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TENSILE PROPERTIES OF ADDITIVELY
MANUFACTURED POLYETHERIMIDE PARTS

This paper presents the results of a study ofuatialg the influence of path
generation strategy on tensile properties of sasnplade by additive manufac-
turing technology FDM (Fused Deposition Modelin§pveral scientific studies
were focused on the influence of path generatimategyy on mechanical proper-
ties of deposited material. ABS and PLA are the nioséstigated materials
used in FDM. This paper is aimed to determine tifiénce of selected path
generation strategies on tensile strength of gakigcated with ULTEM 9085

thermoplastic. The results obtained in experimentgirmed that proposed path
generation strategy allowed to increase tensilength by 25% compared to
a situation when the samples were fabricated witfaudt path generation set-
ting.

Keywords: fused deposition modeling, tensile test, polyeéthieie

1. Introduction

Nowadays, fused deposition modelling (FDM) and éufiament fabrica-
tion (FFF) are one of the most used additive mantufang (AM) techniques
due to its ability to manufacture parts with vegmplex geometries at rela-
tively low prices. The main reasons for the growpwpularity of AM tech-
niques are their reliability, safe and simple fahtion process, low cost of ma-
terial, and the availability to processing a variet thermoplastics. The major
research problem is to balance the ability to peedooth tough and aestheti-
cally pleasing products with their functionality.

1 Autor do korespondencji/corresponding author: I@ajdo$, Technical University of KoSice,
Masiarska 74, 040 01 KoSice, Slovakia, e-mail: igajdos@tuke.sk

2 Emil Spisak,Technical University of KoSice, Méasiea 74, 040 01 KosSice, Slovakia, e-mail:
emil.spisak@tuke.sk

34 Tomasz Jachowicz, Tomasz Garbacz, Politechnikalskh, e-mails: t.jachowicz@pollub.pl,
t.garbacz@pollub.pl
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In the FDM process, the material is initially irethaw form of a flexible
filament. The filament is then partially heated w&bohe melting (glass transi-
tion) temperature and extruded through a heatedl@okhe extrusion process
is mostly conducted in environment with a contltemperature. In lw cost
systems instead of temperature controlled environiracheated platform is
used. The material is extruded in a thin layer ahtobuilding platform (first
layer) or onto the previously built model layer thie building platform in the
form of a prescribed two-dimensional-y) layer pattern (fig. 1). The deposit-
ed material cools, solidifies, and bonds with adjgg material. After an entire
layer is deposited, the build platform moves dowrdh&long thez-axis by an
increment equal to the filament height (layer thiegs) and the next layer is

deposited on the top of it. The platen or tablewdnich the build sheet is
placed lies in the x-y plane.

CAD model

processing printer head with "

and toolpath nozzles ;

generation ; A
i “modelling

material

building
platform

Fig. 1. Scheme of fused deposition modelling (FOvcess

Low cost or budget FFF systems are equipped ortly arie nozzle, and
the supporting structure is fabricated with thexeanaterial as a model itself.
This makes the support removal difficult for theeggior. Mid-range and high
level FDM systems generally come with two nozztese for model material
and one for support material. Different propertdssupport material, cause
lower interbond strength between model/supportriiate and thus easier to
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remove support structures after the model is bNidwadays a wide variety of
thermoplastics materials in a form of virgin madésj blends and composites
are available for the FFF applications. Although Advan efficient technolo-
gy, full scale application has not gained muchraitbe because of compatibil-
ity of presently available materials with AM tectogies [1]. AM offers de-
sign and environmental advantages over classicalifaaturing processes, the
adoption of AM as a means for fabricating end-us@monents has been de-
layed by the technologies’ narrow selection of Eldé materials. The biggest
part of materials used by modern AM technologies @olymers. There are
also possibilities to use some metals (such a$ allegs and titanium) and
ceramics. While there are presently available diffie types of polymeric ma-
terials that can be used in AM, the material properare typically not as
strong as their conventionally manufactured coynates due to the anisotropy
resulting from the layer-by-layer nature of the Albcess [2].

AM is generally able to help to design and speethepwhole process of
product development especially in the case whedymiag very complicated
parts which production using traditional manufaictygrmethods would be
challenging or even impossible. Designers use dssipility of design free-
dom to integrate function of several parts into @meduct. Pre-processing
phase in interaction between CAD and AM system astiy relatively seam-
less and there is less or no concern about intate of the design intent.
AM system reduces lot of steps or stages necegsdhe case of traditional
manufacturing processes[3].

Manufacturing of complex shaped AM products wittogaesthetically
appealing with actually available AM technologiesriot challenging. The
problem is to produce AM parts that are functionadlliable, especially when
building parts with geometry details on the edgeAM system resolution.
Another issue is the inhomogeneity of mechanicabperties caused by the
nature of the layered manufacturing. This phenomemad to be taken into
account, when designing AM product, and is well\knaalso in FDM tech-
nology. Lots of research studies results presentréhationship between pro-
cess setting conditions (raster angle, raster deposition strategy, tempera-
ture, etc.) and the resulting mechanical propgaiés These results show that
the FDM produced parts are the most vulnerable whewn are loaded in the
z-building direction.

Although FDM is a very widespread technology, thenofacturer’s poli-
cy often causes material incompatibly between iddiad FDM machines. Re-
search studies mentioned above, solved the issmedfianical properties for
parts made of ABS, PLA or polycarbonate, which @& most commonly
used materials in FDM technology. The presentedystacuses on relatively
rare used material in FDM technology ULTEM9085® @ligd by Stratasys®
(general polymer classification is polyetherimidekl). The goal of investiga-
tions was to determine one of the mechanical ptimsernamely tensile
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strength of FDM fabricated part. The part was poadliunder system’s de-
fault path generation strategy (PGS) and underqgzeg alternative strategy
with an intention to minimize air gaps in the vokirof the part. Alternative
path generation strategy was adapted to specificlittons applicable for
ULTEM 9085 in Insight® 9.1 software. PGS is basadindings of Gajdos et
al. [7] who investigated samples made of polycaat®nwhere the distribution
of air gaps in the sample structure was not randidm. structure of prepared
samples was modified by locating air gaps in on¢ giathe samples volume,
thus significantly affecting tensile strength oétsample. The location of the
air gaps in the volume is associated with the gtairtt of layer raster forming

(fig. 2).

Fig. 2. Metrotomography 3D scanned FDM sample)(lefitd loca-
tion of air gaps in the sample (right)

2. Experimental procedure

In this study, the samples made of ULTEM 9085 werepared using
Fortus 400m& production system. Path generation strategy irppoeessing
stage of the fabrication process was determinddsight® 9.1 software. The
dimensions of the samples were in accordance with 5O 527-2 (fig. 3).
All the samples were fabricated with orientatiorpessented in figure 4.

This direction is recognized as the weakest faengith of FDM parts.
The samples were prepared directly from prepare® 38D model (dimensions
are shown in figure 3) under the default settingpafameters values and slic-
ing layer height of 0.254 mm. Three types of patihegation strategy were
used with a raster angle of 45°, 90° raster ang@den the following layers
with a raster air gap of 0 mm and a raster widtl®.608 mm. The samples
differed only in the number of outlines (fig. 4).
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20 4

160
110

N

Fig. 4. Tensile test specimens default path geioeratrategy with one (left), two (middle) and
three (right) outlines

Preparing samples with alternative path generasioategy required to
modify designing and pre-processing procedurestelivere some knowledge
and software limitations which have been discussequrevious study [7]. As
mentioned above, the cross-section area of thdedast sample is relatively
small, and consequently appearing fiber depositaids to inhomogeneous
air gap distribution (fig. 2). To avoid this phenemon a plate was designed
with the following dimensions: a thickness of 4 marheight of 160 mm, and
a width of 200mm. Final shape of the test samplas machined on the mill-
ing machine.

Actual raster width setting and path generatioatsgy in Insigtt 9.1 for
ULTEM 9085 and layer height of 0.254 mm do notallw prepare desired
alternative deposition strategy as shown in figbréAvailable raster widths
cannot create combination of outline raster witBo5@idth of internal raster.
Thus, the raster deposition strategy without oathvas adopted and the de-
sired offset between layers was obtained by mogelifayer offset directly in
CAD model. Final path generation strategy setup as$ollows: no outline,
a raster width of 0.5 mm, a raster angle of 0° anaster angle between layers
of 180°. Five specimens were prepared for all typesamples used in the
experiment which are listed in table 1.



194 I. Gajdos et al.

CAD model

offset between layers
in CAD model

e
4
I N 0,25
O T

Fig. 5. CAD model of plate cross-section (green) altefnative filament deposition strategy

Table 1. Path generation strategies used in expatsn

. Raster angle betwegnNumber of |, , . .
Sg/rseple Ras[:ﬁ:n\f"dth Rast[eO]r angle following layers outline V(\:/cl)dr;[:]osrso[ur::lrgf
[°] contours
A 0.508 45 90 1 0.508
B 0.508 45 90 2 0.508
C 0.508 45 90 3 0.508
D 0.500 0 180 0 -

3. Results and discussion

The average values of ultimate tensile strengtlalidypes of samples are
presented in figure 6. The tensile strength vabrettie sample “A” prepared
with default settings was 36.64 MPa. Increasinghef number of outlines,
decreases the resulting tensile strength to 34.Pa& M the case of the sample
“B” and to 30.95 MPa in the case of the sample.i@treasing of the number
of outlines has negative influence on resultingsilenstrength. The highest
tensile strength was measured for “D” samples, maitle alternative path
generation strategy. Average value of 46.04 MPansé@aprovement of ten-
sile strength by 25.56%, when compared with terstitength of the sample
“A”,

In the figure 7 stress-elongation curves of setbc@mples determined
through tensile tests are presented. Observed aiongat break for sample
“D"is 3.14 mm. Compared to other samples (2.12-2128) the elongation
value is higher of about 40.08-48.11%. It is assiithat the high layer to lay-
er bond strength, allows utilizing bigger portioh fdament elastic defor-
mation capacity.
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Fig. 7. Stress-elongation curves of tested sang@e=rmined through tensile tests

4. Conclusions

AM is able to help to design and speed up the whobeess of product
development, especially in the case when produeerg complicated parts.
Designers use the possibility of design freedointegrate function of several



196 I. Gajdos et al.

parts into one product. The inhomogeneity of memzproperties caused by
the nature of the layered manufacturing is a maoblem in AM products.
This phenomenon had to be taken into account, wllesigning AM product,
and is also well known in FDM technology. Genemgti path deposition
strategy for FDM parts with default settings caufsdsication of parts with
relatively high amount of voids in the structurdeTproposed alternative path
generation strategy, had led to increasing of kerstrength by 26.56% and
also increasing of elongation at break by 40.08%wéier, at this moment
there are several challenges that have to be stdvedply this strategy when
manufacturing FDM parts. Among others, actual sicand path generating
software do not incorporate into the developedrméditive part generation
strategy. In this study, the path generation ispsesthb in manually designed
CAD model. For complex shaped parts this strategylevbe nearly impossi-
ble, or very time consuming. The second problethésinhomogeneity of air-
gaps distribution, which was solved in this stughypbinting the plate followed
by machining of the samples. For practical purpdiissis not applicable. De-
creasing the surface quality of FDM parts is anottrawback of proposed
path generation strategy.
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WLEA SCIWO SCI MECHANICZNE PRZY ROZCI AGANIU CZ ESCI
Z POLIETEROIMIDU WYTWARZANYCH W TECHNOLOGII
PRZYROSTOWEJ

Streszczenie

W artykule przedstawiono wyniki balaceniajcych, w probie rozggania, wplyw stra-
tegii generowanigciezki na wiaciwosci mechaniczne probek wytworzonych w technologii
osadzania topionego materiatu (ang. FDM - FusedoBig#pn Modeling). Liczne badania nau-
kowe byty skupione na wptywie strategii generowasgaezki na wiaciwosci mechaniczne
materiatu osadzanego. Nagéziej badanymi materiatami stosowanymi w technoldgiM s3
ABS oraz PLA. Celem niniejszego artykutu odtemie wptywu wybranych strategii generowa-
nia sciezki na wytrzymald¢ na rozciganie elementéw wytworzonych z termoplastu
ULTEM9085. Wyniki bada eksperymentalnych potwierdzitye proponowana strategia wy-
twarzaniasciezki pozwolita zwikszy wytrzymald¢é na rozciganie o 25% w poréwnaniu
z sytuacy, gdy probki byly wytwarzane przyzyciu domyinych ustawié generacjiciezki.

Stowa kluczowe:osadzanie topionego materiatu, préba rggamnia, polieteroimid
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ANALIZAWI EZOW MANIPULATORA
W ZADANIU ZROBOTYZOWANEJ OBROBKI
MECHANICZNEJ DYFUZORA

Artykut dotyczy analizy wizéw geometrycznych narzuconych naédwke ro-
bocz robota manipulacyjnego, ktérego zadaniem jestaaeh obrébki mecha-
nicznej dyfuzora. Z punktu widzenia teorii sterovearrealizacja omawianego
zadania jest traktowana jako sterowanie obiekteagraniczeniami ruchu. Wy-
maga to okréenia zadanej trajektorii uktadu sterowania robmtzumianej jako
trajektoria pozycyjna oraz sitowa. W pracy zapréaemno geometgi dyfuzora
wraz z opisem matematycznym krglzi, ktéra ma zostazatpiona. Podano ze-
staw wizéw naturalnych i sztucznych, pozycyjnych i sitolwydla tego zadania
oraz dla zadania wiercenia otworéw. Podano spos@maczania trajektorii po-
zycyjnej i sitowej, ktora bdzie stanowd trajektori zadam uktadu sterowania
robota. Zaprezentowano wyniki symulacji generowatnggektorii ruchu ka-
cOwki robocze;.

Stowa kluczowe:wiezy geometryczne, robot manipulacyjny, planowaragel-
torii, zrobotyzowana obrébka

1. Wprowadzenie

Poprawna realizacja obrobki mechanicznej element@yéci maszyn
i urzadzeh wymaga zastosowania precyzyjnych stanowisk obralgznajcz-
sciej maszyn CNC. Specyfika niektorych zadsbrébki, zwhzana z niepew-
noscia potazenia oraz ksztattu obrabianej powierzchni czy ke powoduje,
ze niektére operacjegczesto wykonywane gcznie na stanowiskactiusar-
skich czy wiertarskich. Automatyzacja takich op@rgst maldiwa, wymaga
jednak zastosowania zionych systemow, ktorych istatrcechy jest progra-
mowalna¢ i elastyczné¢ [2]. W skiad takich systemow wchagdzprzede
wszystkim roboty z odpowiednimi nadziami do obrébki mechanicznej oraz
inne uradzenia pomocnicze takie jak pozycjonery, transppitsystemy wi-
zyjne [3].

