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Das Strahlwerkzeug Laser gewinnt zunehmende Bedeutung fur die indust-
rielle Fertigung. Einhergehend mit seiner Akzeptanz und Verbreitung
wachsen die Anforderungen beziiglich Effizienz und Qualitat an die Gerate
selbst wie auch an die Bearbeitungsprozesse. Gleichzeitig werden immer
neue Anwendungsfelder erschlossen. In diesem Zusammenhang auftreten-
de wissenschaftliche und technische Problemstellungen kénnen nur in
partnerschaftlicher Zusammenarbeit zwischen Industrie und Forschungs-
instituten bewaltigt werden.

Das 1986 gegrundete Institut fir Strahlwerkzeuge der Universitat Stuttgart
(IFSW) beschaftigt sich unter verschiedenen Aspekten und in vielfaltiger
Form mit dem Laser als einem Werkzeug. Wesentliche Schwerpunkte bil-
den die Weiterentwicklung von Strahlquellen, optischen Elementen zur
Strahlfiihrung und Strahlformung, Komponenten zur Prozessdurchfiihrung
und die Optimierung der Bearbeitungsverfahren. Die Arbeiten umfassen
den Bereich von physikalischen Grundlagen Uber anwendungsorientierte
Aufgabenstellungen bis hin zu praxisnaher Auftragsforschung.

Die Buchreihe ,Laser in der Materialbearbeitung — Forschungsberichte des
IFSW* soll einen in der Industrie wie in Forschungsinstituten tatigen In-
teressentenkreis Uber abgeschlossene Forschungsarbeiten, Themenschwer-
punkte und Dissertationen informieren. Studenten soll die Mdglichkeit der
Wissensvertiefung gegeben werden.
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,QKDOWVYHU]JHLFKQLYV

,QKDOWVYHU]JHLFKQLV

9HU]HLFKQLY GHU 6\PEROH XQG $EN-U]JXQJHQ
.XUJIDVVXQJ GHU SUEHLW

([WHQGHG $EVWUDFW

(LQOHLWXQJ
ORWLYDWLRQ XQG =LHOVHW]XQJ GHU $SUEHLW
$XIEDX GHU $SUEHLW

)*JHQ YRQ 1LFNHOVFKDXP DQ 1LFNHOEOHFK

(LQOHLWXQJ XQG 6WDQG GHU 7HFKQLN ]XP
OHWDOOVFKIXPHQ

+HUDXVIRUGHUXQJHQ EHLP )*JHSUR]HVYV
BURJHVVVWUDWHJILH
$EVFKIW]XQJ YRQ /HLVWXQJVEHGDUI XQG 3UR]JHV

(UIRUGHUOLFKH 3UR]JHVVOHLVWXQJ
$EVFKIW]XQJ GHU 3UR]JHVVSDUDPHWHU I«U GH

$QDO\WLVFKHY ORGHOO I+U GHQ (QHU
EHZHIJWHQ /DVHUVWUDKO

7HPSHUDWXUYHUWHLOXQJ LQ GHU )*JH]R
([SHULPHQWHOOH 8QWHUVXFKXQJ GHV )*JHSUR]H

IDVHUVWUDKOVFKZHL%HQ YRQ 1LFNHOEOHFK

IDVHUVWUDKOVFKZHL%HQ YRQ 1LFNHOVFKDXI

([ISHULPHQWHOOH 8QWHUVXFKXQJ GHU $XVGHKQ>
‘(= LP 1ILFNHOVFKDXP



Inhaltsverzeichnis

7TKHRUHWLVFKH 8QWHUVXFKXQJ GHU $XVGHKQXQJ (

$QDO\VWLVFKHY ORGHOO 1I«U GLH $XVGHKQX
IDVHUVWUDKOVFKZHL% HQ YRQ OHWDOOHQ
WKHUPRSK\WLNDOLVFKHQ (LJHQVFKDIWHQ

7THPSHUDWXUIHOG DP ,QWHUIDFH

7THPSHUDWXUIHOG LP )*JHSDUWQHU PLW
$QVSUHFKYHUP|JHQ

$QZHQGXQJ GHV ORGHOOV |XU %HVWLPPXQJ GH
ILFNHOVEFKDXP

7THPSHUDWXU DP ,QWHUIDFH
7THPSHUDWXU LP 1LFNHOVFKDXP

hEHUSU«IXQJ GHU 9RUDXVVHW]XQJHQ I-U
ORGHOOV

$XVGHKQXQJ GHU :(= LP 1LFNHOVFKDXP

)*JHQ YRQ $OXPLQLXP DQ .XSIHU

(LQOHLWXQJ XQG 6WDQG GHU 7HFKQLNXPLR LXWPH U V'
.XSIHU OLVFKYHUELQGXQJHQ

+HUDXVIRUGHUXQJHQ EHLP 6FKZHL% SUR]JHVYV
BURJHVVVWUDWHJILH
([SHULPHQWHOOH 8QWHUVXFKXQJ GHV 6FKZHL% SU |

6FKZHL%HQ RKQH UIXPOLFKH 6WUDKORV]LOODVW
6FKZHL%HQ PLW UIXPOLFKHU 6WUDKORV]LOODW
1IDKWJHRPHWULH DOV )XQNWLRQ GHU 2V]LOODV
*HPLWWHOWHU &X $QWHLO DOV )XQNWLRQ GHU
(OHNWULVFKHU :LGHUVWDQG DOV )XQNWLRQ Gt

.RUUHODWLRQ YRQ HOHNWULVFKHP :LGHUV\
JHVWLINHLW
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Symbol SI-Einheit  Bedeutung

Lateinische Buchstaben

Aso $EVRUSWLRQVJIJUDG $OXPLQLXP
Agx $EVRUSWLRQVJIJUDG .XSIHU

a i WHY 5HLKHQJOLHG

Ax so UHODWLYH $WRPPDVVH $OXPLC
Ax ex UHODWLYH $WRPPDVVH .XSIHU
Ax 1L UHODWLYH $WRPPDVVH 1LFNHO
ay P 2V]LOODWLRQWBPPBIKOLWXLH LQ
b P %UHLWH

bex P IDKWEUHLWH DP ,QWHUIDFH ]X
bo P IDKWEUHLWH %YOHFKREHUVHLW
bschaum P %QUHLWH 1LFNHOVFKDXP

bu P IDKWEUHLWH %OHFKXQWHUVHL
Cp - NJA. PDVVHQVSH]JLILVFKH :I[UPHNDSCL
a P JRNXVGXUFKPHVVHU

Oraser P J)DVHUNHUQGXUFKPHVVHU

douelle P %UHLWH GHU :IUPHTXHOOH

Epr - BURJHVVHQHUJLH

Er so - BUR]JHVVHQHUJLH $OXPLQLXP



Verzeichnis der Symbole und Abkurzungen

Symbol Sl-Einheit  Bedeutung

Ep &x - B3URJHVVHQHUJLH .XSIHU

Er 1L - B3UR]JHVVHQHUJLH 1LFNHO

Epr 6rkDxpP - B3UR]JHVVHQHUJLH 1LFNHOVFKD?>
Fso Po IDKWIOIFKH $OXPLQLXP

Fex Po IDKWIOIFKH .XSIHU

Fschaum Po AXHUVFKQLWWVIOIFKH 1LFNHO\
f. P .ROOLPDWLRQVEUHQQZHLWH

fi P JRNXVVLHUEUHQQZHLWH

fy +] 2V]LOODWLR@\SIURHKIWXQJ] LQ

"Hs - NJ PDVVHQVSH]LILVFKH 6FKPHO]H(
"Hs 1L - NJ PDVVHQVSH]LILVFKH 6FKPHO]H¢
"Hv - NJ PDVVHQVSH]LILVFKH 9HUGDPSI
"Hv p s0 - PRO PRODUH 9HUGDPSIXQJVHQWKDC
"Hv p ax - PRO PRODUH 9HUGDPSIXQJVHQWKDC
"Hv p 1L - PRO PRODUH 9HUGDPSIXQJVHQWKDC
"Hv 1L - NJ PDVVHQVSH]LILVFKH 9HUGDPSI
Iheat - Po JUPHIOXVY GXUFK ,QWHUIDFH

] /IDXIYDULDEOH GHU 'LVNUHWLV
K ODWHULDONHQQZHUW
Kso ODWHULDONHQQZHUW $OXPLQL

Kex ODWHULDONHQQZHUW .XSIHU
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Symbol Sl-Einheit
KiL

Kschaum

Po
Pp
Pe
q
Ca

Gfinal

Qheat -

On

On

Bedeutung

ODWHULDONHQQZHUW 1LFNHO
ODWHULDONHQQZHUW 1LFNHOV
/I1QJIH

IDKWOIQJH

/1QJH GHV :HJHV GHV HOHNWU
6FKZHL% QDKW

]JZHLWHYV JHQWUDOLVLHUWHYV Xt
%HXIXQIVPD%]DKO
/IDXIYDULDEOH GHU 6SLHJHOTX

1XPPHU GHU 6SLHJHOTXHOOH
%HLWUDJV ]XU 7THPSHUDWXUHU
6SLHIHOTXHOOHQ QLFKW PHKU

/I DVHUOHLVWXQJ
3URJHVVOHLVWXQJ

3HFOHW =DKO

(ISRQHQW

AXRWLHQW DXIHLQDQGHUIROJH

ILQDOHU :HUW GHV 4XRWLHQW|
WXUHUK|KXQJ GXUFK DXIHLQDC

*HVDPWZIUPHPHQJH GXUFK ,QW

AXRWLHQW GHU %HLWUIJH ]XU
DXIHLQDQGHUIROJHQGH 6SLHJt

bQGHUXQJ GHV 4XRWLHQWHQ
WXUHUK|KXQJ GXUFK DXIHLQDC
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Symbol Sl-Einheit
Ro

Rso

Rex

Rehv

Rnant

r'wk -

>

Fwk 1L -

I wa¢haum -
S P

Sax P

"Th

Tiface

VAR .
VA PA .

VA FA .

Bedeutung
%WHVWLPPWKHLWYV P D %o
HOHNWULVFKHU :LGHUVWDQG C
HOHNWULVFKHU :LGHUVWDQG C
JHPHVVHQHU HOHNWULVFKHU
HOHNWULVFKHU :LGHUVWDQG C
WKHUPLVFKHYVY $QVSUHFKYHUP|
WKHUPLVFKHY $QVSUHFKYHUP|
WKHUPLVFKHY $QVSUHFKYHUP|
7LHIH

(LQVFKZHL% WLHIH LQ GDV .XSI
.DSLOODUWLHIH

'LFNH 1LFNHOEOHFK

=HLW

7THPSHUDWXUGLIIHUHQ]
$XVIDQIJVWHPSHUDWXU
%H]XJIJVIHLWSXQNW
THPSHUDWXUHUK|KXQJ ZIKUHQ((
NULWLVFKH 7HPSHUDWXU
THPSHUDWXUIHKOHU

THPSHUDWXUHUK|KXQJ ZIKUHQ(

7THPSHUDWXU DP ,QWHUIDFH
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Symbol
Trop
"Th
tn
' Toberflache
' Toberseite

toff

Tp
' TI’ES
Ts
Ts 1L
" Tunterseite
Tv
Tv 1L
\
Vglobal
Viokal
Vp
Ve 1L

VP schaum

SI-Einheit

Bedeutung

OD[LPDOWHPSHUDWXU
%HLWUDJ ] XU 7THPSHUDWXUHUK
GLVNUHWLVLHUWHU =HLWVFKU
THPSHUDWXUHUK|KXQJ DXI GHL
7THPSHUDWXUGLIIHUHQ] DQ %Ot

(QG]JHLWSXQNW GHU 7HPSHUDW
FKH

6WDUW]JHLWSXQNW GHU 7HPSHL
FKH

BUR]JHVVWHPSHUDWXU
UHVXOWLHUHQGH 7HPSHUDWXU
6FKPHO]JWHPSHUDWXU
6FKPHOJ]WHPSHUDWXU 1LFNHO
THPSHUDWXUGLIIHUHQ] DQ %O}t
9HUGDPSIXQJVWHPSHUDWXU
O9HUGDPSIXQJVWHPSHUDWXU 1L
S9RUVFKXEJHVFKZLQGLJIJNHLW
JOREDOH 9RUVFKXEJHVFKZLQG
ORNDOH 5SHODWLYJHVFKZLQGLJ
BUR]JHVVYROXPHQ
BURJHVVYROXPHQ 1LFNHO

BURJHVVYROXPHQ 1LFNHOVFKD:
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Symbol Sl-Einheit  Bedeutung

Vx PV *HVFKZLQGLJINH LW SIRAKSRQM \

Vy PV *HVFKZLQGLJINHLWYV SIRAKSRQM \

X,y,Z VWDWLRQIUHY .RRUGLQDWHQV\

[W\p Ju PLWEHZHJWHY .RRUGLQDWHQV)

X P %YHREDFKWXQJVSXQNW LP RUW'

Xexn *HZ JHPLWWHOWHU . XSIHUDQWHLO

z P YRN XV SR VzZLSMIFKQV K Q J

Ziow P z .RRUGLQDWH LP )*JHSDUWQHU
$QVSUHFKYHUP|JHQ

R P 5D\OHLJK /IQJH

Zwez P $XVGHKQXQJ GHU ZIUPHEHHLQI

ZWEZexp P H[SHULPHQWHOO HUPLWWHOWFE

IOXVVWHQ =RQH

Griechische Buchstaben

Ramera f %HREDFKWXQJVZLQNHO GHU +F
J UHODWLYH 'LFKWH

K (LQNRSSHOJUDG

Kk WKHUPLVFKHU :LUNXQJVJUDG
N P& V 7HPSHUDWXUOHLWIIKLINHLW
o P HOOHQOIQJH

@ P (PLVVLRQVZHOOHQOIQJH GHV ¥

Qiser P (PLVWLRQVZHOOHQOIQJH GHV /



Verzeichnis der Symbole und Abkurzungen

Symbol Sl-Einheit  Bedeutung

vk . PA. JJUPHOHLWIIKLINHLW

Gk 1L : PA. S JUPHOHLWIIKLINHLW 1LFNHO
GAsehaum . PA. JUPHOHLWIIKLINHLW 1LFNHOVF
[/ YHUGDPSIWHU ODVVHQDQWHLO
U NJ PA 'LFKWH

do NJ PA 'LFKWH $OXPLQLXP

U x NJ PA 'LFKWH .XSIHU

Uho :AP3d FVSH]LILVFKHU HOHNWULVFKHU
zn NJ PA 'LFKWH 1LFNHO

{ehaum NJ PA 'LFKWH 1LFNHOVFKDXP

Abkirzung Bedeutung

$0 $OXPLQLXP

$0 S5HLQDOXPLQLXP $OXPLQLXP

&). FDUERQIDVHUYHUVWIUNWHU . XQVWVWF
&X .XSIHU

&X 2) VDXHUVWRIINTUHLHY . XSHU R[\JHQ IUHH

&X=Q .XSIHU =LQN /HJLHUXQJ OHVVLQJ
Fz FRQWLQXRXV ZDYH 'DXHUVWULFKEHWL
+$= KHDW DIIHFWHG ]RQH

+6 .DPH +RFKJHVFKZLQGLIJNHLWVNDPHUD

1L ILFNHO



Verzeichnis der Symbole und Abkurzungen

Abklrzung
5(0
5 1L

(=

Bedeutung
5DVWHUHOHNWURQHQPLNURVNRS
BHLQQLFNHO 1LFNHO

ZIUPHEHHLQIOXVVWH =RQH



XU]JIDVVXQJ GHU $UEHLW

8P GLH VWHLJHQGHQ 3URGXNWDQIRU GHQY XGQLH & LIQY HT
%DXWHLOH HLQHV 3URGXNWYV LPPHU KHXRIG JHUW RD %X Y
RSWLPLHUW 'HU (LQVDW] XQWH UV AK Q& CBLLFRKGIXUN DWWV E
EHL HLQ JUR%HY 3RWHQWLDO ]XU 2BMH® LGHNX @ U REG-DUN )
KHU QLPPW GHU ODWHULDOPL[ LQQHUKDOE YRQ 3URG X
GHU %HGDUI DQ JHHLJQHWHQ )*JHWHFKQRORJLHQ ,Q
VWUDKOVFKZHL%HQ YRQ OHWDOOHQ PLW XQWHUVFKLF
WHQ DQ %HGHXWXQJ

%HLP /DVHUVWUDKOVFKZHL%HQ YRQ FHWHRMRIBEKOWIN B OWV
(LJHQVFKDIWHQ VWHOOHQ GLHVH (L J#HHUMPKD R WDHQ
GHQ )*JHSUR]JHVV GDU 6LH EHVWLPPW® }KWPPH LIQMH @ ZX W
YHUWHLOW ZLUG XQG ]XP DQGHUHQ ZLH JUR% GHU (Q
]XU (UJHXJXQJ HLQHV EHVWLPPWHQ 3JBRRH VD F R Q WHHQI
]ZLVFKHQ GHQ EHLGHQ )*JHSDUWQHU |QGHQY F&DHW
VFKODJDUWLJ EHLP hEHUJDQJ YRP HLBHQ )QGISDQ WQ |
)*JH]RQH DXFK VFKODJDUWLJ VRZRKO GLH 9HUWHLO X
GHU HUIRUGHUOLFKH (QHUJLHEHGDWO W HIQV(EHURWEH UC
GLH IsU GHQ )*JHSUR]HVV EHQ|WLJWHH]RBSHX QG XSBINUHH
UHNWHU 8PJHEXQJ ]X JHQHULHUHQ

'"HU /DVHU LVW KLHUI*U SULQ]LSLH®D BXQJUXW G WH LY
WHLOH ZLH HLQHU JHLWOLFK XQG JXIXP XIQRK \JHi[ QHHQW
JOH[LELOLWIW 2KQH JHHLJQHWH 3UR]JHVVVWUDWHJILH
/IDVHUV DOOHLQH MHGRFK PHLVW QLFKW DXVUHLFKHQ
VWUDKOVFKZHL%HQ YRQ OHWDOOHQ PLW XQWHUVFKLF
WHQ HUIROJUHLFK ]X PHLVWHUQ ' DK HU HIDIBHQHSWU BH HW

Durch die gezielte Einstellung der lokal eingebrachten Energie und deren Verteilung,
mittels an die jeweilige Flgeaufgabe angepasster Prozessstrategien, kann das Laser-
strahlschweif3en von Metallen mit unterschiedlichen thermophysikalischen Eigenschaf-
ten realisiert werden.
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'DV =LHO GLHVHU $UEHLW OLHJW LQ RIHWK HQWSALEMYXQJ
SDVVWHQ 6WUDWHJILHQ I+U GLH JH]HHOWH QROVBKAHLBE
OHWDOOHQ PLW XQWHUVFKLHGOLFKH® WKH Y FZR G\ \DLQNKD
]ZHLHU %HLVSLHOH PLW GHQ GRPLQLHUHQGHQ SK\VLNE
.RQYHNWLRQ GHPRQVWULHUW

X 'DV )*JHQ YRQ 1LFNHOVFKDXP DQ 1LFNHOEOHFK :IU]
X 'DV )*JHQ YRQ $OXPLQLXP .XSIHU OLVFKYHUELQGXQJ

)sU GDV /IDVHUVWUDKOVFKZHL%HQ YRWGLHE & HC\EFKDOPS K
6WR% .RQILJXUDWLRQ EHWUDFKWHW PLW GHP 1LFNHOE
DOV XQWHUHP )*JHSDUWQHU 9%HLGHN MO H5S DIU W QXQ GE BN I
VHQ YHUKIOWQLVPI%LJ NOHLQH $EPHVVXQJHQ DXI 'DV

