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ZASTOSOWANIE KOMPUTEROWEGO
SRODOWISKA NA POTRZEBY TWORZENIA
MATERIALOW SZKOLENIOWYCH

Z ZAKRESU BEZPIECZE NSTWA PRACY
WYBRANYCH MASZYN STACJONARNYCH

W artykule przedstawiono opracowaw CIOP-PIB metog wykorzystania naj-
nowszych technik modelowania i wizualizacji na peby tworzenia materiatow
szkoleniowych w przenfje metalowym i drzewnym. Metoda ta oparta jest ya w
konanych wizualizacjach obrazoych zagraenia mechaniczne powstate podczas
uzytkowania maszyn do obrébki skrawaniem metalu @havna. Z punktu wi-
dzenia psychologii jest wiadomie obrazy zapargiuje sk lepiej niz stowa, dlate-
go tez opracowane wizualizacjes sloskonaltym uzupetnieniem szkfle zakresu
BHP. Treci prezentowane w wizualizacjach odngosk; zaréwno do prawidtowe-
go, jak i nieprawidtowego przebiegu czysooroboczych zwizanych z uytko-
waniem maszyn. Kala wizualizacja sktadaesz dwoch cezsci. W pierwszej cz-
$ci przedstawiono nieprawidtowe czynico prowadace do zaistnienia zdarzenia
wypadkowego wraz z niegbnym komentarzem, w drugiej £arawidtowe dzia-
tania (czynnéci) ograniczajce lub eliminujce ryzyko zaistnienia zdarzenia.

Stowa kluczowe ryzyko wypadkowe, bezpieazstwo, techniki wizualizacji

1. Wprowadzenie

Ponad 80% wypadkéw w przedy metalowym lub drzewnym jest zwi
zanych z obstugmaszyn. Ze wzgtu na charakter pracy podczas obstugi ma-
szyn do obrobki skrawaniem (miwos¢ kontaktu operatora z ostrymi i rucho-
mymi elementami), jak i charakter samych wypadk@zegto s to wypadki
cigzkie), zastosowanie wirtualnegoodowiska jest agto jedyrn dostpna me-
toda zobrazowania przyczyn i przebiegu wypadkéw noygh wystpowa
podczas gytkowania tych maszyn. Jako materiat w wizualizelsjavykorzysta-
no szé¢ reprezentatywnych maszyn: tokarkniwersala (rys. 1.), wiertark
kolumnowy, szlifierke stotowa, prag mechaniczea mimaosrodows, pilarke tar-
czowy i pilarkg tasmowa. Wybor tych maszyn byt podyktowany ichznorod-
nym zastosowaniem izytkowaniem oraz tymze @ to obrabiarki konwencjo-
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nalne, obstugiwanecznie, tj. operatorecznie za pomagcelementéw sterowni-
czych inicjuje lub zatrzymuje ruch roboczy nalzia obgbiajacego, ecznie
ustawia przedmioty itp. [1]. Z tego wzglu maszyny teaszrodtem wielu zagro-
zen mechanicznych, takich jak pochwycenia, agtiiecia, skaleczenia, przebi-
cia, zmiadzenia, obggcia itp.

Rys. 1. Tokarka TUM 25 na stanowisku pracy: a) kibie
rzeczywisty, b) model komputerowy

Fig. 1. Lathe TUM25 at a workstation: a) real ohjec
b) computer model

Przed przysipieniem do wykonania komputerowegamdowiska, a w re-
zultacie do wizualizacji naiato doktadnie zapozidasic ze srodowiskiem pracy
warsztatu mechanicznego (rys. 2.) i stolarni, adakzagraeniami zwazanymi
Z wytkowaniem wspomnianych maszyn. W tym celu zebnaieabzdng doku-
mentacg obejmujca:

» analiz wypadkoéw powstatych podczasytkowania wymienionych ma-

szyn, dostpnych w bazie danych OSHA (Safety and Health Adstiat
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tion, U.S. Department of Labour), #&wowe] Inspekcji Pracy oraz
GUS-u,

« dokumentacje technologiczne, DTR oraz instrukcjé’BH

« dokumentagj szkicows, pomiarove i fotograficzra odwzorowywanych
pomieszczé pracy wraz z wypoggniem,

» sekwencje filmowe i tvigkowe srodowiska pracy oraz czynfm wyko-
nywanych przez pracownikow stolarni i warsztatu haeicznego.

a)

Rys. 2. Pomieszczenie warsztatu mechanicznego:idgkw
rzeczywisty, b)srodowisko komputerowe wykonane na po-
trzeby wizualizacji

Fig. 2. Machine workshop: a) real view, b) compwgener-
ated environment for the visualization purposes

Na podstawie tak zebranej dokumentacji spdzpno schemat pagtowa-
nia podczas tworzenia wizualizacji zaged mechanicznych (rys. 3.), ktory
pozwolit na opracowanie wizualizacji na potrzebybagacenia materiatow
szkoleniowych.



D. Filipek

Dokumentacja Instrukcje technologiczne,
fotograficzna instrukcje BHP, DTR

Analiza, wykonanie scenariuszy,
podziat materiatu na sceny

A\ 4

Modelowanie w programie CAD maszy
oraz categdrodowiska pracy

\ 4

Modelowanie relacji cztowiek
— maszyna zayciem systemu
Biped programu 3ds Max

'

Wizualizacja
w programie 3ds Max

Rys. 3. Schemat przebiegu procesu tworzenia wizasgli
Fig. 3. Scheme presenting the process of credimgisualization

2. Wizualizacje zagraen mechanicznych

Zebrany materiat postyt do napisania scenariuszy, na podstawie ktérych
powstato dziesic wizualizacji 0 nasfpujacych tytutach:

1.

Noou

Skaleczenie na skutek kontaktu z ruchqila tasmowa.

2. Uderzenie na skutek odrzutwitsj deski na pilarce tarczowe;.
3.
4. Pochwycenie egci ciata pracownika przez obragey sk uchwyt to-

Pochwyceniegki pracownika przez obracajy sk uchwyt tokarski.

karski.
Wyrzut n@za tokarskiego z imaka.
Zmiazdzenie eki pracownika podczas obstugi prasy mechanicznej.

. Zmiazdzenie palcéw dioni w wyniku upadku obrabianego praiedu.
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8. Uraz dtoni pracownika wskutek kontaktu agernic.
9. Uraz czsci ciata pracownika zwzany z rozwiercaniem otworéw
w przedmiocie trzymanym obagz.
10. Uraz kki wskutek sggania przez strefrobocza wiertarki po obrabiany
przedmiot.

Kazdy ze scenariuszy, a co za tym idziezda wizualizacja sklada esi
z dwoch czsci ukazugcych najpierw nieprawidtowe dziatanie pracownika-pr
wadzce do wypadku, a naginie prawidtowy sposb wykonywania przez niego
pracy. Ponadto poszczegoélnes& scenariuszy zostaty podzielone na sceny,
ktorych liczba zalgy od rodzaju oraz zimndsci prezentowanego zdarzenia
wypadkowego. W poeatkowych scenach kaej wizualizacji jest ukazywane
pomieszczenie oraz uraz, jakiego doznat pracownikymv pomieszczeniu na
skutek zaistniatego wypadku. Dopiero potem zaczysigjwlasciwe sekwencije
filmowe ukazujce czynnéci wykonywane przez pracownikOw oraz urazy po-
wstagce wskutek zaistnienia zageh mechanicznych (rys. 4.). W sekwencjach
tych znajduy sie réwniez plansze z informacjami odéwie rodzaju zagraenia
mechanicznego, na jakie jest namay pracownik. Natomiast w sekwencjach
sktadajicych st na drug czs¢ filmu, poza wczéniej wspomnianymi sytuacja-
mi przedstawiajcymi sposoby prawidtowo wykonywanych czyson znajduj
sie rowniez ekrany informacyjne wiietlajace rodzaje zastosowanygtodkow
ochronnych majcych na celu zmniejszenie lub wyeliminowanie ryzyaast-
nienia tych zdarze

\

Rys. 4. Fragment przykladowej sceny przedstaw&j uraz
pracownika na skutek zgniecenia przez porusysgk stempel
prasy mechanicznej

Fig 4. Fragment of a scene illustrating an injurffered by an
employee as a result of crush by mechanical ptaggps

Aby lepiej uzmystowd ogladajacym niebezpieczestwo zwhzane z obstug
maszyn stacjonarnych od obrobki skrawaniem, a gitae zagraenie wyni-
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kajace z kontaktu z ddacymi w ruchu elementami maszyn, przedmiotéw, na-
rzedzi itp., wizualizacje zostaty uzupetnione o aninaow (pojawiace sg¢ na
tle obrazu) wektory ruchu elementéw (rys. 5.) aeygh stanowd zagraenie
dla operatora maszyny lub osoby znajdej sk w poblizu. Ponadto do wekto-
réw tych dodaneasréwniez wartasci, np. pedkosci obrotowej wrzeciona. War-
tosci te lepiej obrazuj predkasci, z jakimi maj do czynienia operatorzy maszyn
skrawajcych podczas pracy. W wielu przypadkachdposci te nie g§ widocz-
ne, gdy niejednokrotnie pojawia siztudzenie,ze przedmiot stoi w miejscu,
gdy tak naprawg obraca s ze znaczsq szybkdcia. Czsto na potrzeby gene-
rowania obrazu (renderu)qukos¢ ta byta celowo zmniejszana, aby ina byto
zaobserwowa ruch danego obiektu. Dotyczy to réwhisuchéw wzdhinych,
nawet gdy bez pojawigych s¢ napisbw nie mana by bylo ocerd, z jakg
predkoscia przedmiot si przemieszcza lub zostaje wyrzucony.

Rys. 5. Wektor ruchu obrotowego wrzeciona tokarkazv
z podama wartcicia predkosci obrotowej podczas toczenia
metalowej czsci

Fig. 5. Rotation vector of lathe spindle togethethva value
of rotation speed during rolling of a metal element

Waznym elementem tworzenia wizualizacji byto modeloiganbiektow
[2-4], w tym maszyn biaicych udziat w wizualizacjach oraz ichesei. Do tego
celu zostata wykorzystana gtdéwnie dokumentacjacexka pomiarowa i foto-
graficznasrodowiska pracy, ale rownieinstrukcje aytkowania maszyn DTR
itp. Modelowanie odbywato siza pomog programow 3ds Max oraz CATIA,
z tymze w tym drugim przypadku konieczne byto zaimportoigeobiektow do
programu 3ds Max. Zwrécono szczegpliwag: na wierne odwzorowanie ma-
szyn bioncych udziat w zdarzeniach wypadkowych z uwdgieniem parame-
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trow geometrycznych, materialdw oraz tekstur nemegh ksztalty i wygid.
Natomiast modele drugiego planu zostaty wykonapevenym odsfpstwem od
rzeczywistych wzorcéw, ale z zachowaniem odpowigjditibal@ci 0 szczegoty.

Modelowanie postaci ludzkich oraz odwzorowanie fveltzsci ciata [5]
byly najwazniejszymi i najtrudniejszymi elementami procesu wailizacji. Do
tego celu wykorzystano znajday sk w programie 3ds Max system &b Bi-
ped (rys. 7.), ktory umdiwiat wstawienie tzw. ,skory” i pajczenie z ri za
pomoa modyfikatora Physique poszczegdlnych fragmentowlehocztowieka.
Uzycie tego systemu znacznie utatwito animacje pastabyz Biped, jako go-
towy szkielet przeznaczony do animacji istot dwamyeh, posiada odpowiednio
zhierarchizowane Kai i nadane ograniczenia na stawy utiwiajace porusza-
nie fragmentdw modelu w sposéb zgodny z anatomitinggraniczeniami
cztowieka.

Poniewa podczas prac nad wizualizacjami zagfomechanicznych ¢sto
zachodzita konieczrié wykonywania przez posigracownika ruchow zwia-
nych z czynnéciami obstugi maszyn, a w6 chwytania rénego rodzaju przed-
miotéw (np. nargdzi, dzwigni, uchwytéw), sztandarowy system ko Biped
nalezato uzupeini o dodatkowe kéri palcow nk. Nastpnie za pomag tzw.
krzywych deformacji modyfikatora Physique trzeb#obykresli¢ zakres oddzia-
tywania elementow ki na odpowiadagce im fragmenty ,skory” (rys. 7c).
Proces ten dotyczyt calego modelu postaci, szcregédkich czsci, jak palce,
ale ze wzgldu na niewielkie odlegkei pomigdzy poszczegdlinymi Kémi byt
trudny do przeprowadzenia. Kde nieodpowiednie ustawienie zakresu oddzia-
tywania krzywych deformacji wzato sg¢ z wystpowaniem niepzadanego
efektu tzw. cignacych st wierzchotkow ,skoéry” (rys. 6.).

