 bB+? �m7 /B2b2M ɂ#2`;�M; #2xB2@
?2M- r2`/2M ?B2` �Hb BMF`2K2Mi2HH #2x2B+?M2iX :H2B+?x2BiB;

ξ
u

f

X

x

u
i

u

2

3

1Initialzustand

Finalzustand

Natürlicher
Zustand

�##BH/mM; R, EQQ`/BM�i2M mM/ "2xB2?mM;2M /2b M�iɃ`HB@
+?2M- /2b AMBiB�H@ mM/ /2b 6BM�Hxmbi�M/bX

FƺMM2M /B2 o�`B�#H2M BM /2M mMi2`b+?B2/HB+?2M EQQ`/BM�@
i2Mbvbi2K2M /�`;2bi2HHi r2`/2MX 6Ƀ` /2M M�iɃ`HB+?2M wm@
bi�M/ r2`/2M ;`B2+?Bb+?2 EH2BM#m+?bi�#2M- 7Ƀ` /2M AMBiB@
�Hxmbi�M/ FH2BM2 H�i2BMBb+?2 a+?`B7ix2B+?2M mM/ 7Ƀ` /2M 6B@
M�Hxmbi�M/ H�i2BMBb+?2 :`QĽ#m+?bi�#2M p2`r2M/2iX h2M@
bQ`FQKTQM2Mi2M FƺMM2M KBi iB27;2bi2HHi2M AM/Bx2b /2K
D2r2BHB;2M EQQ`/BM�i2Mbvbi2K xm;2Q`/M2i r2`/2MX .B2
ɂ#2`; M;2 xrBb+?2M /2M wmbi M/2M }M/2i /m`+? o2`@
b+?B2#mM;2M- /B2 bB+? �mb /2M EQQ`/BM�i2Mp2FiQ`2M �#@
H2Bi2M- bi�ii,

ui(ξ) = X− ξ, uf(ξ, t) = x− ξ URV
u(ξ, t) = x−X = uf − ui. UkV

.B2 LB+?iHBM2�`Bi i ;2?i �M xr2B SmMFi2M BM /B2 JQ/2HH@
#BH/mM; 2BM- BM/2K bi�ii /2M HBM2�`2M :H2B+?mM;2M �m+?
[m�/`�iBb+?2 h2`K2 #2`Ƀ+FbB+?iB;i r2`/2M, 1`bi2Mb rB`/
�mb /2M o2`b+?B2#mM;2M UkV /B2 G�;`�M;2@.2?MmM;

Ei,f
αβ =

1

2

(
∂ui,f

α

∂ξβ
+

∂ui,f
β

∂ξα
+

∂ui,f
γ

∂ξα

∂ui,f
γ

∂ξβ

)
UjV

�#;2H2Bi2iX .B2 .Bz2`2Mx Eαβ = Ef
αβ − Ei

αβ #BH/2i /B2
bQ;X BMF`2K2Mi2HH2 .2?MmM;X wr2Bi2Mb ;`2B7i /B2 FQMbiB@
imiBp2 LB+?iHBM2�`Bi i #2B /2` "BH/mM; /2` aT�MMmM;b@
.2?MmM;b@"2xB2?mM;X .�b p2`r2M/2i2 ?vT2`2H�biBb+?2
J�i2`B�HKQ/2HH 2Mi? Hi MB+?i Mm` /2M 1H�biBxBi ibi2MbQ`
/2` J�i2`B�HT�`�K2i2` xr2Bi2` P`/MmM; Cαβγδ BK HBM2�@
`2M h2`K- bQM/2`M �m+? /2M h2MbQ` Cαβγδεη KBi J�i2`B@
�HT�`�K2i2`M /`Bii2` P`/MmM;X
lMi2` o2`M�+?H bbB;mM; /2` h2`K2 ?ƺ?2`2` P`/MmM; /2`
.2?MmM; H bbi bB+? KBi >BH72 /2` *�m+?v@.2?MmM; e
/B2 BMF`2K2Mi2HH2 FQMbiBimiBp2 :H2B+?mM; /2` K2+?�MBb+?
aT�MMmM;