Takie systemy umidiwiaja zaprogramowanie i realizgcprocesow ob-

1 Autor do korespondencji/corresponding author: P@ierlak, Politechnika Rzeszowska, al.
Powstacoéw Warszawy 12, 35-959 Rzeszéw, tel.: (17) 865185#ail: pgierlak@prz.edu.pl
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robki mechanicznej elementéw, ktérych ksztalt iggehie g zmienne w okre-
slonych granicach. Przyktadem jest zadanie obrob&chmanicznej dyfuzora
silnika (rys. 1). Losowa zmieni®d ksztattu i polagenia dyfuzora, ktéry jest
elementem odlewu, wynika m.in. ze zjawiska skunegstepujacego podczas
krzepnecia oraz niedoktadrigi wykonania formy odlewniczej.

Jny

Rys. 1. Ksztalt dyfuzora
Fig. 1. The shape of the diffuser

Ptaszczyzna dyfuzora jest obrobiona przez frezowanie, natotrkas-
wedz k nalery zaepi¢. Ponadto naley wykona otwory przelotowe o osiach
prostopadiych do ptaszczyzay

Waznym aspektem praktycznym jest wybér sposobu regiizendwio-
nych zada. Do realizacji procesu obrébki kradzi dyfuzora w praktyce
mozna stosowaco najmniej dwie strategie sterowania. Pierwsaih polega
na zastosowaniu tzw. hybrydowego sterowania pomgegjltowego. Hybry-
dowy sterownik pozycyjno-sitowy [4, 12] powinien oatiwiac:

— sterowanie pozygjkoncowki manipulatora wzdtu kierunkéw, na kto-
rych istnieg naturalne wgzy sitowe,

— sterowanie sitami wywieranymi przez ficdwke manipulatora wzdtu
kierunkow, na ktorych istnigjnaturalne wizy pozycyjne,

— realizac¢ dowolnej kombinacji powsszych zada wzdtuz ortogonalnych

kierunkéw uktadu wizow {c}.

Zastosowanie takiej strategii wymaga wyp@saa robota w pakiet sprz
towo-programowy, w sktad ktérego musi wchadaktad umaliwiajacy wy-
znaczenie sit i momentéw w kodwce roboczej manipulatora. Mta zasto-
sowa np. czujnik sit i momentéw umieszczony wnkdwce robota [2] lub
uktad pomiaru obgizenia napdow robota [18]. Dodatkowo rozbudowany mu-
si zostg uklad sterowania robota w celu realizacgitlipsterowania sitami.
Schemat uktadu sterowania pozycyjno-sitowego liwiajacego realizagj
omawianego zadania przedstawiono na rys. 2.
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sterowanie

sterowanie
odporne

_________________

sterowanie sifowe  zts

Rys. 2. Schemat uktadu sterowania pozycyjno-sitamvetp - zadana trajekto-
ria pozycyjna, tp - trajektoria pozycyjna, e adlrealizacji trajektorii pozy-
cyjnej, zts - zadana trajektoria sitowa, ts - tk&geia sitowa,\ - blad realizacji
trajektorii sitowej, u - sterowanie

Fig. 2. The scheme of the position/force contretem: ztp - desired position-
al trajectory, tp - positional trajectory, e - eragd position, zts - desired force
trajectory, ts - force trajectory,- error of force, u - control input

Struktura sterowania pozycyjnego jest typowa dléadibw sterowania
wspotczesnych robotéw, w ktérych problem sgamhia za zadantrajektory
ruchu jest definiowany jako zadanie stabilizacjjdot nadzania. Rod kom-
pensatora jest kompensowanie nieliniséerasterowanego obiektu, natomiast
rolag stabilizatora jest eliminowanie dolu nadzania wynikajcego z niedo-
ktadnej kompensacji nieliniowtoi. Dodatkowo wprowadza eiczion zapew-
niajacy odporné¢ na zaktocenia nazywany sterowaniem odpornym, a jeg
struktura zalgy m.in. od struktury kompensatora i sposobu anatapilngci
uktadu. Typowym rozwgzaniem stosowanym wefli sterowania sitowego jest
zastosowanie stabilizatora sity, ktérego celem gdistinowanie b¢du trajek-
torii sitowej. SzczegoOtowe opracowania dotyoz rozwizan stosowanych
w uktadach sterowania pozycyjno-sitowego zostalzepstawione w pracach
autora. Analizowano w nich m.in. zastosowanie mddadycznych, uktadéw
neuronowych i neuronowo-rozmytych w sterowaniu ggpyym [6, 7, 9, 10]
oraz regulatoréw konwencjonalnych (PID) i rozmytyelsterowaniu sitowym
[11]. Inne rozwgzania sterowania sitowego przedstawionenspracach [15,
16].

Alternatywnym i t&szym rozwjzaniem, nie wymagagym stosowania
uktadu sterowania sitowego, jest wypgsaie robota manipulacyjnego w tzw.
podatne nakgzie [2]. Jest ono tak skonstruowate, wrzeciono, w ktérym
zamocowane jest namdzie skrawajce, ma maliwos¢ odchylania s od poto-
zenia neutralnego. Dagine na rynku tego typu rozyziania to np. natzlzia:
FDB firmy Schunk [20] oraz DT-A390 firmy RAD [19]stota tych rozwjzan
polega na sterowaniu podafo@ wrzeciona poprzez zmiarcisnienia powie-
trza doprowadzanego do nedzia. Przy w¢kszym cgnieniu powietrza sita
wymagana do wychylenia wrzeciona jestkgiza. Uktad taki nie unitiwia
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sterowania sitami interakcji w torze zaméiyim - stosowane jest tu jedynie
sterowanie typu pozycyjnego - a sita interakcjt @sbierana w sposob przy-
blizony i zaley od aktualnej wartei cisnienia doprowadzanego do uktadu
sterowania podatioig. Dodatkovg korzyécig z zastosowania podatnego na-
rzedzia jest zabezpieczenie robota i obrabianego prie#d przed uszkodze-

niem w wyniku wygenerowania zbyt zigch sit lub momentow sit.

Obydwie przedstawione strategie sterowania zapéavkiantakt narg-
dzia z obrabianym przedmiotem nawet wowczas, ggy Jesztalt i potaenie
odbiegag od nominalnych wartei. Jest to efektem uwzglniania w procesie
sterowania sity interakcji robota z otoczeniem.

Do wykonania przedstawionych zadaastosowany zostanie manipulator
kartezjaski wiasnej konstrukcji posiadgy trzy stopnie swobody [8]. Jest to
manipulator przeznaczony do realizacji hadtyczcych m.in. robotyzacji
procesOw obrébki mechanicznej. Utlimia on realizowanie dwdch niezale
nych translacji kacéwki w ptaszczynie poziomej i jednej w kierunku piono-
wym. Wyposaony jest w moduty liniowe, w skiad ktérych wchadarowad-
nice z wézkami nagglzanymi przez silniki gdu stalego za goednictwem
przektadni gbatych orazrub kulowych. W celu umdiwienia realizacji ptli
sterowania pozycyjnego manipulator wypas@ w enkodery zamocowane na
watach silnikéw nagdowych. Aby umaliwi ¢ realizacg petli sterowania sito-
wego, koniecznej do sterowania sitami interakcpai@ z otoczeniem, w ke
cowce roboczej umieszczono czujnik sity FTD-Gammd3-10 firmy ATI
[17]. Jest to czujnik undiwiajacy pomiar trzech sktadowych sity i trzech
skladowych momentu sity w koowce roboczej. Do czujnika sity mocowana
jest gtowica, w ktorej znajdujegsharzdzie skrawajce, np. pilnik, frez itp.

Z punktu widzenia teorii sterowania robotami, reatja omawianego za-
dania jest traktowana jako sterowanie obiektemegobawymi ograniczeniami
ruchu, co prowadzi do sterowania typu pozycyjnoveégo [16]. Wymaga to
okreslenia zadanej trajektorii uktadu sterowania rolroteumianej jako trajek-
toria pozycyjna oraz trajektoria sitowa. Problenm teostanie wyjgniony
w kolejnych rozdziatach artykutu

W rozdziale 2 przedstawiono gziy manipulatora wynikafe z zadania
obrobki kravedzi dyfuzora. W rozdziale 3 wyznaczono trajekiqyozycyjno-
sitowa zgodry z wigzami manipulatora. Rozdzial 4 dotyczy analizyezéw
manipulatora wynikacych z zadania wiercenia otworow w dyfuzorze.
W ostatnim rozdziale dokonano podsumowania pracy.

2. Wiezy manipulatora w zadaniu obrobki krawedzi dyfuzora

Dla kazdego zadania nima okrgli¢ tzw. uogoélnion powierzchng
Z wiezami pozycyjnymi na kierunkach normalnych do teyjgzchni i wi-
zami sitowymi na kierunkach do niej stycznych [3].1Pogcie wigzéw pozy-
cyjnych odnosi si do wiezOw narzuconych na pozycj orientacg koncOwki



Analiza wiezéw manipulatora w zadaniu zrobotyzowanej obrobki. .. 203

roboczej manipulatora, natomiast gue wiczéw sitowych odnosi gido wie-
zOw narzuconych na sity i momenty interakcjinkowki z obrabianym przed-
miotem. Wezy te rozdzielaj dopuszczalne ruchy koowki manipulatora na
dwa ortogonalne zbiory, a ruchy te mu&gc sterowane wg odmiennych kry-
teriow.

Na rys. 3 okrélono zestaw wizOw naturalnych i sztucznych, pozycyj-
nych oraz sitowych dla przypadku obrébki keglmi dyfuzora za pomacpil-
nika zamocowanego w koowce manipulatora w przypadku dokfadnie znanej
geometrii krawdzi k.

wiezy naturalne

pozycyjne sitowe

Ucy=0 ch=0
a)cxzo FCZ=0
Mcy=0
MCZ=0

wigzy sztuczne

pozycyjne sitowe

Vex = 1 FCy = a3
Ve, =0 M, =0
wcy =0
Wez = A3

Rys. 3. Wezy naturalne i sztuczne w zadaniu obrobki
krawedzi dyfuzora silnika

Fig. 3. Natural and artificial constraints in ttesk of ma-
chining of the engine diffuser edge

Zadanie okrdono wzgkdem ukfadu wzéw {c}, ktory jest zwpzany
z uchwytem nargzia i porusza giwraz z nim. Obok rysunku podanog¢ay
naturalne dla rozwanego zadania. Zostanie teraz Wgjany sens tych w
zbw. Ruch narmzia przez powierzchginie jest maliwy czyli ograniczona
jest translacja wzdu osi cy oraz rotacja wzgdem osicx, dlategove,=0
I wcx=0. Wiezy pozycyjne okrédono tu przez podanie wasm predkosci.
W przypadku pomiricia oporow ruchu wyspujacych pomédzy pilnikiem
i powierzchnj dyfuzora okazuje sj ze nie jest mgiwe wywarcie sity na kie-
runkach osi g i ¢z oraz momentu wzgtlem osicy i ¢z, dlategoFc=0, Fc=0,
Mcy=0 i Mc=0. Jest to uproszczenie prgg w celu uczynienia opisu procesu
obrobki bardziej przejrzystym.

Uzupetnieniem wjzow naturalnych g wigzy sztuczne, ktore powsiaj
przez podaniezadanego ruchu kaowki lub zagdanej sity wywieranej przez
nig. Tak jak wezy naturalne, rowniewiezy sztuczne ok&ta se na kierun-
kach normalnych i stycznych do uogdlnionej powibricz # réznica, ze na
kierunkach normalnych do uogdlnionej powierzchai akreslane sztuczne
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wigzy sitowe, za na kierunkach stycznych skreslane sztuczne wey pozy-
cyjne. Nie ma wjc sprzeczn&i pomidzy wigzami naturalnymi i sztucznymi.

W czasie obrébki kragdzi koncoéwka musi wykonywaruch posgpowy
z predkoscia a1 wzgledem osicx, dlategove=a1, natomiast ruch pagtowy
wzgledem osic; jest niedopuszczalny, gédyarzdzie nie powinno traéikon-
taktu z obrabiaf powierzchn, dlategovce,=0. Obrot nargdzia wzgedem osi
Cy nie jest konieczny, dlategocy=0. Aby obrobka byta midiwa narzdzie
musi wykonywa& obrot wzgédem osic; z prdkoscig katowa a i by¢ doci-
skane do powierzchni z odpowiedrsifa az na kierunkucy, std wc=a> oraz
Fcy=a3. Wywieranie momentu wzgllem osicx nie jest korzystne w rozpatry-
wanym procesie, dlateddcx=0.

W celu zaplanowania ruchu koowki roboczej manipulatora (przyp,
ze kedzie to arbitralnie wybrany punkt D) najepod& matematyczny opis
ksztaltu obrabianej kraydzi. Bedzie to rOwnanie wzOw narzuconych na
ruch kaxcéwki manipulatora. Ze wzellu na ksztatt krawdzi podzielonog na
sze&c czsci (rys. 4), z ktérych kala kedzie opisana ogbnymi réwnaniami.

di2 Y an

Rys. 4. Geometria dyfuzora
Fig. 4. Geometry of the diffuser

fi=yp —h=0,
1
XDD<—E,E> )
2 2
— d ? 2 _ .2 _
f,= X5 +(yp —h+r)"-r?=0,
5 2
O{hh—-—=r
Yb < 2>
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f3=yD—\/§xD +2h=0,

3)
Yo U h—§r,h—§r —@d
2 2 2

fo=x2 +(yp +2h-2r)*-r2=0,

XDD<£I‘,—£I’> )
2 2

fs =yp +v3x, +2h =0,
()
Yo U h—§r —ﬁd,h—gr
2 2 2

— d)’ 2_ 2 _
f = X+ +(yp —h+r)"-r?=0,

3
O(h-—=r,h
Yo < > >

gdzie:f,..., fs— rownania wzow (kravedzi dyfuzora),
d, h, r — wielkasci geometryczne charakteryzag dyfuzor (rys. 3),
Xp, Yo — wspéitrzdne punktu D — kicoOwki manipulatora.

(6)

Rownania (1) — (6) to réwnania ¢zibw geometrycznych skleronomicz-
nych dwustronnych [1, 14] narzuconych na ruchddmwki roboczej manipula-
tora. Zalenaosci (1), (3) i (5) to réwnania prostych, natomiaateznosci (2),
(4) i (6) to rownania okigéw. Z powyszych wzorow wynikaze rownania
wiezOw keda sie zmieni& przedziatami podczas ruchudadwki manipulato-
ra.

3. Trajektoria pozycyjna i sitowa

Do okrelenia trajektorii pozycyjnej kicowki roboczej (punktu D) zasto-
sowane zostanréwnania (1) — (6) interpretowane jako réwnanieu tlon-
cowki. Wektor pedkosci punktu D w ptaszcznie xy to

Vo [X} @)
Yo

gdzie:vp— wektor pedkaosci punktu D,
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X5, Yp — sktadowe grdkosci punktu D.