Rys. 6. Przyktadowy efekt ana-
cych sk wierzchotkéw ,skory”

Fig. 6. The example of effect of
pulling of ,skin” vertexes

Podczas animowania tego typu chwytania przedmiop@mmocne byto
rowniez uzycie tzw. kinematyki odwrotnej [3, 6, 7], a szczkyé takich narz-
dzi, jak ch@by znajdugce s¢ w 3ds Max nargzie IK Ben Za jego pomog
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przedmioty mana przykle¢ do r&nych wybranych cgci ciala animowanej
postaci, i w ten sposéb, animajruch (np. dwigni wiertarki), porusza reka,

a nie odwrotnie, tak jak sito dzieje w rzeczywistgi. Z punktu ogldajacego
efekt animacji nie ma to jednak znaczenia.

a)

b)

&

e
’ =-

Rys. 7. Model postaci cztowieka z wykorzystanierstegnu Biped: a) k@i dtoni, b) szkielet cate
postaci, c) zakres oddziatywania krzywych deformacj

Fig. 7. Model of a human body with the use of thpdsi system: a) bones of the habdskeleto
of the whole body, ¢) scope of the influence ofod®mation curves

Aby podnigcé realizm przedstawionych scen, a tym samyneksay od-
dzialywanie na potencjalnych odbiorcéw, do wizuadiz naleatoby doda
sciezke dzwickowa. W ramach realizacji zadania $vodowiskach pracy hali
przemystowej i stolarni zostaty zarejestrowane wa® filmy ukazujce czyn-
nosci wykonywane przez pracownikow obstugmych maszyny prezentowane
w wizualizacjach, jak i same sekwencjamkkowe zwhzane z tymi czynno-
sciami, np. dwigki przehczania elementéw sterowniczych, uruchamiania i za-
trzymywania maszyn, odktadania i pobierania przedow i narzdzi, moco-
wania przedmiotéw od obrébkizdieki pracy maszyn, odgtosy podczas skra-
wania obrabianych przedmiotéw. Zarejestrowane gpostavniez dzwigki, kto-
rych zrodtem byli ludzie, np. kroki przechogtzych pracownikow czy teokrzy-
ki bolu po zaistniatym zdarzeniu wypadkowym. Takskany materiat Zvie-
kowy zostat nagpnie obrobiony do wikciwego formatu i dopasowany zyu
ciem odpowiedniego oprogramowania (np. PinnaclediSjudo dtugdéci po-
szczegolnych sekwencji wizualizacji w trakcie mantaizualizaciji.

3. Podsumowanie

Wizualizacje zagrzen mechanicznych magby¢ bardzo wanym uzupet-
nieniem szkolé z zakresu bezpiecistwa wytkowania maszyn stacjonarnych.
Moga w sposOb dodatni wplwd na poszerzenie wiedzy na temat przyczyn
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i okoliczndici zaistnienia wypadkow,golacych wynikiem konkretnego zagre-
nia mechanicznego wygtujacego podczas pracy. Prawidiowo wykomami-
zualizacg powinno cechow@jak najwierniejsze oddaniodowiska pracy oraz
jak najbardziej precyzyjne pokazanie ruchéw czyonavykonywanych przez
pracownikdw podczas obstugi maszyn, azéakmomentu samego zdarzenia
i zwigzanych z nim konsekwenciji, czyli urazow operatosaskutek zagraen
mechanicznych, np. pochwycenia, wgniccia, uderzenia, zgniecenia, zmia
dzenia, przebicia, odetia. Szczegotowe wykonanseodowiska wymaga esto
diugotrwatego modelowania, co znacznie wydlproces wykonania catej wi-
zualizacji i jest jednoczeie wickszym obcizeniem dla systemu, powodugj
nawet w skrajnych przypadkach jego zawieszarieVgitej kwestii naley zaw-
sze starasie uzyska kompromis, gdy zbyt duze uproszczenia znacznie obni-
zaja wiarygodnd¢ wizualizaciji i w ujemny sposob wplywaja przyswajanie
przekazywanej te&ei.

Aby materialy szkoleniowe przyniosty jak napktze korzyci, réwnie
waznym zagadnieniem (oprocz ich ja&ki) jest sposob ich rozpowszechniania,
umazliwiajacy dotarcie do jak najwkszej liczby odbiorcow. Wizualizacje za-
grozen mechanicznych dgki infrastrukturze informatycznej CIOP-PIB; slo-
stepne od stycznia 2012 r. na stronie internetowej wiop.pl i mog by¢ pre-
zentowane z wykorzystaniem dowolnego spuzkomputerowego. Jednak na
ogladajacych wiksze wraenie robi ich prezentacja nazgun ekranie, zwlasz-
cza z uyciem odpowiedniego spgizl w wersji stereo. V¢cej na temat powsta-
tych wizualizacji zagreen mechanicznych powstgjych podczas aytkowania
maszyn do obrébki skrawaniem metalu oraz drewnanmadowiedzié sig
z publikaciji [2, 8].
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APPLICATION OF COMPUTING ENVIRONMENT FOR DEVELOPING
INSTRUCTIONAL MATERIALS IN THE FIELD OF WORKING SAF ETY
OF STATIONARY MACHINES

Abstract

The paper presents the method of using the latedelimg and visualization techniques for
the purposes of developing instructional materialshe metal and woodworking industry. The
method was elaborated in CIOP-PIB. It is based snalizations illustrating mechanical hazards
which arise when using metal and wopmacessingnachinery. From the psychological point of
view, it is commonly known that pictureseremembered better than words. Therefore, the visual
izations are a perfect supplement for trainingtharea of occupational safety and health. Infor-
mation presented with the aid of visualizationstaiarto both proper and improper process of
work activities connected with the use of machirtesch visualization consists of two parts. The
first part presents incorrect actions leading toaanident and is accompanied by the necessary
comment. The second part presents correct actibith reduce or eliminate risk of an accident.

Keywords: risk of an accident, safety, visualization tecfuas
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WPLYW WIELOKROTNEGO PRZETWORSTWA
POLIMEROW NA PARAMETRY STANU TWORZYWA
W FORMIE WTRYSKOWEJ

Celem pracy byto okéenie zmian wiéciwosci przetwérczych tworzywa polime-
rowego wynikaicych z jego wielokrotnego przetwoérstvi&. badaniach wykorzy-
stano polipropylen o nazwie handlowej Moplen HP50BId podstawie symulacii
numerycznych procesu wtryskiwania wykonanych wesys¢ Autodesk Moldflow
Insight 2013 dokonano analizy wptywu zmian §@iavosci przetwodrczych tego
tworzywa, lecz o rénej krotndci przetwoérstwa, na parametry jego stanu w gnie
dzie formy wtryskowej, w tym na: Giieniep, temperatuy tworzywa w gniédzie
T, predkos¢ scinania ), napezenia §cinajace 7. Uzyskane wyniki potwierdzaj
stuszné¢ zatazenia,ze ustawiane parametry technologiczne procesu pozstwa
tworzyw polimerowych powinny uwzediniat zmiare ich wtasciwosci przetwor-
czych zwizanych z ich wielokrotnym przetwoérstwem. Istotnyargmetrem jest
wartas¢ sity zwarcia formy.

Stowa kluczowe: wtryskiwanie, symulacje numeryczne, recykling teyov
sztucznych

1. Wprowadzenie

Obecnie zagadnienie wielokrotnego przetwoérstwa aywersztucznych sta-
je sk niezwykle istotne, ponieweacoraz weksz, uwag: przywiazuje sé do pro-
dukcji wyrobow przyjaznychirodowisku. W produkcji renego rodzaju wyro-
béw wykorzystuje si nie tylko granulat pierwotny, ale réwaienateriat pocho-
dzacy z recyklingu. Recykling stanowi jegliz podstawowych metod ogranicza-
nia szkodliwego wptywu polimeréw ngodowisko naturalne. Istotiego jest
dziatanie zmierzage do minimalizowania ikei odpaddéw, z réwnoczesnym
ograniczeniem popytu na surowce i engrgioprzez wiczenie do powtérnego
obiegu odzyskanych surowcowdi materiatéw [1]. Dla wielu rodzajow two-
rzyw sztucznych korzystnym dkrodowiska i ekonomiczniezyteczniejszym
rodzajem utylizacji odpadow jest ich recykling ma®wy, ktérego produkty
(tzw. recyklaty, reglanulaty) magstanowé z jednej strony surowce samodziel-
ne (do wytwarzania nowych wyrobéw), z drugie$ sarowce uzupetniage do
tworzywa wygciowego. Naley pamgtac, ze o jakdci wyrobow decyduje ja-
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kos¢ recyklatu aytego do ich wytwarzania [2]. Istotnym zagadnieniepunktu
widzenia maliwosci wielokrotnego wykorzystania tworzyw sztucznyabst
wiec wptyw przetwérstwa na ich wdaeiwosci.

Podczas procesow granulowania, aglomerowania @irabniania, a tae
przetwdrstwa w stanie plastyczno-ptynnym polimerypsddawane obgteniom
mechanicznym oraz termicznym. Prowadzi to do prawegtleniania i degrada-
cji, ktore to § przyczyra zmniejszania eraru casteczkowego i pogarszania
wiasciwosci nie tylko fizykomechanicznych, ale réwniprzetwdrczych. Naley
dod&, ze recykling materialowy jest ekonomicznie optacatylko w przypad-
ku, gdy widciwie przygotowany recyklat jest tworzywem konstyjkym prze-
znaczonym do rozwkan typu high-tech co stanowi jego powae ogranicze-
nie [3].

W celu zapewnienia produkcji wysokiej jalkd wyrobdéw z wykorzysta-
niem odpaddw produkcyjnych niegine staje si prowadzenie badaumali-
wiajacych sprawdzenie zaréwno wptywu wielokrothego mwzestwa polime-
réw na widciwosci przetworcze tworzyw, jak i skutkéw tych zmian parame-
try stanu tworzywa w gniglzie formy wtryskowej, a wc rbwniez na parametry
technologiczne. Znajondé tych wiaciwosci pozwala precyzyjnie przeprowa-
dza symulacje numeryczne procesow technologicznychomgystupcych re-
cyklat materialowy, uwzghbniajpc rzeczywiste wiciwosci przetwarzanych
tworzyw polimerowych

Badania wplywu krotnéci przetworstwa na wkaiwosci polimerow byty
podejmowane wielokrotnie, m.in. w pracy [4]. Uzyskawyniki pokazuj, ze
wraz z krotnécia przetwdrstwa zmienigjsic wlasciwosci mechaniczne two-
rzyw polimerowych. Wielokrotne badania, rowhietasciwosci przetwérczych
[5, 6], uwzgkdniajace podstawowe wskaiki przetwoércze (jak np. MFR) po-
twierdzap zmiany we wiéciwosciach przetworczych polimerow. Badania takie
to gtownie badania jakciowe. Uzyskane wyniki nie pozwadawigc wykon&
szczegotowych analiz przebiegu procesu przetwérstwa

Podgcie w niniejszej pracy takiej tematyki uzasadniaikozndé¢ poznania
kompleksowych wiéciwosci przetwdrczych wielokrotnie przetwarzanych two-
rzyw. Zmiana charakterystyki phgtia uplastycznionego tworzywa w formie
skutkuje zmian parametrow stanu tworzywa w gaizie formupcym. Maze to
wptyna¢ np. na dobor maszyn lub ydzen do przetwoérstwa oraz korekha-
staw parametréw technologicznych.

2. Cel, zakres oraz metodyka bada

Celem przeprowadzonych badayto zbadanie zmian wdaiwosci tworzy-
wa wraz z krotnécia przetworstwa oraz okékenie, z wykorzystaniem symulacji
numerycznych procesu wtryskiwania, ich skutkéw ndonane parametry stanu
tworzywa w formie podczas kolejnych kro#eo przetwoérstwa. W badaniach
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wykorzystano polipropylen o nazwie handlowej Moplei®500N. Granulat
pierwotny poddano wielokrothnemu przetwarzaniu. Badim cyklu przetwor-
stwa wyroby rozdrabniano, a z przemiatu wytwarzkolejne. Przemiat badano
pod latem wiaciwosci reologicznych za pomaglastometru, a naginie reo-
metru kapilarnego. Otrzymane wyniki badaproksymowano za pompazna-
nych modeli reologicznych, ktére ngshie zastosowano w symulacjach nume-
rycznych procesu wtryskiwania przyggo modelu wypraski. Ksztalt oraz wy-
miary gabarytowe modelu wypraski wykorzystywanegaynulacjach nume-
rycznych zapewnit mgiwo$¢ obserwacji zmian, nawet tych niewielkich, para-
metrow stanu tworzywa w formie wtryskowej.

Z granulatu pierwotnego wytwarzano prébki w ksieatwiosetek. Two-
rzywo byto wtryskiwane z axyciem formy dwugniazdowej. Recyklat do bada
uzyskiwano z zastosowaniem stalego schematu cignriRrobki z kadej serii
rozdrabniano za pomeantynka do tworzyw polimerowych. €& przemiatu
poddawano analizie wdeiwosci reologicznych, a pozostaty przemiat w danym
cyklu ponownie poddawano przetworstwu na wtryska@ykl ten powtarzano
do momentu uzyskania przemiatu oggiokrotnym stopniu przetwdérstwa
(tab. 1.).

Po kadym stopniu przetwdrstwa granulat pierwotny orazepriat podda-
no badaniom wigiwosci przetwérczych na plastometrze Ceast Melt Floazor
reometrze kapilarnym Ceast SmartRHE@DO. Za pomagplastometru wyzna-
czono zgodnie z danymi [7] wakm masowego wskaika szybkdci ptyniecia
(MFR). Warunki, w jakich zostaly przeprowadzone dwid MFR przedstawia
tab. 2. Analiza wynikow wartei wskanika MFR wyznaczonego po kolejnych
cyklach przetworstwa (tab. 3.) pozwala zaobserwoj@go zmiar, co uzasad-
niatlo przeprowadzenie dodatkowych badaologicznych za pomaaeometru.
Postugiwanie si tylko wartagcia wskanika MFR ma charakter jedynie pagl
dowy. Aby doktadnie oceé@izmiarg lepkasci polimeru, naley sporadzi¢ cha-
rakterystylk reologicza. Reometr kapilarny wykorzystano w celu wyznaczenia
eksperymentalnej krzywej lepsw w szerokim zakresie szybd@ scinania.