Tαβ = CαβγδEγδ + Cαβγδεηe
i
γδeεη. U9V
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#BH/2MX
.�b �m7i2BH2M BM p2`b+?B2/2M2 wmbi M/2 2`H�m#i 2b- ;2@
i`2MMi2 .Bz2`2MiB�H;H2B+?mM;2M 7Ƀ` /B2 bi�iBb+?2 mM/ /v@
M�KBb+?2 o2`7Q`KmM;2M �Mxm;2#2MX .�b AMBiB�Hbvbi2K
#2}M/2i bB+? BM _m?2- r2br2;2M 2b /m`+? /B2 bi�iBQM @
`2 :H2B+?mM;

∂

∂ξβ

[
T i
βγ

(
δαγ +

∂ui
α

∂ξγ

)]
= 0 U8V

#2b+?`B2#2M rB`/X .B2 o�`B�#H2 δ Bbi /�b E`QM2F2`/2H@
i�X .B2 `2bmHiB2`2M/2M o2`b+?B2#mM;2M /2` q2HH2M�mb#`2B@
imM; BK 6BM�Hbvbi2K bBM/ FH2BMX .�?2` Bbi /B2 HBM2�`2 "2@
r2;mM;b;H2B+?mM;

∂

∂ξβ

(
T f
βα + T f

βγ
∂uf

α

∂ξγ

)
= ρ0

∂2uf
α

∂t2
UeV

�mb`2B+?2M/X wm` "2b+?`2B#mM; /2b :2b�Kibvbi2Kb rB`/
/B2 "2r2;mM;b;H2B+?mM; 7Ƀ` /B2 BMF`2K2Mi2HH2M :`ƺĽ2M
#2MƺiB;iX .B2b2 2`? Hi K�M �mb /2` .Bz2`2Mx pQM UeV mM/
U8V mMi2` o2`r2M/mM; /2` "2xB2?mM;2M U9V mM/ UjV,

∂

∂ξβ

[
T i
γβ

∂uα

∂ξγ
+ Γαβγδ

∂uγ

∂ξδ

]
= ρ0

∂2uα

∂t2
UdV

KBi

Γαβγδ = cαβγδ + cαβρδ
∂ui

γ

∂ξρ
+ cρβγδ

∂ui
α

∂ξρ
+ cαβγδεηe

i
εη.

U3V

.2` �Mb�ix 7Ƀ` 2BM2 ;27Ƀ?`i2 q2HH2 rB`/ �Hb �Hb 2BM2 2#2M2-
BM ξ1@_B+?imM; ?�`KQMBb+?2 q2HH2 �M;2MQKK2M- /B2 mM@
�#? M;B; pQM ξ3 Bbi mM/ pQM ξ2 ∈ [−h/2, h/2] BM .B+F2M@
`B+?imM; /2` SH�ii2 KBi /2` .B+F2 h �#? M;i,

u = u(ξ2)e
j(kξ1−ωt). UNV

>B2`#2B 2MibT`B+?i k /2` q2HH2Mx�?H BM ξ1@_B+?imM;- ω /2`
E`2Bb7`2[m2Mx- t /2` w2Bi mM/ j =

√
−1X �M /2M _ M@

/2`M /2` 7`2B2M SH�ii2 ξ2 = ±h/2 r2`/2M /B2 1BMi` @
;2 (2, 2), (1, 2), (1, 3) /2b aT�MMmM;bi2MbQ`b xm LmHHX .B2
:H2B+?mM;2M UdV- U9V mM/ UNV #2b+?`2B#2M /�?2` /B2 ;2@
7Ƀ?`i2 q2HH2M�mb#`2BimM; pQHHbi M/B;X
o2`2BM7�+?mM; 7Ƀ` #B�tB�H2 aT�MMmM;2M
.2` h2MbQ` U3V 2Mi? Hi M2#2M /2` BMBiB�H2M .2?MmM;
ei �m+? :`�/B2Mi2M /2` AMBiB�Hp2`b+?B2#mM;X qɃMb+?2Mb@
r2`i Bbi 2BM2 o2`2BM7�+?mM; /2` �#? M;B;F2Bi pQK AM@
BiB�Hbvbi2K �m7 2BM2 2BMxB;2 :`ƺĽ2- 2Mir2/2` /2` AMBiB�H@
bT�MMmM; T i Q/2` eiX q2;2M /2` .2}MBiBQM /2` *�m+?v@
.2?MmM; mM/ ∂ui/∂ξ = ei + ri Bbi /B2b Mm` mMi2` /2`
oQ`�mbb2ixmM; Kƺ;HB+?- /�bb /B2 _Qi�iBQM mM/ h`�MbH�@
iBQM ri p2`b+?rBM/2i Q/2` p2`M�+?H bbB;i rB`/X 6Ƀ` /2M
6�HH `2BM2` #B�tB�H2` AMBiB�HbT�MMmM;- /�b ?2BĽi- 2b i`2i2M
Mm` LQ`K�HbT�MMmM;2M BM /2` (1, 3)@1#2M2 �m7- Bbi /B2b
;2;2#2MX 1b ;BHi /�?2` ∂ui/∂ξ = eiX
�##BH/mM; kU�V x2B;i /B2 EQQ`/BM�i2Mbvbi2K2 7Ƀ` 2BM2
#B�tB�H pQ`;2bT�MMi2 SH�ii2X .B2b2 EQM};m`�iBQM rm`/2
2`biK�Hb pQM :�M/?B 2i �HX (9) /BbFmiB2`iX .B2 q2HH2M�mb@
#`2BimM; 2`7QH;i BM R@_B+?imM;X .B2 AMBiB�HbT�MMmM;2M BM