PP XQG GHU 1LFNHOVFKDXP KDW H LIGIH) SRIHLIW HL IY RNH
VFKDXP EHVLW]W GDU+EHU KLQDXV W HKLY RIOHQ @ M 18 YN ]
%HQ YRQ ZHQLJHQ —P ELV ]X ZHQLJHM®JIHGPWEXINWXQ
%HQ GHV 6FKDXPV EHVWHKW GLH *HIDKU GHU =HUVW|U
6FKZHL%SUR]JHVVHY 'DU*EHU KLQDXVKNR PO®MA A K LEKMPX @
DX| GHP 1LFNHOVFKDXP EHLP hEHUVFKUHLWHQ YRQ EHU
VFKHQ 7THPSHUDWXUH® YR HWZAMHUJQHKLFK ]XU 6FKPHO
YRQ 1LFNHO YRQ f& ]XU $XVELOGXORQHLQHY ZIUP
ZRGXUFK GLH QXW]EDUH EHVFKLFKWHWH )OIFKH UHGX]I

)sU GDV /DVHUVWUDKOVFKZHL%HQ YRQLYGXREEDRXPO ST
hEHUODSSVWR% DOV )*JHDQRUGQXQ®O XRW H U VXFE& W H+ IO+
&X &X 2) PLW %OHFKGLFNHQ YRQ MHZHLOV PP YHUZHC(
YRQ $0 DQ &X VWHOOHQ QHEHQ GHQ XQWHUVFKLHGOLF}
GHU EHLGHQ )*JHSDUWQHU YRU DOORPHBYHW DKK ZILIOWGHHC
LQWHUPHWDOOLVFKHQ 3KDVHQ HLQH JUR%H +HUDXVIRU
WDOOLVFKHQ 3KDVHQ ZHLVHQ HLQH K|KHUH 6SU|GLJNHL
UHQ VSH]LILVFKHQ HOHNWULVFKHQ :LGHUVWDQG DXI D
KHU EHHLQIOXVVHQ GLH LQWHUPHWDOOLVFKHQ 3KDVHQ
FKDQLVFKHQ (LJHQVFKDIWHQ GHU HUR+XIWBQV RFKH HW %Z
P|JOLFK PLQLPLHUW ZHUGHQ

)eU EHLGH )¢JHDXIJDEHQ ZXUGHQ )HVWN|USHUODVHU Pl
—P HLQJHVHW]W



Kurzfassung der Arbeit

)sU EHLGH )*JHDXIJDEHQ ZXUGHQ DXV GHQ MHZHLOLJF
UXQJHQ I+U GHQ )*JHSURJHVV GLH HQGLWSMHEKHQG BQ J:
GHQGH 3UR]JHVVVWUDWHJILH DEJHOHILMHW QHDW B BIURDN
WHJLHQ DEJHOHLWHW XQG XPJHVHW]W

)eU GDV /IDVHUVWUDKOVFKZHL%HQ YRQ 1LFNHOVFKDXI
6FKZHL% SUR]JHVYV DXVJHZIKOW XQG XPJHVHW]W 'LHVH
IXQJ DQ GHU 6FKPHO]JEDGREHUIOIFKH GLH $XVELOGXQ
QLV XQG JOHLFK]HLWLJ VWDELOHU (LQVFKZHL% WL
GXUFKJIQJLIH 'XUFKVFKZHL%XQJ GXURBKGEDV.DSEENBDOD
GHU %YOHFKXQWHUVHLWH EHL JOHLWHK]® LWL O HNOW JHHU !
HLQHP VROFKHQ .H\ERZO 6FKZHL%SUR]JHVV NRQQWH F
VFKDXP DQ 1LFNHOEOHFK PLW 9RUVFRXEUQERFKZHQGHP
NXVGXUFKPHVVHU-PR®HPRQVWULHUW ZHUGHQ

)sU GLH WKHRUHWLVFKHQ 8QWHUVXFKXQJHQ GHU $X\
ZXUGH LQ GLHVHU $UEHLW HLQ DQDO\WLVFKHV ORGHC
WDOOHQ PLW XQWHUVFKLHGOLFKHQ WKHUPRSK\VLNDZ¢
JHEQLVVH GHU WKHRUHWLVFKHQ XQ G H\ B H USLUPEHLWH T
HLQH $EQDKPH GHU $XVGHKQXQJ GHU :(= PLW ]XQHKP]
(V JHLIWH VLFK MHGRFK DXFK GDVV ENHL W|HK® UDHEQ Ho\
ve P PLQ QXU QRFK PLW HLQHU JHULQQI3JEHMQ ($EJXD |
UHFKQHQ LVW XQG HLQHU 6NDOLHUXQJ GHU 3UR]JHVVV
VFKZLQGLIJNHLWHQ VRPLW *UHQ]HQ JHVHW]W VLQG

)sU GDV /DVHUVWUDKOVFKZHL%HQ YRQ $0O DQ &X ZXU
UIXPOLFKHU BWUDKORV]LOODWLRQ BOXP3HRHWNW WD
NRQQWHQ GLH 1DKWEUHLWH DP ,QWHUIDFH XQG GLH (
%OHFK QDKH]X XQDEKIQJLJ YRQHLQDQGHU HLQJHVWH(
JUR%H $QELQGXQJVEUHLWHQ ]X HUJHRMHIL VDONUDK R KG
JHSDUWQHU ]X UHGX]LHUHQ XP GLHDYX\WQELQ G} &R
QDKW JHULQJ ]X KDOWHQ

'LH (UJHEQLVVH GHU YRUOLHJHQGHQ $UEHLW KDEHQ .
IDKWEUHLWH DP ,QWHUIDFH ]X (LQWHKZ HLR4WIHH. IHK DQV
GLH (UJHXJXQJ HLQHV JHULQJHQ HOHNWULVFKHQ :LGH!
%UHLWH 7LHIH ! ZHLVHQ GLH JHULQXVWH® IHFKH N WWIILLD
GRFK HLQH PLQLPDOH (LQVFKZHL%WLHIH LQ GDV .XSI
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DNJHSWDEOH :LGHUVWDQGVZHUWH ]X HUKDOWHQ 'XUFK
WLRQ PLW NRQVWDQWHU /DVHUOHLWWIX@G &R QQNUHHGH
BFKZHL%QIKWH XP HWZD UHGXJLHWW ZHWIBIHL FRX]IX Ha
'LGHUVWIQGHQ GHU 6FKZHL%QIKWH GLH RKQH UIXPOLF
'XUFK HLQH ORNDOH $QSDVVXQJ GHURDVHNOKNY VHQWMIV
FKHR Gka NRQVWDQW NRQQWH HLQH ZHLWHUH 5HGX]LI
VWDQGV XP DXl BWRRQVWHLHUW ZHUGHQ

'LH (UJHEQLVVH GHU YRUOLHJHQGHQ $UEHLW JHLJHQ GI
JHVVVWUDWHILHQ I+U GLH JH]JLHOWH (LQVWHOOXQJ GHL
9HUWHLOXQJ GDV /DVHUVWUDKOVFKZHL%HQ YRQ OHWDC
NDOLVFKHQ (LJHQVFKDIWHQ HUIROJUHLFK UHDOLVLHUW
WHWHQ $QZHQGXQJVEHLVSLHOH NRQQWHQ NRQNUHWH 3
GHUHQ HUIROJUHLFKH 8PVHW]XQJ GHSROMDU VIS W NI U
GLH hEHUWUDJXQJ GLHVHU (UNHQQWQLVVH DXl GLH (QW
WHUH $QZHQGXQJVIIOOH JHJHEHQ



(IWHQGHG $EVWUDFW

,Q RUGHU WR PHHW WKH HYHU LQFQEDYL®YDXHPRPSRQ
D SURGXFW DUH PRUH DQG PRUH IUHTXHQWO\ WDLOR
IHUHQW PDWHULDOV ZLWKLQ D SURGXFW RIIHUV JUHI
SURSHUWLHV Rl WKH SURGXFW WKH PDWHULDO PL[ ZL
QHHG IRU VXLWDEOH MRLQLQJ WHFEPR RORILHI RQ RHKW
GLIIHUHQW WKHUPRSK\VLFDO SURSHUWLHYV LV DOVR J

Y)RU ODVHU EHDP ZHOGLQJ RI PHW D6V RZENUWGE HM H WH®I\
HQW WKHUPRSK\VLFDO SURSHUWLHRLORYB YSRFHDO® F
RQH KDQG WKH\ GHWHUPLQH KRZ WKH VXSSOLHG KHI
RWKHU KDQG KRZ ODUJH WKH HQHUJ\ RU SRZHU UHTX
FHVV YROXPH LV ,Q WKH MRLQLQJ JRQH DW WKH LQW
WKH WKHUPRSK\VLFDO SURSHUWLHY FKDQJH DEUXSWC
WR WKH RWKHU 7KHUHIRUH ERWK WKH GLVWULEXWL
HQHUJ\ DOVR FKDQJH DEUXSWO\ LQ WKH MRLQLQJ ]JRQF
LQSXW LQ RUGHU WR JHQHUDWH WKH WHPSHUDWXUH G
ZKLFK LV UHTXLUHG IRU WKH MRLQLQJ SURFHVV

,Q SULQFLSOH WKH ODVHU LV D ZHOO VXLWHG MRLQL
D WHPSRUDOO\ DQG VSDWLDOO\ FRQWUROOHG HQHUJ\
DEOH SURFHVV VWUDWHJLHV KRZORQH DUKHXNEDDQW |
FLHQW WR VXFFHVVIXOO\ PDVWHU QWKR | FKHD/ODID®\Q ZH W IR
HOQW WKHUPRSK\WWLFDO SURSHUWLHVSUKWH & W WHK HW K ¥

Laser beam welding of metals with different thermophysical properties can be realized
by the controlled adjustment of the locally supplied energy and its distribution by means
of process strategies adapted to the respective joining task.

7KH DLP RI WKLV ZRUN LV WR GHYHORS DQG LPSOHPH
WKH FRQWUROOHG HQHUJ\ VXSSO\ GXULQJ ODVHU EHI
PRSK\WLFDO SURSHUWLHV 7KLV LV GHIPWRW\WUID W R B LE
SK\WWLFDO HIIHFWV RI KHDW FRQGXFWLRQ DQG FRQYHF



Extended Abstract

Xx 7TKH MRLQLQJ RI QLFNHO IRDP VKHHRWQG XRVYRQL GDQK
X WKH MRLQLQJ RI DOXPLQXP FRSSHU GLVVLPLODU MR

JRU ODVHU EHDP ZHOGLQJ RI QLFNHBWRD B ¢ KRHYHHW D MER 7
FRQILIJIXUDWLRQ LV FRQVLGHUHG ZLWK WKH VROLG QLF
WKH QLFNHO IRDP VKHHW DV WKH ORDHUNRRUYLQUHSBD
SXUH QLFNHO 5 1L DQG KDYH FRPE&XMHUVPRVALYH QLFRBOO

KDV D WKLFENQHVYV RI PP DQG WKRIQLFNPPRP IROP R/KHIG
FHOOHG QLFNHO IRDP KDV DOVR YHVUWSVYFEDO O/ WW XK KWW X E
D IHZ —P WR D IHZ —P 'XH WRWKIHWHK H/ PDIDRO WW H X

ULVN RI GHVWUXFWLRQ RI WKLV |RIRF NWU X,FOWXE G L @M RL
JDQLF FRDWLQJY DUH DSSOLHG R@® WK HWMG JRIQHI RE= V|
FXUV W\SLFDOO\ DW ORZ FULWLFPO WEBPSREBIWXMHG W R
PHOWLQJ WHPSHUDWXUH RI QLFNHO RI f& ZKLFK UF

JRU ODVHU EHDP ZHOGLQJ RI DOXPLQ@DOE MALWR ER HIDHA
VLGHUHG DV MRLQW FRQILJXUDWLRQ2)3XALHV KOV KHOH W WX
QHVVHV RI PP HDFK DUH XVHG ,Q ODVHU EHDP ZHOGI
GLITHUHQW WKHUPRSK\WLFDO SURSHUWLHVY RI WKH WZR
PHWDOOLF SKDVHV GXULQJ WKH ZHQGH Q0 RVUR RH WKSIR/V
WHUPHWDOOLF SKDVHY KDYH D KLJKHU EULWWOHQHVYV
FDO UHVLVWDQFH WKDQ WKH EDVHQPBW WWKIHD OQ W AK P U A
SKDVHV LQ WKH ZHOG PXVW EH PLOQRRHFMG WRHRBGRYIHW |
WKH ZHOG MRLQW

JRU ERWK MRLQLQJ WDVNV VROLG VWDWH ODVHUV ZLW
ZHUH XVHG

JRU ERWK MRLQLQJ WDVNV WKH FRIURPHRQGWQD WHT X
DSSOLHG ZHUH GHULYHG IURP WKH UHVSHFWLYH UHTXL
SURFHVY LQ HDFK FDVH %DVHG RQ IMKULN WKHQ GEHOH YS
LPSOHPHQWHG

$ NH\ERZO ZHOGLQJ SURFHVV ZDV VHO HHDWPGZE Q G LIQPIS
QLFNHO IRDP VKHHWYV WR VROLG QLFNHO VKHHWYV BXFK
HYDSRUDWLRQ DW WKH ZHOG SRRG WXWHNFH R @ KH WKUPQ
UDWLR RI DQG D VLPXOWDQHRX\ORZYVWD E& B W IHDXCRQ
SHQHWUDWLRQ ZHOGLQJ WKURXJK WKH VROLG QLFNHO
RQ WKH ERWWRP VLGH Rl WKH VKHHW DQG DW WKH VDP
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D NH\ERZO ZHOGLQJ SURFHVV D VXFFHVVIXO MRLQLQ.
VKHHWYV ZLWK 1«HHGPURWHW RIRF&KYV GLBPHMRXWRBIEH GH
VWUDWHG

JRU WKH WKHRUHWLFDO LQYHVWLJDWLRQV RI WKH H[V
DQDO\WLFDO PRGHO IRU ODVHU EHDP ZHOGLQJ RI PHYV
HUWLHY ZDV GHYHORSHG ZLWKLQ WKLV ZRUN 7KH UH
LQYHVWLIDWLRQV RI WKLV ZRUN VKRWHGE B $GHHUWHD V8
LQJ IHHG UDWH +RZHYHU LW DOVR WXUWQHG RPWQNKD
RQO\ D VOLJKW GHFUHDVH RI WKH HIWHQVLRQ RI WKH
RI WKH SURFHVVY VWUDWHJ\ WRZDUGYVY HYHQ KLJKHU IH

YRU ODVHU EHDP ZHOGLQJ RI $0 WRG& % U R/IKHHVV H\OM & VW
GHHS SHQHWUDWLRQ ZHOGLQJ ZLBHKDWPS DMK QVR V¥ L O/
ZLGWK DW WKH LQWHUIDFH DQG WKH ZHOGLQJ GHSW!
DOPRVW LQGHSHQGHQWO\ RI HDFKHPDWHHO D 0K HVMRL @
DQG DOVR WR UHGXFH WKH PL[LQJLUDRURBHU WRHP IMZIF
IRUPDWLRQ RI LQWHUPHWDOOLF SKDVHV LQ WKH ZHOC

7KH UHVXOWYVY RI WKH SUHVHQW ZRUN KDYH VKRZQ WK
IDFH WR ZHOGLQJ GHSWK LQWR WKH &X ZLGWK GHSW
ORZ HOHFWULFDO UHVLVWDQFH 7KH ZHOG VHDPV ZLW
HOHFWULFDO UHVLVWDQFHYVY $W WKH VDPH WLPH KR.
FRSSHU RI DERXW —P LV UHTXLUHG LQ RUGHU WR F
XVLQJ VSDWLDO EHDP RVFLOODWLRQ ZLWK FRQVWDQW
JHQHUDWHG ZHOG VHDPV FRXOG EH UH:G XHFRIFGS BU B G RX
WKH UHVLVWDQFHV RI WKH ZHOG VHDPV JHQHUDWHG 7
DGMXVWLQJ WKH ODVHU SRZHU RCGHQRVW®R RFNR DO WDW M
D IXUWKHU UHGXFWLRQ RI WKH HORXW ULF B8 XWHEV EWHW
GHPRQVWUDWHG

7KH UHVXOWYV RI WKLV ZRUN VKRZ WKDW ODVHU EHDP
SK\WWLFDO SURSHUWLHY FDQ EH UHDOL]JHG VXFFHVVIXC
IRU WKH FRQWUROOHG DGMXVWPHQW RI WKH ORFDOO'
EDVLV RI WKH WZR FRQVLGHUHG DSSOLFDWLRQ H[DP:
FRXOG EH SUHVHQWHG DQG WKHLU VXFFHVVIXO LPSOH
SRLQW IRU WKH WUDQVIHU RI WKHVH ILQGLQJV WR WK
WKHU DSSOLFDWLRQV LV JLYHQ






1 (LQOHLWXQJ

1.1 Motivation und Zielsetzung der Arbeit

8P GLH VWHLJHQGHQ 3URGXNWDQIRUGHUXQJHQ HUI-C
%DXWHLOH HLQHV 3URGXNWYV LPPHU KHRIG JIHW R D %X 8
RSWLPLHUW 'DEHL ELHWHW GHU (LQVDW] XQWHUVFKIL
GXNWV HLQ JUR%HV 3RWHQWLDO ]XU 2SWLPLHUXQJ G
+LHUGXUFK QLPPW GLH 9LHOIDOW GHU HLQJHVHW]WH
QHUKDOE GHU 3URGXNWH LPPHU ZHLWHU ]X JHWUHX ¢
ULFKWLHHQ@+6@/HOO

'"LH XQWHUVFKLHGOLFKHQ 1+U HLQ PURGHKMNW WMRO2H AL
HLQHP %DXWHLO JHI+JW ZHUGHQ GDPLW GDV (QG 3U!
GLH YRUWHLOKDIWHQ (LJHQVFKDIWHQ GHU HLQJHVHW]
'D]X VLQG JHHLJQHWH )*JHWHFKQRORJLHQ HUIRUGHUC
HLQ JHHLJQHWHYV :HUN]JHXJ DXIJUXQG VHLQHU 9RUWH
JLHOWHQ (QHUJLHHLQEULQJXQJ KRRIIBWUJIJNHDWENQL KQEL
EHLWXQJVTXDOLWIWHQ VHLQHU KRKHQ )OH[LELOLWIW
EDUNHE@N >

'LH %HLVSLHOH I+U GHQ (LQVDW] XQWHUVFKLHGOLFKF
UXQJ YRQ WDRWHLLAHQIOWLI $QJHIDQJIJHQ EHL HQ VR
LP $XWRPRELOEDX > @ *EHU GHQ (LQVDW] YRQ /HLFKW
> @ XQG 9HUEXQGPDWHULDOLHQ EHLVSLHOVZHLVH
&). > @ |*U GKQ@EBKXFELV KLQ ]XU 9H WZHDHEXLDIOA B B X
OHWDOOVFKIXPHQ > @ $XFK .RPELQWDNURFKH @ GYIRLC
WKHUPRSK\VLNDOLVFKHQ (LJHQVFKDIVWBK®@ JL @& HIH QPH
VLQG KLHU EHLVSLHOVZHLVH PHWDOOLVFKH OLVFKYHL
GXQJHQ > @ I*U GHQ .DURVVHULHETLDQBBBUHROXPL
@ 1*U GLH (OHNWURPRELOLWIW XQG Il+U %DWWHULHD