Tabela 1. Wykaz oznaczeecyklatu stosowanych podczas hiada
Table 1. List of designations used in the tests

Rodzaj recyklatu Oznaczenie
Granulat pierwotny Moplen HP500N RO
Granulat przetworzony jednokrotnie R1
Granulat przetworzony dwukrotnie R2
Granulat przetworzony trzykrotnie R3
Granulat przetworzony czterokrotnie R4
Granulat przetworzony giiokrotnie R5
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Tabela 2. Warunki badaprowadzonych z izyciem
plastometru Ceast Melt Flow

Table 2. Terms of studies carried out with Ceast
Melt Flow plastometer

Temperatura [°C] 200
Nagrzewanie bez obgzenia [s] 300
Ohbcigzenie [N] 21,6
Dlugosé pomiarowa [mm] 30
Odstep czasu odcinania [s] 10

Tabela 3. Wartici MFR (200C; 21,6 N) dla tworzywa pierwotnego (R0) oraz seritf&
Table 3. MFR (20%C; 2,16 N) values for the virgin Moplen HP500N (R)d for a series of
R1-R5 reprocessed polymer

Stopien przetworstwa RO R1 R2 R3 R4 R5
MFR [g/10 min] 5,748 8,705 9,760 9,514 9,992 10,755

Wartai¢ lepkasci tworzywa obliczano z prawa Newtona:
=— 1)

Wiasciwosci reologiczne granulatu pierwotnego badano, wyksttgac
dwie dysze pomiarowe b/D = 10:1 orazL/D = 20:1, w temperaturze 220
i 230°C. Wyznaczono warto poprawki Bagleya. Poprawka ta koryguje wzrost
cisnienia tworzywa przeplywagego przez kapilar wynikajacy ze wzrostu
diugdsci kapilary. § to tzw. straty wlotowe. Pomigeie strat wlotowych powo-
duje zawyenie ddwiadczalnie wyznaczonego napenia scinajpcego w sto-
sunku do jego wartgi rzeczywistej [8]. Uwzgldniajac te poprawlk, wartdci
rzeczywiste nagzeniascinajacegort oblicza s¢ z zalenosci:

- p
5 H6)
D D ).
gdzie: p— cinienie,
(L/D).— stosunek wymiaréw dyszy, przy ktérym 0.
Stwierdzono,ze wplyw poprawki Bagleya jest nieistotny, w zwku
z czym kolejne recyklaty badano w temperaturze’@p@vykorzystujc dysz
0 L/D = 20:1. W obliczeniach uwzglniono rownie poprawk Rabinowitscha

(2)
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korygujaca szybka¢ scinania. Warté¢ rzeczywistej szybkixi scinania wyzna-
czono dlaL/D = 20:1 oraz./D = 10:1 z zalenosci:

dl
y=2o 3+ 2% 3)
4 dlogr

gdzie: ), — pozorna szybkaé scinania,
T — napezeniascinajce.

Charakterystyki reologiczne otrzymane eksperymaigadla badanego
tworzywa, uzyskane w temperaturze 200w zalenosci od krotngci przetwor-
stwa przedstawiono na rys. 1. Ogolnie wiadowszybké¢ scinania w przy-
padku pomiaréw prowadzonych w rzeczywistych warghkatryskiwania mie-
sci sie w zakresie 1810° s* [9]. Wykonane za pomacreometru pomiary do-
starczaj informacji na temat zachowania giolimeru tylko w zakresie szybko-
sci scinania 16-10* s* (rys. 1.). Aby uzyska&dane w szerszym zakresie, otrzy-
mane déwiadczalnie wyniki aproksymujeeia pomog znanych modeli teore-
tycznych. W dalszej e#ci pracy do aproksymacji zastosowano 7-parametrowy
model Crossa-WLF. Na podstawie danych eksperymshl wyznaczono
wspodtczynniki dla réwnania charakteryzeggo ten model matematyczny.

1000 T T T T T T L
| | 200°C ——R1-wg reometru
= | | —+— R2-wg reometru
®© I I ——R3-wg reometru
o | |
= | | —+—R4-wg reometru
8 | | — R5-wg reometru
4 | | [
8 | | [
100 - : X
X
| [
| [
| | [
l l X
| | | N [
| | | | ¢ | |
| | | | | | |
| | | | | [
| | | | | [
10 L L T L L L L Ll
100 1000 szybkd¢ scinania [s'] 10000

Rys. 1. Zalenos¢ lepkasci od prdkosci scinania w temperaturze 280 dla
tworzywa Moplen HP500N o #dej krotngci przetworstwa wyznaczona eks-
perymentalnie

Fig. 1. The experimentally predicted viscosity-shede curves at 20T for
Moplen HP500N polymer at different reprocessinggaisa
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3. Wyznaczenie parametrow modelu reologicznego Crsa-WLF

Model reologiczny Crossa-WLF jest uznawany za madekewniajcy wy-
sokq doktadnd¢ aproksymacji danych eksperymentalnych. W komeseyjn
pakiecie oprogramowania Autodesk Moldflow Insighpatametrowy model od
lat jest podstawowym modelem matematycznym opiym wigciwosci reolo-
giczne polimeréw. Pozwala on obli¢zevartcci lepkasci w dowolnej tempera-
turze. W modelu tym lepko jest funkch temperatury, énienia i szybkéci
scinania. Niestety podstawowym problemem jego wykstania jest trudrig
zwiazana z okrdeniem wartdci parametrow zateych. W modelu tym lepkad
polimeru opisuje réwnanie Crossa:

(T, p)
1+ (’WJH

1—*

n(y.T.p)= 4)

Lepkas¢ zerowa 77, jest obliczana z rowma Williama-Landela-Ferry’ego
(WLF):

_ _AfT-T)
no(T,p)—DlEeXF)[ A2+(T_Tg)} (5)
T =D,+ D[P (6)
A=A+ D;0p @)
D.=T, 8
_aTg
Dg_d_p 9)

gdzie: p — cknienie,
n, 7* — parametry zatene modelu f* — napezenie styczne, przy ktorym
plastyczno-ptynne tworzywo zaczyna wykazywatasciwosci ptynu
rozrzedzonegécinaniemn — wyktadnik ptynecia),
T — temperatura,
T — temperatura zeszklenia polimeru,
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D, — parametr zalgy modelu przedstawigy lepka¢ polimeru dla
szybkdci scinania réwnej 0 w temperaturze zeszklenia i prizpieniu
atmosferycznym,

D, — stata w modelu reprezerdop temperatyr zeszklenia polimeru
przy cénieniu atmosferycznym,

D; — stata modelu okétajaca zmiar temperatury zeszklenia w zatm-
sci od cénienia (dla dinienia atmosferycznedo; = 0),

A, — parametr zafgmy modelu przedstawigy czutd¢é zmian lepkéci
polimeru na temperateiprzy szybkéci scinania réwnej 0,

A, — stata modelu, ktéra zale od gatunku rozpatrywanego polimeru
[10, 11].

Parametry modelu Crossa, ktore 2altylko od gatunku polimeru, okike-
no na podstawie badayranulatu pierwotnego za pomordznicowego kalory-
metru skaningowego DSC Q200 firmy TA Instrumentazobazy danych two-
rzyw polimerowych zintegrowanej z programem Autdde®ldflow MP1 2013.
Parametry te majwartci¢: Azz 51,6 K, Tg= 263,15 K,D3= 0 K/Pa. Do oblicze
parametrow zalaych w rownaniu Crossa-WLF wykorzystano program &om
cyjny DataFit 9 firmy Oakland Engineerin@trzymane w wyniku obliczepa-
rametry réwnania Crossa-WLF dla granulatu pierwgtneraz tworzywa po
kolejnych cyklach przetwérstwa zamieszczono w tabObliczone wspoétczyn-
niki pozwalap okresli¢ wiasciwosci reologiczne tworzywa po kolejnych stop-
niach przetworstwa w szerokim zakresie szyokécinania (rys. 2.). Umdiwia
to przeprowadzenie symulacji numerycznych procesyskiwania pozwalafr
cych dokoné analizy wptywu krotnéci przetwdrstwa na parametry stanu two-
rzywa w formie wtryskowej.

Tabela 4. Wybrane wartoi parametrow modelu Crossa-WLF dla granulatu pigmego (RO)
oraz recyklatéw R1-R5

Table 4.Selected parameters of the Cross-WLF equation fgirv{R0) and (R1-R5) reprocessed
polymers

Stopien
przetwoérstwa
RO R1 R2 R3 R4 R5
Parametr
modelu Crossa-WL
n [-] 0,3452 0,3577 0,3598 0,3546 0,3597 0,36[12
" [Pa] 18759,4| 19455, 19461,y 21455,7 22569,6 25569,6
D, [GPa] 787,8 2198 1813 1299 2026 2425
D, [K] 263,15 263,5 263,15 263,14 263,15 263|5
D; [K/Pa] 0 0 0 0 0 0
Aql-] 25,347 26,91 26,99 26,81 27,72 28,211
A, [K] 51,6 51,6 51,6 51,6 51,6 51,6
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Rys. 2. Zalenoi¢ lepkasci od pedkosci $cinania w temperaturze 200D dla two-
rzywa Moplen HP500N o ebej krotngci przetworstwa wg 7-parametrowego
modelu Crossa-WLF

Fig. 2. The viscosity — shear rate curves at’@dfor Moplen HP500N polymer at
different reprocessing phases acc. to 7-paramétess-WLF model

4. Symulacje numeryczne

Symulacje numeryczne procesu wtryskiwania wykonargystemie Auto-
desk Moldflow Insight 2013. Analizowany model wygkato tylna pokrywa
monitora komputerowego LCD 21'. Wymiary gabarytowgpraski to: 496 x
x 326 x 50 mm, przy maksymalnej grgbbsciany rownej 3 mm. Model dyskre-
tyzowano w technologii Dual Domain za poradi22326 elementéw skozo-
nych (ES) typu tréjitnego (rys. 3.). Dla kalej krotngci przetworstwa zostaly
przeprowadzone symulacje z zachowaniem jednakoywgchmetréw przetwor-
czych. Zatgono temperatur formy 35C, temperatur uplastycznionego two-
rzywa 235C. Wypetienie gniazda formy ustalono w czasie ngwr? s, faz
docisku na poziomie 80%étiienia wtrysku i w czasie 30 s, a czas chtodzenia
zadano na 20 s.

Podczas analizy wynikéw uzyskanych z symulacji mycenych najwgcej
uwagi zwrocono na takie reprezentatywne paramédly, cisnienie panujce
w gniezdzie formy wtryskowejsrednia waona temperatura na przekroju wy-
praski, pedkos¢ scinania, napgzenia scinajace. Przebieg zmian diienia
w gniezdzie formupcym dla wybranych, charakterystycznyclezidw siatki
elementéw skaczonych (np. N305865 — pagek tulei wtryskowej, N292984
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Rys. 3. Model badanej wypraski z wygenerowaratky elementow skiczonych i ukta-
dem wlewowym
Fig. 3. Moulded piece finite elements (FE) modehwunner system geometry
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Rys. 4. Zalenos¢ zmian cénienia w gniédzie formy dla symulacji fazy wypetnienia gniazda:
a) lokalizacja wybranych gztdéw siatki ES, b) dla granulatu pierwotnego (RQ)dta recyklatu
(R3) przetworzonego trzykrotnie, d) dla recyklatu REzetworzonego gpciokrotnie

Fig. 4. The pressure dependence in the mold ceuiting filling phase for chosen FE nodes (a): b)
for virgin polymer (RO), c) for reprocessed (R3) thtanes polymer, d) for reprocessed (R5) five
times polymer
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— koniec prze#tnej pokrywy odpowiadafy maksymalnej drodze ptyaia
tworzywa) przedstawiono dla kolejnych krofobprzetwérstwa (rys. 4.). Anali-
za tych wynikéw potwierdza zmianprofilu i wartdsci cisnienia w gniedzie
formy wraz z krotnécia przetworstwa tworzywa.