Wartas¢ predkosci okresla wzér

Vb =+ X5+ Ve (8)
gdzie:vp — wartag¢ predkasci punktu D.
Wektor pedkosci musi by styczny do toru aby pdkos¢ punktu D byta
mozliwa do zrealizowania, mugaviec by¢ spetnione nagpujgce rownania
gradf, W, =0,

radf, W, =0,
:g 2 D (9)

gradf, W, =0
ktére po rozwingciu bgda miaty posta
fixXp + f1y¥p =0,

'fZXXD + f2ny =0, (10)

foxXp + fnyD =0

gdzie: f;, :i, fiy :i, i=1,2,...,6.
0%p 0Yp
Rozwigzujac rownania (8) i (10) dla kalego z sz&iu fragmentow toru
otrzymano réwnania okélajace sktadowe gidkosci punktu D w nagpujacej
formie

. fiyVD

Y% = F——,
et an

y fiXVD
N Y

W analizowanym przypadkwebzie

1
I+
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f, =0, f,, =1,
d

for ZZ(XD _Ej' f,,=2(yp —h+r),

=3, =1 (12)

fae =2%5, 4y = 2(yp + 20 - 2),

1:5x :\/§' fL-’»y :1'

fo =2[xD +%j fo, = 2(yp —h+r)

Ukfad (11) to uktad rownardzniczkowych, ktére po rozwkaniu z wa-
runkami pocztkowymi wynikagcymi z przygtego toru ruchu punktu D (rys.
5a), postiag do wygenerowania przebiegdéw czasowych przemieszcgkta-
dowych pedkosci koncdwki manipulatora w ptaszczyie xy. Podczas rozwi
zywania uktadu rowna(11) naley uwzgkdni¢ sze&é przedziatow. Wartat
predkosci punktu D wynika z przgtych sztucznych wizéw pozycyjnych
okreslonych w rozdziale 2, czyWp=vcx=a1. Predkosé ruchu kacowki mani-
pulatora wynika z zalen dotyczcych realizacji procesu technologicznego.
Przyjmuje s¢ profil predkosci zawieragcy faz rozpedzania, ruchu ze stat
predkoscia oraz faz hamowania, ktory esto jest profilem trapezowym.
W celu zapewnienia istnieniaagtych pochodnych funkcji gdkosci, profil
trapezowy aproksymowano funicpwzgkdniajgca okresy przejciowe po-
miedzy poszczegblnymi fazami ruchu (rys. 5b), czyli

= VDmax _ VD max
Vo 717 exg —Cp (t-1,)] I+ exp—co(t-t,)] (13)

gdzie:vomax=0.01 m/s - warté&& maksymalna gidkaosci,
c=10 1/s - wspdiczynnik wptywagy na diugé¢ fazy rozgdzania
i hamowania (zwikszenie jego wartei powoduje skrocenie tych faz),
t1=5 s - czas, w ktérymb=vbma /2 podczas fazy rozgzania,
;=33 s - czas, w ktérywb=Voma¥2 podczas hamowania,

t0(0,40 s.

W wyniku numerycznego rozw#ania rowna (11) uzyskano trajektari
pozycyjry przedstawiog na rys. 6.
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D 0.06
0.03

0

yp [m]

-0.03

-0.06
-0.06 -0.03 0 0.03 0.06 xp[m]

b 0.01
0.008
0.006
0.004
0.002

0

v [m/s]

0 5 10 15 20 25 30 35 40t[s] 0 5 10 15 20 25 30 35 40t[s]

Rys. 5. a) tor ruchu, b) profil gakosci kon- Rys. 6. Trajektoria pozycyjna: a) przemiesz-

cOwki roboczej manipulatora czenia kacowki roboczej, b) sktadowe gi-
Fig. 5. a)path of motion b) the velocity profil KOSCi KOACOWKi
of the end effector of manipulator Fig. 6.Positional trajectory: a) displaceme

of the end effector, b) components of velocity
Wartas¢ predkosci katowej narzdziaw=wc=a2 przyjeto nasgpujaco (rys. 7):

Whax Wrnax

“T e (1)) 1 exfco (i)

gdzie:wma=1500 rad/s - wartg predkosci katowej narzdzia,
c=10 1/s - wspodiczynnik wptywagy na diugé¢ fazy rozgdzania
i hamowania,
t1=3 s - czas, w ktérym = wma{2 podczas fazy rozgzania nargdzia,
t2=35 s - czas, w ktorym = wmad2 podczas hamowania negzia,
t0(0,40) s.

(14)

Wartai¢ sity docisku nargdzia do obrabianej powierzchni wynika z przy-
jetych sztucznych wizéw sitowych, czyli

F=Fy, =0, (15)

Stanowi to trajektos sitowg przyjeta w postaci nagpujagcego réwnania
(rys. 8)
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Fmax Fmax (16)

F= 1+exp —c (t-t,) ] o exip=Cr (t ~t,)

gdzie:Fma=10 N — warté¢ sity docisku,
t:=5 s - czas, w ktoryri=Fma/2 podczas fazy zwkszania docisku,
;=33 s - czas, w ktoryf=Fma/2 podczas zmniejszania docisku,
c-=10 1/s.

[
Ll

o [rad’s]

0 5 10 1520 25 30 35 40 t[s] 0 5 10 1520 25 30 35 40 t[s]
Rys. 7. Redkos¢ katowa nargdzia Rys. 8. Trajektoria sitowa
Fig. 7. The angular velocity of the tool Fig. 8. Force trajectory

4. Wiezy manipulatora w zadaniu wiercenia otworu

W przypadku zadania wiercenia otworu zestawzawv kgdzie taki jak na
rys. 9. Zadanie okéeono wzgkdem uktadu wizéw {c} zwiazanego z natz
dziem i poruszagego s¢ wraz z nim. W przypadku operacji wiertarskiej
mozna zada predkos¢ obrotows wiertta wc=a4 i predkos¢ jego posuwu
Vc=a3. Ruchom tym towarzygzma tyle dae sity interakcji,ze trudno przyj¢
uproszczenie poleggie na ich pomiriiu. Dlatego na rys. 8 podano rowhie
naturalne wgzy sitowe wysgpujace podczas procesu § $o: sita interakciji
Fc=a1 i moment interakcjiMc=a2 na kierunku osicz. Prdkosci oraz sity
I momenty wzgidem pozostatych osi powinny dyerowe, aby nie nagiito
ztamanie wiertta. Mgna rownie przyja¢ inny, by moze bardziej intuicyjny
wariant wgzow sztucznych, zadgj sik Fc=a1 i rozumiejc ja jako sztuczny
wiez sitowy. Wowczas pidkos¢ ve~as bedzie zaliczona do naturalnych gwi
zbw pozycyjnych i bdzie funkcp sity Fc; i whasciwosci materiatu, w ktérym
wykonywana jest operacja wiercenia. Podobniemaauczynt z pag wiezOw
Mc=a2 | wc=as. Reasumujc, mazna narzud wigzy pozycyjne, a sity inte-
rakcji nie keda sterowane, lub sterowasitami interakcji, a kinematyczne pa-
rametry procesu wiercenigdy ich funkcp.
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wigzy naturalne

pozycyjne sitowe

| Vex = Feo=m
va =0 MCZ =Qa;
Wex = 0
U.)Cy =

wigzy sztuczne

pozycyjne sitowe

Vez = 3 | Fex =0
Wey = Ay Fcy =0
MCX =0
Mcy =0

Rys. 9. Wezy naturalne i sztuczne w zadaniu wiercenia otworu
Fig. 9. Natural and artificial constraints in ttaskt of hole drilling

Przyjmupc pierwszy wariant wizow, podany na rys. 9, zadano przebiegi
predkasci liniowej i katowej wiertta. Warté¢ predkosci posuwu wiertta wyni-
ka z przygtych sztucznych wizOw pozycyjnych, czylivo=vVc=as. Warta¢
predkosci Vo przyjeto wg wzoru (13), gdzie zatono Vpmax=0.001 m/s (rys.
10a). Warté¢ predkosci katowej wiertta w=wc=as przyjeto wg wzoru (14),
gdzie zat@ono wmax=50 rad/s (rys. 10Db).

) 0.001
0,008
£0.0006
20,0004

0.0002

0 5 10 15 20 25 30 35 40t[s] 0 5 10 15 20 25 30 35 40 t[s]
Rys. 10. Trajektoria pozycyjna kodwki roboczej w procesie wiercenia: apgkose
posuwu wiertta, b) gdkos¢ katowa wiertta

Fig. 10. The positional trajectory of the end eféeén the drilling process: a) the feed
rate of the drill, b) the angular velocity of thelld

5. Podsumowanie

W wyniku analizy wgzow kaicowki roboczej manipulatora wynikaj
cych z zatéonego do realizacji zadania uzyskano trajektmj ruchu w prze-
strzeni roboczej. Tak zaplanowana trajektoria sta@jektore zadan ukia-
du sterowania i musi zostarealizowana w celu wykonania zadania. Realiza-
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cja wymienionych strategii obrobki krgdzi dyfuzora i wptyw wybranej stra-
tegii na jaké¢ obrobki zda przedmiotem dalszych prac badawczych.
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THE MANIPULATOR CONSTRAINTS ANALYSIS IN THE TASK OF
ROBOTISED MACHINING OF DIFFUSER

Summary

This paper presents the analysis of the geomet@adtraints of the robotic manipulator
end effector, the task of which is the realisatidrihe diffuser machining. In terms of control
theory, the realisation of this task is considemed control of an object with partial movement
restrictions. It requires determination of the deditrajectory of the robot’s control system un-
derstood as so-callgmsition and force trajectory. In this paper the geometry of thewdi#ir and
the mathematical description of edges that will deburred, are presented. The sets of natural
and artificial, position and force constraints fois task and for task of hole drilling are given.
The procedure of determining position and foregetitory which will be the reference trajecto-
ry of robot’s control system is provided. The siatidn results of generating robot’s tip trajec-
tory are presented.

Keywords: geometrical constraints, robotic manipulator,ecépry planning, robotized machin-
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DEEP DRAWING OF TAILOR-WELDED BLANKS
MADE OF HIGH-STRENGTH STEEL

A comparison study was conducted to evaluate te@ deawing of a rectangu-

lar box from tailor-welded blank, composed of twarts of different thickness-

es. The blank material is high strength steel wahsformation induced plastici-
ty, and the weld line is located in the blank cerat the beginning of the deep
drawing. The study is focused on the weld line nmoset during the deep draw-
ing with quasi uniform or controlled non-unifornsttibution of the blankholder

pressure, which is applied on the flange of thekldhe goal is to minimise the
weld line movement and to improve the formabilifyttee tailor-welded blank.

Keywords: deep drawing, tailor-welded blank, simulation, dvidhe

1. Introduction

Tailored blanks for deep-drawing, consisting oftpaf the same type of
material but of a different thickness or of diffetgrades of material are now
widely used in the automotive industry for car ba@ohd other structures. The
main advantages of their use are a reductioneotdbls number, decreasing
assembly costs, material savings, avoiding spoting| weight reduction,
improved accuracy and structural integrity, etc. @ other hand, as disad-
vantages can be mentioned additional costs fomtdohy design, often re-
duced formability of parts material, uneven plaskoev during drawing and
instability of weld line position [1-3].

There are several types of tailored blanks. Theomaart includes tailor-
welded blanks (TWB) prepared by laser welding attipalar parts. Special-
ised manufacturers offer tailor-rolled blanks (TRBith non-constant thick-
ness for large purchasers. A comparison of botesygf preparation sounds

1 Autor do korespondencji/corresponding author: Alger Schrek, Slovak University of
Technology, Néamestie slobody 17, 812 31 Bratisla®lpvakia, e-mail: alexand-
er.schrek@stuba.sk

2 pavol Svec, Slovak University of Technology, eiingavol.svec@stuba.sk

3 Veronika GajdoSova, Slovak University of Techrplpe-mail: veronika.gajdosova@stuba.sk
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generally in favor of the rolling. Such a produatis cheaper only for a high-
volume production. The thickness change can batedeonly in the direction
perpendicular to the rolling direction and it ig possible to achieve a signifi-
canlty different stress-strain properties of thenkl[1].

High-strength transformation induced plasticity (PRsteels, often used
for TWBs belong to the steel grades, whose apjpicais possible to obtain
desired properties of the drawn parts for car b&tdycture. It has also a posi-
tive impact on the weight reduction of componenmtssome cases up to 20%
with subsequent reduction of fuel consumption. éased rigidity, strength of
the support structure and the ability to absorlyggnduring a car accident pos-
itively influence the safety of cars. The usagehefse high-strength steels in-
creases deformation ability in a wide range of terajures and strain rates.
These properties make them suitable for the usiefiormation zones, respec-
tively as reinforcements in various parts of cdr<].

One of the basic objectives of the research thiag¢iisg done at the Facul-
ty of Mechanical Engineering of Slovak UniversitiyTechnology in Bratisla-
va, is to determine the ductile properties of gelkdigh-strength steels and
TWBs, composed of these steels, and to determamedhditions for success-
ful drawing using a tool with relatively simple tomised blankholder. The
paper presents some results obtained experimemtsllyell as using a com-
puter simulation when drawing of rectangular bdxes the TRIP 780 TWBs

[6].

2. Experimental procedure

A forming tool with blankholder for simple drawirgf rectangular box
was designed and manufactured. The punch was atthoma bottom bolster
connected to the lower base of the PYE 160 pressatgd with a nominal
force 160 kN. Transmission pillars, which pass tigio the bottom bolster,
transmit the power to the blankholder created byelobase of the press. The
die is located on the upper arm . The drawn pddrimed when moving die in
relation to static punch. The arm of the presstesstie tensile force and com-
bined with the base it creates the blankholderefolihe blankholder plate is
quasi-elastic and able to transmit uneven pressuthe flange of blank. The
pressure is created by transmission pillars wiffedint, adjustable height.
The tool has been equipped with the force sen3tiere are sensors of local
forces transmitted by each pillar at four pointsbtEnkholder and sensor of
total forming force transmitted by the punch. Fedr shows the example of
the forming force variation of both the punch ahd blankholder forces of
particular pillars in the case of non-uniform distition of the blankholder
pressure. The forces variation is based on thehheigthe product [7, 8]. Fig-
ure 2 shows rectangular box created by deep drawathgdimensions of 120
mm x 80 mm and a height of approximately 40 mm. BM&re welded from
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two sheets with thicknesses of 1 mm and 1.2 mm.Wéld line was oriented
lengthwise, crosswise or diagonally with respedhlarger dimension of the
blank. Figure 3 shows the case of the crosswisitigros

150

100

Force [kN]

50

0 10 20
Stroke [mm]

Fig.1 Variation of the forming and blankholder fescduring deep drawing with non-uniform
distribution of blankholder pressure, mode B: perfime— force on the pillar no. 1, blue line—
force on the pillar no. 2, green line — force oae fillar no. 3, red line — force on the pillar do.
azure line — punch force

Fig. 2. Drawn part with deformation grid
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Fig. 3. Bottom of the rectangular box with crosswisiented weld line

Strain distribution on the surface of the drawnt peais evaluated by an
optical system based on the deformed grid. All eérpents were simultane-
ously simulated in Dynaform software, using the exkpentally determined
stress-strain properties. Figure 4 shows the exesmgl the strain distribution
when applying non-uniform pressure on the blankafstant thickness (Fig.
4a) as well as when applying uniform pressure enitRIP 780 steel blank of
non-constant thickness (Fig. 4b). The strain iemheined based on the defor-
mation of the grid, that consists of 35 elementthwi diameter of 4.75 mm
located along a line through the centre of thelplapright on the weld line.