φ

3'
3 1

1'

U�V

T
3

1

2

U#V

�##BH/mM; k, .2}MBiBQM /2` EQQ`/BM�i2Mbvbi2K2 7Ƀ` 2BM2
o2`2BM7�+?mM; KBi #B�tB�H2M aT�MMmM;2M U�V mM/ "B2;2bT�M@
MmM; U#VX

/2M _B+?imM;2M RǶ mM/ jǶ bBM/ mK /2M qBMF2H φ xm` q2H@
H2M�mb#`2BimM; p2`/`2?iX .� Mm` LQ`K�HbT�MMmM;2M �m7@
i`2i2M- r2Bbi /B2 AMBiB�HbT�MMmM; F2BM2 :`�/B2Mi2M �m7X
.�?2` H bbi bB+? /B2 "2r2;mM;b;H2B+?mM; mMi2` /2` �M@
M�?K2- /�bb /B2 BMBiB�H2M aT�MMmM;2M FH2BM bBM/- xm

Aαβγδ
∂2uγ

∂ξβ∂ξδ
= ρ0

∂2uα

∂t2
URyV

KBi
Aαβγδ = Cαβγδ + Cβδεηe

i
εηδαγ + Cαβεδe

i
γε

+Cεβγδe
i
αε + Cαβγδεηe

i
εη

URRV

p2`2BM7�+?2MX 6Ƀ` /B2 BMF`2K2Mi2HH2 aT�MMmM; 2`;B#i bB+?

Tαβ = Bαβγδ
∂uγ

∂ξδ
, URkV

Bαβγδ = Cαβγδ + Cαβεδe
i
γε + Cαβγδεηe

i
εη.

o2`2BM7�+?mM; 7Ƀ` "B2;2bT�MMmM;
1BM �M/2`2` aT�MMmM;bxmbi�M/ i`Bii /m`+? "B2;2M /2b
q2HH2MH2Bi2`b- rB2 BM �##X kU#V /�`;2bi2HHi- �m7X .B2 aT�M@
MmM;bFQKTQM2Mi2 T11- rQ#2B 1 rB2/2` /2` �mb#`2BimM;b@
`B+?imM; /2` ;27Ƀ?`i2M q2HH2 2MibT`2+?2M bQHH- 2`? Hi /�@
#2B 2BM2M HBM2�`2M :`�/B2Mi2M Ƀ#2` /B2 .B+F2X �HH2 �M@
/2`2M 1BMi` ;2 #H2B#2M LmHHX S2//2iB (8) x2B;i 2#2M7�HHb
"2`2+?MmM;2M 7Ƀ` "B2;2bT�MMmM;2M- p2`M�+?H bbB;i �#2`-
/�bb /B2 o2`2BM7�+?mM; UdV xm URkV /m`+? /B2 MmM �m7@
i`2i2M/2M :`�/B2Mi2M /2` AMBiB�HbT�MMmM; Ƀ#2` /B2 .B+F2
MB+?i ;ɃHiB; BbiX 1b Bbi �HH2`/BM;b Kƺ;HB+?- 2BM2 �Hi2`M�iBp2
"2r2;mM;b;H2B+?mM; �#xmH2Bi2MX .B2b2 H�mi2i