Zaobserwowano rowriepewne zmiany wartgsi napezen $cinajcych.
Wartas¢ tych napezen zmniejszyta s dla pkciokrotnie przetwarzanego two-
rzywa niemal o 100% (rys. 5.). Potwierdza to zngcamptyw krotndci prze-
tworstwa na zmiapiparametrow stanu tworzywa w formie. Rysunki 6-&wie-
raja zestawienie wynikow symulacji komputerowych dotmzh stanu two-

a) b)
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Rys. 5. Napgzeniascinajce dla charakterystycznych obszaréw gniazda podezgswypetia-
nia: a) dla granulatu pierwotnego (R0), b) dla réatyk(R5) przetworzonego ggiiokrotnie

Fig. 5. Shear stress versus time for chosen aretteeanoulded piece during filling phase for:
a) virgin polymer (RO0), b) reprocessed (R5) five Snpelymer
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Rys. 6. Zalenos¢ zmian cénienia od czasu obliczonych narnko ukta-
du wlewowego dla granulatu pierwotnego i recyklawdznym stop-
niu przetworstwa

Fig. 6. Pressure versus time calculated at theoéride runner system
for the virgin and reprocessed polymer
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Rys. 7. Zalenos¢ zmiansredniej waonej temperatury wypraski od cza-
su dla granulatu pierwotnego i recyklatow amgm stopniu przetwor-

stwa
Fig. 7. Bulk temperature calculated for the virgimdaeprocessed poly-
mer
4500
,+RO, —
4000 R
— 3500 R2} -
0, R3
‘© 3000 A {oeRrat -
c
£ 2500 - RS
[&]
‘n
© 2000 -
B
g
o 1500 .
>
N
@ 1000 1 e e it
| | |
500 T == === === ===m==mmmmmmmmoohoooo oo
| I iczas [s]
0 { T T { {
0 0,5 1 15 2 2,5 3

Rys. 8. Zalenos¢ zmian szybkéci scinania od czasu obliczonych na
koncu uktadu wlewowego dla granulatu pierwotnego iykéatow

o réznym stopniu przetworstwa

Fig. 8.Shear rate versus time calculated at the end ofuthieer system
for the virgin and reprocessed polymer
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Rys. 9. Zalenos¢ zmian napgzen $cinajacych od czasu obliczonych na
koncu uktadu wlewowego dla granulatu pierwotnego iykéatéw

o réznym stopniu przetworstwa

Fig. 9. Shear stress versus time calculated aértldeof the runner sys-
tem for the virgin and reprocessed polymer
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Rys. 10. Zmiany sity zwarcia formy w czasie dlamgch krotndci
przetworstwa tworzywa
Fig. 10. Clamping force for virgin and reprocessetyimer
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rzywa w gnigdzie formy wtryskowej dla charakterystycznegezta N309391
(wezel kaacowy ukladu wlewowego) i elementu T383712, odpoajacemu
temu obszarowi w odniesieniu do wszystkich analemoych krotnéci prze-
tworstwa tworzywa. Zmiana parametrow tworzywa wegdzie formy skutkuje
przede wszystkim zmianwartaci sity zwarcia formy. Jej warto ulega znacz-
nym zmianom (do 100%, rys. 10.). W niektérych peamd technologicznych
tak dwa r&znica w wartdci sity maksymalnej prowadzi do zmiany maszyny do
przetworstwa, umadiwiajac pazadam redukcg kosztéw produkciji.

5. Whioski

Na podstawie analizy wynikow batlatwierdzono,ze wraz z krotngcia
przetwdérstwa zmniejszaesiepkas¢, co ma zwizek z degradagjmechanicza i
termiczry tancuchéw polimerowych podczas procesu przetworstwawierdza-
ja to przeprowadzone badania reometryczne, wykaeuwmiag charakterystyki
przetwdérczej badanego polimeru. Na podstawie wykgcla symulacji nume-
rycznych stwierdzono:

* symulacje numeryczne pokazugpadek dinienia w gniédzie formy;

w skrajnym przypadku warf6é cisnienia ulegta zmniejszeniu o ponad
100% (seria R5) w poréwnaniu z wait@ cisnienia obliczon dla granu-
latu pierwotnego,

» rozktad temperatury na przekroju wypraski dla wtzgh krotndci
przetworstwa jest zldony przez pierwsze 15 s; po tym czasie pojawiaj
si¢ jednak znaczne odchylenia od profilu uzyskanegogdanulatu pier-
wotnego,

 predkosé scinania w analizowanych przypadkach niemalnsé zmienia,

* W niemake wszystkich przypadkach symulacji wadonapezen $cina-
jacych @ do siebie zblione, a ranica wynikdw oscyluje w granicach
wynoszcych ok. 20%; znacznie gksz rozbieznos¢ stwierdzono dla re-
cyklatu R5.

Reasumujc, nalery stwierdzt, ze wyniki uzyskane z badaraz symulacji
sa zbiezne ze spodziewanymi trendami, na ktore wskazywatigamay wskanika
szybkdaci ptynigcia MFR. Wrod analizowanych czynnikéw w znacy sposob
zmianie ulega énhienie w gniedzie formy i napgzenie scinajace. Krotnd¢
przetworstwa wplywa wc na widciwosci reologiczne tworzywa (tdice
w przebiegu krzywych lepkai). W przypadku wykonywania doktadnych obli-
czex nalery wiec (o ile jest to maiwe) wykonywa: badania reometryczne recy-
klatu celem ustalenia jego rzeczywistej charaktgkyseologicznej. Postugiwa-
nie sk charakterystykami przetworczymi wyznaczonymi dtanglatu pierwot-
nego podczas przetwarzania recyklatwenspowodowd w zalenosci od krot-
nosci przetwdrstwa tworzywa, istotneclly obliczeniowe.
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Oprécz charakterystyki reologicznej tworzywa poliowego zmianom
niewatpliwie moze ulegé réwniez charakterystyka termodynamiczna typu: ci-
snienie — objtos¢ wiasciwa — temperaturgpfv-T). Zakres przedstawionej pracy
nie obejmuje analizy zmian aitpsci wkasciwej tworzywa polimerowego, ktéra
w istotny sposob mie wptywa na przebieg fazy docisku w procesie wtryski-
wania.
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THE INFLUENCE OF POLYMERS MULTIPLE PROCESSING
ON PLASTIC PARAMETERS IN THE INJECTION MOULD

Abstract

The aim of this study was to determine the chamyéise rheological properties of the pol-
ymers resulting from their multiple re-processihgthe study the polypropylene with trade name:
Moplen HP500N, was used. Based on numerical sinoumladf the injection molding process,
made by means commercial code Autodesk Moldflought2013, there were performed analysis
of the influence of the polymer processing projsrtivith different re-processing times on the
parameters of plastics in the mould, includingsptee p, the bulk temperatufeshear ratgzand
shear stress. Numerical simulation results confirm the validdf/the assumption that the techno-
logical parameters of the polymer processing sheolisider changing rheological properties of

plastic, related to their multiple reprocessing. ifiportant parameter is the value of the mould
clamping force.

Keywords: injection moulding, numerical simulations, recpdiof plastics
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CLINCHING AS A NON-STANDARD METHOD
FOR JOINING MATERIALS
OF DISSIMILAR PROPERTIES

The automotive industry is currently working to acgnodate the conflicting re-
quirements of both environmental legislation andtamer demands for greater
performance and more luxury and safety featuresldwgloping a light-weight and
therefore essentially, energy-efficient vehicle. Jatisfy these demands, various
materials are used in car body production. But itasalways possible to join the-
se materials by common joining method such asteesie spot welding; therefore
clinching seems to be possible alternative. Theepaealt with the evaluation
of properties of joints made by clinching. The shemade of the high-strength
low-alloy steel H220PD a; = 0.8 mm), advanced high strength steel RA-K
40/70+Z100MBO &, = 0.77 mm) and the drawing grade steel DX51D#ad <

= 0.9 mm) were used for the experiments. The fdaligwests were performed to
evaluate the properties of the clinched jointssilentest and a metallographical
analysis.

Keywords: clinching, resistance spot welding, metallographnalysis, auto-
motive industry

1. Introduction

One of the possibilities of decreasing the car iedond consequently low-
ering the fuel consumption is using various comtiams of materials, such as
combination of conventional deep-drawn steel staet high-strength steel
sheet. In the areas, where high passive safegeidat, high-strength steels such
as TRIP can be used (Fig. 1). The usage of suefsstan significantly reduce
the car weight [1].

The increasing use of coated, lightweight and lighngth materials has
led the automotive industry to re-examine trad@iomethods of component
assembly [2]. For example, direct welding of diskmsheet metals has proven
to be difficult or impossible; thus, alternativenjimg techniques, such as me-
chanical fastening systems, have attracted inargasterest and applications in
recent years. Mechanical fastening encompassesad bange of methods, from
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threaded fasteners to different forms of rivets em@tthanical interlocking meth-
ods [3].

DP 500,600 - 11.8%

HSLA 450, BH 340,
400-32.7%

DP 800 - 8.5%

DP 1000 - 10%

TRIP 980 - 5.5%

Mild Steels - 2.6%

HF 1500 11.1% TWIP 980 - 2.3%
MS 1200 - 1.3% CP 1000 - 1470 - 9.3%

Fig. 1. Various materials used in production ofwady (Fiat)

Clinching technology is one of the mechanical faistg methods. Although
clinching has been known for many years, only rerg years increased indus-
trial interest in clinching is noticed since thelrique was successfully applied
to complement or even replace other joining tealesgsuch as, for example,
spot welding [4-6]Clinching does not use any kind of appending jgniom-
ponents. Only a die and a punch are used to gressheet components to finish
the whole joining process. The clinching procesa isombination of drawing
and forming that locks together sheets metal layEne blanks are plastically
deformed and the shape of the tools remains thealtgtunchanged during the
clinching processes [7]. The punch is movable, eagrthe fixture and the die
are fixed during the process (Fig. 2) [8]. The pgufarce needed for the joining
process depends on the thickness and the strehgtle snaterials to be joined,
the size of the tools and friction coefficient [@]he clinching technique has
become popular alternative to conventional restsagpot welding due to the
growing use of alternative materials, which ardidift or impossible to weld,
for example in automotive industry [1]. This tealuné can be utilized when
joining galvanized, painted or organically platedtermials; therefore it is suc-
cessfully used in car-body production (Fig. 3).
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Neck thickness

Fig. 2. Process of clinching

a)

©)

Fig. 3. The examples of using the clinching methmdcar hood, b) brake pedal bracket, c) gas
tank straps, d) roof bow
2. Material and experiment

The following steel sheets were used for the erpamis: high-strength
low-alloy steel H220PD with the thickness of 0.8 padvanced high strength
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steel RA-K 40/70 with the thickness of 0.77 mm afr@wing grade steel
DX51D+Z with the thickness of 0.9 mm. Their basieahanical properties and
chemical composition are shown in Table 1 and 2chdeical properties of
DX51D+Z steel were specified by a producer. Thdasas of all sheets are
uniform and their uniformity features good protentcapabilities. Moreover, the
galvanized coating is lead-free, providing with damti-corrosion features and
preventing galvanic layer fracturing when strainj@p

Table 1. Basic mechanical properties of used steels

Material Rpo2[MPa] | Rm [MPa] Ago [%0] n

H220PD 238 382 36 0.228
RA-K40/70 450 766 26 0.278
DX51D+Z 180 335 25 0.190

Table 2. Chemical composition [wt %] of used stéelets

Material C Mn Si P S Al Cu Ni Cr
H220PD 0.06 0.7 0.5 0.080 0.025 0.0p0 0.0112 0.p1731
RA-K40/70 0.204| 1.683 0.198 0.018 0.003 1.731 0.028018 | 0.055
DX51D 0.064| 0.178 0.007 0.01p 0.002 0.120 0.041 20;00.023
Material Ti \Y Nb Mo Zr

H220PD 0.037| 0.002 0.026 0.005 0.0p1

RA-K40/70 0.009| 0.004 0.004 0.008 0.007

According to the orientation of punch and die te gosition of upper and
lower joined material, following combinations okst sheets for press joining
were used:
e H220PD &0 = 0.80 mm) and RA-Ka0 = 0.77 mm)*, marked asam-
ples A

* RA-K (a0 = 0.77 mm) and H220Px@ = 0.80 mm)*, marked asam-
ples B

* H220PD &0 = 0.80 mm) and H220Px@ = 0.80 mm), marked aam-
ples C

¢ RA-K (a0 = 0.77 mm) and DX51D0a0 = 0.90 mm)*, marked asamples
D1

* DX51D (@0 = 0.90 mm) and RA-KaQ = 0.77 mm)*, marked asam-
ples E

* sheet on the die side of press joining tool
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Clinching was performed on the tension machine ZD made by
Werkstoffprufmaschinen Leipzig Company with thedg range of 40 kN.
The force needed for joining was 30 kN. The re@rgith of the joints can only
be defined by the use of destructive testing. Bmsion test according to STN
05 1122 standard (tension test of spot weldedgpistthe most popular test for
evaluation of carrying capacities of the spot wdlg®nts. Thus, maximum cut-
ting force was determined as a priority strengttein The samples with dimen-
sions of 40 x 90 mm and 30 mm lapping accordin@TiN 05 1122 standard
were used for the experiments (Fig. 4). Six samplese prepared for every
combination of sheets. The surfaces joined matehale not been cleaned be-
fore clinching. The tensile test was carried outlm metal strength testing ma-
chine TIRAtest 2300 produced by VEB TIW Rauensteiith the loading speed
of 8 mm/min. The joining process was conductedhim laboratory using own
tool. The tools (Fig. 5) used in experimental asalyof clinched joints (punch
and die with specified impression) were constant.

Punch side Die side

Fig. 5. Clinching tools: a) die, b) punch
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Further tests for quality evaluation of clinchethie included the metallo-
graphic analysis. The results of carrying capagitieclinched joints were com-
pared with the carrying capacities of resistana# glded joints.

3. Results

The measured values of carrying capacities of ledcjoints after tensile
test in comparison with the measured values ofyragrcapacities of resistance
spot welded joints are shown in Table 3. The rasts spot welded joints were
made with the optimized values of welding parangefér 10]. The resistance
spot welds of all observed samples reached highleles of carrying capacities
in comparison with clinched joints. On average, theched joints reached
about 13% (samples A), 18% (samples C) and 21%plsank) of carrying ca-
pacities of resistance spot welds.

Table 3. Measured values of carrying capackigs

Carrying capacity Fmax [N]
Sample no samples A samples C samples E
cJ RSW cJ RSW CJ RSW
1 939 7310 980 5305 1087 7420
2 985 7641 1008 5290 1584 7644
3 1016 7680 956 5072 1334 7710
4 1080 7172 924 5260 1834 7417
5 1093 7417 973 5238 1973 7565
6 937 7581 978 5177 1658 7513

CJ — clinched joints, RSW — resistance spot wejdieds

The carrying capacities of samples B and samplegel® not measured,
because the clinched joints were not successfudlgted. Joining failed during
clinching process. The upper sheets of both sanfiphe& 40/70 steel were cut
off in the place of the joint and then pressedwlower sheet (Fig. 6a).