Experimentally determined behaviour of strainsande: at a blank of
constant thickness and when there is non-unifoankfiolder pressure with a
maximum difference of 10% (Fig. 4) clearly showHeatences in the bottom
of created boxes in their symmetrical parts. Théenel flow in the right part
of the bottom with higher blankholder pressure éédhback against the left
side. The left side of the bottom had a relativabge strain before the transi-
tion into the wall of the product. The nature oé tstrain distribution in the
bottom is confirmed by the simulation. Asymmetrytioé deformation caused
by non-uniform acting of blankholder pressure igensignificant when com-
pared to the deformatiap in the walls. Strain on the right side is moreeimt
sive and braking zones have also a different chera& difference of behav-
iour of the deformatiom: in right and left wall was confirmed by the simula
tion. When drawing TWBs with different thicknessexl quasi-uniform pres-
sure distribution, the weld line on the bottom gelig moves towards thicker
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material — to the left. The result is an increagkedtic flow from the flange of
thinner blank part into the die (right side of figaure 4b) [9].

Figure 5 shows experimentally observed and simdlaistribution of
major and minor strains on the rectangular boxes ffWBs. Two examples
of strain distribution for two different blankholderessure values are men-
tioned.
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Fig. 4. The strain distribution on the part draweni TRIP 780 steel vs. number of the elements
along the middle line of the deformation grid frdeit to the right: a — blank with uniform
thickness of 1 mm after deep drawing with non-umifaistribution of blankholder pressure, b —
TWB with 1 and 1.2 mm thicknesses with uniform dlsition of blankholder pressure; red line
- simulation, blue line— experiment, continuoulirmajor strairp: along the line in the middle
of the box length, dashed line — minor strairalong the line in the middle of the box length
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The maximum non-uniform pressure difference is T06#A regime, and
20% for B regime. Redistribution of blankholder gsere when drawing TWB
with a maximum increase of 10% on the side of tiener blank part means a
creation of conditions for a relatively uniform gt flow with virtually no
strain of the bottom of the drawn part (Fig. 5a)eTstrain values in the lower
parts of the walls are comparable on the left agkit rside. An intensive in-
crease in the wall thinning is observed on the uppart of the wall on the
right side. The distribution of straigy, determined experimentally and numer-
ically, is almost symmetrical on both sides. Arcragase in the difference be-
tween maximum and minimum blankholder pressure Q% ZFig. 5b) im-
proves the drawn part symmetry. It is confirmedniaby the simulation of
strain distribution. The increase of difference®lainkholder pressure causes a
greater braking of material flow in the flange dndrease of the strain on the
part bottom.

Movement and deformation of the weld line were aseubject of the
presented research. The clear result of incredsdangkholder pressure on the
side of the thinner material is braking the moveradrthe weld interface. The
best result was achieved in the case of 20% difterén the pressure size. The
weld line movement is also a function of its lengtid the initial placement on
the blank [9].

3. Conclusions

TWBs made of TRIP 780 steel can be successfullyinahile produc-
ing geometrically complex products, despite thenuced formability when
compared to simple blanks made of mild steel. @dett non-uniform distri-
bution of the blankholder pressure with quasi-éalstankholder plate is an
effective way to improve the strain distribution v bottom and walls of the
rectangular box and for braking the weld line mogatn Correct adjustment
of the height of the pillars transmitted the presson a blankholder plate al-
lows to create the conditions for the uniform heighthe box walls and small
strain variations in corresponding parts of the ieyatrical product.

Explicit finite element software Dynaform allowdiable simulation of
drawing a blank of high-strength steel in the paltr circumstances, includ-
ing the strain distribution in an non-uniform arthnging contact conditions
in the area of blankholder. The appropriate chofdeaded system model also
enables the simulation of the weld line movemamt|uding its deformation
and rotation.
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Fig. 5. The strain distribution on the part draweni TRIP 780 steel vs. number of the elements
along the middle line of the deformation grid fréeft to the right: a — TWB with 1 and 1.2 mm
thicknesses with non-uniform distribution of blaokter pressure ( mode A), b — TWB with
1 and 1.2 mm thicknesses with non-uniform distitouf blankholder pressure (mode B); red
line - simulation, blue line- experiment, continuous line — major strainalong the line in the
middle of the box length, dashed line — minor strgi along the line in the middle of the box
length,

Acknowledgement

This work was supported by the Slovak ResearchDenelopment Agency under the
contract no. APVV-0281-12



220 A. Schrek et al.

References

[1] Kinsey L.B., Wu X.: Tailor-welded blanks for advat manufacturing, Wood-
head, Cambridge 2011.

[2] Evin E., Tomas M.: Comparison of deformation prajesrof steel sheets for car
body parts, Procedia Eng., 48 (2012) 115-122.

[3] Fracz W., Stachowicz F., Trzepidéski T., Pieja T.: Forming limit of the heat re-
sistant AMS 5599 sheet metal, Hutnik, 81 (2014)-443 (in Polish).

[4] Kestens L., Petrov R., Hubert Y.: Orientation sélectransformation during in-
tercritical annealing of cold rolled TRIP steelt.IrfConf. TRIP-Aided High
Strength Ferrous Alloys, Ghent 2002, pp. 215-220.

[5] Slota J., JutiSin M., SpiSak E.: Experimental and numerical gsial of local me-
chanical properties of drawn part, Key Eng. Ma86 $2014) 245-248.

[6] Kostka P., Zitansky P.,Cekan P., Schrek A.: Numerical simulation of deep
drawing of dual-phase steel, Forming the Futureovations in Sheet Metal
Forming, IDDRG 2007 Conf, Proc., Gyor 2007, pp.5&b-

[7] Schrek A.,Cindk M., Zithansky P.: Experimental laboratory tooling for deep
drawing process, Faculty of Mechanical Engineer®gl) Bratislava Sci. Proc.
2011, pp. 23-28.

[8] Choi Y., et al.: Investigation of welde line moveme for the deep drawing
process of tailored welded blanks, J. Mater. Pfechnol. 108 (2000) 1-7.

[9] Zithansky P., Kostka P., Schrek A.: Simulation of higfength steel deep draw-
ing using tailored blanks, Zbornik vedeckych préoj8ickej fakulty STU, Brati-
slava 2010.

GLEBOKIE TLEOCZENIE SPAWANYCH BLACH WYKONANYCH ZE
STALI WYSOKOWYTRZYMALEJ]

Streszczenie

W artykule przedstawiono badania poréwnawcze ocgghokiego ttoczenia prostatnej
wyttoczki, sktadajcej sk z dwoch czséci o réznej grubdci, wykonanej z blachy przeznaczonej
do spawania. Wsad jest wykonany z blachy wysokawwtiatej umacnianej przez przemgan
fazowg, a linia spawania znajdujegsiv srodku wsadu, w momencie rozp@cia procesu gho-
kiego tloczenia. Badania koncentyigie na analizie przemieszczenia linii spawania w warun
kach quasi- rownomiernego i nieréwnomiernego ratktasnienia dociskacza, ktére jest przy-
tozone do kotnierza pétwyrobu. Celem bagast minimalizacja przemieszczenia linia spawania
oraz poprawa odksztatcalkw blachy przeznaczonej do spawania.

Stowa kluczowe:gtebokie ttoczenie, blacha przeznaczona do spawaynaylacia, linia spawa-
nia

DOI: 10.7862/rm.2016.17

Otrzymano/received: 31.05.2016r.
Zaakceptowano/accepted: 14.09.2016 r.



ZESZYTY NAUKOWE POLITECHNIKI RZESZOWSKIEJ 293, Mech anika 88

RUTMech, t. XXXIIl, z. 88 (3/16), lipiec-wrzesiai 2016, s. 221-232

Gennady SHUSHKEVICH?

PROPAGATION OF THE SOUND WAVE BY AN
UNCLOSED SPHERICAL SHELL AND
A PENETRABLE ELLIPSOID

In this paper the result of solution of axisymmeproblem of propagation of

sound wave by an unclosed spherical shell and atgzde ellipsoid of rotation

is presented. A spherical radiator is located thim unclosed spherical shell as
a source of acoustic field. The equation of theespidal boundary is given in

spherical coordinates. A scattered pressure feelkpressed in terms of spheri-
cal wave functions. Using corresponding additioti@dorems the solution of

boundary value problem is reduced to solving ofl digiations in Legendre's
polynomials, which are converted to infinite systefiinear algebraic equations
of the second kind. The formula for calculatiorttoé far field and numerical re-

sults for different values of parameters are oleighin

Keywords: sound field, spherical shell, ellipsoid of rotatiodual equations,
spherical radiator

1. Introduction

The study of sound waves propagation in differeatlim has a number of
practical applications in electroacoustics, hydoastics, medical diagnostics,
bioacoustics, creation of multi-layer sound-absuglpanels against noise and
vibration [1-4]. Numerous publications describe greblems of propagation
of sound field by different objects and they udéedent analytical and numer-
ical techniques. We will consider just a few pualions related to the research
topic. The propagation of the sound field by hardsoft, prolate or oblate
spheroids using different techniques is considardg8-12]. The results of the
sound field propagation on permeable and elastiersids are studied in [13-
17]. The analytical description of the acoustiddfiscattered by a inhomoge-
neous elastic spheroid is obtained in [18]. Thdydical solution to the dif-
fraction problem of the plane sound wave on artielapheroid with arbitrary
located spherical cavity is constructed in [19].

1 Autor do korespondenciji/corresponding author: GeiynShushkevich, Yanka Kupala State
Universy of Grodno, 22 Ozheshko St., 230023 Gro@&starus, e-mail: g_shu@tut.by
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In this paper analytical solution to axisymmetriolgem of propagation
of the sound wave by an unclosed thin sphericdl ahe a penetrable ellip-
soid of rotation is presented. A spherical radigdocated in a thin unclosed
spherical shell as a source of acoustic field. &geation of the spheroidal
boundary is given in spherical coordinates. Thestsmh of boundary value
problem is reduced to solving of dual equationd.égendre's polynomials
which are converted to infinite system of lineageddraic equations of the sec-
ond kind. Numerical results are given for varioadues of parameters of the
problem.

2. Problem formulation

Let a homogeneous spa€ contain a thin unclosed spherical shiell

located on a spheré of radiusd with the center at poin® and arellipsoid
shell S(fig. 1). We denote byD, the area of space bounded by the spliere

and by D, the area of space bounded by takipsoid shell S then
D, =R*\(D,Ur UD,US) holds. The distance between poi@sand O, is
equal tch, .

Fig. 1. Geometry of the problem

A point radiator of sound wave oscillating with angular frequencyw
is located at the poinD. Areas DJ- ,1=1, 2,3, are filled with material in
which shear waves are not being spread. Let dehetdensity of medium by
pi and the speed of sound kyie D;, j=1, 2,3, p1=pa.

To solve this problem we introduce spherical camatis with the point
O and the pointO,. The spherical shell; and the ellipsoid shet are de-
scribed as follows:
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r,={r =d, 0<6<0,<m 0<¢< 2}, (1)

S={r,=r(0), 0<0,<m 0<¢ < 21}, (2)

where r(6,) =a/\/1- vsirf6,, v=€ /(€ - 1) stands for a prolate ellipsoid

of rotation,v =¢e? is used for an oblate ellipsoid of rotatiom,is the eccen-
tricity of the ellipse.
Let p. be a pressure of primary point radiator of soulettf p; be

a pressure of secondary sound field in the ddea j=1,2,3, then the real
sound pressure is calculated by the form®la Re( R é“*‘).

Solution of the diffraction problem is reduced fading pressures;,
j=1, 2,3, which satisfy:
1) the Helmholtz equation [20]

Ap;+k'p =0 (3)
2 62 2
where A= + + is the Laplace operatok; =w/c. is a wave
aXZ ayZ 622 p P 'kl ]
number,
2) boundary condition on the surface of the sphesball I, (acoustical-
ly hard shell):
0
—(p, + =0, 4
5 (P * Pl 4)

wheren is the normal to the surfade, ,
3) boundary conditions on the surface of the ellipabgthell S:

10
=——=D;

) 5
s pyom ®)

S

_ 10
p2|s - p3|s’ p_2£ P2

wheren is the normal to the surfacgand the condition at infinity [20-23]:

M-

lim r [apg—(rM)—ikpz(M)J=O, (6)

where M is an arbitrary point at the space.
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The condition of the continuity of pressure on tipen part of the spheri-
cal shelll \T'; and the normal derivative on the surface of tHeespl” are

given by [22, 23]:

0 0
(pc + p1)|r\rl = p2||—\|—l ) _(pc + pl)‘r =P . (7)

or or “|r

3. Presentation of problem solution

The initial pressure of sound field can be preskirtdhe form [21]:
P.(r8)=Pexp(kn)/r= B ) ( k} R (cdB ), f= &K, 8)
n=0

where hff) (x) are the spherical Hankel functiorf3,(co® | are the Legendre
polynomials,d,, is the Kronecker delteR is constant.
The pressure of the scattered sound field preseastead superposition of

the basic solutions of the Helmholtz equation ihesfral coordinates taking
into account the condition at infinity (6):

P, (1.0) = Pz 8, i(k)R(co8) , & ¢ ©)
o (r.0)= P x (k) R(c08) . P (10)
P2 (1,6,) = Pz Y HO(kur) P co8) , P () (11)
0y (5.,6,) = pg)bn i(kr) P co8) , < M, (12)

where p, = py’ (r,8) + g (1.8,), j,(X) are the spherical Bessel functions of
the first kind.