1 Einleitung

,P )RNXV GHU YRUOLHJHQGHQ $UEHLW VWHKHQ DXVVFK
PLW XQWHUVFKLHGOLFKHQ WKHUPRSK\VLNDOLVFKHQ (L
VFKDXP XQG 1LFNHOEOHFK VRZLH GLH HRP KIQED MIHR Q L#D
HUIROJUHLFK PLWKLOIH GHV /DVHUWQWQWMKOVFKZHL% HQV

%HLP /DVHUVWUDKOVFKZHL%HQ YRQ OHWDOOHQ PLW X
(LJHQVFKDIWHQ VWHOOHQ GLHVH (LUKXQ@VHKDIVWH@HEH R
SUR]JHVV GDU 6LH EHVWLPPHQ |XP HHQHR %DXHNELBD NHQY
ZLUG XQG ]XP DQGHUHQ ZLH JUR% GLHAW K@H V EHHG DEH ]]
(UJHXJXQJ HLQHV EHVWLPPWHQ 3UR]HWWQ RO PRMH QD Q
YHUVFKZHL%HQ ]X N|JQQHQ PXVV LQ GHU J)HIDRWEHBZRVE
HUIRUGHUOLFKH 7HPSHUDWXUYHUWHLOXQJ HU]JHXJW ZH
5HVXOWDW GHU HLQJHEUDFKWHQ (QHY XQHG X/ Q& B LG K\W QY
WHLOXQJ LP ODWHULDO DE 'LH 9HUIMHIG X QH GEHHUIX P QGIXIL
GLH JHLWOLFKH XQG |[UWOLFKH (LQEULQJXQJ GHU (QHUJ
VWLPPW ,Q GHU )*«JH]JRQH DP ,QWHUIDFH ]JZLVFKHQ GH
WKHUPRSK\VLNDOLVFKHQ (LJHQVFKDIWHQ VFKODJDUWLJ
]XP DQGHUHQ 'DKHU NRPPW HV LQ GHHL PHH]RQG HXXRXKI \
ZRKO GHU 9HUWHLOXQJ GHU HLQJHEUBHRKWHRKHIH UJHY J
GDUIV 'LHV HUVFKZHUW HV GLH I+S HIUDQN)¢ UN S U R H IV XE,
)*JH]RQH ]X JHQHULHUHQ =XGHP NRP RHQ50IQGLEHTHION M C
JHQ KLQ]X ZHOFKH GLH PD[LPDO ]XOIVVLJH 7THPSHUDW)
EXQJ GHU )*JH]RQH EHVFKUIQNHQ 'LHV N|QQHQ EHLVSLI
HLQIOXVVWHU =RQHQ LQ DQJUHQ]HQGHQ %DXWHLOHQ L
RGHU GHQ %DXWHLOHQ VHOEVW VHLQ =XVIW]OLFK NDQ(¢
OHWDOOH HLQH ZHLWHUH +HUDXVIRXG A K XGLH GIXW\EW E G |
PHLVW VHKU VSU|GHU LQWHU P HW DIHQLWRKDHIW B QDI G HPU
YHUELQGXQJ

'LH YRUWHLOKDIWHQ (LJHQVFKDIWHQ GHV /DVHUV DOV
QHWH 3URJHVVVWUDWHJILHQ MHGR KK RH LMD Q6 MW @ %W
IRUGHUXQJHQ EHLP /DVHUVWUDKOV F KZHE @d HF® HYQR QV K H W
SK\WLNDOLVFKHQ (LJHQVFKDIWHQ HUWR®G UGID B KE HU PAH.LO
QRFK VSH]LHOOH 3UR]JHVVVWUDW HBMWHD HH RD G\ RO IGAHKU
GHU MHZHLOLJHQ )*JHDXIJDEH DQJHSBRWK HAHK G U6&PH
OLHJHQGH $UEHLW IRUPXOLHUHQ



1.2 Aufbau der Arbeit

Durch die gezielte Einstellung der lokal eingebrachten Energie und deren Verteilung,
mittels an die jeweilige Flgeaufgabe angepasster Prozessstrategien, kann das Laser-
strahlschweif3en von Metallen mit unterschiedlichen thermophysikalischen Eigenschaf-
ten realisiert werden.

'DV =LHO GHU YRUOLHJHQGHQ $UEHRWHQIKQW I QRGHINIV
SDVVWHU 6WUDWHJILHQ 1+U GLH JH]HHOWH DQOIVEK B H LS
OHWDOOHQ PLW XQWHUVEKLHGOLFKH® WK HV FZR S\ \DLQ\!
]ZHLHU %HLVSLHOH PLW GHQ GRPLQLHURQGHQVS@RIVK
.RQYHNWLRQ I+U GLH (QHUJLHYHUWHIWXQJ LQ GHU )J

X 'DV )*JHQ YRQ 1LFNHOVFKDXP DQ 1LFNHOEOHFK :I
X 'DV )*JHQ YRQ $OXPLQLXP .XSIHU OLVFKYHUELQG X¢

1.2 Aufbau der Arbeit

'LH (UUHLFKXQJ GHV =LHOV GHU YRUOLHJHQGHQ $UEH
8PVHW]XQJVEHLVSLHOH GHPRQVWULHIURMNHOV FIPDNXR D\
FNHOEOHFK ZLUG LQ .DSLWHO E H KID/QXGQHO VO \D G\R P4
GHP SK\VLNDOLVFKHQ (IIHNW I+U GLIRQBHUIVHDMHWWHW
VFKZHL%HQ YRQ $OXPLQLXP DQ .XSIBO\Z %ML\ OL.HDS IPW
YHNWLRQ DOV GRPLQLHUHQGHP SK\VLNDOLVFKHQ (IIH
JHIRQH

,Q SEVFKQLWW ZLUG DX| GHQ DNWXHOOHQ 6WDQG
YRQ OHWDOOVFKIXPHQ HLQJHJDQJHQ N\QHBEMF I$QLRUWG
JHQ XQG +HUDXVIRUGHUXQJHQ EHLP /BXBIXRF \BQDK.I\NH
EOHFK GLVYNXWLHUW $XVJHKHQG GHILYIRXH WIHU BUIRQ HHVEWAF
DEJHOHLWHW XQG DXVJHZIKOW

,Q SEVFKQLWW ZHUGHQ WKHRUHW IR]HKN DEH B O-HKIXQ
VLHUHQG DXI GHU /HLVWXQJVELODQ] ZLUG GLH HUIRU
GHU 3URJHVVYROXPLQD LQ GHQ EHLGHQ )*JHSDUWQH!
VFKHQ ORGHOOV HUIROJW HLQH $EVFEHQ ¥ QHEHR]BYR
$EVFKQLWW IROJHQ GLH (UJHEQLWVYXMNQIHQ K[ISW UDR
VWUDKOVFKZHL%HQV YRQ 1LFNHOE OHE®X XLF® KO\ FHOD/X
1ILFNHOEOHFK DQKDQG GHUHU GLH 8PVHW]XQJ GHU 31



1 Einleitung

1DFK GHU %HKDQGOXQJ GHV )*JHSUR]®INYH G U UG UPIHEN
HLQIOXVVWHQ =RQH :(= LP 1LFNHOVFKDXREHIQQ DIDIDQ ¥V
ZRKO (UJHEQLVVH H[SHULPHQWHOOHU 8QWHUVXFKXQJH
VFKHU 8QWHUVXFKXQJHQ $EVFKQLWLIW FKH G LBVQWX MUK
ZLUG HLQ DQDO\WLVFKHYV ORGHOO |+UVGIUN WYDEOKNGKQH
YRQ OHWDOOHQ PLW XQWHUVFKLHGOLFKHQ WKHUPRSK\V
IROJW VRZRKO GLH 'LVNXVVLRQ GHV 9HUJOHLFKV ]ZLVF
GHQ H[SHULPHQWHOO EHVWLPPWHQ :HUMNGHRQXQIXGE K
‘(= EHL ZHLWHUHQ 3UR]JHVVSDUDPHWHUQ

.DSLWHO EHJLQQW ]XQIFKVW HEHQIDOOV PLW GHU 'DU
QLN ]XP /DVHUVWUDKOVFKZHL%HQ YRQ GDHK®LGEXP .X
VEKQLWW EHYRU DXFK KLHU QIRHHQDXQ G L#+H N R RWIRK
UXQJHQ I+U GLHVH )*JHDXIJDEH HLQJHJDQJHQ ZLUG S$E
ZLUG GDUDX| EDVLHUHQG HLQH JH ML XQHW B X3 RIH K @ WW
VFKQLWW

$QVFKOLH%HQG ZHUGHQ GLH (UJHEQLVRXHQXGHU GHSH L
6FKZHL%SUR]JHVVHY GDUJHOHJW ZRIEH H JXIDXB KA 16 E® 2
QIKWH RKQH XQG PLW UIXPOLFKHU 6&VWPBK@IRNVN OO0 D WD

'DQQ ZHUGHQ GLH =XVDPPHQKIQJH JZLVFKHQ GHU
ODWLRQVSDUDPHWHUQ VRZLH GLH $HK BFX I YHKY B B
GHU 1DKWJHRPHWULH DXIJH]HLJW $EDBSKQIHOWDEV F KEQV
ZHUGHQ GLH .RUUHODWLRQ ]ZLVFKH QDHQN R WHIU \j FIK/KFL J |
$EVFKQLWW GLVNXWLHUW VRZLH GDV 3RWHQWLD®
GHU UIXPOLFKHQ 6WUDKORV]LOODWLRQ DXIJH]JHLJW S$E

$EVFKOLH%HQG ZHUGHQ GLH (UJHE QRLYMM HGH U QVRRAKCLDHDI
VDPPHQJHIDVVW



2 )*JHQ YRQ 1LFNHOVFKDXP DQ

8P GDV /DVHUVWUDKOVFKZHL%HQ YRQ OHWDOOHQ PL
VFKHQ (LJHQVFKDIWHQ UHDOLVLHUHQ ]X N|QQHQ VLC
SDVVWH 3URJHVVVWUDWHJILHQ IU GLH JH]JLHOWH (LQV
GHUHQ 9HUWHLOXQJ HUIRUGHUOLFKW HUIHKDXPNM QHP H
WXQJ DOV DXFK PLW .RQYHNWLRQ DOV GRPLQLHUHQC
JLHYHUWHLOXQJ LQ GHU )*JH]JRQH HLQJHVHW]W ZHUG}
OXQJ XQG 8PVHW]XQJ YRQ 3UR]JHVVVWUDWHJILHQ PLW
VLNDOLVFKHQ (IITHNW EHKDQGHOW 'OHNV GIHHIW H R IV HKIW W
VFKZHL%HQV YRQ 1LFNHOVFKDXP DQ 1LFNHOEOHFK

2.1 Einleitung und Stand der Technik zum Laserstrahl-
schweil3en von Metallschaumen

OHWDOOVFKIXPH EHVLW]HQ DXIJUXQQ HKQHKR¥SN]BRW
l+U IDKOUHLFKH $QZHQGXQJVJHELHWH EHLVSLHOVZHL
GIPSIHU (QHUJLHDEVRUEHU :IUPH+BHRGHLD (8 H N YLOR\G

@ 'LH YRUWHLOKDIWHQ (LJHQVFKDIWHQ YRQ O}
GHU .RPELQDWLRQ YRQ JHULQJHU 'LFKWH LP 9HUJOH!
WDOOV XQG JOHLFKJHLWLJ JXWHQ WAKAKD & G\HAK HQ H W\
(LJHQVFKDIWHQ UHVXOWLHUHQ $QGH U HUHWHD &/OV R B XC
GHUHQ YRUWHLOKDIWH (LJHQVFKDIWHQ YHUDQWZRUW
VFKHUZHLVH JUR%H 9HUKIOWQLV YRQ ZHEHOUFIIOH FKXIQJW H
GHUHP EHL GHU $QZHQGXQJ I+U (O H NWIRRKHD Y RIH DR/
WHQ YRQ OHWDOOVFKIXPHQ KIQJHQ LPQ HMH QMR D FHKHDJ
DXV GHP GHU 6FKDXP EHVWHKW G H UG UGHDWD Wi 9 0@/ RLSFF
'LHVH GUHL OHUNPDOH ZHUGHQ GDKMQDXRR K HWLDIOJXV
PHQ YHUZHQGHW > @

8P GLH OHWDOOVFKIXPH I+U LKUH )X QQNWWALBRXQNM UR@DOXK
JHQ ]X N|QQHQ VLQG JHHLJQHWH )<dMW KPKDRWRDHRQ LXHDA



2 Fugen von Nickelschaum an Nickelblech

GHUHP GDV 6FKUDXEHQ .OHEHQ /|WIBG X G BY¥KRMHWY
VFKZHL%HQ KDW VLFK DXIJUXQG GH O FONDIL B K NHLOW H QQ
JLHHLQEULQJXQJ EHUHLWY DOV JHHLJQHWH XQG YLHOY
OHWDOOVFKIXPHQ HU@LISONWQH:QH JUR%H +HUDXVIRUGH!
SURJHVV KDW VLFK HLQH =HUVW |UXQ X N3MXJU DDXXJ HY¥® 6 R
2EHUIOIFKHQVSDQQXQJ KHUDXVJHVWHOOWQ EGH.Q- BR KB X
> @ =XU .RPSHQVDWLRQ GHU GRRWWRYHDZENXGB HQ
IDFK DXI GLH 9HUZHQGXQJ YRQ =XVDW3}P@W HUM DIV HW « F
VWUDKOVFKZHL%HQ LQ hEHUODSSN R®IQ IXHIDMAGRDF KR R P
JOHLFKHQ OHWDOOV RKQH GHQ (LQVDW] YRQ =XVDW]PD
YRQ &X=Q %OHFKHQ DQ RIIHQSRULJHQ &XOE 8 WBEKDXP ZDH
GLH JHRPHWULVFKHQ $EPHVVXQJHQ GHU )sJHSDUWQHU \
GLFNH YRQ PP XQG 6WUXNWXUHOHPHQWHQ GHV 6FKDX|
QXQJ VR GDVV YHUJOHLFKVZHLVH YLHO ODWHULDO I+U
]XU 9HUI+JXQJ VWDQG ,P )RNXV GHU YRUOLHJHQGHQ $U
OXQJ XQG 8PVHW]XQJ YRQ 3UR]HVVVRIULDMHY LR | 0 VED
VFKIXPHQ DQ 9ROOPDWHULDO LQ hEHWPHNYXQR 8 QL Y)RWOD 1M
QLJHQ KXQGHUW —P RKQH GLH 9HUZHQGXQJ YRQ =XVDW

,Q GHQ QIFKVWHQ $EVFKQLWWHQ HUIRE UWS B QG IE HGLVWD X
XQG +HUDXVIRUGHUXQJHQ EHLP /DVHUVWUDKOVFKZHL%
JHIROJW YRQ GHU $EOHLWXQJ GHU GURYHQVEMWU DK H RIUH
XQG H[SHULPHQWHOOHQ 8QWHUVXFKXQJHQ GHV 6FKZHL:

2.2 Herausforderungen beim Flgeprozess

,P 5DKPHQ GHU YRUOLHJHQGHQ SUEHLW YRQGH. FNHO /I
VFKDXP DQ 1LFNHOEOHFK LQ GHU hEHURDBISS 7, B \WRG HRC
ZLUG QIKHU DXI GLH XQWHUVXFKWH )sJHIJHRPHWULH VF
DXVIRUGHUXQJHQ I+U GLHVHQ )*JHSGR{bI Y ¥ H LR A BIDVQILH
LQ %LOG JHJHLJW 'HU /DVHUV\GH D KIQ FWUHLO BV DK VG X B
PLW GHU 9RUVFKXEJBYPKDULQEEHNHEDW 1LFNHOEOHFK E
GDEHL DQ HLQH VHQNUHFKW GD]X VWIFKHB G% WD 3 HUH X
PHQ JHVWN|USHUODVHU PLW HLQHU (RLQVDRQV ZHQ G H QC
ZHQGHWHQ ODWHULDOLHQ EHVWHKHQHDRXWHEHL QW QRN P O



2.2 Herausforderungen beim Fligeprozess

NOHLQH $EPHVVXQJHQ 'LH 1LFNHGEOHFRI®P KQREH@HHL O
FNHOVFKDXP EHL GHP HV VLFK XP HLKQBQGHRI®MQ SKFOUNL
%UHLWsHaX RQ PP

T sni = 0,3 mm

Nickelblech

Interface
< bgnaum = 0,135 mm

Nickelschaum

Bild2.1: )*JHJHRPHWULH IsU GDV /DVHUVWU D KDL\VRKHZG
Randbedingungen und Anforderungen

)*U HLQ HUIROJUHLFKHYV 6FKZHL%HQ YR/QV H IFQIHH & WFR D
VLJH 9HUELQGXQJ GHU EHLGHQ )*JHSWD WBMYNU &8 WWRUG+
DP ,QWHUIDFH JZLVFKHQ 1LFNHOVF K DXIPHXEXFXK R HPNW & E
UDWXU GHU EHLGHQ )*JHSDUWQHU HWWHHEIQW ZHUGWQ
6FKDXPVWUXNWXU XQEHGLQJW ]X YHUPHLGHQ :HUGHC
ILFNHOVFKDXP HLQJHVHW]W VR NDQQ HV EHLP hEHU
TrutkeU HLQH VROFKH %HVFKLFKWXQJ ]XX\WKWEQOSKQ
‘(= LP 1LFNHOVFKDXP NRPPHQ %HL RUJDQLVFKHQ 6W
VWRIIHQ LVW GLHV W\SLVFKHUWZHLN&H >EHUHLWYV EH®@ H5
)DOO 8P GLH QXW]EDUH EHVFKLFKWHWH )OIFKH GHV 1
PXVV GLH $XVGHKQX%QP GHEINHOVFKDXP P|JOLFKVW JH!
GHQ +LHU]X LVW HV HUIRUGHUOLFKNGHHK FRD [G&IR D QN 5\
7HPSHUPWK U, P LP 1ILFNHOVFKDXP HEHQIDOOV P|JOLF!
UDXV DEJHOHLWHW PXVV GHU (QHUJLHHLQWUDJ LQ GH
JHKDOWHQ ZHUGHQ ,P 5DKPHQ GHU YRIDAIFHKI B Q & H:Q HiC
VHW]W GLH PD[LPDOH 5HLFKZHLWH GHU ,VRWKHUPI
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Trutw & LP 1ILFNHOVFKDXP XQWHU ;4 PP ] PKDGWRPIQN PL
JLOW HV VRZRKO GLH $QIRUGHUXQJHQ I+U GHQ )*JHSUR]
UXQJ GHU BFKDXPVWUXNWXU DOV DXFK IsU GLH GXUF|
HLQ]XKDOWHQ 'LH UHVXOWLHUHQGHMHSD QUGBIBGLQJIXQJt

X THPSHUDWXU D& | W KB HDAMW AsPSHUDW X U
Xx NHLQH =HUVW|UXQJ GHU 6WUXNWXU GHV 1LFNHOVFK
X (QHUJLHHLQWUDJ LQ GHQ 1LFNHQVFRKDXP PRIOLFKVW

Herausforderungen

'LH VSH]LHOOHQ +HUDXVIRUGHUXQJNQIDHEH GLIHH KHE W @F
X QW HUYV F kherh®ahysik&lisicQen Eigenschafte@ HU EHLGHQ JderJHSDUW(
Struktur des SchaumsVR ZLH G H WritiséhehLT@rpe@tur fur die Ausbildung ei-

ner warmebeeinflussten Zone LHVH ZHUGHQ LP )ROJHQGHQ QIKHU H!