Dαγδ
∂uγ

∂ξδ
+Aαβγδ

∂2uγ

∂ξβ∂ξδ
= ρ0

∂2uα

∂t2
URjV

KBi 2BM2K xmb ixHB+?2M h2`K

Dαγδ =
∂

∂ξβ

(
Cδβεηe

i
εηδαγ + Cαβεδe

i
γε + Cεβγδe

i
αε

+ Cαβγδεηe
i
εη

)
,

UR9V

/2` :`�/B2Mi2M /2` BMBiB�H2M .2?MmM; 2Mi? HiX .2` h2M@
bQ` Aαβγδ Bbi ?B2`#2B �#? M;B; pQM ξ2X .B2 _Qi�iBQM mM/
h`�MbH�iBQM /2b Eƺ`T2`b rB`/ p2`M�+?H bbB;iX

LmK2`Bb+?2 "2`2+?MmM;
.�b 1BMb2ix2M /2b �Mb�ix2b UNV BM /B2 "2r2;mM;b;H2B@
+?mM;2M mM/ _�M/#2/BM;mM;2M 7Ƀ?`i xm 2BM2K /Bz2`2M@
iB2HH2M 1B;2Mr2`iT`Q#H2KX .B2 bB+? Ƀ#2` /B2 .B+F2 �mb@
#BH/2M/2 ai2?r2HH2 rB`/ KBii2Hb /2` bT2Fi`�H2M EQHHQF�@
iBQMbK2i?Q/2 /BbF`2iBbB2`i (e)X �m+? .m#m+ Mmixi2 /B2b2b
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U#V

�##BH/mM; j, _2H�iBp2 S?�b2M;2b+?rBM/B;F2Bib M/2`mM; #2B U�V φ = 0◦ mM/ U#V φ = 90◦ D2r2BHb KBi
∣∣T i

∣∣ = 100MPaX

o2`7�?`2M xm` "2`2+?MmM; /2b �11 #2B ;27Ƀ?`i2M q2H@
H2M (d)X .B2 bT2Fi`�H2 EQHHQF�iBQM Ƀ#2`7Ƀ?`i /B2 .Bz2@
`2MiB�iBQM M�+? /2` /BbF`2iBbB2`i2M EQQ`/BM�i2 BM bBKT@
H2 JmHiBTHBF�iBQM2M KBi 2BM2` .Bz2`2MiB�iBQMbK�i`Bt D,
∂

∂ξ2
→ D, ∂2

∂ξ22
→ D2X L�+? aQ`iB2`2M /2` h2`K2 /2b

[m�/`�iBb+?2M 1B;2Mr2`iT`Q#H2Kb M�+? /2M SQi2Mx2M /2`
q2HH2Mx�?H 2`? Hi K�M /�b 1B;2Mr2`iT`Q#H2K /2` #B�tB�H
;2bT�MMi2M SH�ii2 BM /2` 6Q`K
(
k2L2(T

i) + kL1(T
i) + L0(T

i) + ρ0ω2I
)
u = 0 UR8V

mM/ /B2 _�M/#2/BM;mM;2M,

T =
(
kM1(T

i) +M0(T
i)
)
u = 0 bei ξ2 = ±h

2
UReV

KBi

L2(T
i) = −Aα1β1 L1(T

i) = j (Aα1β3 +Aα3β1)D

L0(T
i) = Aα3β3D

2

M1(T
i) = jB2αβ1 M0(T

i) = B2αβ2D

7Ƀ` /B2 #B�tB�H2 o2`2BM7�+?mM; #xrX 7Ƀ` "B2;2bT�MMmM;2M
KBi

L1(T
i) = j (Aα1β3 +Aα3β1)D+ jDαβ1

L0(T
i) = Aα3β3D

2 +Dαβ2D.

.B2 bT2Fi`�H2 EQHHQF�iBQM 2`Kƺ;HB+?i 2BM2 2BM7�+?2 AKTH2@
K2MiB2`mM; KBi J�hG�" BM Mm` r2MB;2M w2BH2M *Q/2
mM/ 2BM2 MmK2`Bb+? 2t�Fi2 "2`2+?MmM; /2` q2HH2Mx�?@
H2M 7Ƀ` 2BMB;2 >mM/2`i 6`2[m2MxTmMFi2 BM Mm` r2MB;2M
a2FmM/2M (e)X

1`;2#MBbb2
wm` �M�Hvb2 /2b �11 rB`/ /�b 1B;2Mr2`iT`Q#H2K 7Ƀ`
mMi2`b+?B2/HB+?2 6`2[m2Mx2M f mM/ AMBiB�HbT�MMmM;2M T i