Unknown coefficients a,, b, ,X,, Y, must be determined from the
boundary conditions.
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4. Fulfilment of boundary conditions

First, we will express functlorp(z)( 91) through the spherical wave

functions in the coordinate system with the origirthe point O using the for-
mulae [22, 23]:

he (k) Py (co®,) = Z/%k(h) i( k) R( co8) , « b,

k+n

Ank (hl) - (2k+1) Z i0'+k—n bénOkO) hél)( kh_) , (13)

o=|k-n|

b{"%% = (nq00 o 0f , (ng00g O) are the Clebsch — Gortzefficients

then

[ee)

P2 (r,6) = z (k) R(c08) P,=Y yiAr(ny) 14)

k=0

Considering (8)-(10), (14) and taking into accothe condition of or-
thogonality of the Legendre polynomials on the riveé [0; 1] the boundary

conditions (4), (7) will become:

>, - (E0)Py(c08) ==Y B i(Ed R( coB) | 966,

n=0 dEO n=o (E()

i(;(—fpn(cofe)z 0,6,<B<sm, &= kd. (19)
n=0 &, In (EO)

We introduce new coefficientsp,Xby the formula

d .
Xy =Xn——1n(&0)+fn N =0,1,.. (16)
dg,

and the small parameter

_ ., A ) e

From the asymptotic representations for functigpe), h®(x), where
n>>x [21]:
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. _ 2" n!(X)n o) _ |(2n)'
=2 % p =&
W)= oy M=o (18)
follows thatg, = O( n‘z) :
The dual series equations (15) take the form
> (2n+1)(1- g) X, R(co8)=> (@r L+ p )f c63 W<,
n:O n=o (19)
> X,P,(co) =0, B,<6<T,
n=0
where
fo =4 - hD(E )/ (@n+1), Py = 4E38y - [n(Eo) /(2n+ ) (20)
dp d,

The dual series equations are transformed to fird@tésystem of linear
algebraic equations of the second kind with the etely continuous opera-
tor using the integral representation for the Lelgerpolynomials [22]:

X, _zgkRnk(eO)Xk:Z(r)k"'fk)Rnk(eO)v n=0,1.., (21)
k=0 k=0
where
1[sin(n- KB, sin(n+ k+ 38, ] sif - k6|
R (0,)== - , =0,.
ok (8) [ n-k n+k+1 n-k |, ° (22)

Now we present the functiop‘zl)(r, e) through the spherical wave func-

tions in the coordinate system with origin at tlenp O; using formula [22,
23]

h® k)P, (co® = S By (h)i (KO)R (coBy ), & L, (23)
k=0

then
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P (1, 8,) = PZszn(krl)P(coé) z, -prBpn ) (24)
where
k+n
Bu(h)=(2k+1) > C1f P g9 HY (ki (25)
o=k-n

In view of the fact that

0 _re) o
aap](ri’e) p](g_ 1) (e) ae

p] (E’ 1 ! j: 213
n=r(6y) (26)
P (c0, - B (co8, ),

1

boundary conditions (5) together with (11), (124)(take the form

> 2,in (T OP,(c0B)+ Y. ¥, (110,) P co8 )=

. (27)
=> buin(kar(8y)P,(cob)
n=0
c R r (el)
zznkljn(zopn(cosel)_ ( )2 Jnel)lén (Coel}
n=0 1
Rkl €)P @08, o8 ) LR 8, > (28)
n=0 1
:g_:lsnz;bn ksjn(€ )Py (coB, ) r((G%Z h€s)P(coB, )8 = K&, ).F 13

Let eliminate coefficients, in (27), (28) using (24), (16). We multiply

the resulting equations bR, (co®) si® @, s=0,1, 2,., and integrate from
0 to TT, and link with (21) then we have



228

G. Shushkevich

e,

M8 ||M8

0

>
1l

Ms

>
1l

0 1n:0

where
a,(k))= j in@;)Py(co®,) B cod) s, e, .
bys (k)= jh‘l)( ) P.(co®,) B cod) sh,6d,

a(k;) = dEo in(80) 2 ans( k) Bun( D) . =13

m=0

d

b (k,) = 4|E % Jo(ER o0 9A (h )/ (2p+ D),
p=0 0
o, o(k) ':[[dE,J (& )P, (cosB,) R( co8)sin6, b, ,
Brolk)= [ -SHE )P, (c09) Hf co ) s,
0 1
0, (k)= _[r((e%)zj (& )Ps(cosB,) R( coB ) sih, &,
Boalk )= j "6 o € )P(co® ) B coB) s,

(91)2

[

An,s(ko=d ( )Z ms(k JB m(h )

m=0

3 (0,Rn @08, )X+ 2B ok by = &k g HHE IR b= 012,
X éns(kl)-'-zynbns(kj)_zbrans(kgz_ikz B O(Ih)la' n&k )1

XA (k) + ZY.Bnékl—pe’Zbé\&k)s ~ik ZB o WAk,

(29)

(30)

The infinite system (28) can be solved by the mathictruncation [21].
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5. Numerical experiments
Based on [23]:

(k) Py (c08,) = 3, Aol 1) (K Bl cc8) .7 b

B p+n
Ap(h)= Y (20437 B0%0 ) (kn)

o=|p-n

(31)

we present the functiop’” (1,,8,) in the coordinate system at the point O:

pS(r.8)=PY N (k) R(coB) . N=> A B ¥ (32)
n=0 p=0
Using the asymptotic expression for the functigf (kr) [24]:
h® (k)= (-)™%e* /kr, kr- o (33)
we obtain the pressure in the far zone:
eikr
p,(r.8)=P o GO) (34)

where

G(e)=2(—i)“”[xnfjn(ﬁo)+f W+ 2A BN Yy DJP fcos8).  (35)
n=0 0 p=0

The unknown coefficients Xy, are found from the system (29). Using
Mathcad [24] the function @] has been calculated for some parameters of the
problem. The spherical functions have been caledl&ty means of built-in
functions Mathcad. The infinite system (36) hasrbealved by the method of
truncation [21]. The computational experiment shaleat the truncation or-
der for the considered parameters of the problembeaequal to 25. With this
truncation the solution of the system (29) has wgul0*.

Figure 2 shows plots of function @(for some values of the frequency
f of the sound field. The remaining parametersegpgal to: h=1.0 m, a =0.3
m, b =2a,d =0.2 m), =1t/ 4. The areas D D are filled with water (c= ¢

= 1483 m/sp1 = p, = 1000 kg/m). The area Bis filled with organic glass §c
= 2565 m/sps = 1200 kg/r).
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Figure 3 shows plots of function @(for some values of the angg of
the thin unclosed spherical shEll The remaining parameters are equal to: h
=0.8m,a=03mb=04m,d=0,1 fn1000Hz. The areas DD, are
filled with water (@ = ¢ = 1483 m/sp: = p, = 1000 kg/m). The area BPis
filled with ice (&= 3980 m/sps; = 900 kg/m).
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Fig. 2. Graphs of function @) for some values of the frequency f of the
sound field
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Fig. 3. Graphs of function @) for some values of the angf

6. Conclusions

It has been shown that the solution of the probt@npropagation of
sound field by an unclosed spherical shell andreefpable ellipsoid of rotation
is reduced to the infinite system of linear algébequations of the second
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kind. The equation of spheroidal boundary is cogr&d in the spherical coor-
dinates. The spherical radiator is considered asstiurce of the sound field
located within the thin unclosed spherical sheteTaddition theorems for
spherical wave functions and the method of solutibthe dual series equa-
tions in Legendre’s polynomials have been used.dédweloped methodology
can be practically used in sound screen production.
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ROZCHODZENIE SI E FALI AKUSTYCZNEJ PRZEZ OTWART A
SFERYCZNA POWLOK E ORAZ PRZENIKALN A ELIPSOIDE

Streszczenie

W artykule przedstawiono wynik rozyviania problemu osiowosymetrycznego rozcho-
dzenia g} fali akustycznej przez otwarsferyczm powtoke oraz przenikalg elipsoidt ruchu
obrotowego. Sferyczny radiator, jakoddio pola akustycznego umieszczono w cienkiej sfe-
rycznej powtoce. R6wnanie granicy sferoidalnej padare wspotrzdnych sferycznych. Pole
rozproszonego émnienia wyraono w funkcjach fal sferycznych. Wykorzystajodpowiednie
dodatkowe twierdzenia rozydanie problemu warksi granicznej zredukowano do rozwania
podwojnych réwna w wielomianach Legendre'a, ktére przetworzono ykiesnu nieskiaczo-
nego liniowych réwna algebraicznych drugiego rodzaju. Otrzymano wzoérobbiczenia pola
przestrzennego oraz wyniki numeryczne diay&h wartdci parametrow.
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podwadjne, radiator sferyczny
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EVALUATION OF TRIBOLOGICAL PROPERTIES
OF LASER TEXTURED HARDENED TOOL
STEELS

In this paper the laser surface texturing (LSThtexdogy as one of the methods
of tribological properties modifying of mating stesirfaces is analysed. The ar-
ea density of dimple-like depression along with dimaple diameter are the only
main factors which significantly influence the fian coefficient value, there-
fore the effect of different values of area densitylimples: 6 %, 11 % and 16
% on the contact coefficient of friction was analys Surface textures were
manufactured on the planar areas of compressidansdd90MnCrV8 tool steel)
using a pulsed-beam laser. The values of coeffigieh friction were obtained
via a ring compression test. Test sample compnessas realized in lubrica-
tion-free and hydrodynamic regime. A significantprmvement of tribological
properties in contact steel areas was experimgrabierved in both friction re-
gimes. The results of experiments showed that ipyagm of surface texturing
with defined shape and dimensions of dimples abdidating oil at the same
time, the coefficient of friction value can be redd to about of 75%.

Keywords: laser surface texturing (LST), tribological projes modification,
coefficient of friction, ring compression test

1. Introduction

Laser surface texturing (LST) technology is a stefangineering process
applied to improve surface tribological properti®sproduction of regularly
arranged microstructures on the contact surfacemavérials [1, 2]. Various
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types of surface patterns have been analyzedhbulimples and grooves are
the most widely used for laser textured tribo-steta[3, 4]. Surface texture
can acts as lubricant reservoirs that can deliverldbricant directly into the
contact zone in starved oil lubrication [5, 8]. Almer critical function of the
textured surfaces is trapping of wear particlesabee the elimination of wear
particles from the contact interface reduces frsictand wear in both lubricated
and dry sliding regime [6, 9]. Furthermore, thettieed surfaces can also in-
crease load-carrying capacity [6, 7]. Laser surfeeuring technology has
been used in many technological fields to imprave tribological perfor-
mances of contact surfaces, such as mechanical gexl 11], cutting tools
[12-14], piston rings [15] and thrust bearing [16].

Dimple diameter, depth, and area density of dimplesthe three major
parameters of evenly distributed dimple patterns]®]. By considering all
the geometric parameters, texture shapes are aptintd achieve the optimum
shapes which will provide the best tribologicalfpenance in terms of mini-
mum friction and maximum load carrying capacity. [8lany researchers have
contributed to the investigation on the influenoéshe above parameters on
friction and load-carrying capacity of sliding sacés [19, 20].

The area density of micro-dimples is another imguarparameter. In the
works of Saeidi et al. [9] the effect of five chasdimple parameters (depth,
diameter, length, area density of dimples andrgiidiirection) has been ana-
lyzed. Authors found that the dimple diameter ameldrea density of dimples
are the main factors which significantly influenttee average coefficient of
friction. For the tribo-pairs of metals lubricateg oil, several studies under
controlled laboratory conditions have been perfatnmeorder to analyze the
effect of area density of dimples on the coeffitiehfriction. Several experi-
mental works show that the area density of dimpiethe range of 5-13% is
preferable for friction reduction, and the areasiignof dimples of above 20
% usually causes increasing the friction coeffitialue [17, 21-23].

Many papers have examined the effect of dimple, Shape, and depth
on friction reduction. No clear conclusions canspecified because there are
additional factors influencing friction beside whagre reported above (dim-
ple size, shape, area density of dimples). Fastach as roughness of the non-
textured surface area, pitch between dimples, tmifg of dimples, edge
smoothness, dimple arrangement (pattern of dinmsielé the contact), and the
lack of control of dimple depths may all influenttee friction phenomenon
[24].

2. Experimental setup

This paper deals with the effect of different valud area density of
dimples on the coefficient of friction value, whiglas measured at the tool—
workpiece interface via a ring compression testhEstudied surface textures
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consist of dimple-like depressions with a diamefet00+5um and a depth of
11 um. Depressions are situated at the corners ofdbalar hexagon with
a given side length in order to achieve the appatgparea density of dimples.
One depression is placed into the centre of thitepa as shown in figure 1.
Three area densities of dimples have been expetathestudied:

- 6 %, depicted in figure la, with the hexagon satgth of 0.389 mm,

- 11 %, depicted in figure 1b, with the hexagon $&atgyth of 0.287 mm,

- 16 %, depicted in figure 1c, with the hexagon s@hgth of 0.238 mm.

Compression platens were made of 90MnCrVv8 (accgrdinEN ISO

4957) tool steel using turning technology. Chemamahposition of used tool
steel is specified in table 1. During the harderpngcess, which was carried
out in the oil medium at the temperature of 770H& compression platens
gained the required hardness of 58+1 HRC. Subsdguére frontal surfaces
of each platen were grinded to obtain a desirethsairroughness Ra of 0.8
pum.
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Fig. 1. Analysed surface textures with area derditimples of 6 % (a), 11% (b) and 16% (c)

Table 1. Chemical composition of 90MnCrV8 tool st@el %)

C Si Mn Pmax S max Cr \V
0.91 0.10-0.40| 1.90-2.10 0.030 0.030¢ 0.20-0J5005-@.15

Since there are strict dimensional and shape remeints for the texture
dimples, it was necessary to experimentally defime optimal process pa-
rameters of laser beam, which will be subsequersgd for production of var-
ious studied surface textures. For this purpos®]evel full factorial experi-
ment has been carried out. Three laser texturimgnpeters as input factors
were selected: laser beam repetition fatscanning speed and laser track
displacement!. The experimental factors and its levels are sunmedrin ta-
ble 2.

During this experiment, testing cavities of squsinepe with dimensions
of 5x5 mm were produced using specific combinatiohsnput process pa-
rameters listed in table 2. Optimal process pararsef,, vs and4) are that
ones, which contributes to the finest machinedaserfroughnesk.. In this
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factorial design, a 5-axis high precision laser hi@ag centre LASERTEC 80
SHAPE has been used for testing cavities productibms machine is
equipped with a pulsed fiber Nd:YAG laser with avelength of 1064 nm.
Laser beam power in each input parameter combim&is been optimized in
order to achieve the depth of cut ofufn per one layer. Surface roughness
measurement of each testing cavity was realizetgusiCarl Zeiss Surfcom
5000 machine in two perpendicular directions (0d 86°). Obtained surface
roughness values from this experiment are listedbie 3.