'"LH X QW H U V thirinbpByGikakidche¢ QEigenschaftd HU EHLGHQ )*JHSDUW
GLH :IUPHO H LAMIGK H) NGFI&MWHH 7 HP S H U D WA U8, W I 2R I N H L W
EHL GLH PDVVHQVSH]LILVFKH :IUPHND S DQM8 UM EK/Y\H UPQ G
JHQk ¥3gs, 6,2 @ 'LHVH EHVWLPPHQ PDWHULDOVHLWLJ
(QHUJLH LP ODWHULDO DOV DXFK GH@ HEZRINGH UHDLAK K
EHGDUI XU (UJHXJXQJ HLQHV EHVWLPPMRQ H URPH\QWYHRL
IDFH ]ZLVFKHQ GHQ EHLGHQ )*JHSDUWQHUQ IQGHUQ GL
WHQ VFKODJDUWLJ EHLP hEHUJDQJ YRP HLQHQ )+JHSDU
LQ GHU )*JH]JRQH DXFK VFKODJDUWLJ ]X HLQHU bQGHUX
(QHUJLH 'LHV KDW ]XU )ROJH GDVV GLH (LQVWHOOXQJ
YHUWHLOXQJ LQ GHU )*JH]RQH XQG GMWUHBIQUGL $M%\WMHQH
IQGHUW VLFK LQ GHU )*JH]RQH DX FG&HFIK®ID EH) MHK X®H V Z
/JHLVWXQJVEHGDUI ]XU (UJHXJXQJ GH & I & @KL MM P BRI
QHUQ .RQNUHWH =DKOHQZHUWH I+U GLH 8QWHUVFKLHG
VFKDIWHQ XQG I+U GLH DEJHVFKIW]WH EHQ|WLJWH (QHL
JHXJXQJ GHU MHZHLOLJHQ 3UR]JHVVYROXPLQD LP 1LFNHC
$EVFKQLWW JHIJHEHQ

Die Struktur desy H U Z H QNBkéMeha@msLVW LQ GHU LQ %LOG JHIHLJ
DXIQDKPH GHV 6FKDXPV ]X VHKHQ 'RUW VLQG GLH HLQ]t
GHUNHKUHQGH =HOOVWUXNWXU GHWR®FKB X VHIXSRWN B
WDOOVFKIXPH W\SLVFK VLQG > @ %MQ &UPHILLRV5DHKWPZHHQ
WHQ 6FKDXP VLQG GLH HLQJHOQHQ BWUXNWXUHOHPHQ\



2.2 Herausforderungen beim Fligeprozess

$EPHVVXQJHQ YRQ ZHQLJHQ —P ELV ]JXHMHULIHOQLQJ
BWUXNWXUJU|%HQ GHV 6FKDXPV NDQQ H\WQHALKEHQBWG |
GHU 6FKDXPVWUXNWXU NRPPHQ +LHUIUWB QHYBGW PIHI
KHQ 'LHV VLQG ]XP HLQHQ GDV YROOVWIQGLJH 9HUGD
JDU JU|%HUHU 9ROXPHQDQWHLOH GHV 1ILFNHOVFKDXP
PI%LJHQ (QHUJLHHLQWUDJ LQ GHQ 6F K\DXB X NW %W LDHX
VFKPRO]JHQ ZHUGHQ ZDV ]X HLQHP =XV DRBPIBQGIHK B BH
IOIFKHQVSDQQXQJ I*KUHQ NDQQ hEHUKFPHQH Ov¥R®EKH
6FKDXPVWUXNWXU DXIJUXQG GHU 2EH U (@IWF ¥ HGH-SL0000D
ZXUGH EHUHLWV LQ > @ EHULFKWHW )sU HLQ 9
6FKDXPV PXVV GLH 9HUGDPSIXQJVWHPSHUDWXU LP 1L
NDQQ EHL HLQHU GLUHNWHQ %HVWUDKOXQJ GHV 1LFN
'D]X NDQQ HV NRPPHQ ZHQQ VLFK ZIKUHQG GHV 3UR]
GDV REHUH 1ILFNHOEOHFK KLQG XU F KNVE I$¥ ILQ YGH® @ HBN.
JHQ *U|%H GHU 6WUXNWXUHOHPHQWB JGIHWQ BEKDKP W QU
DXV XP GLHVH DXI]XVFKPHO]JHQ RGHU ]X YHUGDPSIHC
VFKQLWW 9HUJOLFKHQ PLW GHW HURY GXQ.D GHKH (
JHVVYROXPHQV LP 1LFNHOEOHFK VLQUG KUHU LEH bIKIHW
JLHPHQJHQ QRWZHQGLJ +LHUKHUDXV ZHQGGGIH EHHEL
3DUWQHU GHXWOLFK VRZLH GLH 1RWIWHDG (QNMUWHH L
JXQJ

Wiederkehrende
Zellstruktur

Einzelnes
Strukturelement

Bild2.2: OLNURVNRSDXIQDKPH GHV 1LFNHOVFKDXPV
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"HUGHQ RUJDQLVFKH %HVFKLFKWXQJH® DR SEHP QLW EE
hEHUVF K U HlitistHe@ Terhp@rdtFru JwU HLQH VR O F Kadr Ausb-F K L F K W |
dungeinerWEZLP 1LFNHOVFKDXP NRPPHQ 'LHTANUWEW MV ROEHKG 7|
RUJDQLVFKHQ %HVFKLFKWXQJHQ VLQG PHLVW GHXWOLI
YRQ 10ENHO f& > @ %HL RUJDQLVFKHQ 6VWRI\MVQVRZILH |
IHQ LVW GLHV W\SLVFKHUZHLVHfRHUHLWY EHL HGVBBIU )
,Q GHU )*JH]RQH PXVV MHGRFK PLQGHVWHQV GLH 6FKP
ZHUGHQ ZDV |X HLQHU +HUDXVIRUGHOXBKMVW JGHIWH @PN &)
GHKQXQJ GHU :(= LP 1LFNHOVFKDXP I«KUW

=XVDPPHQIDVVHQG N|QQHQ GLH VSH]LWDR M HSHUURD XV NR
IHVWIJHKDOWHQ ZHUGHQ

X 'LH XQWHUVFKLHGOLFKHQ WKHUPRSK\VLNDOLVFKHQ
QHU
R 8QWHUVFKLHGOLFRHWYRQHUBLFEHGDHLUQHY EHVW
JHVVYROXPHQV LP 1LEFNHOEO HFK ! XRsGawkP 1LENHO
RbDbQGHUXQJ GHU :IUPHDEOHLWXQJ XQG GHU 9HUW
JHIRQH
X 'LH 6WUXNWXU GHV 1LEFNHOVFKDXPV
R O|JOLFKH =HUVW|UXQJ GHU 6WUXNWXWVYH®HPHQW
X *HULQJH NULWLVIFKH J HASHEPOWELD GXQJ HLQHU ZIUP
=RQH :(= W\SLVFK fa& f&

'LH +\SRWKHVH LVW G D V\s@&strehl3chivdiBexs ¥anENitketsehdum
an Nickelblech durch die gezielte Einstellung der lokal eingebrachten Energie und de-

ren Verteilung, mittels an die Fligeaufgabe angepasster Prozessstrategien, erfolgreich
realisiert werden kann.

8P GLHVH +\SRWKHVH YHULIL]JLHUHQQMK Q\ BEVIF & Q Z WWGHX
VFKQLWW ELV IXQIFKVW GLH (UJHEQLVVH WKHRUH
PHQWHOOHQ 8QWHUVXFKXQJHQ ]XP )sJHSUR]JHVV VHOEV
%HQG ZLUG GDQQ LQ $EVFKQLWW LPXQ® HO O XMQGL MW KIHER
HUPLWWHOWHQ (UJHEQLVVH ]XU $XVGH®RQKIDNQGHQ :(= LI
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2.3 Prozessstrategie

'"LH $XVI*KUXQJHQ LP YRUDQJHJDQJHQ/¥EYB KHLIQVKW PRA
FKHV )*JHQ YRQ 1LFNHOVFKDXP DQ 1EKKHIOE®® FXL R LM
(LQVWHOOXQJ GHU ORNDO HLQJHEUDFKWHQ (QHUJLH >
ZLUG HLQH DQ GLHVH )*«JHDXIJDEH DQJHSDVVWH 3UR]
VFKQLWW ZLUG DXI| GLH $QIRUGHUXQJHQ DQ GLH 3UR]}
$QIRUGHUXQJHQ HLQH P|JOLFKH 6WUDWHJILH DEJHOHL

Anforderungen

%DVLHUHQG DXI GHQ ]XYRU HUOIXWHRBWGRQUXIMJIEBDHIGU
)*JHSUR]JHVV ODVVHQ VLFK GLH EHLGH G ZH DIQQXZMHLGFKH
3UR]JHVVVWUDWHJILH DEOHLWHQ 'LHV VLQG HLQH <EHU
UHSURGX]LHUEDU HLQVWHOOEDUH (HBKYHKDH L %BNXQU W]
GHU )*JH]RQH ZIKUHQG GHV )«JHSUR]HWOQHXYH UG/ [ER ).
JHQGHQ QIKHU HUOIXWHUW

,Q GHU )*JH]RQH ]JZLVFKHQ 1LFNHOVFKDXP XQG 1LFI
6FKPHOJWHPSHUDWXU YRQ 1LFNHO HUBH{QH® Vs ZHDGRI
QXQJ hEHUODSS 7 6WR% PLW DX| GD\ORHBGO PHIHHBN
VLHKH %LOG NDQQ GLH (QHUJLHG IGHYNM \LKU 8 WHU K
XQG GHQ XQWHQOLHJHQGHQ 1LFNHO VEKDX P XM\Q JKE IUFI
LQ GDV 1LFNHOEOHFK HLQJHEUDFKWG K G« GEJURFKH LA
ILFNHOVFKDXP JHOHLWHW ZHUGHQ DXP G LI \% HHD QEHZ !
OLFK JHULQJHUH (QHUJLHPHQJH HWZD )DNWRU VLE
GLH %HDUEHLWXQJ GHV 1LFNHOEO+HFKWP I(/LGBUI(QBOH
WUDJ LQ GHQ 1LFNHOVFKDXP HUIR GQH QG H3LD 6HK IVRRMAW
NRPPHQ NDQQ 6RPLW IROJW GDVV ®PWH @VKEHH%%R)
OIQJH JH]JLHOW XQG UHSURGX]JLHUEDU HLQJHVWHOOW
VFKZHL%WLHIH ZLUG GLH 6 FKPHO]WHERS W ERWXWWHQ GH
DXFK NHLQH 6FKZHL%YHUELQGXQJ HUJHXJW XQG EHL
GLH 6FKDXPVWUXNWXU JHUVW|UW ZHUGHQ

8P GLH $XVGHKQXQJ GHU :(= LP 1LFNHOVFKDXP JHULQ.
WUDJ LQ GHQ 1LFNHOVFKDXP JHULQJ JHKDOWHQ ZHUC
'LH GXUFK :IlUPHOHLWXQJ ORNDO DEJHI*KUWH :IUPHPH(
ODWHULDOHLJHQVFKDIWHQ GHP ORNDEBHRVHOZEHWMXY
JHLW DE ) U GLH KLHU EHWUDFKWHWBHHRQVHRRX I WHEH X/
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PLQLPDO HUIRUGHUOLFKH 7HPSHUDWXU LQ GHU )sJH]RC
‘HFKVHOZLUNXQJV]HLW DOV DGUHVV IHHLEDWHLI 30U B i)
FNHOVFKDXP ]X EHHLQIOXVVHQ 6RPQWU RPQIOWL BKWHWS Q KR
"HFKVHOZLUNXQJV]HLW LQ GHU )*JH]JRQH XP GHQ (QHUJI
GDPLW DXFK GLH $XVGHKQXQJ GHU :(= JHULQJ ]X KDOW€E

=XVDPPHQIDVVHQG NDQQ I+U GLH $QIRUGHUXQJHQ DQ H
JHKDOWHQ ZHUGHQ

(LQH *EHU GLH JHVDPWH 6FKZHL% QDKWOIQJH JH]LHC
(LQVFKZHL% WLHIH
.XU]H :HFKVHOZLUNXQJV]HLW LQ GHU MVYHMQH ZIKU!

Ableitung der Prozessstrategie

$XVIHKHQG YRQ GHQ ]XYRU HUOIXWHUWHQ $QIRUGHUXQ
WHJLH DEJHOHLWHW ZHUGHQ 'D]X ZHUGHQ QDFKIROJHQ
QHU 3URJHVVUHJLPH GHYVY /DVHUVWUDKONB KFHIRAWBAWY X
GLVNXWLHUW VRZLH GHUHQ (LJQXQJ DOV DQJXZHQGHQ
ZLUG HLQH HQWVSUHFKHQGH 6WUDNMWIH YIRU DR E JHODIFULWIHH\Q
GLH QDFKIROJHQG DQJHI*KUWHQ hEHUOHJXQJHQ QDKH{
6FKZHL % MHGBIEHHLQ :IUPHOHLWXQJVVFKZHL%SUR]JHVV
VHUVWUDKOWLHIVFKZHL% SUR]JHVV E+OLGHQS$IQ|IRQUISE UKW
.RPELQDWLRQ GHU MHZHLOLJHQ 9RUWHKG@HLGHHN VIUPH G
KLHU EHWUDFKWHWH 6FKZHL%DXIJDEH Z«UGH VLFK KLQ
HUJHEHQ PLW GHU EHLGH $QIRUGHUXQJHQ JOHLFK]HLW
FKHQGHU 6FKZHL%SUR]JHVYV LVW JHNH QB UHELIFKSI K@ JGIXQ K
6FKPHO]JEDGREHUIOIFKH GLH $XVELOGXQJ HLQHU 9HUW
JOHLFK]JHLWLJ VWDELOHU (LQVFKZHL%WLHIHKeytQ VROF
bowl-SchweiRprozess LQ $QOHKQXQJ DQ GLH LP (QJOLVFKHQ I
VFKZHL%HQ JHE UIXF K @dyFRofehvelding HEIHH KQ RIQQ HW X QG DOV
VWUDWHILH XPJHVHW]W ZHUGHQ

% HL HWarirkRitungsschweillprozessL UG GLH (QHUJLH DQ GHU :HUN\
HLQJHNRSSHOW XQG *EHU :IUPHOHLWXBEHUBD WKUWN\HW &F N |
LQ GHU )¢*JH]JRQH VWHOOW VLFK VRPLW DXFK GXUFK :IUP
XQG UHSURGX]LHUEDU HLQVWHOOEDBRPUM \ZAKIZH B % MR IUH
UuxaQJd HUlI-OOW 'LH HUIRUGHUOLF KWHPEHWILW R H QJH G XK
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JHJRQH ]X HUUHLFKHQ PXVV GD]X YRQ GHU :HUNVW-eFN
GHQ :LH EHUHLWV HUZIKQW KIQJW GLH GXUFK :IUPHO
LP :HVHQWOLFKHQ YRQ GHQ ODWHULDOHLJHQVFKDIW}
XQG GHU :HFKVHOZLUNXQJV]HLW D E% PXI BLEHHK\ HYGEGIE
ZHQGHWH ODWHULDO XQG GDPLW DXFEHEHB O®RVISUH
6FKPHOJWHPSHUDWXU LQ GHU )*JH]JRQH ]X HUUHLFKHQ
6FKPHO]JEDGREHUIOIFKH YRUWHLOKDHFKVRDEZH UNDQH
HUIRUGHUOLFK 'LH OD[LPDOWHPSHUDWXU DQ GHU 6FK
WXQJVVFKZHL%HQ GXUFK GLH 9HUGD RISBX@J VW HRKIHN |
IX W\SLVFKHUZHLVH QXU YHUJOHLFKVZHLVH JHULQJHQ
WHQ (LQH JHULQJH 9RUVFKXEJHVFK XISQUXIEXN B \§ Q\ R/UH
UXQJ QDFK HLQHU P|JOLFKVW NXU]H®HWHFKWISOR]HNXY
XP GLH $XVGHKQXQJ GHU :(= JHULQJ ]X KDOWHQ %DV
hEHUOHJXQJHQ HUVFKHLQW HLQ UHLQHU :IUPHOHLWX
WHWH )*JHDXIJDEH QLFKW DOV 3UR]JHVVVWUDWHJILH JI
$EVFKQLWW XQG H[SHULPHQWHOOHQ 8QWHUVX
VFKQLWW ZHUGHQ GLHVH hEHUOHJXQJHQ JXPLQGH\
$UEHLW EHWUDFKWHWH )«JHDXIJDEH XQG GLH EHWUDF

' D VaserstrahltiefschweiRelL VW GXUFK GLH $XVELOGXQJ HLQHU
s« LP :HUNVW+eFN JHNHQQ]JHLFKQHW > OWs@k VREH U H O F |
KIOWQLV YRQ s«D]XL TRONXUNMG IXHIFHKHPLHVWY FHUWLHIXQJ LQ G
DOV 'DPSINDSLOODUH GHILQLHUW LMWUWVWQMH G@ FAL
6FKZHOOH ]XU (UJHXJXQJ HL &lUG B P NBDISWO OHDR HRDO |
LP 5DKPHQ GHU $BEHRILWIGDGHQAODVVLVFKHS3 /IDVHUVWL
GXUFK GDV 9RUKDQGHQVHLQ HLQHU 'IDyds I'N D SLHOUWO B BIH
JULII A7LHIVEKDBLBHGHU YRUOLHIJHQGHQ $UEHLW V\(
ANODVVLVFKH?3 /DVHUYWWDHK@WHW |V PKIZHK % HB (LQNRS
VWUDKOXQJ LQV :HUNVWeFN LQ GLHVYHUG'D/FSNMNDBH OW IE
7LHIH LP :HUNVWe¢FN HLQJHEUDFKW XQG PXVV QLFKW
YHUWHLOW ZHUGHQ 'DKHU VLQG EHLP 7LHIVFKZHL % H
9RUVFKXEJHVFKZLQGLIJNHLWHQ XPVHW]E %W @ O~ HE/H LK
YRUWHLOKDIW I«U GLH (Ul«OO0OXQJ YRQ $QIRUGHUXQJ
DXFK KIXILJ )OXNWXDWLRQHQ GHU .DSLOODU XQG (L
@ O|JOLFKH 8UVDFKHQ I+U VROFKH )OXsNWXBWREBH G
DXFK DQGHUH ,QVWDELOLWIWHQ GHU 'DPSINDSLOODUF
GHU .DSLOODU XQG (LQVFKZHL% WICHVH ZQU G JH. IHQY HH BN |
GHU )*JH]RQH HUVFKZHUW 'LHV VWHKW L Pbo DM H WWHSNEX
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GHQ ]XYRU DQJHI*KUWHQ hEHY OHIXDQV WOV FHUHFK HD QML
VFKZHL%SUR]JHVV HEHQIDOOV QLFKW DO \5BKRHQVEWW HD
ULPHQWHOOHQ S8QWHUVXFKXQJHQ GNW D 3N SBUNRL FK YW VI
]XP 7LHIVFKZHL%HQ PLW HLQHP NOHLQHQ—PRNKE GXUF
VFKQLWW ZHUGHQ GLHVH hEHUOHJXQJHQ VW+-W]HQ