Successfully created clinched joints failed duriegsile test at the neck of
the joint as shown in Fig. 6b. There is insufficiematerial in the neck of the
joint, and loading will result in failure in the cle Excessive elongation in that
region of the joint neck causes crack formatione Tailures occurred in the
critical area of clinched joints. The critical arisathe place of the most signifi-
cant thinning of the joined materials. The avereajee of carrying capacities of
samples A was 1008 N. The cracks in the RA-K stek observed on the die
side (Fig. 7), which could possibly have a negasffect — on dynamic load or
corrosion resistance. The values of carrying capatisamples A are similar to
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the values measured in clinched joints of the comrdeawing grade steel
sheets, as was published in [7].

a) b)

H220PLC ' ‘ H220PC | : H220PLC

9

Fig. 6. Failures of clinched joints: a) sample Psample C

H220PL

555

cracks

Fig. 7. Failures of clinched joint of sample A

The average value of carrying capacity of samplega€ 970 N. No cracks
occurred in the place of the joint from the sideted die. The carrying capacity
values of samples C are similar to the values mredsin clinched joints of
common drawing grade steel sheets. The average w@dloarrying capacity of
samples E was 1578 N. Cracks in the RA-K steeherdie side were observed,
similar to those in sample A. The measured valdesoying capacity of sam-
ples E are higher than those of samples A and @hwik probably caused by
the thicker material of the upper sheet in thetjeil®.9 mm. Figure 8 shows the
obtained load-displacement curves of clinched goinit all successfully made
samples — A, C, and E. The curve shapes of sarApdesl C are very similar as
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well as the values of their carrying capacitiese Tietallographic analysis con-
firmed that the area with the most significant thing in the joint is its critical
area (Fig. 9). Failures occurred in such areasxduensile tests of samples A, C
and E, and during the clinching process in samBlasd D. The metallographic
analysis confirmed the occurrence of cracks inRAeK steel on the die side of
the joints in the round part (Fig. 10).

g 2000
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3 1800 - —Sample E
------ Sample C

---Sample A

1600 -

1400 -

1200

1000

800 -

600

400 -

200 -

0 1 2 3 4 5 5 6 7 8 9 10 11 12
Displacement [mm]

Fig. 9. The critical area of clinched joint
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Fig. 10. The cracks in RA-K steel on the side of-d@ample A

4. Conclusions

Various materials are used in car body productiduimerous issues arise
not only in their formation but also in joining. ik not always possible to use
conventional joining methods such as resistance wplaing; therefore clinch-
ing method seems to be possible alternative. Tperpavaluated the properties
of joints made by clinching method focusing on tirgh-strength low-alloy steel
H220PD, advanced high strength steel RA-K 40/70-€R1BO and the drawing
grade steel DX51D+Za4 = 0.9 mm).

Orientation of joined materials regarding the poaitof the punch and die
has a significant effect on the carrying capacitéghe joints. The material
combinations of RA-K 40/70 with H220PD as well a®\-R 40/70 with
DX51D, where RA-K steel is situated towards the ghyrare not suitable for
clinching with observed geometry of tools (with sified punch and die), be-
cause the joints were not created. The failuresadly occur during the clinching
process in the critical areas of joints. The sanadenal combinations where
RA-K steel is oriented towards the die proved toubsuitable for joining by
clinching, even though joints were created, becagsearring of cracks in RA-K
steel. The cracks could negatively affect the pifaspecially during dynamic
load) even decrease the corrosion resistance ¢ditits.

Combination of H220PD materials was the only coratan that proved to
be suitable for joining with the tools of obsengEbmetry. The carrying capaci-
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ties of these samples were sufficient and the togtaphical analysis confirmed
no occurrence of cracks or failures in the areelinthed joints.

Next study should be focused on the possibilitjnake successful clinched
joints of material combination of RA-K with H220P&hd RA-K with DX51D
with the optimized tool geometry for every matedambination or focused on
the clinching when joined materials are heatedreeftnching process.
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KLINCZOWANIE JAKO NIESTANDARDOWA METODA
£ ACZENIA MATERIALOW O ODMIENNYCH WA  SCIWO SCIACH

Streszczenie
Przemyst samochodowy jest obecnie skupiony na spetnsprzecznych wymafarzepi-

s6w ochronyrodowiska oraz potrzeb klientow w zakresie poprawynfortu i cech bezpiecse
stwa przez rozwijanie produkcji samochodéw o lekk@nstrukcji, a zatem energooszdmych.
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Spetnienie tych wymagajest maliwe przez wprowadzenie zdych materiatdw do produkciji
karoserii samochodowych aézenie tych materiatéw za pomppowszechnie stosowanej metody
zgrzewania oporowego nie jest zawszezime, dlatego klinczowanie wydajeesby¢ metody
alternatywn. Artykut przedstawia ocenwtasciwosci polaczei wykonanych metad klinczowa-
nia. W badaniach eksperymentalnych wykorzystanohylae stali wysokowytrzymatej niskqw
glowej H220PD 4, = 0,8 mm), wielofazow stal wysokowytrzymat RA-K 40/70+Z100MBO
(ag= 0,77 mm) i stal przeznaczpdo tloczenia DX51D+Zg, = 0,9 mm). Wiaciwosci polaczen
klinczowych oceniano podczas proby regeinia i analizy metalograficzne;.

Stowa kluczowe przemyst samochodowy, klinczowanie, zgrzewanierope, badania metalo-
graficzne
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DELTASPOT AS AN INNOVATIVE METHOD
OF RESISTANCE SPOT WELDING

Resistance spot welding has established itself a@agide range of industries as
a cost-effective method for joining steel sheatsmodern vehicle manufacturing
in particular, steel sheets of varying strengthslity and surface treatment need
to be joined. One of the problems of resistance wjetding in the automotive in-
dustry is the lifetime of welding electrode tipdhielnew innovative method of re-
sistance spot welding DeltaSpot should solve thablem by using the special
process tape between welding electrodes and joimatgrials. The paper de-
scribes the principle of DeltaSpot welding methaul &valuates the properties
of DeltaSpot joints made by combination of galvedizteel sheets DX51D+Z
(ag= 0.9 mm) and RA-K 40/70+Z100MBQd= 0.77 mm). The basic mechanical
properties of welded joints were evaluated. Somegpses were prepared for metal-
lographic analysis where the influence of the weddparameters on the structure
of welded joint was observed. The properties ot@&#pot joint were compared to
the properties of standard resistance spot joints.

Keywords: galvanized steel sheets, resistance spot welfefia Spot welding,
metallographic analysis

1. Introduction

Resistance spot welding is a joining process for thetal sheets during
which, in contrast to other welding processes, ilher imetals or fluxes are used
[1]. Instead, pressure exerted by electrodes jthiascontacting metal surfaces
via heat obtained from resistance to the electdoatent flow. Resistance spot
welding provides accelerated speed and adaptalbdityautomation in high-
volume and high-rate production; however, the tepl suffers from incon-
sistent quality between welds due to the complesityhe process itself and
many variables involved in the joining process Rirther implementation and
improvement of existing process, including weldlgyand time improvement,
electrode life extension, maintenance cost redncéiod development of new
techniques for resistance spot welding, will greathpact on the above noted
industries due to the large numbers of spot wéldg perform in their manufac-
turing processes [3, 4].
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2. Principle of deltaspot welding

Schematic of standard resistance spot welding rdeithahown in Fig. 1.
When the metal sheets are brought into contacttaldlee pressure applied by
both electrodes, the AC current flows through theess with the presence of
electrical resistance between the sheets. Theriekotnergy is converted into
heat mainly at the faying surface between the shieeihg welded. Due to the
large and fast increasing rate of welding curresgduin the process, the tem-
perature increases rapidly and causes the metetssteemelt at the faying sur-
face. A weld nugget is formed after the solidifioatof fusion zone and hence
two sheets are joined together. Normally, the sbelets are water-cooled to pre-
vent the electrodes from sticking onto the shedasa [1, 5].

Lq

L2

L3

SPINAC

=l

PREPINAC

~———

Fig. 1. Scheme of standard resistance spot welding

Figure 1 shows that between two electrodes, assefielectrical resistance
exists. The total resistance consists of two pas:bulk resistance including
R..1 andR..» of the electrodes and,,; andR,., of the material and the contact
resistance value, . andR,.; represent the contact area at electrode to sheet a
sheet to sheet interfaces. Bulk resistance is eifimof temperature. All metals
exhibit a positive temperature coefficient, whickans that their bulk resistance
increases with temperature. Bulk resistance becaristor in longer welds.
Contact resistance is a function of the extent kickvtwo surfaces mate inti-
mately or come in contact. Contact resistance ismgortant factor in the first
few milliseconds of a weld [6, 7].
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These resistances change during welding. The ielaictesistance of metals
increases with increasing temperature. This ineraasresistance boosts the
generation of heat, causing even more temperatarease. The change in elec-
trical resistance is most dramatic at the contaterface between the work piece
parts where the weld nugget is formed. Due to jtn@ating the temperature at
the interface rises until the material melts arelitherface breaks down [8].

The defining feature of DeltaSpot is the robot wedgun with running
process tape that runs between the electrodeshansheets being joined. The
continuous forwards movement of the process tapeltesin an uninterrupted
process producing constant quality over a numbeshiffs (Fig. 2). This results
in precision in the welding process and high etatdrservice life. Regular cap
cutting of electrodes is no longer necessary. Tloeqgss tape means that elec-
trodes are effectively protected against wear agpbsits from sheet coatings.
This means that constant quality and reproducildéding points are assured
over multiple production shifts.

Process tape

Fig. 2. Process tape of DeltaSpot welding, elaieo based on [9]

The process tape transfers the welding current ainthe same time, pro-
tects the contact surfaces of the electrodes framaenination by zinc, alumini-
um or organic residues. This protection resulta significantly increased ser-
vice life for electrodes. The process tape providdgect sheet contact produc-
ing a largely spatter-free welding result. It elnaies the otherwise unavoidable
rework necessary to meet new quality standards.prbeess tape needs to be
replaced infrequently and this takes little timel &ffort. In normal use, the pro-
cess tape produces 7 000 welding points. If evegynrent of the welding tape is
used two or three times, the service life can lersled accordingly [9].

Figure 3 shows DeltaSpot welding and influence sihg the process tape
on the total resistance. In the comparison withddied resistance spot welding,
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the bulk resistanc®,, and R, of the process tape as well as the contact re-
sistanceR,., between process tape and electrode are takethstccount.

Processtape

F
\l L

L2

L3

PREPINAC

Fig. 3. Scheme of DeltaSpot welding using procaps t

The process tape transfers the welding current ainthe same time, pro-
tects the contact surfaces of the electrodes framacnination by zinc, alumini-
um or organic residues. This protection resulta isignificantly increased ser-
vice life for electrodes. The process tape providdsect sheet contact produc-
ing a largely spatter-free welding result. It elimies the otherwise unavoidable
rework necessary to meet new quality standards.prbeess tape needs to be
replaced infrequently and this takes little timel @&ffort. In normal use, the pro-
cess tape produces 7 000 welding points. If evegynent of the welding tape is
used two or three times, the service life can lergded accordingly.

3. Material and experiment

Double-sided hot-dip galvanized steel sheets RAK/@+Z100MBO of
0.77 mm thickness made by Voestalpine Austria, &Xb1D + Z (EN
10142/2000) of 0.9 mm thickness made by U.S.Stesid¢ were used for the
experiments. Average thicknesses of zinc coatingasared by contact thick-
ness gauge Quanix were as follows:
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* RA-K 40/70+Z100MBO - 18.2m,
» DX51D + Z (EN 10142/2000) — 1648n.
The basic mechanical properties of the observe@nmmats declared by the
producers and their chemical compositions are stiowiable 1 and 2.
The samples with dimensions of 40 x 92 mm and 32lapping according
to DIN 50 124 standard were used for the experimé¢hig. 4). Six samples
were prepared for every combination of sheets.

Table 1. Basic mechanical properties of used steels

Material Rpo.2[MPa] R [MPa] Ago[%0] Ngo
RA-K40/70 450 766 26 0.278
DX51D+Z > 140 270-500 >22 *

* — not specified by producer
Table 2. Chemical composition [wt %] of used stéelets
Material C Mn Si P S Al Cu Ni Cr
RA-K40/70 0.204 | 1.683| 0.198 0.018 0.003 1.731 0.028 0.p18 550{0
DX51D 0.64 | 0.178| 0.007 0.016 0.002 0.120 0.041 0J/02 0J023
Ti \% Nb Mo Zr
RA-K40/70 0.009 | 0.004| 0.004 0.008 0.0Q97
DX51D 0.002 - - - -
-1
15
417
™~
=) | — SN IR S I
-+ 1 l'
-
32
92

Fig. 4. Dimensions of samples for the tensile tasd
principle of clinching

The samples with the DeltaSpot welds were madkaratffiliated company
of Fronius in Austria. Standard resistance spotinglwas carried out with the
pneumatic spot welding-machine BPK 20 of VTS ELEKI Bratislava pro-
ducer. CuCr welding electrodes were used for wgldaccording to ON 42
3039.71 standard. The diameter of working areshefdlectrodes was 5 mm.
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The parameters of both methods of resistance seloling (Table 3) were de-
termined according to the recommended welding perars by IIW — Interna-

tional Institute of Welding, adapted to welding rismes, technology of Del-

taSpot — process tape occurrence and its possiliThe welding parameters
for standard resistance spot welding were optimaatipublished in [10, 11].