Table 2. Factors and its levels

Factors Factor levels
-1 0 +1
Repetition raté (kHz) 50 75 100
Scanning speed (mm-s-1) 1000 1300 1600
[Tracks displacement (um) 5 10 15
Pulse duration time(ns) 120

Table 3. Parameters of laser beam utilized to mioiu of micro-dimples and surface
roughness of cavities

P Y| Ragoe Raav
No. ) w fo (KHZz) |vs (mm/s (um) Réaps (um) (um) (um)
1. 15.30 7.96 50 1000 5 1.008 | 1.149 | 1.079
2. 19.50 | 10.14 50 1000 10 1.107 | 1.141 | 1.124
3. 23.0 11.96 50 1000 15 1.122 | 1.138 | 1.130
4. 17.50 | 9.10 50 1300 5 1.322 | 1.343 | 1.333
5. 21.0 10.92 50 1300 10 1.269 | 1.377 | 1.323
6. 25.50 | 13.26 50 1300 15 1.21 1.232 | 1.221
7. 18.0 9.36 50 1600 5 1.316 | 1.283 | 1.300
8. 23.0 11.96 50 1600 10 1.237 | 1.279 | 1.258
9. 27.80 | 14.46 50 1600 15 1.481 | 1.476 | 1.479

10. 17.30 | 13.84 75 1000 5 0.907 | 1.013 | 0.960
11. 23.50 | 18.80 75 1000 10 0.999 | 1.108 | 1.054
12. 27.20 | 21.76 75 1000 15 1.124 | 1.166 | 1.145
13. 20.50 | 16.40 75 1300 5 0.956 | 0.962 | 0.959
14. 26.50 | 21.20 75 1300 10 1.021 | 1.189 | 1.105
15. 30.80 | 24.64 75 1300 15 1.105 | 1.187 | 1.146
16. 21.80 | 17.44 75 1600 5 0.996 | 1.131 | 1.064
17. 28.0 22.40 75 1600 10 1.16 1179 | 1.170
18. 33.50 | 26.80 75 1600 15 1.194 | 1154 | 1.174
19. 17.0 17.0 100 1000 5 0.90 1.033 | 0.967
20. 23.50 | 23.50 100 1000 10 0.971 1.05 1.011
21. 27.50 | 27.50 100 1000 15 1.194 | 1.245 | 1.220
22. 20.0 20.0 100 1300 5 0.993 | 1.108 | 1.051
23. 26.0 26.0 100 1300 10 1.034 | 1.069 | 1.052
24. 30.0 30.0 100 1300 15 1.223 | 1.229 | 1.226
25. 22.0 22.0 100 1600 5 0.985 1.12 1.053
26. 28.50 | 28.50 100 1600 10 1.108 | 1.201 | 1.155
27. 33.80 | 33.80 100 1600 15 1.107 | 1.173 | 1.140




Evaluation of tribological properties of laser igndd hardened tool steels 237

Table 3 summarizes a design of the experiment divfu three input
factors and three levels®(8ull factorial experiment, 27 runs). An optimised
laser beam powePj for all runs is also stated in this table. Averagachined
surface roughness represents the desired respehied, was measured in all
combination of input parameters. It can be seat,ithrun no. 13 the average
machined surface roughness reached the lowest fr@oethe all test runs.
This is the reason why this combination of lasearbgrocess parameters was
chosen as the optimal for following production efrface textures on the
planar surfaces of the compression platens.

Fig. 2. Testing cavities manufactured 8l factorial experiment

Figure 2 demonstrates the produced testing cavitiee surface colour
variation is a result of various laser pulse erergFigure 3 shows the real
surface of the testing cavity produced under l&&am parameters: power =
16.4 W, repetition rate = 75 kHz, laser scannirggsi= 1300 mm:'sand laser
tracks distance = pm (run no. 13).

Fig. 3. Testing cavity with the finest machined sur-
face roughness (Ra = 0.9p)
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Surface textures production on the planar surfatesmpression platens
has been carried out using the same laser maamndeyptimal process param-
eters (run no. 13). Each surface texture was maturtd on the area of circle
with a diameter of 16 mm (area of 201 Ainfrigure 4 shows the textures pro-
duced on the planar surfaces of the compressidanslaising a material abla-
tion process. Production times for three differsaunple textures are listed in
table 4.
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Fig. 4. Textures on the planar surfaces of compressioemgiroduced using LST technology

Table 4 Production time of surface textures

Area density of dimpleg Number of depressiong Petidni time for one platen
6 % 1522 15min4ls
11 % 2772 22min45s
16 % 4070 30 min 47 s

Shape and dimensional characteristics of produoefdce texture dim-
ples have been carried out using laser confocatostope Zeiss LSM 700
(with the resolution of 10 nm). Overall shape amuehsions (diameter and
depth) of chosen dimple of each studied textureevesialyzed. Based on this
analysis it can be concluded, that all chosen disipheet the desired charac-
teristics. Figure 5 represents the real 3D dimpkps of surface texture with
area density of dimples of 6 %. Dimensional chamigtics are: a dimple di-
ameter of 9&um and a depth of 1iim, dimple volume of about 39 12and.
This figure also shows that around the edge ofel=spon a rim of solidified
melt was created (average rim height is @i and a width of about 20m,
rim volume is equal to 74 558m°). This rim is a typical element of the de-
pressions manufactured by laser beam in materiatiab processes. It has
been experimentally demonstrated that these selidihelted rims around the
edges of depressions have a negative effect omiltiodogical performance of
contacting surfaces [21]. Therefore, to removeriims formed in material ab-
lation process all textured surfaces of all comgies platens were polished
with the polycrystalline diamond suspension (grsize of 1um, polishing
time of 35 s) using a Jeanwirtz TF250 polishing hilae. The platens were
subsequently cleaned in an ultrasonic bath in aeetoedium in order to any
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polishing suspension or polishing debris were regdofrom the depressions
(bath time of 30 s).

Fig. 5. Real 3D shape of selected depression of texture avih
density of dimples of 6 %

A ring compression test was performed in orderdtednine the coeffi-
cient of friction values of the contact pairs. Dgrithis test, a ring-shaped test
sample is axially compressed between the pairxifited compression plat-
ens. Test samples were manufactured of low carteah 8y turning technolo-
gy. Frontal surfaces of test samples were non-tedturhese surfaces have
been grinded to obtain a required surface rough(Ra$ of 0.4um. Table
5 shows the chemical composition of test sampldéenah The ring compres-
sion test is based on the assumption that theiciesff of friction is constant
at the whole contact surface and the deformatiahetest ring is homogene-
ous. During the compression, the hole diameteheftést sample can be re-
duced, remain constant or even increased (dependinige value of the coef-
ficient of friction). When the test sample is coegsed in frictionless condi-
tions, the hole diameter increases proportionalty the increase of the outer
diameter. With the friction coefficient increasitige increase of the hole di-
ameter is hampered and at a certain value of radésisure this diameter can
be reduced [25]. The ratio of outer diameter tohbke diameter to the height
of test sample Dd: his equal to 6 : 3 : 2. The dimensions of test damare
typically 12 mm : 6 mm : 4 mm according to thisoatt is important to pre-
serve approximately an equal compression of thes®pledH during the
test. This value should be within the range oft6.2.5 mm. Ring compression
test has been performed using an universal formmaghine EU40; the strain
rate was set up to the 418 value.
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Table 5.Chemical composition of test samples material (Wt. %

C max P max S max N max
0.17 0.045 0.045 0.007

Table 6. Selected physical and chemical propeniespplied Renep
CGLP 220high performance slideway oil [26]

Property Value

Viscosity at 40 °C (m#s) 220 (DIN EN ISO 3104)
Density at 15 °C (kg/f) 895 (DIN 51 757)

Flash point (°C) 240 (I1SO 2592)
Friction coefficient (-) 0.145

Based on the deformation of the sample hole anddheple strain, co-
efficient of friction values can be simply definfad each compression. Coef-
ficient of friction evaluation was performed in higation-free (dry contact)
and hydrodynamic regimes at the room temperatur@16C. Both non-
textured and textured compression platens weredéstthese lubrication re-
gimes for comparison. Three test samples were gtydecompressed in each
combination of surface texture and friction regirsegbsequently the average
value of coefficient of friction was calculated feach compression situation.
To ensure the hydrodynamic regime (“full lubricatiaconfiguration) the oil-
based liquid lubricant Renep CGLP 220 was usedsiPalyand chemical
properties of applied lubricant are depicted irld#b

3. Results and discussion

The average values of coefficient of friction exbd based on the ring
compression are summarized in table 7. Graphigapanison of these values
is depicted in figure 6. According to the ring caegsion test, the reference
value of the friction coefficient for non-texturedmpression platens (in lubri-
cation-free regime) achieves the value of 0.25& ddefficient of friction val-
ue for steel — steel contact pair should be withenrange of 0.25 to 0.8 [27].
It was experimentally confirmed, that the coeffitief friction value for non-
textured steel surfaces tested with the oil lulmica 0.157. This value is
slightly higher than the value specified by themibducer. This means that by
using only the oil lubricant for modification ofdhribological conditions of
the mating surfaces, the coefficient of frictionluea can be reduced by
39.14%.
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Table 7Values of friction coefficient obtained via ringropression test

Friction coefficient (-)
Compression platen surface lubrication-free hydrodynamic
regime regime
Non-textured 0.258+0.013 0.15740.0080
Textured (6 %) 0.137+0,007 0.069+0.0010]
Textured (11 %) 0.198+0.016 0.11620.0035
Textured (16 %) 0.254+0.005 0.128+0.0065

A blue line in the figure 6 represents the coegintiof friction value eval-
uated using only the surface texturing for moditiima of tribological proper-
ties. The lowest value of the coefficient of friztiwas achieved using the sur-
face texture with the area density of dimples of 6Phe coefficient of friction
reaches the value of 0.137, which means that iteevaas reduced nearly to
the half of its original value (46.90% reductiofhe reason for this fact is that
the contact area between the compression toolseshdample was sufficient-
ly reduced which resulted in lower forming pressuaad forces. Higher val-
ues of area density of dimples contribute to aneiase in value of the coeffi-
cient of friction. This relation has strong linedraracter. Surface texture with
area density of dimples of 16% reaches the coefftcof friction value of
0.254, which is almost the same value as the mefer€l.55% friction reduc-
tion). In this case, the surface texture does ontribute to friction reduction,
because the space between the each dimple stag kot a peak of material,
which makes the flow of test sample material mafcdlt during the defor-
mation process. The friction coefficient valueubiication-free regime can be
evaluated from the following equation:

f=0.0117 S, + 0.0676 (1)

where,f is the coefficient of friction (-) an& is the area density of dimples
(%). The value of a coefficient of determinatior0i8€9. So, 99% of the varia-
bility in the response can be explained by thedirregression model.

A yellow line in the figure 6 represents the caaéint of friction value
evaluated for the surface textures with the varierssities and with the appli-
cation of oil lubricant. The coefficient of frictiovalue increases from the val-
ue of 0.069 to 0.128 with the increasing the valtithe area density of dim-
ples and similarly to the previous case, the rahstip is linear. Combination
of area density of 6% together with the oil lubritaontribute to the lowest
value of coefficient of friction (0.069). In thisase, compared to the non-
textured surfaces with no lubricant and the nordtied surfaces with oil lub-
ricant it was found that the reduction in the cméht of friction value is
equal to 73.26 and 56.05%, respectively. Therdvaoereasons why the coef-
ficient of friction reaches a low value in theseses (a) surface texture re-



242 J. Sugéarova et al.

duced the contact area between the test sampleamngression platens and,
(b) micro-dimples act as a micro-reservoir for ldjlubricant.

0.3

E 0.254
5 o s =0,0117x + 0,0676
£ R*=0.99
E 0.2
£ 015 0.137 y =0.0059x + 0.0394
3 7 & Rt =090
0.1 07128 )
?ﬂ 116 : === Lubncant-free
4 0.069 === Hydrodynamic
0 T T T )
0 b 10 16 20

Surface texture density (%)

Fig. 6.Coefficient of friction value vs. the surface tesdulensity

According to the [28] the most important surfaceues parameter is the
ratio of the dimple height to the dimple diamet&ccording to the Ronen et
al. [29] this ratio value should be within the rangf 0.1 to 0.2 in order to en-
sure the friction reduction in hydrodynamic lubtioa regime. In this paper,
the value of this ratio is 0.112. Therefore, thefficient of friction value re-
duction is so significant. The coefficient of fimt value in hydrodynamic
lubrication regime can be evaluated from the foltayequation:

f =0.0059 S, + 0.0394 ()

where, thef is the coefficient of friction (-) an& is the area density of dim-
ples (%). The value of a coefficient of determiaatis 0.90. So, 90% of the
variability in the response can be explained bylittear regression model.

4. Conclusion

Laser surface texturing technology is a widely usexthod to improve
the load capacity, the wear resistance, and thaadini coefficient of tribologi-
cal components. To analyse the influence of laseuting on the coefficient
of friction measured at the tool — workpiece ired a dimple-like depres-
sions with a depth of 1fim, a diameter of 98m and a texture densities of
6%, 11% and 16% has been formed in the planar afeasmpression platens
made of 90MnCrV8 steel. Laser texturing has beeriethout using a pulsed
fiber Nd:YAG laser with power of 16.4 W, repetitioate of 75 KHz and laser
track displacement of pm. The morphological characterization of manufac-
tured dimples has been performed using a laseiocahiicroscope. Tribo-
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logical tests have been carried out in two diffetehrication regimes, i.e. lub-
ricant-free and hydrodynamic, where oil lubricarittmviscosity of 220 mrhs
! was used at room temperature.

Experimental results showed a significant improvetnad friction behav-
lour under hydrodynamic conditions. Textured contaaface with the area
density of dimples of 6% modified by oil lubricaslhowed the best friction
behaviour compared to the reference value. Referealtie of the coefficient
of friction, corresponding to a non-textured sugfawas established at a value
of 0.258. In this case, the coefficient of frictivalue was reduced to a value
of 0.069 (73.26% reduction in value), which medhat surface texturing with
defined and suitable shape and dimensions of dsppled using an appropri-
ate liquid lubricant at the same time, the valuea#fficient of friction can be
reduced to about of 75%. A similar improvement ridtion behaviour using
a surface texture was observed in lubrication-feggme too. Surface texture
with dimple density of @ contributed to friction reduction to about of 449
Increasing of coefficient of friction with the irease of dimple density was
observed in both friction regimes; these functiiesd have strong linear char-
acter.