$XV GHU .RPELQDWLRQ GHU MHZHLOLJHQ 9RUWHLOH GH
l*U GLH KLHU EHWUDFKWHWH 6FK ZH H%DH 1 DE HWZH USGUHR |\
VWUDWHJILH HUJHEHQ %HL HLQHP HQWVSUHFKHQGHQ 3
UDWXU DQ GHU 6FKPHO]EDGREHUIO ILFAKKH HELHQUHH B W WH_UHW X
GHU 6FKPHO]H DXVELOGHQ 'LH 9HUWLHIXQJ P«VVWH JO
DXFK ]X HLQHU NRQVWDQWHQ (LQVRERHD%6W KB HL % S UR QP
Z*UGH DOVR A]ZLVFKHQ?® QR :GUHPHOLHL WKIQZWL %o HQ OLHJ
LP )ROJHQGHQ GHU hEHUJDQJ YRP :IUPHOHLWXQJV ]XP
XQG DXI GDV 3URJHVVUHJLPH GHV .H\ERZO 6FKZHL%HQV

'DV :IlUPHOHLWXQJVVFKZHL%HQ LVW GXUFK GDV (UUHLF!
GHU 6FKPHO]JEDGREHUIO I& K& DEAIDYHFENAWUDEK G\WB VH |V FK Z
JLQQW QDFK GHU LP 5DKPHQ GHU YRUOLHJHQGHQ $UE
$XVELOGXQJ HLQHU 'DPSINDSLOODUH PLW $VSHNWYHUK
PHOHLWXQJV ]XP 7LHIVFKZHL%HQ OIXIW LP $OOJHPHLQ
9HUGDPSIXQJVWHPSHUDWXU DQ GHU 6FKMRB®]HDG REHW |
GXUFK GHQ 5:FNVWR%GUXFN GHV DEGDPSIHQGHQ ODWH
GHU 6FKPHO]H DXV %HL ZHLWHU ]XQHKPHQGHU 9HUGD]
GHU 6FKPHO]H ZHLWHU DQ ELV HV VFKOLH%OLFK ]X OHI
LQ GHU 9HUWLHIXQJ NRPPW XQG GDPLW ]X HLQHU =XQDKk
XQG GHU (LQVFKZHL%WLHIH > @ 'HU hEHUJDQJ LC
DEUXSW XQG ZLUG DOV 7LHIVFKZHL%+VKHK ZGIH\O B SEHK]®I LV |
GHU (LQVFKZHL%WLHIH DQ GHU 7LHIVFKZHL%VFKZHOOH
XQG GHQ ODWHULDOHLJHQVFKDIWHQ D/ERQQIWR]H \@& HER E:
ULFKWHW EHL GHQHQ HLQH VWHWLHBHXEXKWMHL\GHQ (L
GDPSIXQJVWHPSHUDWXU XQG ZHLWHUMB QW DNRGH \B B Q
3UR]JHVVSDUDPHWHUQ EHREDFKWHW ZXO)GHK ¥FKR®@ Y RX
VWDELOHQ 6FKZHL%SURJHVVHQ EHL FKWHQJHRHEVSHN QN
EHLP /DVHUVWUDKOVFKZHL%HQ YRQ .XSIHU PLW JUsQHU
JHVFKZLQGLIJNHLWHQ > @ RGHU EHQPS$/MOVAH X B D K OLVHF
UXQJHQ PLW KRKHQ 9RUVFKXEJHVFKZW® G L3 NgH LW WQE ¥ N §
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GDVV GDV $VSBMWEHHPK(OQWMHW]HQ GHV 7LHIVFKZHL% F
GHU 3HFPEW&ADNKOQG | XQHKPHQGHP SEFRY W MWRHIM.IDUD
GLH /DVHUVWUDKOXQJ DEQLPPW %H L+ G& @ H [JBLHFKIWPHHD \
ZDUHQ GLH 3HFOHW =DKOHQ PeQG $ERBUSWDRBK NG
JOHLFKVZHLVH KRFK :HOFKH 9RUDXVVHW]XQJHQ JHQI
/IDVHUVWUDKOVFKZHL%SURJHVVH PLWYHQW L H UXHDIGIQ
ZHUGHQ N|QQHQ LVW DNWXHOO MHGRFK QLFKW EHNE
FKXQJHQ

'HQQ GHU hEHUJDQJ YRP :IUPHOHLWXQJV ]XP 7LHIVFK
WLJHQ VRQGHUQ PLW HLQHU VWHWLJHQ =XQDKPH GHL
OHLVWXQJ HLQKHUJHKW GDQQ ZLUBW]B QR D X WIHGIDR,
DQ GHU 6FKPHO]JEDGREHUIOIFKH DXFK 9HUWLHIXQJHQ
QLV UHDOLVLHUW ZHUGHQ N|QQHQLMBIR MEMWMDQQ D
SchweiBensJHQXW]W ZHUGHQ 'LHVHV OLHJW LP3WRHMYDQJ
UHJLPH GHV :IlUPHOHLWXQJVVFKZHL%HQV XQG GHP AN
%HL HLQHP .H\ERZO 6FKZHL%SUR]JHVV ZLUG GLH 9H
6FKPHO]JEDGREHUIOIFKH EHUHLWVY HUUHLFKW XQG HV
VWR%GUXFN GHV DEVWU|PHQGHQ O0CPWIOYKH CDXW HEZ B 6 F¢
$VSHNWYHUKIOWQLYV DX | ZH@®VEH U QF & W1 WL HIUIBIE R U
UDXI KLQ G D Wéyhowl-Soh@@Re@d8VYH IHUWLHIXQJIJHQ PLW JH
YHUKIOWQLV DXFK VWDELO VLQG XQG VRPLW NHLQH )C
WLHIH ]X HUZDUWHQ VLQG ZLH VLH EHHP%AHN®D DXV WUF
NJQQH® ® B6RPLW HUVFKHLQW GLHVHV 3URHIMAKY H I WAL
(UI*OOXQJ EHLGHU $QIRUGHUXQJHQ DQ GLH 3URJHV
6FKZHL%DXIJDEH 'XUFK GDV (UUHLFKHQ GHU 9HUGDPS
IOIFKHQWHPSHUDWXU JHJHEHQ XQG GXUFK GLH 9HUWL
DXFK EHUHLWY HWZDV ZHLWHU LQ GHAHUGHI} L&FH LIGBI
9RUWHLOKDIW I+U GLH 8PVHW]XQJ KRKHU 9RUVFKXEJH
UHLFKHQ GHU 6FKPHO]WHPSHUDW X UVMQ D&XH LU % Q6] R®
WHWHQ $XVELOGXQJ HLQHU VWDELOHQHE2QUBWLRQX QD B
JHJLHOW HLQVWHOOEDUH (LQVFKZHL%WLHIH ]X HUZDU
7HPSHUDWXUYHUWHLOXQJ LQ GHU )MUK]IR® 16 X/WHEKE VW PLt
WXQJ GRPLQLHUW LVW

)»U GLH LP 5DKPHQ GHU YRUOLHJH Q GEHH HWEHLMQ BEH.\W |
HLQHQ )RNXVGXUBKPHVVHU XQRBQ ORUVFKXEJHVFKZLQ
v P PLQ ELV P PLQ ZLH VLH LQ GHD GHWHRUYVRE K XE
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$UEHLW DQJHZHQGHW ZXURRHQ FHAOHW '+HDKSEHQORUBY LR
YRQ I0+VVLJHP 1LFNHO EHL 6FKPHO]WH P S HY B VEXW L IU V&
A > @ 6RPLW OLHJHQ XQWHU GLHVHQ %HGLQJXQJ
DXFK GHU $SEVRUSWLRQVJUDG LQ HWZD LQ GHP %HUHLFKk
JHQ ODJHQ EHL GHQHQ EHUHLWV «EHU HLQHQ VWDELOF
YHUKIOWQLYV EHULFKWHW ZXUGH > V @D VDXUHRJ H\LWIEH D
GHV .H\ERZO 6FKZHL%HQV DXFK EHLP /OVHKNXWPU DROMEF
FNHOEOHFK DQJHZHQGHW ZHUGHQ NDQEHLW BRRPHIHBH
ZHUGHQ GDVV PLWKLOIH GHV .H\E R ZIO%GRKZ M V% H® V1 HE §
EOHFK XPJHVHW]W XQG GLH )+JHDXIJR@ HL IGAH\WH CDAHKDWKW U
1ILFNHOEOHFK HUIROJUHLFK UHDOLVLHUW ZHUGHQ NDQC

Fazit

$QKDQG GHU $QIRUGHUXQJHQ DQ GLH XK ZH.QMG HABRIZD
BFKZHL%SUR]JHVV DOV HLQH P|JO L F KHWIDR]®IV &K/ ZNHUL B
1ILFNHOVFKDXP DQ 1LFNHOEOHFK DEJHNOBHWIHPWNZXQ® HIUX
9HUODX| GHU 8QWHUVXFKXQJHQ GHU YRUOLHJHQGHQ $
XPJIJHVHW]W

2.4 Abschéatzung von Leistungsbedarf und Prozesspara-
metern

8P GLH HLQJDQJV DXIJHVWHOOWH +\8RWWKIH I& LYH 8 QMW H.
VFKLHGH LQ GHQ WKHUPRSK\VLNDOLVFKHQ (LJHQVFKDI\
EHJLHKXQJVZHLVH /HLVWXQJVEHGDUI XU (UJHXJXQJ GH
ILFNHOEOHFK XQG 1LFNHOVFKDXP TXIHQ WLLH W]DH 2 MU BHHLY
GLHVHP $EVFKQLWW EHKDQGHOW 8P%CH® JEHNM GHXH > JA B
QLFKW QXU GLH EHQ|WLJWH 3URJHVVOHLVWXQJ XU (U]H
VRQGHUQ DXFK GLH HUIRUGHUOLFKH 7THPSHUDWXUYHUW
)eU GLH $EVFKIW]XQJ P|JOLFKHU 3UR]JHVVSDUDPHWHU ]X
7HPSHUDWXUYHUWHLOXQJ ZLUG HLQ DQDO\WLVFKHV OR(
PLW HUODQJWHQ (UJHEQLVVH ZHUGHQ HEHQIDOOV LQ G
(UJHEQLVVH I+U GHQ HUIRUGHUOLFKHQ /HLVWXQJVEHGD
WHLOXQJ LQ GHU )*JH]JRQH NDQQ GHU 6FKZHL%SUR]JHVV
JHVVVWUDWHJILH YHULILJLHUW ZHUGHQ
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'LH LQ GLHVHP $EVFKQLWW EHKDQG HCDXH @ KQJ BIEKQZANLA
JHVV VHOEVW 'HU :IlUPHHLQWUDJ LQ FoKEZM L %BNHRONF KB
GLH GDPLW YHUEXQGHQH $XVGHKQXQJ GHU :(= DXIJU>
YHUWHLOXQJ LP 1LFNHOVFKDXP ZHUGHQ LQ VSIWHUHQ
WHOO HUPLWWHOWHQ (UJHEQLVVH ZHUGHQ LQ $EVFKC
VFKHQ %HWUDFKWXQJHQ LQ $SEVFKQLWW EHKDQGHC

Thermophysikalische Eigenschaften

,Q 7TDEHOOH LVW HLQH hEHUVLFKW <EHU GLH WKHU
FNHO XQG 1LFNHOVFKDXP JHJHEHQ 'S8ilN U KILOMHULA/Y IV 1G]
WHULDONHQQZHUWH ]XRGHQLPWAMMHULDONHQQZHUWHQ

.HQQZKUW 1LFNH' 1LFNHOV KiiKschaum
ULQ NJ PA # > @
&kQ : PA. #& > ¢
o LQ - NJIA. f& > @
NLQ W A A
rwd Q - AWA. A A
Ts LQ f& > @
TvLQ f& >
'Hs LQ N- NJ >
"Hy LQ N- NJ >

Tabelle2.1: ODWHULDOGDWHQ YRQ 1LENHOK&HG UIPLHCT
ITKLINNHL®DVVHQVSH]LILVFKHN: TUHPRHIN-DEDY
KLINHKkWKHUPLVFKHV $QVsSBHRRMWBUW (DR
9HUGDPSIXQJVWHP PHHWIVWRVSH]LILVFKH
'Hy PDVVHQVSH]LILVFKH 9HUGDPSIXQJVF

,Q > @ LVW GLH PRODUH 9HUGDPSHXQiJIVHQWKPRGS LHQY R QHEIHM H-OXZ DV
GHU UHODWLYHQ $WARPPDVVH ¥R@ IHBENHW VLFK GDUDXV GUKNQ@DNVHQ\
HQWKDOSLH YRQL1ILFNHON]-XNJ
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Kschaum DXI1JHIsKUW 'LH l+U GHQ 6FKZHL% SHBHVE GHQHNWDI
PRSK\WLNDOLVFKHQ (LJHQVFKDIWHQ®KL)®GWRUGHU :IGREL
'LFKWHDNWRU GHU 7THPSMUDMWWROHLWIDKQGNGHR W
VFKHQ $QVSUHRWK YMHNW RIHQ 'LH PDVVHQVSHELILVFKH
GLH 6FKPHO]WHRSGE GRLWXADVVHQVSH]LILYHsKHL @ BKRH® ] H ¢
JHIJHQ MHZHLOV LGHQWLVFK I+U GDV 9ROOPDWHULDO XQ
DXVJHJIJDQJHQ GDVV GLHV DXFK |+T, G WGHLHG PP 8 VHDIWS
ILVFKH 9HUGDPSIHQ ILIOGW KROSLE® ZLUG QLFKW DXI GLH
SHUDWHQWKIBOSLH HLQJHIDQJHQ 'LMXTDHP & BNV DMKHIUPPH.LY
$QVSUHFKYWKEXUBBAQ MHZHLOV DXV GHQ DQGHUHQ WKH
EHUHFKQHW 'LH :IUPHOHLWIIKLINHLW GHV 1LFNHOVFK
+LHU]X ZXUGH GLH LQ > @ DQJHJHEHM®H PP R LGHIX GLWHU
PHOHLWIIKLINHLW G Bkl BNNWOBRKNDERAY UHODWLYHQ 'L
BFKDXPXWQG GHU :ITUPHOHLWIIQLJNBLMVFRIQVIWFANHODGHQ N
SLVFKH :HUWH U & BQHJERQEZQWHKMQ XQG > @
JHQGH $UEHLW ZXUGH HjL @ RRL W W ODHQUHQ RPPW Qs ULH UH ¢
'"LFKWH GHVJ6 B RY @ EHVFKUHLEW GDV 9HUKIOWQLYV
FNHOVFHRXPY GHU 'LEFKWH{/Y BQHLEFMHJIJW I+U GHQ LP 5D
$UEHLW YHUZHQGHWHQ 1LEMHORGOKDKRHQ $XVZLUNXQJ
VFKLHGOLFKHQ WKHUPRSK\WLNDOLVFKHQ (LJHQVFKDIWE
JHVVOHLVWXQJHQ ]XU (UJHXJIXQJ GHU BQ 8 ] HVA/NHROKPH DX
ZHUGHQ LP )ROJHQGHQ EHKDQGHOW

2.4.1 Erforderliche Prozessleistung

)eU GLH $XVOHJIXQJ GHV 6FKZHL % SURKY YWEL K| HXL A LA
GHUOLFKHQ 3URJHVVOHLVWXQJHQ ]XULUANKOXQHBK X GG
1ILFNHOVFKDXP DEJHVFKIW]W ZHUGHQ 3 DRFHEWWOKILYXX\Q
DEJHVFKIW]W ZHUGHQ EHL GHQHQ HANIXX M MQHIU N-RIRIPHD L
XQG ZHOFKH VRPLW QLFKW *EHUVFKYWWQHE ZODGHKQD®-
3URJHVVOHLVWXQJ > @

R UDbSV,™T 'Hg [T'H,

EHVWLPPW ZHUGHQ GLH I*+U GLH %HDVYEROWRRQ \HE® YV
ZLUG 'DEBMIXQI&RIG %UHLWH XQG 7LHIH GHV yX GEIHDUEHL
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9RUVFKXEJHVFKZ'TQGLH NHPWHUDON XUGLITHUHQ] ]ZLVFK
SHUDWXQG GHU HUIRUGHUO L FK KQ/GIHR HVAVUNGHDFPSSH W B0,
DQWHLO )*U HLQ HUIROJUHLFKHYV 9H U VAFR/ZAHILD6HRZ 8 K (
1ILFNHOEOHFK DOV DXFK GHU 1LFNHOVFKDXP DP ,QWt
HLQH VWRIIVFKOsVVLJH 9HUELQGXQJ HQWVWHKHQ NDC
ZHLOV PLQGHVWHQV DXI 6FKPFQ]WQRSE UD VB K K PHIDK HQ
'Hs 1.]XJHI*KUW ZHUGHQ HLQH hEHUKLW]XQJ XQG 9HUG
EHWULQFKWHW GLH $XVJDQJVWHPSHUDW X | & IDUWG) HHQ R P:
PHQ $XV GHU /HLVWXQJVELODQ] LVW XQWHU GLHV
GDVV I+U GHQ XQWHUVFKLHGOLFKHQ %HGDUI DQ 3UR]H
SUR =HLW ]X EHDUEBBAWKQG HG DR ONRICHKP HQV SH]LILVFKFH
(& PD%JHEHQG VLQG ,P KLHY EB\WYD FEHNLIGW H@J HEOC
JOHLFK 'DKHU VLQG GLH ]X HUJHXJHQGE KWK HDXXWR/HKE OV
EHQG $OOHLQ DXV GHP 8QWHUVFIRICHGV L G BBHWU | + UF & WH
HLQHV EHVWLPPWHQ 3URJHVVYROXPHQWIL\WPWXLFNB&VE
FKHQG VLQG GLH I+U GLH (UJHXJXQJLl ™ HVFNHOLEG H K 3t
GHUOLFK LVW 'DU<EHU KLQDXV LVW GLH ]X HUJHXJHQ
HEHQIDOOV JHULQJHU

=XQIFKVW ZLUG GLH EHQ|WLJWH 3URJHVVOHLVWXQJ I-
JHVFKIW]W +LHU]X ZHUGHQ GLH 0D VEHOIDHD G D WHIQ Z/HRC
'DV 1LFNHOEOHFK PXVV YROOVWIQG L ZIGXG& FKIH WRKZSH
PLJHU 1DKWTXHUVFKQLWW DQJHQRPPHQ PLW 1DKWEU
bo PP QG PP VRZLH HLGHU 7PHWIHLYRODKWEUHLW
VSUHFKHQ LQ HWZD GHQ DXV GHP ([SMHQPEHHIW RLHV X O
VLHKH $EVFKQLWW XQG GLH 7LHIH HQWVSULFKW
9RUVFKXEJHVFKZLQGLIJNHLWHQ EHLP /DVHUVWUDKO
v P PLQ XQG P PLQ 'LHVHU *HVFKZLQGLJNHLWVE}
YRUJHVWHOOWHQ $EVFKIW]XR FLQ@ HUWUDW KW R W H)QH
JHVVOHLVWXQJ ]XP $XIVFKPH®}HQ GHYvlLFNHPED KXBIGY