;2HƺbiX �mb /2M #2`2+?M2i2M q2HH2Mx�?H2M k(f, T i) r2`@
/2M /B2 S?�b2M;2b+?rBM/B;F2Bi2M cTp #2`2+?M2iX .� /2`
1z2Fi b2?` FH2BM Bbi- rB`/ /B2 `2H�iBp2 S?�b2M;2b+?rBM@
/B;F2Bib M/2`mM; ∆cTp /c

0
p = (cTp −c0p)/c

0
p- #2xQ;2M �m7 /B2

S?�b2M;2b+?rBM/B;F2Bi Q?M2 oQ`bT�MMmM; c0p- #2i`�+?@
i2iX �m+? `2H�iBp2 :`mTT2M;2b+?rBM/B;F2Bi2M FƺMM2M KBi
/2K ;2x2B;i2M JQ/2HH 2BM7�+? #2`2+?M2i r2`/2MX .B2b2
bBM/ �#2` b+?H2+?i2` xm K2bb2M mM/ r2`/2M ?B2` /2b?�H#
MB+?i mMi2`bm+?iX �HH2 /�`;2bi2HHi2M 1`;2#MBbb2 #2xB2?2M
bB+? �m7 2BM2 BbQi`QT2- 2mm /B+F2 �HmKBMBmK eyeR@he
SH�ii2- /2`2M J�i2`B�H/�i2M BM h�#2HH2 R �M;2;2#2M bBM/
mM/ BM /2` GBi2`�im` Q7i �Hb "2BbTB2H o2`r2M/mM; }M@
/2M (9)X

h�#2HH2 R, J�i2`B�H/�i2M �HmKBMBmK eyeR@he

G�Kû U:S�V Jm`M�;?�M U:S�V .B+?i2
Ukg/m3V

λ µ l m n ρ
54,208 27,174 −281,5 −339 −416 2704

�##BH/mM; j� x2B;i /B2 �mbrB`FmM; 2BM2` LQ`K�HbT�M@
MmM; T�`�HH2H xm` �mb#`2BimM;b`B+?imM;X .B2 S?�b2M;2@
b+?rBM/B;F2Bi p2``BM;2`i bB+? ?B2`#2B #2B �HH2M JQ/2M-
/� /B2 q2HH2M BK pQ`p2`7Q`Ki2M avbi2K BK o2`;H2B+?
xmK M�iɃ`HB+?2M wmbi�M/ 2BM2M H M;2`2M q2; xm`Ƀ+Fxm@
H2;2M ?�#2MX .2` 1BM~mbb /2` J�i2`B�H@LB+?iHBM2�`Bi i
p2``BM;2`i /B2b2M 1z2Fi 2ir�bX .2M 1BM~mbb pQM LQ`@
K�HbT�MMmM;2M b2MF`2+?i xm` q2HH2M�mb#`2BimM; 2Mi? Hi
�##X j#X .2` /QKBM�Mi2 G M;mM;b2z2Fi i`Bii ?B2` MB+?i
�m7- r2br2;2M 7Ƀ` �HH2 JQ/2M 2BM2 1`?ƺ?mM; /2` S?�@
b2M;2b+?rBM/B;F2Bi xm #2Q#�+?i2M BbiX "2B #2B/2M �##BH@
/mM;2M j� mM/ j# 2MibT`B+?i /2` "2i`�; /2` oQ`bT�M@
MmM; BM 2ir� 40% /2` 0,2%@.2?M;`2Mx2X .2` "2i`�;
/2` `2H�iBp2M S?�b2M M/2`mM; #H2B#i /�#2B mMi2` 2BM2K
S`Qx2MiX .�?2` Bbi 2b ;`mM/b ixHB+? 2KT72?H2Mbr2`i #2B
J2bbmM;2M pQM 2BM2` �#bQHmi2M J2bbmM; /2` S?�b2M;2@
b+?rBM/B;F2Bi �#xmb2?2M mM/ Mm` 2BM2 `2H�iBp2 �M/2`mM;
#2xQ;2M �m7 /2M bT�MMmM;bHQb2M wmbi�M/ xm #2i`�+?i2MX
.B2 �MiBbvKK2i`Bb+?2 :`mM/KQ/2 x2B;i 7Ƀ` #2B/2 aT�M@
MmM;bxmbi M/2 /2M ;2`BM;bi2M 1z2FiX �HH2 �M/2`2M JQ@
/2M r2Bb2M 2BM M�?2xm KQ/2MmM�#? M;B;2b SH�i2�m #2B
2ir� ∆cTp /c