The surface texturing is an important process ouceng friction and
wear. The reduction of contact area, the functiomigro-trap for wear debris,
and the micro-reservoirs for lubricant retentioe #re main mechanisms re-
sponsible for reducing the friction and wear irelasurface texturing.
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OCENA WEASCIWO SCI TRIBOLOGICZNYCH HARTOWANYCH
STALI NARZ EDZIOWYCH TEKSTUROWANYCH LASEROWO

Streszczenie

W artykule przedstawiono anajizechnologii laserowego teksturowania powierzcHiiR)
jako jedry z metod modyfikacji wisciwosci tribologicznych wspétpracagych powierzchni
stalowych. Podstawowy szyk tekstury powierzchnadkt st z wgkbien o zakrzywionym dnie,
ktére g umieszczone w narach széciokgta foremnego. Dodatkowo jedno zggEnie jest
umieszczone wrodku szyku. Parametry zgbien s nastpujace: srednica 100+5um, gkbo-
kos¢ 11 um, stosunek gbokdsci do srednicy 0,11. @stas¢ powierzchniowa wgbien oraz
srednica wgthienia g gtownymi czynnikami, ktére w sposob istotny wphjwaa wyjgciowa
wartas¢ wspotczynnik tarcia, dlatego analizowano wplyvinych wartdci gestosci powierzch-
niowej wgkbien, tj. 6%, 11% i 16% na war§é kontaktowego wspoétczynnika tarcia. Tekstury
powierzchni zostaty utworzone na ptaskich powierzabh ptyt dociskowych (stal nadziowa
90MnCrV8) za pomag wiazki pulsacyjnej lasera. Wakci wspotczynnikéw tarcia otrzymano
za pomog testusciskania piefcienia. Prébki do badaze stali wglowej S235JRG1 byhjci-
skane osiowo porailzy pag teksturowanych plyt dociskowycBciskanie badanej probki zosta-
to zrealizowane w warunkach braku smarowania omarewania hydrodynamicznego. Wyniki
dodwiadczalne wykazatyze przez zastosowanie teksturowania powierzchni mskokym
ksztalcie i wymiarach wgbien oraz cieklego smaru, wagtowspotczynnika tarcia me by
zmniejszona prawie o 75%.

Stowa kluczowe:teksturowanie laserowe powierzchni (TLP), modydjrawtasciwosci tribolo-
gicznych, wspétczynnik tarcia, testiskania piefcienia
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EVALUATION OF FRICTION COEFFICIENT
OF AN AUTO-BODY STEEL SHEET

In this paper the results of strip drawing testseal to determine the friction co-
efficient in sheet metal forming operations arespreged. The tests were con-
ducted using a specially designed tribological $atar. The deep drawing qual-
ity steel sheet used in the automotive industry teated. The relationship that
shows the effect of sheet normal load, tool surfacghness, lubrication condi-
tions and sample orientation according the rollitigction of the sheet on the
value of friction coefficient are presented anccdssed. The Scanning Electron
Microscope (SEM) micrographs of sheet surfaces dfie friction test allowed
us to identify the mechanisms that occur at theamirof two bodies with rough
surfaces. The results of the tests indicate thatréfationship between friction
force and normal force is nonlinear. Thus, the ealfithe friction coefficient is
changed with the change of the load value.

Keywords: coefficient of friction, friction, strip-drawingest, surface roughness

1. Introduction

Sheet metal forming is one of the most popular wagtof preparing fin-
ished products in the automotive industry. Thegmtite coating is sometimes
applied as the last stage of the operation andire=jan appropriate surface
roughness of a drawpiece. Friction forces have@ifstant influence on the
distribution and the value of strains and thusdbality of the product. The
most important factors that determine obtaininggh lquality product is the
size of the thinning walls. Non-heterogeneity c# tirawpiece deformation is
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mainly conditioned by the presence of friction &Bcat the interface of the
deformed material and tools.

The processes taking place in the contact zonafteeted by many fac-
tors, including by the size of normal pressure,amat and surface topogra-
phy, sheets, tools and lubricant, among others.fatters that depend on the
forming process include the value of normal pressamd speed of defor-
mation. The correct selection of the values of psscparameters determines
obtaining a product of desired dimensional and shaulity. The role and
effects of the occurrence of frictional resistaace difficult to define. The un-
favourable effects of the presence of frictionaliseance include, among oth-
ers [1-3]: non-heterogeneity of drawpiece defororgtan increase of the pres-
sure exerted by the punch causing a danger of aeakrrence, as well as the
worsening of the surface quality of a drawpiecendigial effects of the fric-
tional resistance on the forming process may irelindtion existing between
the sheet metal and the punch because it incréas@grmissible value for the
maximum force in deep-drawing. Disadvantageous @memon of friction
can be counteracted through the use of approgtiateeants and an increase
in the hardness of tools.

The main factors influencing the tribological pherena in plastic work-
ing processes include macro- and microgeometryofacts, the kinematics of
the tool, physical and chemical phenomena at theacb surface and the tem-
perature [1, 4, 5]. Physical and chemical phenonwearring in the contact
zone depend, among others things, on the materialse frictional pair and
the chemical affinity of the materials in contaburing the sheet metal for-
mation frictional connections are created usingaffietdyes that are destroyed
during the friction process [6, 7]. The value o thictional resistance essen-
tially depends on the shear strength of frictioc@hnections. The effects of
contact pressure and sliding velocity under mixdatitation based on a fric-
tion testing of steel sheet was investigated bydianal. [8]. A proposed new
nonlinear friction coefficient model allows us tgatuate the change in the
friction coefficient during continuous sliding amutedictions of the friction
coefficient were extremely accurate in comparisoith whe conventional
methods.

In the processes of sheet metal forming using tigidls, macro- and mi-
crogeometry contact friction pairs have a significenpact on the amount of
frictional resistance. Generally, the friction isedto the ploughing effect be-
tween asperities [9] and adhesion between contpasperities [10]. The three
dominating fattening mechanisms during sheet fognare: flattening due to
sliding, flattening due to normal load and flattemidue to normal loading.
Flattening increases the real area of contact)tiegun a higher value of fric-
tion coefficient [10]. Asperity flattening due t@mbined normal loading and
deformation of the underlying bulk material is désed in a flattening model
proposed by Wasteneng [11]. Surface changes dasgerity deformations
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influence the load-carrying capacity of the lubntfL2]. Ma et al. [13] calcu-
lated the asperity flattening in metal forming afwed that the area of con-
tact ratio increased as a function of normal pmessturthermore the relative
sliding between a tool and a sheet can increasardzeof the contact ratio. As
the lubricant viscosity becomes lower, the frictaefficient is higher [14].

Methods such as strip drawing testing [15], draacb&esting [16], bend-
ing under tension testing [17], strip reductiontites [18] and testing using
slider-on-sheet tribometer [19] are widely usedestimate the frictional re-
sistance and wear behaviour between rough surfdeeza and Fulép [20]
classified friction tests for sheet metal formirgyafunction of the main per-
formed operations: stretch drawing, stretch formamgl deep drawing. The
stretch-drawing type tests are widely used to igate the effect of several
material and technological parameters on frictioaaistances [21, 22]. Signif-
icant advances regarding friction behaviours irstidaforming were summa-
rised by Wang et al. [23, 24] from four aspectsnely, friction testing, char-
acterising, modelling and controlling.

The strip drawing test is one of the simplest tolgaal tests to determine
the friction coefficient in sheet metal forming.iStpaper presents the results
of the strip drawing test aim to determine thetiic coefficient of deep draw-
ing quality steel sheet used in the automotive strgu Several relationships
that illustrate the effect of sheet metal surfameghness, lubrication condi-
tions and sheet orientation on the value of thaiém coefficient are presented
and discussed.

2. Material and method

The friction tests were conducted by strip drawtests in which the flat
sample was placed between two fixed cylindricalsralith equal radii (Fig.
1). The test was carried out in such a way thatia ef the sheet was clamped
with specified force between two cylindrical rotilequal radii of 20 mm. The
values of both forces, the normal fof€e and the pulling forc&p, were con-
stantly recorded using electric resistance straingg technique, 8-channel
universal amplifier of HBM's QuantumX data acqudsitsystem and comput-
er PC. The specimens for the friction tests werdeva deep-drawing quality
1 mm thick 09J steel sheet used in the automotiglastry. According to the
standard PN-EN 10130+A1:1999 the tested steel stidetdrawing category
SB is intended for hard to form drawpieces with ptar shapes. The samples
were prepared as a strip with a width of 20 mm atehgth of about 200 mm,
cut along the rolling direction of the sheet. Thésrwere made of cold work-
ing tool steel. The tests were performed undefdhewing conditions:

— surface roughness of rolls was measured along éhergting line of rolls:

0.63 and 1.25 um

— clamping force: 0.6, 1.05, 1.45 and 1.85 kN,
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— lubrication conditions: dry friction and lubricatiaising machine oil LAN-
46.

|[<
'S ]

Jm [+
g

5 data
= | recording
()
e |

Fig. 1.Scheme of measuring device: 1 — frame; 2 — workallg; 3 — load
cells; 4 — specimen; 5 — blocked pin; 6 — gripesting machine; 7, 8 — ten-
sion members; 9 — set bolt.

During the recording of the pulling and clampingcies, the sheet was
drawn for a distance of about 10 mm. Next, the plag force value was in-
creased simultaneously during the tests.

The mean value of the friction coefficiemt, was determined according
to the equation (1) for the stabilised range ofigalofFr andFn. The coeffi-
cient of friction is evaluated separately for aléls of variation of clamping
force (f in figure 2). For these ranges we receiabdut 120-160 values of the
coefficient of friction (rangey in figure 2). So it was assumed that such num-
ber of the values of the coefficient of frictiongsfficient to evaluate the av-
erage coefficient of friction representative foabsed lubrication conditions.

p=—"— (1)

where:Fp — pulling force Fn — clamping force.

To realise dry conditions both rolls and sheet specs were degreased
using acetone.
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Fig. 2. Exemplary plot of variation of values o&uriping force k and pulling
force Fr versus specimen displacement

To study the effect of sample strain on the chasfgbe surface topogra-
phy and friction coefficient the samples were ginggned using the uniaxial
tensile test to receive different strain valuesalthmic straing;: 0.095, 0.14
and 0.182.

To determine the mechanical properties (TablehE)ténsile test was car-
ried out in the universal testing machine. Surfemeghness 3D parameters of
the sheets (Table 2) were measured by using Téidbson Surtronic 3+ in-
strument. It was assumed that one measurementrissentative to character-
ize the sheet surface roughnélable 1 presents the mechanical properties and
selected spatial parameters of the sheets.

Table 1. Basic mechanical parameters of tested sheet

Yield stresg Ultimate strength | Strain h_a_rdenmgt; Strain
Sample Reo2 Re Elongation coefficient hardening
orientation M|5a MPa Aso C exponent
MPa n
0° 162 310 0.42 554 0.21
90° 163 312 0.41 530 0.21

Table 2. Selected roughness parameters of tes¢éed sh

Measurement orientation

according to sheet rolling
direction Ra,um| Rg,um | Rt,um | Rp,um Rsk |Rz,um

0° 14 1.68 9.6 5.8 0.36 9.4

90° 1.74 1.92 10.1 6.2 0.14 8.7

Surface roughness parameters
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3. Results and discussion

The change of the contact surface is accompanieddmntinuous change
in the geometry of the contact. The values of arétical mean deviation of
the surface roughness profile Ra (Fig. 3a) and mami height of the rough-
ness profile Rz (Fig. 3b) increase with the sangukestrain value. For both
measurement orientations, according to the shégtgdirection, this tenden-
cy is similar. The sample pre-strain causes nof té change of the surface
topography but also, by strain hardening phenomemanges the mechanical
parameters of the surface asperities. An incredsmagimum height of the
roughness profile does not increase the frictiomaistances. The strain-
hardened asperities are less susceptible to ttierflag process, which causes
the intensification of surface mechanical wear.

ool i
N

-0 orientation 0°
-0-orientation 90”

->-orientation 0°
21 -o-orientation 99

rofile Ra [um]
&

=19

1.5

Maximum height of
the roughness profile Rz [um]

©
2]

Arithmetical mean deviation of &
sp
®

0 5 10 15 20 0 5 10 15 20
Sample pre-strain ¢ [%)] Sample pre-strain ¢ [%]

Fig. 3. Effect of sample pre-strain value on véoiabf the roughness parameters Ra (a)
and Rz (b)

The width of the sample changes with an increaskeofample pre-strain
value. However, according to the Coulomb modelrigtibn the value of the
friction coefficient does not depend on the contaei. It allows one to com-
pare the values of the friction coefficients detieed for different sample pre-
strains. The value of the friction coefficient desses as the clamping force
increases for both dry (Fig. 4) and lubricated ¢iboras (Fig. 5). It can be con-
cluded that the relationship between the normalef@nd friction force is non-
linear. In consequence the coefficient of frictivalue changes with the
change of load. This relationship is also obsematther recent studies [2].

In general, at low values of load the coefficiehtlze friction value in-
creases with the load and after reaching a ceviaune of load the value of
friction coefficient rapidly decreases in the cafenetals with a small capaci-
ty for strain-hardening. In the case of metals veithigh capacity for strain
hardening, the friction coefficient value is almosenstant [3].
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Fig. 4. Relation of friction coefficient value vessnormal force
Fn determined by using rolls with surface roughness=Ra63
um in dry friction condition
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Fig. 5. Relation of friction coefficient value vessnormal force
Fn determined by using rolls with surface roughness=Ra63
um in lubricated condition

The increasing of a samples’ pre-strain value caasancrease in the co-
efficient of the friction value. However, charactdrthis relationship depends
on the friction conditions. In both friction conidits the fast decrease of the
friction coefficient is observed in the case of mal loads less than about
1 kN. After exceeding this value of normal load th&ensity of decreasing
friction coefficient is smaller. Roughening of aspes, observed during test-
ing the sheets at normal load value exceeding ltéiN]s to decrease the real
area of contact resulting in a lower coefficientfloftion. The samples pre-
strained to 15 and 20% exhibit the highest andlamaoefficient of friction
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values but only in the case of dry friction. Theadindifference in the value of

the coefficient of friction determined for both dayd lubricated conditions,

especially in the case of small values of normatdocan be a result of
a dominant influence both of flattening and plounghimechanisms on the val-
ue of the coefficient of friction. The surface rbungss valleys are too small to
supply effectively lubricant to asperity contactar

The evaluation of the average normal foﬁﬁgv) for all tests performed
at similar value of normal load allows us to makgeaeralised qualitative as-
sessment of the effect of normal load on the cdiefit of the friction value.
An increase of normal load value causes a deciatbe coefficient of fric-
tion value (Fig. 6). For all used levels of norfwdd, the sample pre-strain at
10% increases the friction coefficient value in pamson to the test of origi-
nal sheet surface. Further increase of samplet@i€auses a decrease of the
friction coefficient value. This relation depends the ratio of frictional re-
sistances at boundary lubrication regime and fiaigemechanism.
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Fig. 6. Relation of friction coefficient value vessgample pre-strain
determined by using rolls with surface roughness=RB25 um in
lubricated condition

In the case of the highest pre-strain value (208é) lubrication of the
contact surface causes the coefficient of frictimibe smaller than in the case
of pre-strains 10 and 15%. This can be explainedhkyfact that roughness
valleys act as oil reservoirs (Fig. 7b). The pmofiieight of samples pre-
strained at 10 and 15% is not able to supply thiatse oil volume and the
mechanism of surface roughness flattening (Figdda)inates. The phenome-
non of flattening causes an increase in the regtbob area. The increase in the
real contact area occurs gradually from the injiiek surface roughness con-
tact to full contact after balancing normal forcelahe force required to de-
form roughness [2].
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In the boundary lubrication regime, friction is migi described by adhe-
sion and ploughing between contacting asperitié® iftensification of the
ploughing mechanism is observed mainly in the cdghy friction conditions
(Fig. 7c) rather than in lubricated conditions (Fid).