P PLQ HUJHEHQ VLPK HQWWSUHFKHQGHZHLOV XQWH
QDKPH HLQHV NRQVWDQWHQ 3UR]JHVVYROXPHQV %HL
K XQG GHV WKHUPLVF KA DIQUN PQEINB UDLGHNUIRUGHUOL
/IDVHUORLWPWX@&Jk> @ DEJHVFKIW]W ZHUGHQK (LQ (LQNR
HQWVSULFKW GHP $EVRUSWLRQVJUDG YRQ IO+VVLJHP
‘HOOHQOIQJH—P > @ XQG HLQ WKHUPLMEKHU LNUNKQ.
HWZD DOV 2EHUJUHQ]H GHV ]X HUZDUWHQGHQ WKHUPL
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EHLVSLHOVZHLVH > @ OLW GHEHS QERIKX P HXBIGQHV (
HLQHV WKHUPLVFKHQ KU NXQBUIUBWHWLFRQ-U GLH HUIR
JHVWUDKOWH /DVHUORILVWXQIMHLQ :PIUW YR@P PLQ

XQG P PLQ HUJHEHQR/LFK HQWQWBSUHFKHQG

)sU GLH $EVFKIW]XQJ GHU EHQ|WLJWHQ 3URJHVVOHLVW
VFKDXPV ZHUGHQ GLH ODWHULDOGDWHQ Y RYH UZFHNHEOHWF
'"HU 1LFNHOVFKDXP KDb¥WaHLQH Y%PPHKWE MR@LUG DQJHQ
GDVV GLHVHU QXU ELV ]X KLQHU—PLI®DH JHR/G KPPIRO PHD® Z
PXVV EH]JLHKXQJVZHLVH GDUI XP HLQH $QELQGXQJ DQ
RKQH GDEHL GLH 6WUXNWXU GHV 6FRD®PMW VK KHH Y JAX| Bit
JHVVOHLVRY XQJ YRIQIRUGHUOLFK ZDV QXU HWZD GF
JHVVOHLVWXQJ ]XP $XIVFKPHO]JHQ GHYRIOLGWW OEGLHFHIQV 9|
GDPSIHQTy 1#T 'Hv 'Hv il / GHV JOHLFKHQ 9ROXPHQV
VFKDXPV ZIUHQ KLQJHJHQ : HUIR U GRHBHLFEL FZOH/QHWWRI
OHLVWXQJ ]XP $XIVFKPHO]HQ GHV 1LVWHDEQHK YHUGD ¥
IHQ HLQHV HLQ]JHOQHQ 6WUXNW XUH QHRH QW W GSH.W FLK R N
PHVVXQJHQ —P —P[ —P ZIUMRYUEGHQIHLFKQ DDXW (
HWZD GHU HUIRUGHUOLFKHQ /HLVWXQJ ]XP $XIVFKP]
:LUG QRFK EHU*FNVLFKWLJW GDVV EHLH HLRHFO \GIHLY
o —P NHLQH YROOVWIQGLJH hEHUODSSXQJ JZLVFKH!
YRUOLHJW VRQGHU Qs@xXf DXR GHIHRO BV HWZD GF
ILFNHOVFKDXP DXIWUHIITHQGHQ /HLVWXQJ

Fazit

$QKDQG GLHVHU $EVFKIW]XQJHQ ZL 96 G B U | @HX SWORJHK/ X
WXQJ HUVLFKWOLFK GHU I+U GLH (UJHXJXQJ GHU MHZH
)*JHSDUWQHUQ HUIRUGHUOLFK LVW 6R UHLFKHQ HWZD
EOHFKY HUIRUGHUOLFKHQ 3UR]HVVQFNM®XBKDIXB VG D X W%
HLQHU JU|%HUHQ (QHUJLH EH]JLHKXQJVZHLVH /HLVWXQ.
WHQ GHXWOLFK JU|%HUH 9ROXPHQDQWHLOH GHV I1LFN
ZRGXUFK VLFK GDV 5LVLNR HUK|KHQG2¢UBK HGQ \A\X GD P PaH
JLHKHQ GHU 6FKPHO]H DXIJUXQG GHULRBBH LA IKHFEKVISD @
@ EHULFKWHW :HQQ VLFK ZIKUHQG GHV 3UR]JHVVHV
LP 1ILFNHOEOHFK DXVELOGHW VR ND@Q GH BWEHX UIFKHE VA
GLUHNW DXI GHQ 1LFNHOVFKDXP WUHIIHQ XQG HLQ]HOQ
YROOVWIQGLJ YHUGDPSIHQ XQG G DJMHLUW W BHQ D O-Q W (G]IXH
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QXU HWZD GHU |I-U GLH %YHDUEHLWXQJ GHV 1LFNH
UHLFKHQG 'LHVH (UJHEQLVVH YHU@HOXWOQP X HNR GWH B
(LQEULQJIXQJ GHU (QHUJLH XQG GHUEBQFXEZBWHHQXWQR C
FNHOVFKDXP DQ 1LFNHOEOHEFK

2.4.2 Abschatzung der Prozesspanmaeter flr den Flgeprozess

8P GLH EHLGHQ )*JHSDUWQHU YHUV F KZH]RQHQPDQ & HVQ\
GLH 6FKPHOJWHPSHUDWXU HUUHLFKWUZHURSHY V SLHU DF’
]XU (UJHXJXQJ GHU GD]X HUIRUGHUOLFKHQ 7HPSHUDW
WLVFKHQ ORGHOOV HUIROJHQ $XIJUXQG GHU VHKU X
(LJHQVFKDIWHQ GHU EHLGHQ )*JHSDUWQHU ZLUG GLH
GXUFK GLH 7THPSHUDWXUYHUWHLOXQJ LP 1LFNHOEOHF
LQ GHQ EHLGHQ )*JHSDUWQHUQ N|QQHQ MHZHLOV GXU
'LH 9RUDXVVHW]XQJHQ I+U GLHVH $QQDXPB $DGFEAUW
DXVI*KUOLFKHU GLVNXWLHUW

$Q GLHVHU 6WHOOH VROO GDKHU RNXFNK FXHQ HE% DH FW HEQ
VWUDKO XQG GDV GDUDXV UHVXOWLHUHQGH 7HPSHUD
+LHU]X ZLUG ]XQIFKVW QIKHU DXI GDY WHH Q2 H QEGIIMH |
DQVFKOLH%HQG DX| GLH GDPLW EHUPEKQHMHQ YHPSI
JHQ GDVV GDV (UUHLFKHQ GHU 6FKPHO]WHPSHUDWXU
WHQ GHU 9HUGDPSIXQJVWHPSHUDWXU DQ GHU %OHFK
JHQ 9RUVFKXEJHVRKZLQBLRIINHLWHOP XQG RGHU DXVLU
JUR%HQ 6WUDK@GXUFKPHMYWHWQPLQ P|JOLFK LVW 'LF
WDWH EHNUIIWLIJHQ GHQ $QVDW] HLQMQ HHQEHR/Z O HLRKH!
PHOHLWXQJVVFKZHL%SUR]JHVVHY DOV 3UR]JHVVVWUDW
9RUVFKXEJHVFKZLQGLINHLWHQ GLH 6if K P HDYWHHHPS bk LIDF
N|QQHQ

2.4.2.1 Analytisches Modell fir den Energieeintrag durch den bewegten Laser-
strahl

'"HU (QHUJLHHLQWUDJ LQ GDV 1LFNHQEMDHKRK ZGXGF & XGH
EHZHJWH :IUPHTXHOOH PLW JDX%I|UPLJHU ,QWHQVLWI
.JUSHU PRGHOOLHUW 'DV UHVXOW L HFKQNDH QHE S b B V
GHU GUHLGLPHQVLRQDOHQ :IUPHOHLWX®UIQEOH L EKXWQ !
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6NL]]JH GHU $QRUGQXQJ XQG GHU YHUZHIQGH WHIQ /IRRHG
VWUDKO WULIIW DXI GLH %OHFKREHUVHLWH DNXLXQG ZL
SRVLWEYFKWXQJ *EHU GDV 1LFNHOEOHFK EKKHZHUWN 'DV
RUWVIHVW ZIKUHQG VLFK [y PRRW GH® DWHQWUXWE HPH V
VWUDKOV PLWEHZHJW

Laserstrahl

Blechoberseite

T <«— Nickelblech
Sxi = 0,3 mm
—

Blechunterseite —

Bild2.3: 6NL]]JH GHU $QRUGQXQJ XQG YHUZHQ&HWIHDPD
ORGHOO I+U GHQ (QHUJLHHLQWUDJ GXUFK GH

)sU HLQHQ EHZHJWHQ /DVHUVWUDKO PLW JDX%I|UPLJHU

ZXUGH GDV LQ HLQHP KDOEXQHQ G OQ RKH{ @H PBSHHID W M U KHC
> @ KHUJHOHLWHW 'L NRGO LFAKW CGH+OHPK®/WKANGH GHU

EHU*FNVLFKWLJW ZHUGHQ ZREHL GLBG SGBYNONHIHD OH ¢
IOXVV *EHU GLH %OHFKREHU XQG 'SIQWXKUNKRM\H BXI| &Y
VHUVWUDKOV ZXUGH LQ > @ DOV GGIUH' XQWKRNWHWY G X I
,QWHQVLWIWVPD[LPXPV DEJHIDOOHQ LVW 'LHV HUIRUGF
QHQ /|VXQJ DQ GLH JIQJLJH 'HILQLWLRQ GHV 6WUDKOGX
WHQVLWIW DXl H&8 GHV ,QWHQVLWI WY RBDEPXPXQIHW Bl
GLH YRQ HLQHP EHZHJWHQ /DVHUVWUDKO PLW JDX%I|U
HQGOLFK GLFNHQ %OHFK HUJHXJWH 7HPSHUDWXUYHUWK

a [o]

ﬁ~s »
»

« d; N Nt »

fof « T »,
it u : 3 - %‘t

«
H[S«XCVT yc zc
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EHVFKULHEHQT '®EHZHRGUDW XUHUK|KXQJ JHIJHQ*EHU
P. GLH /DVHURO BEHWUWWM{@N Rr$,&G DV WDKCHUPLVFKH $QVSUHF
GLH 7THPSHUDWXU®IHHL WRK VFMXEWHY FRXKHUL QBUFKRHWY H L
/IDVHUVWUDKOV DXI| G HU M@ BEWR/BPEKUYDOIFKIHEOH GHU 6 ¢
XQGGLH %YOHFKGXSBH FKQWXQJ ZLUG GDV %OHFK DOV X
EHWUDFKWHW *O OLHIHUW GLH VLFK DXIJUXQG (
7THPSHUDWXUYHUWHLOXQJ LP PLWEHZHIJWHQ .RRUGLQ
YHUOXVWHQ DQ GLH 8PJHEXQJ NRQYHRNKPHOHMQWRE ®
ZHUGHQ QLFKW EHU*FNVLFKWLJIW

)sU GLH KLHU EHWUDFKWHWHQ $EVFKIW]XQJHQ VLQG L
GHU %OHFKXQWHUVHLWH GHU )*JH]JRQH XQG GHU %O
UHFKQXQJ GHU 7HPSHUDWXUYHUW H LEDKWDID FE HHQ QHHUL R
ZLH LP )ROJHQGHQ HUOIXWHUW D X VX 8\ BR HWSSILHHI W TS
DXI HLQHU 6HLWH «GH\V X%BHFKFKQHQ XQG GLHVH PLW
]X EHU*FNVLFKWLJHQ 'LH 6SLHJHOTXHOOHQ ]XU %HU-
ZHUGHQ MHZHLOV GXUFK 6SLHJHOXQJ HLQHU 4XHOOH
JHXJW 'LH 2ULILQDDIXG OQHGHU %OHFKXQWHUVHLWH .
6SLHIJHATXHOWH EW 'LHVH ZLUG ZLHGHUXP DQ GHU %¢
]XU 6SLHIHOTXIHROW ZHOFKH ZLHGHUXP DQ GHWGOHF
XQG VR ]X 6ShHIJHOGRNMWOGMZ 'DKHU OLHIHUQ I+U GLH
DQ HLQHU GLHVHU EHLGHQ %OHFKREHUIOIFKHQ LPPHU
OLHJHQGHQ 6HLWHQ GHV %OHFKV SBRK ZH.L 18 SAHQ HOT
DXl GHU JHIJHQ*EHUOLHJHQGHQ 6HLW I®G-HW UMD K BDKWH G
VLFKNXP _1+U GLH 7THPSHUDWXUYHUWHLOXQWB Q)&HG L
7HPSHUDWXUYHUWHLOXQJ DQ GHU %OHRKXQ W& G VGLLIW
HUVWH 6SLHJIJHOGXODIHLFKHQ %HLWWBDJ &I 6SLHJIH
XVZ )sU GLH 7THPSHUDWXUYHUWHLOXQJ DQ GHU %OHF
TXH@OHQX®QG n XQG XVZ GHQ JOHLFKHQ %HLW
GLH 7THPSHUDWXUYHUWHLOXQJ

T, R &

Oberseite 1 n

DQ GHU %YOHFKREHUVHLWH XQG GLH 7THPSHUDWXUYHU'

'
Unterseite T ] n
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DQ GHU %YOHFKXQWHUVHLWH ZREHL

a (o]

H[S«xcv"t yc zc s 5
((d Nt 7\/T »
, KR, f ﬁf (7
" e & !
r' .
N B Vo
© 1

MHZHLOV GHU %HLWUDJ ]XU 7THPSHUDWKVWUKQKEEU GXD
UHLFKW PHLVW HLQH JHULQJH $Q]DK-Q 6 QLEKIHH JHFNTHX I
"HUNVWFNV ]X EHUsFNVLFKWLJHQ 'LH EHQ|WLJWH $Q]D
PLW GHQ 3UR]JHVVSDUDPHWHUQ GHQGQPB WHi XD IGIHIMH @ E
VWDQG YRQ GHU :IlUPHTXHOOH DQ GHP RN H HHEHBUDRC
$XV GLHVHP *UXQG JLEW HV NHLQH DOOJHPHLQJ*OWLJH
GHUOLFK EHJLHKXQJVZHLVH DXVUHLFKHQG LVW XP GLH
QXQJ GHU 7THPSHUDWXUYHUWHLOXQJ ]X EHUsFNVLFKWLJ
GLH MHZHLOLJHQ 5DQGEHGLQJXQJHQ DQJHSDVVWH $Q]D
JHQ 'LH 9RUJHKHQVZHLVH ]XU (UPLWWOXQJ GLHVHU DQ
ZLUG LP )ROJHQGHQ QIKHU HUOIXWHUW

"LHV JHVFKLHKW EHLVSLHOKDIW DQKDQG GHU 7HPSHUD\
FNHOE @HHE KV PP ¥HL IeU GLH 3dUDPHMWHU P PLQ

X QFG : (V ZXUGHQ GLH ODWHULDOHLJHQVFKDIWHQ Y
YHUZHQGHW VRZLH HLQA(LQNRSBWODUWDHEIWIRM LQ *O
*0 ZXUGH PLWKLOIH GHU 6LPSVRQ 5HJHO > @ JHO|
t V ELW LQ=HLWVFKULWWHQ PLW HLQHU ©XRQIFIKIMWWK P L
VROO GLH 7THPSHUDWXUYHUWHLOXQJ RKQH %HU*FNVLFK)
GHQ %LOG JHLIJW EHLVSLHOKD IMA RGIHHU Q VIXKU YBIU W H L €
PLWEHZHIJWHQ .RRUGLQDWHQVRKQHPGD @ V%)XDQNW VR DK WF
6SLHIJHOTXHOOHP 51,8 KQEKIDIW IHYHWWIHJIJHQ GHU 9RUVFKXE
VWUDKOV LVW HLQ VWHLOHU $QVWDHUIP®HIUP X IR PNSXHU] DRALX
GHP =HQWUXP GHN /DVEKUNWUDK@®WQ 1DFK GHP 7HPSHUD
GHU 7THPSHUDWXUDEIDOO ]XQIFKVWDHEEHXPDHO&PNWH L O X
IODFKHU

/IRIDULWKPLVFKH 6FKULWWZHLWH IEHIGHXW B WJ DEULWWK B L YF KH QN 6/NFX O D W\G
G K GHU 4XRWLHQW DXIHLQDQGHUWR @JH FRIQW W H BW VH KW WW B XIMIWH NCR.@!
GHU =HLWRybhKUR MWW B HQnu@yNogshaRe€ t@ QXPS\ ORJVSDFH
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Bild2.4: %HUHFKQHWH 7HPSHUDWXUDBUWGHOX Q@30 H

1" siL PP NU RKQH 6SLHJHOTXHOOHQ—
v P PRQ LK ODWHULDOHLJHQVFEKDI'
EHOOH

1XQ VROO GHU (LQIOXVV GHU $Q]DKOQOM® MU G NN LEHKW
7HPSHUDWXU |+ U"BIRYY MLIRHGHQBHWUDFKWHW ZHUGHQ
]JZLVFKHQ GHU $Q]DKO EHU+<FNVLFKWSHUIDW § B LBIXH ®Hk
UHLFKW HV DXV GHQ ]XYRU JHQDQQWHQ 6\PPHWULHJL
HLQHU %OHFKVHLWH ]X EHWUDFKWHQ )+U GLH 6SLHJH
GLH JOHLFKHQ =XVDPPHQKIQJH XQG |fKHQ H HFP-BUHHFDKV
PXVV GDQQ MHZHLOV GHU GRSSHOWH %HLWUDJ GHU 6
VSUHFKHQG *O XQG *O ' DHK®I W6 BX U SIHHQO H WM 8
GLH 6SLHJHOTXHOOHQ DXI HLQHU 6HLWH GHV %OHFKV
UDWXU DQ YHUIEKILWGRIQHQ@ GHU %OHFKXQWHUVHLWH
6SLHIJHOTXHOOHQ %HL %HUsFNVLFKWLJXQJ GHU 6SLH.
VWHLJW GLH 7THPSHUDWXU PLW ]XQHKPHQGHU $Q]DKO
ZLVVHQ $Q]DKO DQ 6SLHJHOTXHOOHQ QDKH]X NHLQH b
OLFK LVW 'LHVH $Q]DK{@ 3R WL W URQHWY K RQMHEUGH L H G C
Lo PP XQG PP EHUHLWVY QDFK HWZBLQHs 8 RBIHIXT
GHU 7THPSHUDWXU P[HKU PIKX®GG 1+BP GLHV HUVW QD
6SLHIJHOTXHOOHQ GHU )DOO LVW
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Bild25: %HUHFKQHWH 7HPSHUDWXRVLW LRUWQF OICH Gl
I osio PP VeU LQ $EKIQJLIJNHLW GHU $Q]C
JHOTXHOOHQ DXI HLQHU 6HL&H GHW %OHH
PL K ODWHULDOHLJHONHRD MLH®& H R

'LH bQGHUXQJ GHU 7HPSHUDWXU LVW LQ GLHVHP )DOO
MHGRFK PLW ZHLWHU ]XQHKPHQGHU $Q]DKO DQ 6SLHJF
VFKUIQNXQJ GHU $Q]DKO EHU+FNVLHQGOWKY 681 B K@OLT
]XOIVVL) ZHQQ GLH 7HPSHUDWXU [+H JHIOTHK KXQ® QTG OHB K
QHQ HQGOLFKHQ *UHQJ]ZHUW NRQYHUJHQUWD @© GLHVIHI
PHWULVFKH 5HLKH KHUDQJH]RJHQ ZHUGHQ@u>a @ (LQH 5t
DXIHLQDQGHUIR@JKQG HNR OOMIDEHY LVW ZLUG DOV JHRP

JHLFKQHW qa_ @ NRQYHUJLHUW HLQH XQHQGOLFKH JHRF
*UHQJZHUW > @

a

Ga

ZREHIGDV HUVWH *OLHG GHU 5HLKH LVWag,, QTXQMHUHP )D
GHU %HIWDXIHLQDQGHUIROJHQGHU 6SLHJHO WKHGOWHQ E
NRQVWDQW XQG VHLQ %HWUDJ NOHLQHU HLQV VR NRQY
$Q]DKO DQ 6SLHJHOTXHOOHQ JHJHQ HUQHQWHEBQQRFE&BC
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DEJHVFKIW]W ZHUGHQ RKQH DOOH 66 L ILHIOGT X H QHOLHIQV
VHQ 4XR W LGHW $h@T. WK UHLQDQGHUIROJHQGHU 6SLHJIHC
GHUBRVLWLRQHQ LQ $EKIQJLINHLW GHU 4XHOOHQQXP

1,0
0,8
0,6 -
=
0.4+
0,2+
0 100 200 300 400 500 600
Quellen-Nr.