0
p = −0,86% #xrX ∆cTp /c

0
p = 0,4% �m7X .B2b

FƺMMi2 2BM BMi2`2bb�Mi2` �mb;�M;bTmMFi 7Ƀ` /B2 q�?H
Kƺ;HB+?2` "2i`B2#bTmMFi2 2BM2b a2MbQ`b b2BMX

DAGA 2019 Rostock

3



0 10 20 30 40 50 60 70 80 90

  in  °

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4
c

pT
/c

p0
  

in
  

%

 20 MPa

 40 MPa

 60 MPa

 80 MPa

100 MPa

0

�##BH/mM; 9, _2H�iBp2 S?�b2M;2b+?rBM/B;F2Bib M/2`mM; /2`
aR@JQ/2 7Ƀ` p2`b+?B2/2M2 aT�MMmM;b#2i` ;2 Ƀ#2` /2M qBMF2H
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�##BH/mM; 8, _2H�iBp2 S?�b2M;2b+?rBM/B;F2Bib M/2`mM; BM
2BM2K ;2#Q;2M2M q2HH2MH2Bi2` KBi maxT i = 200MPaX .B2
q2HH2 #`2Bi2i bB+? 2MiH�M; /2` E`ɃKKmM; /2b q2HH2MH2Bi2`b
�mbX

.B2 Em`p2Mb+?�` BM �##X 9 bi2HHi /B2 `2H�iBp2 �M/2`mM;
/2` S?�b2M;2b+?rBM/B;F2Bi /2` aR@JQ/2 7Ƀ` 2BM2M �Mbi2B@
;2M/2M "2i`�; /2` AMBiB�HbT�MMmM; Ƀ#2` /2M qBMF2H xm`
�mb#`2BimM;b`B+?imM; #2B 2BM2` FQMbi�Mi2M 6`2[m2Mx /�`X
1b #2bi2?i Qz2MbB+?iHB+? 2BM bBMmb7ƺ`KB;2` wmb�KK2M@
?�M; xrBb+?2M /2` �M/2`mM; pQM cp mM/ /2K qBMF2H
φX �mĽ2`/2K bi2B;i /2` "2i`�; /2` S?�b2M;2b+?rBM/B;@
F2Bib M/2`mM; M ?2`mM;br2Bb2 HBM2�` KBi /2` wmM�?K2
/2b J�tBKmKb /2` wm;bT�MMmM; �MX 6Ƀ` 2BM2M KQ/2M@
mM/ 7`2[m2Mx�#? M;B;2M qBMF2H φ0 ?2#2M bB+? /B2 ;2QK2@
i`Bb+?2M mM/ K�i2`B�H#�bB2`i2M 1z2Fi2 �m7X AK ;2x2B;i2M
�`#2BibTmMFi #2i` ;i /B2b2` qBMF2H φ0 = 63,9◦X

.2miHB+? ;2`BM;2`2 S?�b2M;2b+?rBM/B;F2Bib M/2`mM;2M
2Mibi2?2M #2B 2BM2` BM �##X 8 /�`;2bi2HHi2M "B2;mM; /2`
SH�ii2X AMi2`2bb�Mi Bbi �HH2`/BM;b- /�bb /2` 1z2Fi �m7 /B2
:`mM/KQ/2M KBi bi2B;2M/2` 6`2[m2Mx bvKK2i`Bb+? xm@
MBKKiX .B2b2 "2bQM/2`?2Bi FƺMMi2 bB+? xm` J2bbmM; /2`
SH�ii2M#B2;mM; �Hb pQ`i2BH?�7i 2`r2Bb2MX