Table 3. Spot welding parameters of both weldinghoes

Parameters F2 kN] | KAJ [periods]
z t [periods
Methods P
Standard RSW 4 6 12
DeltaSpot RSW 3 11 20

Fz— welding pressing forcé— welding current; — welding time (RSW — resistance spot welding)

The peak load and the failure energy were extrafreah the load dis-
placement curve. Failure mode was determined fioenfailed samples. Sam-
ples for metallographic examination were preparsthgi standard metallog-
raphy procedure with metallographical scratch pastgrepared according to
ISO 6507-1 and ISO 6507-2 standards on Olympus 280tmicroscope. The
samples were etched in 3% solution of HNO3 [12]ti€xb microscopy was
used to examine the sample microstructures.

4. Results

The measured values of carrying capacibigg, of resistance spot welded
joints of both methods are shown in Table 4. Tensbts were executed under
displacement control conditions on the specimerigorations in order to char-
acterise the static behaviour of the joints andegtmate the ultimate tensile
strength. The maximum shearing load was the mgsifsiant value obtained
from the ,load-displacement” curves (Fig. 5). Tleenh of the curves indicates
the behaviour of the joints under loading, espicdpacity for deformation.

The carrying capacities of DeltaSpot welds anddsteth spot welds are al-
most of the same values. Differences between msthate observed in the
marks of welding tips (Fig. 6). The obvious markswelding tips with the typi-
cal layer of brass were observed on the surfacesmbles made by standard
spot welding in comparison to DeltaSpot welded damprhe standard brass
layer was created by diffusion process of Cu irctebgles and Zn in surface
coatings of joined steels and has significant ¢ftec the lifetime of welding
tips [13].
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Table 4. Measured values of carrying capackigs of resistance spot welded joints

Fmax [N] Fmax [N]
Sample no of Standard RSW of DeltaSpot RSW
1 7310 7420
2 7402 7635
3 7513 7610
4 6974 7419
5 7074 7590
= 8-+
=
=, = =Standard
-] RSW
©
o
- = Delta Spot
RSW
- .~
1 4
0 2 4 6 8 10 12 14
Displacement [mm]

Fig. 5. Load-displacement curves of spot weldendtgoafter tensile test

Only one type of the joint occurs in both methofleesistance spot welding
— fusion welded joint, where the weld nugget wal-put from RA-K steel
sheet (Fig. 7). The macrostructures of welded goaitboth methods are shown
in Fig. 8. There are no significant differencesnmtn the samples; typical shape
of spot welds was observed. The metallographicyaisatonfirmed formation of
fusion welded joints with characteristic areas @ldvmetal, heat affected zone
and base material (Fig. 9a). The base material X$1D consists of a fine-
grained ferrite-perlite structure. The microstruetof the RA-K steel base mate-
rial consists of a fine-grained multi-phase stroetwith dominant ferrite com-
ponent, bainite and retained austenite segregaidmondaries of ferrite grains.
The macrostructures of a weld joint show a charestite dendrite structure typi-
cal for resistance spot welds. The microscopic asi®en of macrostructures of
the welds shows no pores and cavities occurrinthenweld metal. Figure 9b
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shows microstructure of DeltaSpot sample in thedteicdbf weld nugget. The

microstructure of weld metal consists of mostlyefigrained martensite arranged
in typical lamellar formations. Such lamellar fortinas prevent the austenite
from transformation; therefore the retained austeaccurs in the microstruc-

ture. Besides martensite, also ferrite and botm$oof bainite occur in the mi-

crostructure of weld metal.

Fig. 6. Marks of welding tips: a) standard RSW, BltBSpot
RSW

Fig. 7. Welded samples after tensile test: a) stahdRSW,
b) DeltaSpot RSW
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a) b)

Fig. 9. Microstructure of DeltaSpot weld: a) weldgget (WN) and heat affected zone (HAZ),
b) weld nugget

5. Conclusions

Nowadays, the requirement for automobile weightuctidn has brought
many new types of advanced high-strength steelsS&)Ho automobile indus-
try. A recent research in Europe showed that tleeoig\HSS could significant-
ly reduce the weight of automobile (about 25%).iRaace spot welding has
great importance to automobile industry for it aoptishes about 90% of car
body assembly. The paper evaluated the propeitigsnts made by new inno-
vative method of resistance spot welding known aftd3pot. The advanced
high strength steel RA-K 40/70+Z100MB@,(= 0.77 mm) and the drawing
grade steel DX51D+Zaf = 0.9 mm) were used for experiments. On the lasis
the conducted experiment, the following conclusicas be formed:

1. Only fusion welded joints occur in the samples magd®eltaSpot welding
with characteristic areas of weld metal, heat &##f@¢zone and base materi-
al.

2. No crack or failures were observed in the micradtmes of welded joints.

3. The using of the process tape causes that elestardeeffectively protect-
ed against wear and deposits from the sheet cgating
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4,

The carrying capacities of DeltaSpot welds werghensame values as the
carrying capacities of standard resistance spalingl
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DELTASPOT JAKO INNOWACYJNA METODA PUNKTOWEGO
ZGRZEWANIA OPOROWEGO

Streszczenie

Zgrzewanie oporowe punktowe znalaztandrodne zastosowanie w wielu obszarach prze-
mystu jako ekonomicznie efektywna metodazenia blach. Potrzebackenia blach stalowych
o réznej wytrzymatdci, jakasci i obrébce powierzchni wygbuje we wspotczesnym przeihy
samochodowym. Jednym z probleméw punktowego zgmaiewaporowego w przenike samo-
chodowym jestzywotnas¢ koncowek elektrod zgrzewggych. Innowacyjna metoda punktowego
zgrzewania oporowego DeltaSpot rozmije ten problem przez zastosowanie specjalriepyta
pomiedzy elektrodami zgrzewaggymi a hczonymi materiatami. Artykut zawiera opis zasady
zgrzewania DeltaSpot oraz ogemtasciwosci polaczer zgrzewanych metadDeltaSpot ztaonych
z blach stalowych ocynkowanych DX51D+2,(= 0,9 mm) i RA-K 40/70+Z100MBO& =
= 0,77 mm). Okrdono podstawowe wkgiwosci mechaniczne petzer zgrzewanych. G#¢
prébek byta poddana analizie metalograficznej w oddrelenia wptywu parametréw zgrzewania
na struktug polaczenia zgrzewanego. Wiawosci polaczer DeltaSpot zostaty poréwnane z wha-
sciwosciami pohczer wykonanych tradycyjgpmetod, punktowego zgrzewania oporowego.

Stowa kluczowe blachy stalowa z powtakgalwanicza, zgrzewanie oporowe, zgrzewanie Del-
taSpot, badania metalograficzne

DOI: 10.7862/rm.2012.4
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EXPERIMENTAL AND NUMERICAL PREDICTION
OF SPRINGBACK IN V-BENDING OF ANISOTROPIC
SHEET METALS FOR AUTOMOTIVE INDUSTRY

Springback is a common phenomenon in sheet meatairig, caused by the elastic
redistribution of stresses during unloading. It basn recognized that springback
is essential for the design of tools used in shestl forming operations. A finite
element method (FEM) code has been used to andigzeheet metals V-bending
process. In the work, three types of steels TRIPS8Hand mild steel were used.
Normal anisotropic material behavior has been cl@med. A contact algorithm for
arbitrarily shaped rigid tools has been realizedniigans of accurate approach.
This paper describes a robust method of prediapringback under bending and
unbending of sheets. Constitutive models, aimedeatigting the final shape of the
sheet after the springback by varying the settihthe operational parameters of
the forming process, were discussed. The accurhitlyeomodel was verified by
comparison with results of PAM-STAMP 2G package ergerimental results.

Keywords: air bending, springback, plastic anisotropy, ntica modellling

1. Introduction

In the bending technology it is difficult to achéewccurate and repeatable
angle of a bend. This problem is caused by elagpigngback, which is
considerable in processes of sheet metal forming].[Springback in processes
of sheet metal forming causes troubles in assembjprocesses, because
springback entails anomaly of required shape ofptme. Economical aspect of
problems associated with springback is in the US#elg in the sphere of
automotive industry estimated on the 50 millionlaloper year [5]. Springback
is defined as a dimensional change of a shaperafegasing a tool due to elastic
effects [6]. In the past, handy tables [7, 8] aprs [9] were the traditional ways
used for prediction of springback. For this purpdeday are frequently used FE
codes, which provide numerical simulations of shmetal forming processes.
PAM-STAMP 2G, Autoform, DYNAFORM and more codes drgd to the
group of software which are used for numerical $ittions of sheet metal
forming processes. Several parameters influencth®ramount of springback.
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Several studies have shown, that the amount ohgpack is influenced by
factors such as dimension of the blank, thicknéskeoblank, the tool shape, the
tool radius and more [10, 11]. Except these tealgiohl variables, material
properties as for example yield stress, the Youmgdslulus, the Bauschinger
effect, constitutive behavior in plastic field algdfluence on the amount of
springback [12-14]. Additional studies confirmeatla normal anisotropy of the
material has also influence on the springback amlf]. Accuracy of the
numerical simulation is associated with the definof input data, esspecially
with the definition of yield function and hardenirgurve. Early developed
material models as Tresca or von Misses were dpedloaccording to
parameters obtained from the simple tensile telses@& material models were
soon insufficient to obtain accurate results of atioal simulation, because they
did not describe several parameters of materiaavieh They did not describe
anisotropy of materials, kinematic hardening ei@, [17]. In experimental part
of this work, Hollomon hardening curve was usede Hollomon hardening law
is defined as follows [18]:

0p =Cég" (1)

where: C — material constant,
n — index of deformation hardening,
& — total strain.
Another curve of hardening which was used is hardeourve defined by
Krupkowsky [19]:

o, =C(&p +&)" (2

where:g, — plastic strain,
&o — Offset strain.
The last used hardening curve was defined by B@&mstan Liempt [20]:

. m’
o,(£) =0+ a0, G prfe ) -2  wypae Mon( £

0 o
3
where notation can be find in the relevant litera{20].

In this work, the definition of Bergstrom-van Lietmpardening curve was
set by TataSteel Europe company, due to fact thetntaterial model was
acquired from the mentioned company. Graphicasttation of used hardening
curves is shown in the Fig. 1a. Hill 48, Hill 90edter and Barlat yield functions
in numerical simulation of springback were useds®iption of Vegter material
model is very difficult, because it is necessaryp#rform mechanical tests for



Experimental and numerical prediction ... 57

four different strain modes, and use Bezier intlepon [20-23]. Comparisons

of yield functions are shown in Fig. 1b. Stressistrdiagram of used steels
illustrates Fig. 2.

a) b)

600

500
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8300 ?\,
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3200 Krupkowsky 09 __ Hill-90 l
= ~——Holomon — Barlat I

100 Bergstrom van Liempt — Vegter
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o 4 ) i ) : . 0.6 - !
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Fig.1. Comparison of used hardening curves (a)diffetent yield functions (b) for mild steel
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Fig. 2. Stress-strain diagram of used steels

Three different categories of steel were used esrental part of this
work. One of these is a TRIP steel, which has Swmitly greater springback. It
is caused by high work hardening of this materidierefore, there may be
problem in the production line, or in an accurateuits of FEM in case of
springback prediction. In different studies [24,] 2Ziuthors highlighted the
importance of work hardening and its influence e $pringback amount and
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discuss about more accurate material description,ekample mixed work
hardening [24]. Considering this, several hardermngres and yield functions
were used in this paper.

2. Objectives and approach

Experiment of bending sheet metal strips focusedhenmeasuring of the
springback amount was performed. This process wiasesjuently simulated in
PAM-STAMP 2G software. Before description of pantar parts of experiment
it is necessary to define properties of used stdlal shape, tool geometry,
parameters of used machine and the conditions ef giocess. As was
mentioned, in experimental part of this work thdierent categories of steel
were used: AHSS — H220PD, UHSS — TRIP RAK 40/70 miid steel — DC06
(Table 1). Five sheet metal strips from each tyljpge®el were cut.