Bild 2.6: 4 XRWyh HBIW % HT,WOX UHLQDQGHUIROJHQGHU 6¢
GHUBRVLWLRQHQ DQ GHUsgpOHFRRQWHUVE L
JLINHLW GHU 4XHOOHQQXPPHU EHL @HQ-BNX
6HLWH GHV %OHd&KY 3BWBDPRWIRQ DK
ODWHULDOHLJHQVFKDIWHQ YRQ 1LFNHO VLH

'"HU 4XRWLMQWXQIFKVW QLFKW NRQVWDQW *EHU GLH 6
YHUVFKLUMBRNMIMQAL RQHQ XQWHUVFKLHGOLFK OXWQXQHH!
OHQ NRQ¥ HHJIHMUMLQHQ NRQVWDQWHUD3RVILW L BG M QD XGE
LVW ,Q GHP KLHU EHWUDFKWHWHQ %HLVSLHO LVW G
'"HPQDFK LVW GDYRQ DXV]XJHKHQ [6BRVLG®LHR @HRHSIHIQD
HQGOLFKHQ :HUW NRQYHUJLHUW :PUW GXO M KPLHFEGH G H;
DQ 6SLHJHOTXHOOHQ G[HRMPWHR QW K UHIQXNDH®EWD L F K
3UD[LV LVW MHGRFK DXFK HLQH HQGDURKHD 79 RB/HUD V
NDQQ ]XVIW]OLFK DXFK GHU JHKOHU LQ GHU 7HPSHUD\
GXUFK GLH QLFKW EHU+FNVLFKWLJWHQG6S DN RO D X M DH
JHQ GDVV VLF i§ ®HEUHLQRIW LEMWINL © B AKHD PHX KO OBIG H U W
QHQ GLH %HLWUIJH DOOHU IROJHQGHQ 6SLHJHOTXHO
ZHUGHQ 'LH 7HPSHUDWXU NDQQ G D GBQ KIHOH ¥ HOHILH G N
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4XHBEHUHFKQHW XQG G H Tend HOROB\H BIWWUDHKDBOHU QLF|
WLIWHU 6S L Iyl OT X HIO O®! Q DEJHVFKIW]W BHUWGHQ 'D
DO®BRVLWLRQHQ JH J Hdgha GNHROQ/HHOEH. G UMUWD QQ GLHVHU
JHP 3RVLWLRQ DEJHVFKIW]W ZHUGHQ

6RPLW NDQ@ 3RV IMMIGRRQ GLH 7THPSHUDWXU XQWHU %HU-«F
IRUGHUOLFKHQ $Q]DKO DQ 6SLHJHOTMKB UDHIQV B ERKU B FIKJ
ZHUGHQ 'LH 7HPSHUDWXU ZLUG MH QDFK EHWUDFKWFE
*0 EHUHFKQHW +LHU]X ZHUG H® @ H 19 KN WS HHF HOHDE
*0 EHUHFKQHW X Q GgMEWHW O R PGH U HIX R WR S IDWD W X |
VRZRK§ D@V DXFK l+U GDYV g% YIREJEWFMWABWWHHQQ GLHV
7HPSHUDWXUIHKOHU XQWHU HLQHP IHVWJHOHJWHQ *UH
GLHVHQ *UHQ]ZHUW YRQHLQDQGHU DEZHLFKHQ GDQQ Z
IRUGHUWH *HQDXLJIJNHLW leU GLH 7THPSHUDWXUEHVWLPF
NDQQ DQ GLHVHU 6WHOOH DEJHEURFKHQ ZHUGHQ

)U GLH %YHUHFKQXQJ GHU 7THPSHUDWXUYHUWHLOXQJHQ
EUXFKNULWHULHQ IHVWJHOHJW

On
X " Terror
X _Teror On ' Terror Gfinal _

'"HU :HU@pal ZXKUGH GDEHL MHZHLIRWV IXWLIRWQ EBFHV®HBPW E}
RKQH 6SLHIJHOTXHOOHQ GDV OD[LPXP GHU 7HPSHUDWXLU
NULWHULXP '§LHUI-UDRDW NDQQ GHU *HVDPWIHKOHU EHL
UHFKQXQJ ]X HWZD . DEJHVFKIW]W ZHUGHQ

%LOG JHLJW GDV UHVXOWL[ DIQQGHIUT % B SIHF I B Q¥ W B IIIVOHC
UsFNVLFKWLJIJXQJ GHU 6SLHJHOTXHOOMQHEBBYBWXWUNH
RKQH %HUsFNVLFKWLJXQJ GHU 6SLHJHOTXHOOHQ URW}
UsFNVLFKWLJIJXQJ GHU 6SLHJHOTXHO®HQ JX¥ RGHEB D F K UIC
QHQ 9RUJHKHQVZHLVH ]XU %HU<FNVLFKWLJXQJ GHU 6SL!
WXUYHUWHLOXQJHQ PLW XQG RKQH @ HKQ\W N VIVFK\WM L BH@
GHXWOLFK 6R LVW EHLVSLHOVZHLMWRA SH.WD &/XUH PH B UXDIO®
SHOW VR KRFK ZLH RKQH 6SLHJHOTXHOOHQ
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Bild2.727 %HUHFKQHWH 7HPSHUDWXUDKBUWGEHD X QB0 H
1" siL PP \RU PLW EODX XQG RKQH Ul
6SLHJHOTXHOOKQ 3DUBPHWHPQ DK
ODWHULDOHLJHQVFKDIWHQ YRQ 1LFNHO VLH

,Q %LOG LVW GLH HQWVSUHFK H®&H HIQI\W K G LE-S L+ &
UHFKQXQJ GHU LQ %LOG JH]HLJIW HRK WH.R SVH DO WGHU Y'|
IRUGHUOLFKH $Q]DKO ]X EHU*FNVLFKWLYHQGGIHP6BIHH .
UHLFK LQ GHP GDV OD[LPXP GHU 7HPSHUDWXU OLHJW
TXHOOHQ HUIRUGHUOLFK GLH G[DIOHU QMK \Z\W URA. W QOCE
%HQG ZHLWHU ]XQLPPW :+UGH HLQH IHVWH3RYLMKR @
YHUZHQGHW VR Z+UGH HQWZHGHU VWHOOHQZHLVH GL
WLJ JUR%HU QXPHULVFKHU $X1ZDQG XU %HUHFKQXQJ

‘LH EHUHLWV HUZIKQW IQGHUW GLH HUIRUGHUOLFKH $
OHQ QLFKW[QXRVPWNRIHWRQGHUQ DXFK PLW GHQ 3UR]
FNH XQG GHQ ODWHULDOHLJHQVFKDIWHQ ZHVKDOE G
$Q]DKO DQ 6SLHIJHOTXHOOHQ DXFK LQ GLHVNRQY®I®HQ
JLHUW MH QDFK 3DUDPHWHU HEHQIDOOV JHJHQ XQWH
)DOO X SU*IHQ RIEJGHHQ ¥R GEDQWUWNRQYHUIJLHUW GD
SHUDWXUEHUHFKQXQJ QXU XQWHU GLHVHU %HGLQUJXG
KHQVZHLVH GXUFKJHI*KUW ZHUGHQ GDUI
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Bild2.8: $Q]DKO GHU 6SLHFHOTLHHG D @ MEHHFEKQXQJ G
WHQ 7HPSHUDWXUIHOGY EHU«BNVLFKWLJW 2P
P DK ODWHULDOHLJHONHRARD MLH® HY R

2.4.2.2 Temperaturverteilung in der Figezone

OLWKLOIH GHV LP YRUKHULJHQ $EVFKQLWW EHVFKULHE
7THPSHUDWXUYHUWHLOXQJ LQ GHU )*JH]JRQH DEJHVFKIW]
WHU HUPLWWHOW ZHUGHQ 9RUDXVVHW]XQJ I-U HLQ HU|
JHSDUWQHU LVW GDV (UUHLFKHQ G HUWH 6 FKIR-HIOL Y H P S HUPD
OHLWXQJVVFKZHL%SUR]JHVV ZIUH DQ Q@NW thRFHHKRWE X U VLH
WHU 1IKHUXQJ DOV OD[LPDOWHPSHUDWXU DQ]JXVHKHQ

)eU GLH $EVFKIW]XQJ GHU 3UR]JHVVSDODPKHHRINXXG&EHBD
PHVVHU XQG 9RUVFKXEJHVFKZLQGLIJNHLWHQ GLH UHVXC
GHU %OHFKREHU XQG 8QWHUVHLWH GHV 1LFNHOEOHFK\
l+U GLH %OHFKREHUVHLWH ZXUGHQ PLW *O EHUH
*0 MHZHLOV PLW GHU LP YR U KHUQIHX 19 Q O BIDK $IEMFK-
]XU %HUFNVLFKWLJXQJ GHU 6SLHJHOTXHOOHQ 'DV ,QW
6LPSVRQ 5HJHO > @ JHO|VW XQGtGLHV, GWWIURQWLRQ H
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SHLWVFKULWWHQ PLW HLQHU QW IDXWLGMHIQP GV FHK HIWE-HRKLL
1LFNHO VLHKH 7DEHOOH 6 s1LXQGPPLYHWZE B BKG\L
GHQ (LQNRSSHOJUDG AXXUGH BIQQH:GIRRRWMRQHQWVSUHF|
VRUSWLRQVJUDG YRQ IO*VVLJHP 1LONHO EHL>6F& P HIR]
ZRKO U GLH %OHFKREHUVHLWH DOV DXFK U GLH %¢(
WHLOXQJ MHZHLOV HQWODQJ GHU 6\PPHWULHDFKVH G|
\f PLW HLQHU 6[F KBIQV VEHHIHFHK QW XQG GLH OD[LPD(
JHZHUWHW 'LH /DVHUOHLVWXQJ ZXUGH IMPHZHA IR SHRJ D
GHU %OHFKREHUVHLWH GLH 9HUGDARSIXQJVW& PS@UBW
UHLFKW ZXUGH %LOG JHLIW GLH CE ISHRF % Q H WHIX QI
leU YHUVFKLHGHQH )RNXVGXUFKPHVVHVFKZ I$@ & LG NHIN
(UUHLFKHQ GHU 9HUGDPSIXQJVWHPSHUDWXU DQ GHU ¢

2500
o -® =300 um =9 d,= 600 pm
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2000 o~ _ . ~& d=60pm e B
o S
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5 1000 F S - - -
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Bild2.9: %HUHFKQHWH OD[LPDOWHPSHUDWXU DQ \
1" siL PP BHL I+U XQWHUVFKLHGOLG®&KH ))RE
JLINHLW GHU 9RUVFKXEJHVFKZLQG LOHWHE /P 9
WHPSHUDWXU DQ GHU %OHFKREHUVHLMWHJIW
6FKPHO]JWHPSHUDWXU YR®P&LEF@HDQ

/IRIDULWKPLVFKH 6FKULWWZHLWH IEHIGHXW B WJ DAOLWWK B L YAF KHIQV6/NF KO D
G K GHU 4XRWLHQW DXIHLQDQGHWR @JH FRIQW W H BW VH\KHW WW B XUMINH NGF
GHU =HLWRYybhKUR MWW B HQnu@yNogspaRe€ t@ QXPS\ ORJVSDFH
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)*U HLQHQ )RNXVGHUFKPHWPVHWIYRY 4XDGUDWH ZLUG G|
SHUDWXU DQ GHU %OHFKXQWHUVHLWH QXU 1.U JHUL
v’ P PLQ *EHUVFKULWWHQ )*U HLQHR@U|%HUMQ )RN
URWH 5DXWHQ ZLUG GLH 6FKPHO]WY KS$KHDMX 9 RKUW\DR KX
JHVFKZLQGLINHMWHQ N PQ ELEHMVFKULWWHQ $OOHUGLC
GHUOLFKH /DVHUOHLVWXQJ MH QDFK *HVFKZLQGLJNHLW
KIKHU DOV Ieb-P EHL JOHLFKHU 9RUVFKXEJHWRKEHQGLJN
WUDFKWHWHQ )RNX® GXUFKPHMWAOW YRIDLHFNH ZLUG Kl
6FKPHOJWHPSHUDWXU DQ GHU %OHFKXQWHUVHLWH DXF]
UHLFKW OLW NOHLQHQ )RNXVGXUF K PHYD/FKU 8 LYOR JQ JHHLSQILR
JHVV LP :IUPHOHLWXQJVVFKZHL%HQ @dHWMQ U)RMNM\GHILF
PHVVHUQ OIVVW VLFK GLH 6FKPHO]WWRRHUHRYXHODQD & A
KIKHUHQ 9RUVFKXEJHVFKZLQGLJIJNHLWHYW WEHLLFKYQOI$
ZHLVH JUR%HQ )RNXWG XU F KPR ¥y HELH YF&PHO]WHPSHUD
GHU %OHFKXQWHUVHLWH QXU EHL LPPRIWEORXEJWNB KA H(
GLINHLWHQ YR®LQ HUUHLFKW

$XV GHU $EVFKIW]XQJ GHU HUIRUGHWOW F KH QHUWM|H WV 6 K
HLQH 9RUVFKXEJHVFKZLR RPLINHLWHYRQIRUGHUOLFKH /D

PL © ]XU (UJHXJXQJ GHV HUIRUGHUO IFAKHHIE GHRKH VUM
%HUHFKQXQJ GHU 7HPSHUDWXUYHUWHLOX®DVYP I-1LFN
o —PWQGP PLQ GLH 9HUGDPSIXQJVWHPSHUDWXU DQ

EOHFKV EHUHLWY EHL RALQHU:/BVYVHJHOHKWWA QL YRRQH G|
WHPSHUDWXU DQ GHVVHQ 8QWHUVHBWR]HY HYURIGXFKE Q
VLFK GHPQDFK I-U GLHVH 3DUDPHWHUNRPELQDWLRQ QLF
VFKZHL% SUR]JHVV HU]JHXJHQ

Fazit

'LH $EVFKIW]XQJHQ GHU 7HPSHUDWXUY HBIWHLIOWX QGIDVY €
UHLQHU :IUPHOHLWXQJVVFKZHL% SUR]JHVM BWF KWK HIUUQ @&/t
KLHU]X HQWZHGHU VHKU JHULQJH VORUVFIRXBIHVEBKZL
o —P XQG RGHU YHUJOHLFKVZHL\GH JURIBHIJRNXV !
Ve P PLQ HUIRUGHUOLFK VLQG %HL VHKU JHULQJHQ
GRFK DXFK PLW HLQHU YHUJOHLFKVZHLVH JUR%HQ $XV
EHLP VSIWHUHQ )*JHSUR]JHVV ]X UHFK GN @ HUQG LML HURM
VSUHFKHQG KRKH /DVHUOHLVWXQJ HUIRUGHUOLFK
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'"LHVH (UJHEQLVVH EHNUIIWLJHQ GHQ BIHWDMD GM\GHQQ
UHLQHQ :IUPHOHLWXQJVVFKZHL% S U RJHROJHD DOF B X RA
KIKHUHQ 9RUVFKXEJHVFKZLQGLIJNHLWHQ GLH 6FKPHO]
HUUHLFKHQ XQG VR GLH EHQ|WLJWHR®R SHI B WXL HX

QHQ

U GDV 7LHIVFKZHL%HQ ZXUGHQ NH L @ WHKKHIRIUHW MV F
GHUQ DXVVFKOLH%OLFK H[SHULPHQWHOOH 8QWHUVXF
WHUKLQ GHU )*JHSURJHVV VHOEVW BEXQHKRK KKQZTH i BXIQY
DQ GHQ 1LFNHOVFKDXP GHWDLOOLHUWHU EHWUDFKW
QLVVH GHU 8QWHUVXFKXQJHQ ]XP 7LHIVFKZHL%HQ HL
DXI GLH $XVGHKQXQJ GHU ZIUPHEHHLQIOXVVWHQ =RQ]|
JHQ 'LH (UJHEQLVVH GHU H[SHULPHQWNGGIQ LQ WH
VFKQLWW EHWUDFKWHW XQG GLH (UJHEQLVVH GHLI
VFKQLWW

2.5 Experimentelle Untersichung des Flgeprozesses

I1DFKGHP LQ GHQ YRUDQJHJDQJHQHQ $EVFKQLWWHQ C
J)*JHSUR]HVY GDUJHOHJIJW ZXUGHQ ZHUGHQ LQ GLHVHP
SHULPHQWHOOHQ 8QWHUVXFKXQJHQ GHV )¢JHSUR]JHVYV
GLH (UJHEQLVVH GHV /I DVHUVWUDKOVFKZHL%HQV YRQ
(UJHEQLVVH GHVY /I DVHUVWUDKOVFKZHGHFEVHY.RQ HILDFD
$Q GLHVHU 6WHOOH VHL YRUZHJJHJUHVIHQ\EER Y V6 PKWH
SUR]JHVVHY HLQ HUIROJUHLFKHV )*JHRKYR|QOILLAN HOW F
UHVXOWLHUHQGH 3URJHVVIHQVWHWZOJ GLELUBVHUMHG
YHUJOHLFKVZHLVH NOHLQ 'LHVY YHUGHXWOLFKW QRFK
JHSUR]JHVV VRZLH G L HgéAeled Hrgtelludg\er lokal eing@hradhten
Energie und deren Verteilung durch eine angepasste Prozessstrategie.