wmb�KK2M7�bbmM;
.2` "2Bi`�; x2B;i 2BM JQ/2HH xm` "2`2+?MmM; /2b �FmbiQ@
2H�biBb+?2M 1z2Fib #2B ;27Ƀ?`i2M q2HH2M BM SH�ii2X .�b
JQ/2HH rm`/2 7Ƀ` #B�tB�H ;2bT�MMi2 SH�ii2M mM/ ;2#Q@
;2M2 SH�ii2M p2`2BM7�+?iX 1BM2 "2`2+?MmM; /2` .BbT2`bB@
QMbFm`p2M 2`7QH;i2 /m`+? 2BM2 MmK2`Bb+?2 .BbF`2iBbB2`mM;
/2b `2bmHiB2`2M/2M 1B;2Mr2`iT`Q#H2KbX 1`;2#MBbb2 #2B/2`
6Q`K2M /2` oQ`bT�MMmM; rm`/2M ;2x2B;i mM/ /BbFmiB2`iX
1BM ;`QĽ2b S`Q#H2K #2BK o2`;H2B+? pQM JQ/2HH mM/ J2b@
bmM;2M bi2HH2M 72?H2M/2 Q/2` mM;2M�m2 J�i2`B�HT�`�K2@
i2` /`Bii2` P`/MmM; /�`X lMi2`bm+?mM;2M x2B;2M- /�bb
/B2b2 ;`QĽ2M 1BM~mbb �m7 /B2 2`r�`i2i2M S?�b2M;2b+?rBM@
/B;F2Bib M/2`mM;2M ?�#2MX .B2 1`KBiiHmM; /B2b2` J�i2@
`B�HFQMbi�Mi2M /m`+? Bi2`�iBp2 JQ/2HH�MT�bbmM; �M J2bb@
/�i2M rB`/ /2b?�H# �M;2bi`2#iX

GBi2`�im`
(R) oX :Bm`;BmiBm- ai`m+im`�H ?2�Hi? KQMBiQ`BM;, qBi?

TB2xQ2H2+i`B+ r�72` �+iBp2 b2MbQ`bX �+�/2KB+ T`2bb-
kyyd- Bb#M, yy3y88edN8X

(k) .X aX >m;?2b mM/ CX GX E2HHv- ǲa2+QM/@P`/2` 1H�@
biB+ .27Q`K�iBQM Q7 aQHB/bǳ- S?vbB+�H _2pB2r- C;X Nk-
L`X 8- aX RR98ĜRR9N- RN8jX

(j) uX >X S�Q- qX a�+?b2 mM/ >X 6mFmQF�- ǲ�+QmbiQ@
2H�biB+Biv �M/ lHi`�bQMB+ J2�bm`2K2Mi Q7 _2bB/m�H
ai`2bb2bǳ- S?vbB+�H �+QmbiB+b- L`X soAA- aX eRĜR9k-
RN39X

(9) LX :�M/?B- CX 1X JB+?�2Hb mM/ aX CX G22- ǲ�+QmbiQ@
2H�biB+ G�K# r�p2 T`QT�;�iBQM BM #B�tB�HHv bi`2bb2/
TH�i2bǳ- h?2 CQm`M�H Q7 i?2 �+QmbiB+�H aQ+B2iv Q7
�K2`B+�- C;X Rjk- L`X j- aX Rk39ĜRkNj- kyRkX

(8) EX S2//2iB mM/ aX a�Mi?�M�K- ǲ.BbT2`bBQM +m`@
p2b 7Q` G�K# r�p2 T`QT�;�iBQM BM T`2bi`2bb2/ TH�@
i2b mbBM; � b2KB@�M�HviB+�H }MBi2 2H2K2Mi �M�HvbBbǳ-
h?2 CQm`M�H Q7 i?2 �+QmbiB+�H aQ+B2iv Q7 �K2`B+�-
C;X R9j- L`X k- aX 3kN- kyR3X

(e) �X hX AX �/�KQm mM/ _X oX *`�bi2`- ǲaT2+i`�H K2@
i?Q/b 7Q` KQ/2HHBM; ;mB/2/ r�p2b BM 2H�biB+ K2/B�ǳ-
h?2 CQm`M�H Q7 i?2 �+QmbiB+�H aQ+B2iv Q7 �K2`B+�-
C;X RRe- L`X j- aX R8k9ĜR8j8- kyy9X

(d) "X .m#m+- �X 1#`�?BKF?�MHQm mM/ aX a�H�KQM2-
ǲ� bT2+i`�H K2i?Q/ 7Q` +QKTmiBM; ;mB/2/ r�p2b BM
bi`2bb2/ TH�i2b �M/ `Q/bǳ- BM >2�Hi? JQMBiQ`BM; Q7
ai`m+im`�H �M/ "BQHQ;B+�H avbi2Kb sAA- hX EmM/m-
>`b;X- aSA1- kyR3- aX dy- Bb#M, Nd3R8RyeReNedX
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