Table 1. Thicknesses of used materials

Category Type Thickness [mm]
AHSS H220PD 0.8
UHSS TRIP RAK 40/70 0.75

Mild Steel DCO06 0.85

Measuring of mechanical properties of materials wagied out using
samples which were cut in directions 0°, 45° antité@he rolling direction. The
test rod of the length 80 mm according to the I892%61: 2009 was used. Tests
were performed on the machine Tiratest 2300. Tadbeshow data necessary to
define Hill 48 and Hill 90 material models. Vegtaaterial model for mild steel
and AHSS was set by the TataSteel Europe Companthel case of defining
Barlat material model it is necessary to defineldyistress and Lankford
coefficient of normal anisotropy r. These values sinown in Table 3. During
defining Barlat material model, weight of each Limk coefficient of
anisotropy in three directions to the rolling ditens are necessary to define.
This parameter for each coefficient was set to dcabse the weights of
measurement in these directions had the same neleva

Table 2. Mechanical properties of AHSS — H220PD

Specimen | Ry (Re) Rm Asgo n C r
orientation [MPa] [MPa] | [%] [MPa]
0° 219 385 34.5 1.172
45 225 368 37.4 0.231| 648.6| 1.782
90’ 238 383 | 35.8 1.823
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Table 3. Mechanical properties of UHSS —TRIP RAK 80/7

Specimen | Ry (Re) Rm Asgo n C r
orientation [MPa] [MPa] | [%0] [MPa]
0° 442 771 27.7] 0.686
45° 441 762 254 0.224| 1330.2f 0.87
90° 450 766 25.9 0.838

Table 4. Mechanical properties of mild steel DC06

Specimen | Ry (Re) Rm Asgo n C r
orientation [MPa] [MPa] | % [MPa]
0° 145 292 | 50.8 1.888
45 151 298 | 47.9 0.254| 538.54 1.464
90° 149 290 | 48.0 2.19]

Table 5. Output data of the yield stress from &iblaest (hydraulic bulge), Young's modulus,
density and Poisson’s ratio

Steel o, [MPa] E [GPa] p [kg-mm?] v
AHSS 290 210 7.8.10 0.3
UHSS 540 210 7.8.10 0.3
DCO06 250 210 7.8.10 0.3

3. Real experiment of v-bending
and measuring angle of springback

Specimens were cut and subsequently bent withytehblic press ZD40.
In order to achieve online transfer of informatadyout measured force between
the punch and the die, a force sensor has beetetboa the machine. The scale
was located on the front side of the die, becauseh eneasurement was
performed graphically.

a) b)
(DDie (®)Bent sheetmetal strip(3)Punch (®scale

O | o @ @\'

Fig. 3. The Assembly of the die and the punch utttetoad (a) and after released load (b)
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Principle of measurement is illustrated in FigTBe specimen was located
on the die and gradually bent until the closingéoof 4 kN was reached. Then,
the picture was taken when the tool was releasdis kind of graphical
measuring method was used due to difficulty of emtional measuring method.
It could be assessed that by using graphical methedspringback angle can be
calculated and evaluated accurately enough [26].

The graphic software was used for measuring anggages of specimen
arms. Angles were measured only in the unloaded, dtacause it is apparently
that the arms of specimen in loaded state form ragiea90°. This manner
of measuring was applied on each specimen. Seaeg#s of the bent specimen
were measured using an analog protractor in ormedetermine uncertainty
of the graphical measurement. The maximum measurteumeertainty was up
to 1%.

4. Simulation of the process

The process of parameters definition is possibléitide into two large
parts. Firstly, the bending process was defined aftel that the springback
parameters were defined. In this stage it is necgds take a note that in the
bending process the setting ,pinch test” was ukedeans that the tool in final
stage of loading will not go over the contact fordgch can cause a dint in the
material. By setting up of springback stage it ésessary to note that explicit
calculating type was used. Square elements, wstheaof 8.3 mm were used and
the maximum refinement level was set to value e Fitegration points over
the thickness were defined. The smallest sizeettement after refinement was
1.2 mm. Refinement of elements is shown in Figdekurate contact type with
coefficient of friction equals to 0.2 was set. Tbembinations of material
models used in the numerical simulations are showiable 6.

Table 6. Combination of used material models

Scheme of used material models
Yield function H'48 H'90 B Cc-Vv
Hardening curve K] H K] H K] H BvL
AHSS AHSS
Material UHSS DCO06
DCO06

where: H'48 — Hill 48, H'90 — Hill 90, B — BarlaC-V — Corus-Vegter, K — Krupkowsky,
H — Hollomon, BvL — Bergstrom van Liempt
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Fig. 4. lllustration of the maximum level of refiment in areas of
the greatest stresses.

5. Results of experiment

In this chapter, results of experiment and numeérgimulations were
discussed. The results of simulation and real éxyert for specimen made of
AHSS with combination of various material models aompared in the Table 8.
Where s is the angle between specimen arms measured iRAM:STAMP
2G, pu is the angle measured in the real experimentfansl the absolute value
of the deviance between simulation and angle medsarthe real experiment.
Results in the Table 7 imply, that for predictidrspringback of the sheet metal
specimens made of AHSS, Hill 90 yield function ataipkowsky hardening
curve together with Hollomon hardening curve are itiost accurate. The Hill
48 material model combined with Krupkowsky and B&Krupkowsky
hardening curves overestimated the amount of dpaiclg while Hill 48 material
model combined with Hollomon, Barlat-Hollomon andr@s-Vegter-Bergstrom
van Liempt hardening curves underestimated the ltses@The results of
simulation and real experiment for specimen madeldES with combination
of various material models are compared in Table 8.

In this case, the most accurate material modelrh®0 — Hollomon. For
this category of material, Corus-Vegter-Bergstréam \Liempt material model
was not used. All remaining material models, unster@ated the amount of
springback in comparison with real experiment mssiitesults of simulation and
real experiment using specimen from mild steel D@0t combination of
various material models are compared in Table 9.
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Table 7. Results of simulation and experiment ofdigin the transverse direction of AHSS

Bend in direction transverse to rolling direction
material model Psldeg] | pw[ded] A BD| [deg]
Hill 48-Krupkowsky 15 0.5
¢ | Hill 48-Hollomon 0.16 0.84
g Hill 90-Krupkowsky 1.02 0.02
Hill 90-Hollomon 0.94 1 0.06
Corus-Vegter-Bergstréom van Liempt 0.66 0.34
Barlat-Krupkowsky 1.74 0.74
Barlat-Hollomon 0.74 0.26

Table 8. Results of simulation and experiment ofdi@min the transverse direction of UHSS

Bend in direction transverse to rolling direction
material model Psldeg] | pwm[ded] A BD| [deg]

Hill 48 — Krupkowsky 2.51 0.99

< |_Hill 48 — Hollomon 2 1.5

% Hill 90 — Krupkowsky 1.19 2.31
Hill 90 — Hollomon 3.48 3.5 0.02
Corus-Vegter-Bergstrém van Liempt - -
Barlat-Krupkowsky 1.6 1.9
Barlat-Hollomon 1.95 1.55

The most accurate material models for mild steetewgield function
described by Barlat, and hardening curve by Hollomdaterial models Hill
48-Krupkowsky and Barlat- Krupkowsky in the smaltent overestimated the
springback amount, but the difference between #salts is acceptable. Hill
48-Hollomon underestimated the springback amountu§&Vegter-Bergstrom
van Liempt and Hill 90, in combination with Hollomoand Krupkowsky
hardening curve overestimated real springback atmoun

Table 9. Results of simulation and experiment ofdi@in the transverse direction of mild steel

Bend in direction transverse to rolling direction
material model p<[deg] | pum[deq] A BD| [deg]
< [_Hill 48-Krupkowsky 1 0.13
% Hill 48-Hollomon 0.54 0.33
< | _Hill 90-Krupkowsky 1.5 0.63
= | Hill 90-Hollomon 1.83 0.87 0.96
Corus-Vegter -Bergstrom van Liempt 1.52 0.65
Barlat-Krupkowsky 1 0.13
Barlat-Hollomon 0.86 0.01
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By analyzing results, it is possible to notice ttti@ numerical simulation is
sufficiently accurate, and can be considered dd.v&br illustration, in Table 10
proposal of the most suitable material models fachetype category of a
material is presented. It should be noted, thatrdselt values for different
material models had small differences. This is beeathe experiment was
conducted in the closed tool where the amount ohgpack is lower than it is
in free air bending. Results of numerical simulatadso had small differences
using different material models.

Table 10. The most appropriate material modelge&mh category of the material

Category of material Yield function Hardening curve
AHSS Hill 90 Krupkowsky, Hollomon
UHSS Hill 90 Hollomon
DCO06 Barlat Hollomon

In the previous chapter it was mentioned that, dbgice measuring the
contact force was located on the punch in ordeméasure the contact force
among the punch and specimen. Graphical illustiatieas created from
measured values. PAM-STAMP 2G include this optmm 1n order to complete
the relevance of numerical simulation results, cangon of contact force
progress of simulation and real experiment wasteded he comparison of each
progress for AHSS is presented in Fig. 5.

4.0 -
35
—3.0 -
=
=
v 2.5
2 Vegter
220 : '
5 ——Hill90
;_,Cu 15 Hill4g r
=} —— Barlat |
] :
1.0 - - Experiment 4

e
tn

2
o

6 8 10 12 14
Punch path [mm]

Fig. 5. Measured contact forces of the real expamimvhere AHSS steel was used
and numerical simulations of following material netel Barlat, Hill 48 Hill 90
combined with Krupkowsky hardening curve and Veg@mbined with Bergstrom
van Liempt hardening curve
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Resulting from graphical illustration it can be inet, that the size of
contact force is approximately the same in each easumerical simulation and
real experiment. More important is that the graghitlustration proves high
conformity of numerical simulation in comparisortiwihe real experiment. The
curves are wavy because specimen was sliding opethding edge of die. Since
the amount of springback is sensitive to size oft&ct force, great attention was
given to not exceed maximum contact force of 4 kN.

In order to determine the distribution of stressethe specimen, upper and
lower major stresses along the sample length haee measured in the PAM-
STAMP 2G software. Figures 6-8 illustrate, that tiighest stresses occurred in
the area, where the sheet metal is in contact thithdie and the punch. The
springback intensity is influenced by the distribnt of different stresses in
different areas of the part. Therefore, the clo$arge has a significant influence
on the springback amount.

After the punch is removed, grains in neutral laydnich are deformed
mostly in the elastic domain are trying to orienttbeir initial position. During
this process, the shape of the part is changed unhéénfluence of phenomena
called elastic springback. The strength of matdré a significant influence on
the springback amount. The higher strength hasnidaerial, the higher amount
of springback occurs. TRIP steel has the higheshgth, also higher springback
in comparison with AHSS and mild steel was observed
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Fig. 6. Major stress distribution in the AHSS Spemn
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Fig. 8. Major stress distribution in the mild dtepecimen

6. Conclusion

In this article, the manner of springback predictim V-bending was
described. Results of each experiment are present@dvious chapters.
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FE simulations of specimen made of AHSS were véogecto real values
of the springback amount. Using Hill 90 yield fuoct combined with
Krupkowsky and Hollomon hardening curve, the ressuliried only about 0.02°
and 0.06°. That is a deviation about maximum of 6%.

Barlat and Hill 90 yield function combined with Hmon hardening curve
are the most suitable for the material from UHSBe Tesults of FE simulation
and real experiment varied at 0.02°.

Last used material, mild steel DCO06, Barlat yialsidtion and Hollomon
hardening curve was the most accurate, becausksrgaded at 0.01°. In this
case, also Hill 48 — Krupkowsky material model &adlat — Krupkowsky were
close to experimental results of the angle of ngrack. Deviation could be
caused by the definition of the yield function thsahot accurate enough.

The higher strength of the material is, the higtmingback occurs. UHSS
TRIP steel has the highest springback, then AH8&8 tlae smallest springback
was observed in specimen made of mild steel.

Closing force has a significant influence on theoant of the springback,
because in the place where the blank is in comt@tt the tool, there are the
highest stresses. For more accurately results wierigal simulation, the next
challenge will be improving the definition of maemodels. The conditions of
the bending process are not static, and that is thlbyresults could be softly
distorted so, using kinematic hardening of maters@ems to be substantiated.
The future challenges are, for example: more atelyradefining the
Bauschinger effect, assuming imperfect — elasti@mbior of the tool, taking into
consideration unloading velocity, the temperattfece etc.
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EKSPERYMENTALNE | NUMERYCZNE PRZEWIDYWANIE
ODKSZTALCE N SPREZYNOWANIA W PROCESIE WYGINANIA
BLACH ANIZOTROPOWYCH DLA PRZEMYStU SAMOCHODOWEGO

Streszczenie

Sprzynowanie jest powszechnym zjawiskiem vepstiacym podczas ksztattowania blach
spowodowanym zmianrozktadu napgzen po zdgciu obchzenia. Zauwaono, ze znajoméc
Ssprzynowania jest istotna w projektowaniu ngizi uzywanych podczas operacji ksztattowania
blach. Program oparty na metodzie elementéwaskonych (MES) zostat wykorzystany do
analizy procesu wyginania. W badaniach wykorzysthlachy stalowe TRIP, AHSS i blachy ze
stali migkkiej. Uwzglkdniono anizotropi normalmy materiatdw blach. Algorytm kontaku dla
sztywnych nargdzi o dowolnym ksztalcie zostat zrealizowany za pognpodejcia scistego.
W artykule opisano metedprzewidywania sgzynowania podczas ggia i odcizania blach.
Omowiono modele konstytutywne ukierunkowane na\pidgvanie kacowego ksztattu blachy
po spezynowaniu, przy zrénicowanych parametrach procesu ksztattowania. Dok modelu
zostata zweryfikowana przez poréwnanie wynikow cadh w programie PAM-STAMP 2G
z wynikami eksperymentalnymi.

Stowa kluczowe giccie swobodne, sptynowanie, anizotropia plastyczna, modelowanie
numeryczne

DOI: 10.7862/rm.2012.5
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NUMERICAL MODELING
OF THE DRAWBEAD SIMULATOR TEST

The work contains the results of experimental netes and numerical simula-
tions of friction test that simulate the frictionrditions in drawbead during sheet
metal forming. The numerical model of the drawbééation simulator test has
been created using MSC.Marc + Mentat 2010. Simulatftave been performed to
determine a stress state in pulled sample duriagdthwbead simulator test. The
isotropic and two anisotropic Hill (1948) and Bar{a®91) material models were
used in simulations taking into consideration sagientation according to the
rolling direction of the sheet. The samples foctfdn tests were cut along and
transverse to the rolling direction of the sheetwvds found that the yield criterion
has a strong influence on the distribution andvélee of normal and shear stress-
es in the sample. Furthermore, the values of aadlgtresses were changed in the
sample width.