2.5.1 Laserstrahlschwel3en von Nickelblech

)*U HLQH HUIROJUHLFKH $QELQGXQJ GHV 1LFNHOVFKD
JXQJ HLQHU NRQVWDQWHQ 'XUVFKZHL%XQJ GXUFK GD
OIQJH HUIRUGHUOLFK 8P JOHLFKJHLWLJ HLQH =HUVW|
GDUI VLFK GDEHL ZHGHU HLQH QDFK XQWHQ JH|IIQHW
*HIDKU GHU 9HUGDPSIXQJ XQG VRPLW =HUVW|UXQJ G|
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VLFK HLQ *EHUPI%LJHU (QHUJLHHLQWUDHIRRUGHIQV 1$E N
VFKPHO]HQV GHU G*QQHQ B6WUXNWXUHQ ]GHKH QL BNHUO V
6FKPHO]JH GXUFK GLH 2EHUIOIFKHQVSDQQXQJ 'LH H[SH
IDVHUVWUDKOVFKZHL%HQV YRQ 1LFN H 6 EUHRAK \DKIWGHQ H
l+U HLQH GXUFKJIQJLJH 'XUFKVFKZHL%X.Q@3LORDIH |DWY G
%OHFKXQWHUVHLWH ]X HUPLWWH®DU ZO QEAWH Q 9HWW XF
EDXV JH]JHLJW

Bandpass-Filter Beleuchtungslaser
A=808 =10 nm Ager= 808 nm

\

=654°

A amera

Bild 2.10: 6NL]]H GHV 9HUVXFKVDXIEDXV |+U GIHQHIRRAU
VWUDKOVFKZHL%HQ YRQ 1LFNHOEOHFK

'LH YHUZHQGHWHQ %OHFKH EHVWDQGWQ X \$ BMHH QDXL M
YRQ PP|[ PP [l [bBR ZREKO®GLH /IQJH XQG %UHLWH G
VLQG 'LH HUJHXJWHQ 6FKZHL%QIKWH KDWWHQ MHZHLO
TXHOOH ZXUGH HLQ 6FKHLEHQODVHU 7UX'LVN LQ .R
PLW HLQHP )DVHUNHUQGXUFKPHVVHU YRQ —P YHUZF
HLQHU 6FDQQHURSWLN DXI GLH %OHFKREHUVHLWH IRNX
'"HU UHVXOWLHUHQGH )RMXVGXUYFEKPHVVHU EHWUXJ

'LH 3DUDPHWHU GHV /DVHU XQG 2SWLNVHWXSV VLQG L
JHVVEHREDFKWXQJ ZXUGH HLQH +RFKJHIVFXRIGQBLQNJXLW
VIW]OLFKHU %HOHXFKWXQJVODVHU HUQHHYHW |WH REHD F
WXQJVZLQMHO YRJT ]XU 3UREHQREHUIOIFKH DXI GLH 3U
ULFKWHW 'HU YHUZHQGHWH %HOHXFKOWK®A MBIV R QK
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@ QP XQG YRU GHU +6 .DPHUD ZDU HLIQ WIQW \
o “ QP DQJHEUDFKW 'LH +RFKJHWXRIGHQ ®LIWN HL
$XIQDKPHUDWH YRQ %LOGHUQ SUR 6HNXQGH DXIJ

)eU GLH $XVZHUWXQJ GHV 3UR]JHVVYH GKHRONHRQMVXQG +
ZXUGHQ VRZRKO GLH $XIQDKPHQ GHU +5Q.DRHUD GBI VFH
JHXJWHQ B6FKZHL% QIKWH KHUDQJH]RJHQ 'DV 3URJHV\
ZHUGHQ ]XQIFKVW DQKDQG GHV %HLVBSLMRY ®HRLORU\
GLVNXWLHUW $QVFKOLH%HQG ZH URLMQ IRILH FK XHEB 8 V¥
GLINHLWHQ PRRLQ XQG P PLQ HUJHXJW ZXUGHERI $EV
GLH (UJHEQLVVH YRQ BWLFKYHUVXFKHQ HLQJHJDQJHGC
NXVGXUFKPHVVHYU-FROUZHQGHW ZXUGH

Prozessverhalten und Prozessgrenzen fiir= "5 m/min

'LH 3URJHVVUWVX®WILWHVLQG LQ %LOG DQKDQG YF
PHQ GHU 1DKWREHU XQG 8QWHUUD X $iH®L WRXQQBNFHZ A B
FKHQ /DVHUOHLVWXQJHQ HUJHXJW ZXUGHQV % HIR A K Q\H-
'"XUFKVFKZHL%XQJ GXUFK GDV 1LFNHOEOMHAK HIUQHHO A
KXQJ GHU /DVHUOHLVWXQJ DXI ©L'WW FHKWVF W P 1D L0786 XHQL.
JLHOW ZRUGHQ %LOG E 'LHY VWHOOW VRPLW GLH
JHEUDFKWHQ /HLVWXQJ I+U GLHVH 9RIUW WIOXELIHH \I DK Z\LEX
PL © EHWUIJW DQ GHU, %YOHFKRERBGVEDQWEHU %OHF
by —P %HL ZHLWHUHU (UK|KXQJ GHU /DVHUOHLVW X
VRZRKO DQ GHU 2EHU DOV DXFK DQ GHU 8QWHUVHLWF
/IDVHUOHLVWXQJ ]XU (UJHXJXQWN GHW BUR]HXVGRIOKRH

DEJHVFKIW]W VLHKH $EVFKQLWW ZDV LQ JX
([SHULPHQW WDWVIFKOLFK HUIRUGHUOLFKHQ : VWH
Qiser draser M d fe f (o] R Zs
—_ —F PP PP — 1 PF PP

Tabelle 222 9HUZHQGHWHY /DVH UQseX Q@ LASWRRQVEWE O HQ
Oraser ) DVHUNHU Q GM& F BRI X QU VP D 98 TDKLP D W |
ZHLWH)RNXVVLHUEY HRNXHIGKH FZK P B B VGHHIL J K
z )RNXVSRVLWLRQ



2 Fugen von Nickelschaum an Nickelblech

Nahtoberraupe Nahtunterraupe

a) P, = 400 W

b) P, =425 W

S 54 % B N A -

Bild 2.11: OLNURVNRSDXIQDKPHQ YRQ 1DKWREHSBHDRX3JI
YRQ 6FKZHL% QIKWHQVLQ 1A PNBOEDG KIQ EH U V
OHLVWXRJHQ D B . P © 6RQVWLJH
@iser —dP —P Pm®S S1L PP

,P )JROJHQGHQ ZLUG GDV 3URJHVVYHUKDOWHQ DQKDQG (
,Q %LOG VLQG (LQJHOELOGHU D X VHIXEQHDLKPHIQ 3®HRY H-A
EHWL P PLQPXQG : JHJHLJW %HL GLHVHQ 3DUDPHWHUQ
/JHLVWXQJ ]X JHULQJ VR GDVV QRFK WHILGNHREPK\FKKHAH |
ZLUG YHUJOHLFKH %LOG D 'DV HQ6EBKRHOIEDRHLLQ G
%OHFKREHUVHLWH ZDU PLW HLQHU PLW W O HPWPHQHA & JBIWY
QLVPI%LJ NXU] 7HLOZHLVH ZDUHQ HDQ W WIHIO XQ/NHY FGHW
VHUV XQG HLQH bQGHUXQJ GHV (UVFKHLIQHKQIVEKXG &BW H3
VFKHLQXQJ KHUXP ]X HUNHQQHQ %LWE UV FKKXIQEBXQJ N &
DX| HLQH (UK|KXQJ GHU 2EHUIOIFKHQWHPSHUDWXU GHU
OLW ]XQHKPHQGHU 7HPSHUDWXU QLPPW DXFK GLH DXI.
VWUDKOWH ,QWHQVLWIW GHU 3URJHVVHPLVVLRQHQ ]X

EHLP hEHUJDQJ YRP :IUPHOHLWXQJV ])XQPG/H Wb IVHFKG B P%
IXQIVWHPSHUDWXU DQ GHU 6FKPHO]JEDGREHUIOIFKH HL



2.5 Experimentelle Untersuchung des Fligeprozesses

DXIJUXQG GHV 5+FNVWR%GUXFNV GHV @EGDASEHQEHW
$EVFKQLWW DXVI*KUOLFK EHVFKULHEHQ 'LH bQG
6FKPHO]JEDGVY LQ GHQ LQ %LOG E XQG G JH]JHLJWH
VROFK HLQH 0XOGH LQWHUSUHWLHUMQZEDGBIXQ KLV H
GLHVHP )DOO EHUHLWYV GLH 9HUGDPSIXQJVWHPSHUDW
ZXUGH 6RPLW LVW KLHU K|FKVWZDKUVFKHLQOLFK YF
VFKZHL%SUR]JHVV DXV]XJHKHQ EHL GBIPSEXQHLWNP\BW
DQ GHU 6FKPHO]JEDGREHUIOIFKH HUUHLFKW ZXUGH XQ
3URJHVVJUHQ]H GHV :IUPHOHLWXQJVVFKZHL%HQV EHIL
O\WLVFKHQ ORGHOOV $EVFKQLWW DVV P IHW GHLQHWPH R
GXUFKPHWHU YR® XQG HLQHU 9RUVFKXEJHN FKZAL @G LJ
(UUHLFKHQ GHU 9HUGDPSIXQJVWHPSHUDWXU DQ GHU ¢
%XQJ HUJLHOW ZHUGHQ NDQQ

Bild2.12: (LQJHOELOGHU DXV +6 .DPHUDD X I|Q D KPHIQboH (

ILFNHOEOHFK 3DPBPRIQWH U: Qeer —dP —
% PRI  sit PP
,Q %LOG VLQG (LQJHOELOGHU D X VH{XEQHDLKPHIQ 3®HRYH

E H/L P PLOPXQG : JH]JHLIJW %HL GLHVHQ 3DUDPHWHL
/THLVWXQJ DXVUHLFKHQG XP EHUHLWXQILQKUFEXUGR ¥I(
FNHOEOHFK ]X HUJLHOHQ YHUJOHLREXH %V@GKLHE HW]
SHOW VR JUR% ZLH EHL GHP &FREEL%ISUR] X% AUW H P
VLQG GLH KHOOH /HXFKWHUVFKHLQX @] ®LPH $XPWHIEH B
0XOGH JU|[%HU XQG LQ DOOHQ %LOGHUQ GHU +6 .DPHLU
UDXI KLQ GDVV LQ GLHVHP )DOO ZIKVHVRG GIHV JHYGID
IXQIVWHPSHUDWXU *EHUVFKULWWHQ ZXUGH XQG VLFK
GUXFN GHV DEVWU|PHQGHQ ODWHULBO W BKPHQKIDIWEH
KDW (V LVW VRPLW GDYRQ DXV]XJHKHQ GDVV HV VLI
NODVVLVFKHQ :IlUPHOHLWXQJVVFKZHL%BHQR]HVERZKD Q'





















































































































GLH 6NL]]H
HLQHV 4XHUVFKQLWWY HLQHU 6FKZHL% QDKW JH]HLJW
BWURPV GXUFK GLH 1DKW

Bild3.1: 6NL]]JH HLQHV 4XHUVFKQLWWY HLQHU 6FKZHL
VFKHQ 6WURPV

'D GHU HOHNWULVFKH 6WURP YRQ HLQHP )¢JHSDUWQHU
ZLUG GLH 4XHUVFKQLWWVIOIFKH DP JQIDHUMRRMW QZLVFKH
DOV UHOHYDQWH 4XHUVFKQLWWVIOIFKH DQJHVHKHQ OL
VFKHQ :LGHUVWDQG GHU 6FKZHL% QDKW

Ly
RNaht ! LA Ob&X 1Nahl
DEJHOHLWHW ZH WGGIU \DEHIL IVVG&H H O HVGWIHY EBRKW L G |
EUHLWH D Pl & HH IDIFKIW G I QLI XIQGH GHV :HJHV GHV HO
BWURPV GXUFK GLH 6FKZHL% QDKW *OHLFKXQJ ZX U
PLJHQ 1DKWTXHUVFKQLWW XQG HLQHQ OLQHDUHQ 6WUR
PHWULHQ GHU 1DKW XQG GHV 6WURPGHYG ) WIHH BOY H @
GHV BWURPSIDGV GXUFK GLH 1DKW EHVVHU JHHLJQHW
WLHUHQGHQ :LGHUVWDQG WUHIIHQ ]XRNQ|OQHQ 'HHI@RBK
JUXQGOHJHQGH $QIRUGHUXQJHQ DQ GLH 6FKZHL% QDKW
ULQJHQ :LGHUVWDQG I*KUHQ =XP HLQHQ VROOWH GLH
VHLQ 'LHV EHGHXWHWgx®PV MW &IHHU IV EWRH WHILQ VRO
OlQH RIWPDOV GXUFK NRQVWUXNWLYH 5DQBEBEURIXQ.
























HUVLFKWOLFK LQ GHP OLNURVNRSDXIQD
GHUVHOEHQ 6FKZHL% QDKW DQ ]ZHL XQWHUVFKLHGOLFK
LVW HUVLFdWOREKQ LERWNRQVWDQW HQWODQJ GHU PLYV
VFKZHL%HQ HUJHXJWHQ 1DKW VLQG X\WW®W SARPLWO 3L KQ MM
(LQIOXVVIDNWRUHQ QLFKW HUI*OOW LVW






LVW HLQH hEHUVLFKW YRQ OLNURVNRSDXIQDKF
BFKZHL% QIKWHQ JH]JHLJW GLH PLW HL\QHWY WIXP OO I KEHHL
VFKLHGOLFKHQ 2V]LOODWLRQVSDUD PE&MWHWUHQHUHH X H\Q &
$PSOLWXEH YR®P LVW GDV (UVFKHLQXQJVELOGNVGHU 6F]
WHOV NRQYHQWLRQHOOHP /LQHDUVFKZHL%HQ HUJHXJWH
KRKH (LQVFKZHL%WLHIH LQ GDV &X DXI VRZLH HLQH VV
WHULDOLHQ HUNHQQEDU DQ GHQ GXRKHOILQDEHQ XXl
VFKOLIIHQ OLW ]JXQHKPHQGHU $PSOLWXGH VLQNW GLH
QLPPW ]X *OHLFK]JHLWLJ ZHUGHQ GLH GXQNHOJUDXHQ
JHULQJHU ,Q PDQFKHQ GHU 6FKZHL% QIKWH GLH PLW H
JHXJW ZXUGHQ VLQG 5LVVH LQ GHU @QQOEWH GMU JIDR%
$PSOLWXGHQ XQG KRKH JUHTXHQJHQ MR GLH NY HULZAHKNG
PHKU DXVUHLFKHQG XP HLQH (LQVFKZHL%XQJ LQ GDV






Bild 3.9:

D OLNURVNRSDXIQDKPH HLQHV 4XHURFKQUNX
6WUDKORV]LOODWLRQ HU]JHXJW ZXU GHIN VBBDW |
W HPU N:@ser —dP —V&Iobal P PZQ Pl
= PR + Ry PP E 6NL]JH HLQHV 1DK
JHIHLFKQHWHQ JHRPHWULVFKHQ *U|%MHQIGH
FNHQ]DKQHIIHN W:3 DIFD KIWERBHHIIDFH XQG DXIJH\
YRQ $O0XFEOXXP . ¥ESIHU



LQ $EKIQJLINHL
YRQ GHU 2V]LOODMWLRBQWOIBPSODWXGEHS GHU 2W%]LOOD\
%LOG E GDUJHVWHOOW

'LH JHPHVVHQH (LQVFKZHL%WLHIH QLPPW VRZRKO PL\
]XQHKPHQGHU )UHTXHQ] DE ZREHL GLH $PSOLWXGH H|
*EHU DOOH OHVVXQJHQ ZXUGH HLQH $ERQQ GIHIW I$ P& OG M
Sexd YRQ PP PP HUPLWWHOW XQG HLQHH$EKIRQLGM!
JUHT X$:Q% YRQ PP +] 'LH 6WDQGDUGDEZHLFKXC
2V]LOODWLRQVDPSOLWXGHQ DP JU|% Wb @FKAHL %S KR}
GLHVHP )DOO LPPHU QRFK LQVWDEL G3%Q8]MN VY JEOHLL PK |
FZ BFKZHL%XQJHQ RKQH 2V]JLOODWLRQ GHV /DVHUVWU
PXQJ PLW GHQ VWDUN IOXNWXLHUHQGHQ (UJHEQLVVF
KLHU]X DXFK GLH LQ %LOG JHJHLIWHQVBK®URWNR
ay PP XQG GLH LQ %LOG JHJHLJWHQ OLNURVNRS
/JLQHDUVFKZHL%XQJHQ )+U JU|%HUH 2V]LOODWLRQVD
KLQJHJHQ VHKU JHULQJ ZDV DXI| GIN©OLWEREROGW UBDK D
WLRQ DXI GLH *HRPHWULH GHU 6FKZHL% QDKW KLQGH>
PLWKLOIH GHU 2V]JLOODWLRQVDPSOLWXGH JURE XQG F
JHVWHOOW ZHUGHQ

'LH 1DKVWEADHPLYDMW HU IDFH 1GDN LIQVWIHAD® W VRZRKO LQ
GHU 2V]LOODWBRQ¥DBSOLWXGHDOV DXFK GHU 2V]LO
%LOG E 'LH JHPHVVHQH 1DKWEUHLWHaQ]PPWRPLW
ODQJH GLH ORNDO YHUI*JEDUH (QHUJLH DXVUHLFKW
VFKPHO]HQ 'LHV KIQJW YRQ GHU 2V]JLOODWLRQVIUHTX
JUHTXHQ] NHLQHQ QHQQHQVZHUWHQ (LQIOXVV DXI GLF

PP QLPPW GLH 1IDKWEUHLWH PLW ]XQIXPRQ GEHU MU
JUHTXHQ] YRQ +]




































JHIHLIW

Bild3.18: 6NL]]JH ]XP 6FKHPD GHU $XIWHLOXQJy GHEKIW
GLVNUHWH %HUHLFKH U GLH /HLVWXQ@POLI
6WUDKORV]LOODWLRQ


















.H\ERZO 6FKZHL%SUR]JHVV VLQG E
GXUFKPHWVHU YRR 9RUVFKXEJHVFKZ¢Q®LBNG@ LPALMQHYLK
GXUFKJIQJLIHQ 'XUFKVFKZHL%XQJ GXUFKH&D\D SLEROBDO
GHU %OHFKXQWHUVHLWH P|JOLFK 6RPLW N|QQHQ EHL
BUR]JHVVVWUDWHJLH HUI-OOW ZHUBHQ VW WHBWRX® WILA\
ELV : YHUKIOWQLVPI%LJ NOHLQ ZDV MH QDFK 9F
ELV GHU HUIRUGHUOLFKHQ /DVHUOHLVWXQJ HQW
NRQQWHQ HUIROJUHLFK DXI GDV /IDVHUVWUDKOVFKZH
*EHUWUDJHQ ZHUGHQ

'LH $XVGHKQXQJ GHU :(= LP 1LFNHOVFKDXP ZXUGH
Zwez P DKz, )W GHU ,VRWKHUPHQ HLQHU JHJHEHGHQLN UL
QLHUW XQG EHLVSLHOKDIW I+UTHL®H M & LX\QW A K M XTFHP/E
ZXUGH HLQ DQDO\WLVFKHY ORGHOO W %HVEKUP UDX(
VHUVWUDKOVFKZHL%HQ YRQ OHWDOOHQ PLW XQWHUYV
VFKDIWHQ DXIJHVWHOOW $XIJUXQG GHU VHKU XQWHU
VFKDIWHQ NRQQWHQ GLH 7THPSHUDWXUIHOGHU LQ GHQG
VHSDUDWH ORGHOOH EHVFKULHEHQ @M DXHF® G RH RWKKOH E
HUPLWWHOWHQ (UJHEQLVVH JHLIWHOQ(HIPQMW §EQBKPHQ
GHU 9RUVFKXEJHVFKZLQGLJNHLW 'LHVH (UJHEQLVVH E
GLH 3URJHVVVWUDWHJILH GDVV HLQRPNWUKHR KHFXR/GNOR
JHVFKZLQGLIJNHLWHQ DQ]XVWUHEHQ VLEBHOPFEB®P:IX
GLH GDPLW YHUEXQGHQH $XVGHKQXQJ GHU :(= JHULQ
DXFK GDVV EHL K|KHUHQ 9RUVFKIXEJHVPKDLQXGU JORIFAKA
HLQHU JHULQJI+JLJIMQ |KEQBDKLOHORQVW XQG HLQHU 6N
VWUDWHJILH KLQ ]X QRFK K|KHUHQ 9 RWH/FKIXE JH V FIK\Z MG

6RPLW NRQQWH GXUFK GLH 8PVHW]XQJ Bl@ngdpassttH\ERZ
Prozessstrategiel « U d&tigite Einstellung der lokal eingebrachten EnerGi®V /DV HU
VWUDKOVFKZHL%HQ YRQ 1LFNHOVFKDXP DQ 1LFNHOEO


































