Keywords: coefficient of friction, drawbead, FEM, frictiomumerical modeling,
sheet metal forming

1. Introduction

In the deep drawing process a few regions exst the wall, bottom and
flange of the cup, with different stress stategististate, sliding speed and fric-
tion conditions. In this regard, a series of trdgptal tests modeling friction
conditions in different parts of the drawpiece wefaborated. Many friction
tests were developed to modeling of friction caondi in specified regions of
formed part. To model the friction in the drawbeadions of the drawpiece the
drawbead simulators (DBS) are used based on coaoept Nine [1]. Draw-
beads generate a stable tensile force oppositeetsiteet drawing direction by
introducing a series of local bending, straightgrnamd reverse bending defor-
mation on the sheet (Fig. 1) [2]. Resistance tctifm occurred on the contact
surface brakes free metal flow as a result of ilhaleformed metal we can dis-
tinguish zones with different deformation extent. fegative results of friction
affecting in the deep drawing process belong nergiasing non-uniformity of
deformation, increasing loading force and worsergnglity of the drawpiece
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surface. Furthermore, existing of the drawbeadngtso influences on the
springback phenomenon of the drawpiece after remgoivom dies [3, 4].

punch
force bldnkholdcr
force

w@

bending and stmghtemng Fig. 1. Deformation of the sheet in the draw-
bead region

General application of numerical simulations of sheet metal forming for
proper functioning inquires the knowledge of a aigé mathematical descrip-
tion of friction behaviourHence, better understanding of friction role arthre
ble methods for quantitative values of the fricticwefficient determination is
necessary. In spite of developing of numerical wes$h{5] calculation of friction
coefficient value, the role of experimental methadsthe friction coefficient
value is still essential. The experimental resbiétsed on drawbead simulator [6]
indicate that the dominant factors in determinimghbrestraint force and blank
thinning are bead penetration and material typeti¢pgarly the flow stress and
strain hardening exponent).

2. Materials and methods

In the experimental researches an aluminium all®ds6261 H14 with
thickness 1mm was used. The nominal gauge thickmass1.00 mm whereas
the average sheet thickness was 1.00+-0.01 mm basedasurements taken at
several locations. A tensile test in the univetsating machine was carried out
to determine mechanical properties of the sheeatsgathe rolling direction:
yield stressg, ultimate strengthg;, elongation A, anisotropy coefficient,
strain hardening coefficier and strain hardening exponen{Table 1). The
samples for tensile tests were cut in both diresti@long the rolling direction
(0°), transverse to the rolling direction {®@nd by 45° angle from rolling direc-
tion.

The value of the tensile parameters (Table 1) lea laveraged according
to:
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(x0 + 2x45 + x90)
Xmean — 4 (1)

wherex is a tensile parameter and the subscripts reféngspecimen orienta-
tion.

Surface roughness parameters measurements weeslgaut using the Al-
icona Infinite Focus instrument to determine them®D roughness parameters
(Table 2): the roughness averds@ the root mean square roughness parameter
Sg the highest peak of the surfaBg the maximum pit dept®y, the surface
skewnessSsk the surface kurtosiSky the 10-point peak-valley surface rough-
nessSz the density of summitSds the texture aspect ratio of the surf&te
the surface bearing inde&Sbi the core fluid retention indeXci the valley fluid
retention indexSvi

Table 1. The mechanical properties of the AA525% Hlieet

Mechanical properties
Orientation Roo.2 Rin A C . .
[MPa] [MPa] [MPa]
0° 212 234 0.04 254 0.058 0.478
45° 203 231 0.04 242 0.062 0.689
o 210 241 0.04 227 0.078 0.786
Average 208 234.25 0.04 241.2"5 0.065 0.6605

Table 2. The surface roughness parameters of ttE2BAH14 sheet

Sa | &g Sp Sv Sz Sds . . )
Ssk | Sku Str Shi Sai Svi

(um] | [um] | [pm] | [pum] [um] |[[Peaks/mnf]

0.3400.423 2.48 | 1.62 O.29£F3.34 3.3 697 0.036 0.243| 1.67| 0.094

In the drawbead simulator the sheet metal is putletiow between three
cylindrical rolls of equal radii 20 mm (Fig. 2) [7The specimens were cut along
and transverse to the rolling direction into 200 nemgth and 20 mm width
strips.

To realize lubrication conditions machine oil L-AM was used.ubricant
was applied in excess to the test strips so thattfiickness was determined by
the process. The roughness average Ra parametsunegaalong generating
line of rolls was equal 1.2Gm. The rolls were made of cold-work tool steel
X165Crv12.
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clamping
force
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‘ 7

S Fig. 2. Measurement system used for

ﬁ friction testing: 1 — frame, 2 — front roll,

J E 3 — middle roll, 4 — back roll, 5 — spec-

SUT % imen, 6 — supporting roll, 7 and 8 — ten-

R\W ‘ N N sion members, 9 and 10 — extensome-
| ters, 11 — fixing pin

The very high wrap angle of the middle roll prodsieevery high slide re-
sistance and may be resulted on over-increasirgfiplgnsion of the sheet and
fracture. The main purpose of this clearance iprevent locking of the sheet
between the rolls, especially during the test redliwith fixed rolls. The clear-
ancec (Fig. 3) between working rolls equal 2.34 mm waaintained. Further,
the tests were carried out for middle roll penarap (Fig. 3) equals 18 mm.
The total wrap angle around all rolls at full mieldoll penetration was equal
about 244.18°.

back roll middle roll
) o
4 4 \ - | —
\ ! VL7
N /;,’I,(W S N
C Fig. 3. Geometrical parameters of
- front roll drawbead simulator test

The restraining force consists of a frictional pmrtand a bending portion.
So, to determine the friction coefficient two testgst be carried out. In first test
the specimen is pulled between cylindrical rolisefrotatable about their axis.
Then the pulling force (denoted Bs,) and clamping forceG,) measure the
bending and unbending resistance of the sheet Ufritdionless” conditions.
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The sheet is displaced between rotatable rolldhedriction between the sheet
and rolls is minimized. In second test the specimguulled between fixed rolls.
Friction opposes the sliding of the sheet oveffittexd tolls. The pullingDs, and
clampingC;« forces measure the combined loads required te siidl to bend
and unbend the sheet. During both tests the supganll was free to rotate
about its axis. The pulling and clamping forcesevereasured using load cells.
The strip was drawn as a distance of 40 mm. Thiinglispeed was set to
1 mm/s. The drawing distance is chosen to be loogigh such that a plateau is
reached when evaluating the thickness changestaess $istory for an element
passing through the drawbead.

It was found [8] that the angle of wrap that cop@sds to the actual en-
gagement of the strip with the roller or bead wastaken into account in the
derivation by Nine [1]. As penetration increaselde wrap angle increased.
However, it was not until very deep penetratiort tha tangent-to-tangent bead
wrap assumption became approximately valid [9].

When the wrap angle is not equal 180° the frictiorfficient has been cal-
culated from following equation [10]:

_ Dfix - Droll ) sin® (2)
Crix 20

U

where® is the quarter contact angle of actual engageiwietite strip over the
bead.

The values of all force values were constantly med using electric re-
sistance strain gauge technique, 2-channel univengalifier of data acquisition
system and computer PC.

3. Numerical modeling

The simulation of the drawbead simulator test wasdacted using
MSC.Marc + MENTAT 2010 program. The rolls were defil as rigid surfaces
and suitable boundary conditions corresponding«pemental conditions. The
geometric model of the blank consists of 3600 qustiil elements [11] with
a size of 0.5 x 0.5nm and 5 integration points through the shell theds which
are necessary for an acceptable solution [12, [b#ally the middle roll is
moved down through a distance 18 mm to bend thet shetal while the leading
end of the sheet metal is fixed (Fig. 4B)splacement was then applied to one
end of the sample after the required wrap angle okdained (Fig. 4b)The
sample was drawn a distance of 40 mm.
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Fig. 4. Geometry of FEM model of drawbead simuldést: a) initial configura-
tion, b) start of drawing stage

An elasto-plastic material model approach was imgleted. Three materi-
al models have been simulated. In first model tlastjg behavior of the sheet
material was described by the von Mises yield kate[14]. In the second mod-
el the anisotropy of material has been establisisaty Hill (1948) yield criteri-
on [15] which may be applied for material descaptof aluminium alloys [16].
In third model the Barlat (1991) [17] yield criteni has been applied. In case of
anisotropy material models both 0° and 90° samplentations have been ex-
amined. The elastic behaviour is specified in nicaésimulations by the value
of Young’s modulusk = 70000 MPa, and of Poisson’s ratie 0.33. The mass
density of sheet metal is set2690 kg-rit. The isotropic hardening behaviour
implemented in FEM model uses the Hollomon poweetlaw. The parameters
C andn in Hollomon equation have been fitted on stressirstcurve of the ten-
sile test and have been written in Table 1.

To describeontact conditions the Coulomb friction law was legghEQq:

f=uf Zarctan M T 3)
(T RVCNST

where: £ — tangential (friction) force,
| — friction coefficient,
£, —normal force,
[lv.l| — relative sliding velocity,
RVCNST - value of the relative velocity below wiisticking occurs,
T — tangential vector in the direction of the relatixelocity.
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The value of RVCNST factor was ass umed as 1% aypedative sliding
velocity ||v, || [18]. Two numerical models have been examinadhe first nu-
merical model, the friction coefficient equals ®ra was assumed which corre-
spond to free rotating rolls. In the second motled,value of the friction coeffi-
cient was complied with experimental results (Bg.

0.18
0.15

0.12

transient region

—orientation 0" |

-
0.09

— orientation 90°

0.06

friction coefficient,;

0.03
0

0 10 20 30 40
grip displacement [mm]

Fig. 5. Friction coefficients,; versus grip displacement

The distributions of effective strain for differeyield criteria in the mo-
ment of full penetration have considerably diffefedm each other (Fig. 6).
Maximal values of effective strains for Hill yietdliterion for sample oriented 0°
according to the rolling direction of the sheet higher of about 0.006 than for
sample cut transverse to the rolling directionhad sheet. Similar relationship
exists for Barlat's material model. Furthermores gloints of occurrence of max-
imal effective strains depend on assumed matera@ei The distribution of
effective strain on the sample width in the plaéeantact of middle roll with
the sample was non uniform on the sample widths Bfiect cannot be deter-
mined assuming plane strain conditions in 2D sitmuia of sheet bending.

The distribution of normal stress and shear streg@nsverse section after
drawing distance 20 mm were shown in Fig. 7, rebgedg. The maximal values
of normal stress and shear for all material yigiteda are on the edge of the
sample. The values of stresses for Barlat’'s matermgel regarding both orien-
tations are the most closest to the isotropic motle¢é local minimum at the
middle of A-A’ section is connected with deformatiof the sheets during bend-
ing over the middle roll. It causes that the shaettacts locally with the bead
and friction force are not constant on the samgtithw In case of both Hill 0°
and Hill 90° yield models the distribution of norhand shear stresses on the
width of the sample are more uniform. The distidnutof stresses for both
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Fig. 6. The distribution of effective strain forayzed material models: a) isotropic, b) Hifl, 0
c) Hill 90°, d) Barlat 6, e) Barlat 99
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Fig. 7. The distribution of normal stress (a) ahdas stress (b) along A-A’ section

analyzed orientations is similar but the samplerggtion effects on the value of
stresses. The values of shear stresses for Hidld griterion have considerably
lower values than others models and were more umiéspecially in the middle

part of the analyzed width of sample.
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4. Conclusions

Two main problems were studied in this article: exxpental researches of

frictional conditions of AA5251 H14 aluminium allaysing drawbead simulator
test proposed by Nine [9], and numerical simulaiafter mentioned friction
test. The material model has been described byootand anisotropic yield
criteria. The main results of our research arebsvs:

1.

Sample orientation has clear effect on the valutheffriction coefficient.

In case of sample orientation ®the higher value of friction coefficient
than in case of sample orientatidhméas determined.

The yield criterion has a strong influence on tirithution of normal and
shear stress. But results of stress distributiorbfith 0° and 90° orienta-
tions of strips are quite similar.

As it has been found the values of normal and ssieass on the width of
the sheet are changed. It has been concludedntioaitiér to obtain repre-
sentative results of numerical simulations of Nirietion test, conducting
simulation of a 3D model of the drawbead is neagssa
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MODELOWANIE NUMERYCZNE TESTU SYMULATORA PROGU
CIAGOWEGO

Streszczenie

Artykut zawiera wyniki bada eksperymentalnych i symulacji numerycznych tegmuu-
jacego warunki tarcia na proguagbwym podczas ksztattowania blach. Model numerycamgu-
latora progu cigowego zostat utworzony za pomgarogramu MSC.Marc + Mentat 2010. Symu-
lacje zostaty wykonane, aby okli€ stan napgzen w przeciaganej prébce podczas préby tarcia.
W symulacjach zaimplementowano model izotropowyseitgosci mechanicznych blachy oraz
dwa modele anizotropowe Hilla (1948) oraz Barlat89(l), a take uwzgédniono orientag
probki kierunku walcowania. Prébki do testow tare@staly wycgte wzdhiz oraz w poprzek
kierunku walcowania blachy. Stwierdzone kryterium plastyczn@i ma istotny wptyw na roz-
ktad i wartéd¢ napezen normalnych oraZcinajacych w probce. Ponadto wagtoanalizowanych
napezen zmieniata s na szerokéci probki.

Stowa kluczowe: wspotczynnik tarcia, prog ggowy, MES, tarcie, modelowanie numeryczne,
ksztattowanie blach
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