plastic deformation of
asperity edge

crographs of tested sheets: oil reservoirs (bitefied asperities (c), ploughed surface observed
in dry (d) and lubricated surfaces (e), and plad#iformation of the asperities edge
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4. Summary and conclusions

Initially during sheet metal forming there is Ktreal contact area. The
surfaces adhere to each other only at the aspentieich are then deformed
plastically until the contact surface becomes sigfit to transfer the load un-
der the action of pressure. One of the main meshanduring sheet forming
is flattening and elastic-plastic deformation offaae asperities. It causes an
increase of the real area of contact, which leadant increase of the shear
stress during the movement of the contacted swfddenducted investigations
of frictional resistance of auto-body steel shakdsv us to conclude that:

- the values of arithmetical mean deviation of thdage roughness profile
and maximum height of the roughness profile inceagh the sample
pre-strain value,

- the dominant contact mechanism in the case ofraiydn is asperity flat-
tening,

- the value of the friction coefficient decreasestlas clamping force in-
creases for both dry and lubricated conditions,

- the relation between the normal force and frictange is nonlinear.
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WYZNACZANIE WSPOLCZYNNNIKA TARCIA STALOWEJ BLACHY
KAROSERYJNEJ

Streszczenie

W artykule przedstawiono wyniki testow przggainia pasa blachy mgjych na celu okre-
$lenie wartdci wspotczynnika tarcia w procesach ksztattowaréth Badania przeprowadzo-
no za pomog specjalnie zaprojektowanego symulatora tribolagggo. Badaniom poddano
blacte stalowy glebokottoczra wykorzystywam w przemyle motoryzacyjnym. Przedstawiono
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i oméwiono zalenosci pomkdzy si nacisku, chropowasoia powierzchni nargdzia, warun-
kami tarcia oraz orientacjprobki wzgkdem kierunku walcowania a waétia wspoétczynnika
tarcia. Zdgcia SEM (Scanning Electron Microscopy) powierzchigich po procesie tarcia po-
zwolity na rozpoznanie mechanizméw tarcia wpsiacych podczas kontaktu dwoch ciat
o powierzchni chropowatej. Wyniki batlavskazaty,ze zalenos¢ pomidzy sih tarcia i sibh
normalry jest nieliniowa, dlatego waré wspotczynnika tarcia zmieniagsivraz ze zmiasm
wartasci obcizenia.

Stowa kluczowe:wspoétczynnik tarcia, tarcie, test przggania pasa blachy, chropowsigo-
wierzchni
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ANALYSIS OF WELDABILITY OF DUAL-PHASE
STEEL USED IN AUTOMOTIVE INDUSTRY

This paper deals with the problems of weldabilifyhggh strength dual-phase
steel sheets used in the car body production. Togepties of the joints made by
resistance spot welding (RSW) and laser welding \aaedysed. The two grades
of dual-phase steels such as DP 600 and DP 800 weex The joints were
made by overlapping of two sheets in the method@brding to EN 1SO 4063
(RSW), and as butt weld without a gap by laser wgldmethod 52 in EN ISO
4063). The parameters of RSW and laser welding wleosen according to the
recommendations of IIW. The quality of welded jsimtas evaluated by visual
control, static tension test, and a microstructanalysis of the joints on the
light microscopy.

Keywords: spot welding, laser welding, dual-phase steel

1. Introduction

The production of automobiles in the EU signifidgrmcreases in recent
years. Increasing the production leads to the egijpbn of new advanced ma-
terials in order to minimize the costs of productias well as to produce fuel-
efficient and ecological products, enhancing coimémid security of car pas-
sengers. The car producers also utilize the vamonsbinations of materials,
such as most used steel sheets of drawing gradityces well as advanced
high-strength steel sheets (AHSS) or high-stremgith alloy (HSLA) steels
[1, 2]. It is necessary not only to produce carybpdrts but to join them into
a complex structure as well. Mainly resistance speltling and laser welding
are the joining method used to join thin-walledeasklies in automotive in-
dustry. Therefore, the research into weldabilitylefse materials is important,
especially optimization of welding properties. Tgavanized steel sheets with
corrosion resistance have been used in automatdlestiry, replacing cold
rolled steel sheets as auto body materials to iwgptbe corrosion resistance

1 Autor do korespondencji/corresponding author: Vaimas, Technical University of Kosice,
Letna 9, 042 00 KosSice, Slovakia, e-mail: jan.vi@dske.sk
2 Lubo$ Kagak, Technical University of KoSice, Slovakia e-mbibos.kascak@tuke.sk
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and overall service life of vehicles [3, 4]. Advadchigh-strength steels for
automotive applications have been the aim of rebeand the development in
the recent years. Their introduction in car bodikews to reduce their weight
and improve the car safety. Nevertheless, the \béigaof AHSS is an im-
portant issue since cars typically contain thousasfdspot welds [5, 6]. Fer-
rite-martensite dual-phase (DP) steels are sontbeofnost common AHSSSs,
which are currently used in automotive industryeifimicrostructure offers
a suitable combination of strength and formabilithe term dual-phase steel
refers to the predominance of two lattices, theybmehtered-cubic (bcc) fer-
rite and the relatively harder body-centered-tetrad) (bct) martensite. These
two lattices are produced by some annealing inahge of the upper @hand
lower (A) transformation temperatures, where austenite femdte are
formed, and a subsequent rapid cooling where thieaite is eventually trans-
formed into martensite [7, 8].

The paper deals with the analysis of possibilitywslding of high-
strength dual-phase steels sheets DP600 and DByBf#sistance spot weld-
ing and laser welding.

2. Experimental procedure

Within the experimental work, the welded samplesewgrepared in the
laboratory using the two most commonly used metbfoglelding in automo-
tive industry. The first method of joining was igaince spot welding, carried
out on the programmable pneumatic welding macBiRK 20 with welding
electrode tips of 85 mm. An influence of weldingreat as the main parame-
ter of resistance spot welding on the quality aftspelds was observed. The
spot weld was made by overlapping of the steeltshagoosition PA accord-
ing to EN ISO 6947 standard. The second methodining was laser welding
using CQ AF8P laser with maximum output of 8 kW. The sarapleere
welded along the sheet width (800 mm) in positigndecording to EN 1SO
6947 standard without a gap between the sheets.

Two types of high-strength dual-phase steel shB&800 and DP800.
These steel sheets with the thickness of 0.8 mne wet-dip galvanized. The
chemical composition and basic mechanical progedig¢he welded material
are shown in table 1 and table 2, respectively.damwh type of welding, five
samples were prepared for static tensile testwodsamples for metallograph-
ic analysis. Labelling of samples was as follows:

- samples A and B: steel sheet DP600 made by resestgot welding,
- samples C and D: steel sheet DP800 made by reststaot welding,
— sample E: steel sheet DP600 made by laser welding,
— sample F: steel sheet DP800 made by laser welding.
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Table 1.Chemical composition of welded steel sheets (wt-%)

C Mn Si P S Al Cu Cr
DP 600 0.111 1.963 0.279 0.026 <0.002| 0.031 0.019 0.206
Mo Ni V Ti Nb Co W Fe
< 0.002 <0.002 0.012| <0.002 0.020 0.017 0.005 Ba
C Mn Si P S Al Cu Cr
DP 800 0.062 1.623 0.036 0.022 < 0.002 0.086 0.119 0.247
Mo Ni V Ti Nb Co W Fe
0.293 0.107 0.056| <0.002| 0.077 0.1 <0.002 Bal

Table 2. Basic mechanical properties of welded ri@segiven by producer

Yield stress Ultimate strength Total elongation
Material Re Rm As
MPa MPa %
DP 600 300 - 470 580 - 670 26
DP 800 450 - 560 780 - 900 17

The following parameters of resistance spot weldwege used:
- pressing force of welding electrodes: Fz = 4 kN,
— welding time: T = 20 periods (1 period = 0.02 s),
— welding current: | = 4.5 kA for samples A and C,
| = 7kA for samples B and D.
The following parameters were used for laser wejdin
- output: P =1700 W,
- laser mode: TEM 10 - Gauss,
- gas: Ar 12 I/min,
- welding speed: »= 2000 mm/min,
- beam focusing: on the top sheet surface f = 0+0r m
- wave-lengthA = 10.6um.

The quality of the welds was evaluated by the Visbaervation according
to EN ISO 17637 recommendations. Furthermore, tiff@rdnt destructive
tests of the welds were carried out. The spot vekjdimts were tested in static
tensile test according to STN EN 05 1122 standahe welded joints were
tested in a tensile test in transverse directiaoting to STN EN 1SO 4136
standard. The influence of parameters on the ntizrctsire changes in the
welded metal and heat-affected zone (HAZ) was exatliwith the light mi-
croscopy using metallographic samples preparedrdicgpto EN ISO 17639
standard.

3. Results and discussion

The analysis of the quality of welded joints byuaktest has not proved
the presence of external surface defects on thevegds. Similarly, the ab-
sence of pores, cracks and other defects was @usénviaser welds. The
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welds can be classified on the basis of a visust. fEhe maximum load-
bearing capacity of the welded joints and the plafcéestruction were evalu-
ated by a tensile test. When using the weldingeeurt = 4.5 KA in joining
DP600 steels, the average load-bearing capacttyeafpot welds was 8300 N.
Increasing the welding current to the value of T KA led to increasing the
average load-bearing capacity of the joints tovidae of 9150 N. The average
value of load-bearing capacity of the spot weld2d800 steels using welding
current | = 4.5 kA was 8670 N. Even in these stdsdshigher average value
of load-bearing capacity of 9430 N was measurednwhelding current was
increased to | = 7 kA, as shown in table 3.

Table 3. The average values of load-bearing capdGits, Re
and R» of welded joints (BM - Base Metal, HAZ — Heat-Adted
Zone, WM - Weld Metal, FW - Fusion Weld)

Sample | max N Type of joint Destruction
A 8300 FW HAZ
B 9150 FW HAZ
C 8670 FW HAZ
D 9430 FW HAZ

Sample | R, MPa Rm, MPa Destruction
E 372 620 BM
F 467 788 BM

The measured values of Bnd R, in laser welds of both dual-phase steel
sheets (Table 3) exceeded the minimum values obdise material declared
by the sheet producer (Table 2). In the tensile the destruction of the joints
occurred outside the laser weld, in the base nahtdrhe minimum measured
average value of Rin the case of the sample E made of DP600 stestsh
was 620 MPa and in the case of the sample F maD®800 steel sheets was
788 MPa. The results of the macroscopic analygigegsented in figures 1-4.
No presence of cavities and pores in the weld rnugge observed in the sam-
ples A and C (Figs. 1 and 3) made by resistancewelaling. Increasing the
welding current led to the changes in dimensidrith® weld nugget, heat af-
fected zone as well as the occurrence of cavitiehé middle of the weld
nugget (Figs. 2 and 4). The typical dendritic gtowf weld metal was ob-
served on weld structures. In the weld metal oéragelded samples in both
DP600 and DP800 steel sheets no internal defeats eserved (Fig. 5). The
microstructure of the sample A with the transitiohbase metal via heat-
affected zone to the weld nugget is shown in Fig.-h& changes in grain size ,
the orientation of grains and phase were obseivedas found that a multi-
phase structure is composed of fine-grained matégnisainite and ferrite.
Figure 7 shows a cavity in the middle of the weldyget of the sample D,
which occurred due to shrinkage of weld metal dutime solidification pro-
cess.
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Fig. 1Macrostructure of sample A (L Fig. 2Macrostructure of sample B (L
600) 600)

Fig. 3Macrostructure of sample C ([ Fig. 4 Macrostructure of samplB (DP
800) 800)

Fig. 5. Laser weld of DP 600

Fig. 6 Weld microstructure of sample A (DPFig. 7 Weld microstructure of sample D (DP
600) 800)
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The microstructure of the base material of both @P§Fig. 8) and
DP800 steels is composed by ferritic matrix witbpdirsed fine-grained mar-
tensite. The microstructure of HAZ of lase weldsD#?800 steel (Fig. 9) is
composed of multiphase microstructure of fine-gedimartensite and bainite
in the ferritic matrix. Concerning the used weldipgrameters and the thick-
ness of the sheets the width of the HAZ in bothemals was the same. The
microstructure of weld metal of laser welds (Fi§) i composed primarily of
the coarse-grained lamellar martensite and badluigeto rapid cooling.

Fig. 8. Base material of DP 600

Fig. 9. Microstructure of HAZ of sample F  Fig. 10. Microstructure ofaser weld metal
sample F

4. Conclusions

The application of high-strength steels in car bpdyduction is still in-
creasing because of weight reduction of cars. Dgweént of the construction
of laser welders and the reducing economic demahtie welding process is
increasingly attractive to the producers. On theohand, these progressive
high-speed welding methods require optimizatiorwefding parameters, es-
pecially in welding of difficult to weld material¥he methods also require the
application of accurate fixtures ensuring the adrqgosition of the narrow
welds, which is common problem in the industry.



Analysis of weldability of dual-phase steel useainomotive industry 265

The resistance spot welding of dual-phase ste@tshtequires consistent
optimization of welding parameters. When using 2flquls of welding time, it
is suitable to use low values of welding currenb (@A), since no internal de-
fects occur in welding nugget and load-bearing cépaf the joints is suffi-
cient.

The laser welding is a suitable method for jointhg dual-phase high-
strength steel sheets. Since the weld and heattedfeone are narrow, no in-
ternal defects occur in the weld metal and the -lo@aring capacity of the
joints is high considering the predominant mart@nanicrostructure. The
load-capacity of laser weld joint is higher thar thtimate tensile strength of
welded materials.
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ANALIZA ZGRZEWALNO $CI STALI DWUFAZOWEJ STOSOWANEJ
W PRZEMY SLE MOTORYZACYJNYM

Streszczenie

Artykut jest pdwigcony problemom zgrzewalda wysokowytrzymatych dwufazowych
blach stalowych stosowanych do produkcji karosmainochodowych. Analizowano w&wo-
$ci polgczen wykonanych metodami punktowego zgrzewania oporow@y0O) oraz spawania
laserowego. Badania przeprowadzono dla dwéch gatuikdch dwufazowych tj. DP600 oraz
DP800. Pajczenia zaktadkowe blach wykonano zgodnie z me&idugta w normie EN ISO
4063. Podczas spawania laserowego blagtgoho metog na styk bez szczeliny (metoda 52
zgodnie z normp EN 1SO 4063). Parametry zgrzewania punktowego spavania laserowego
byty zgodne z wytycznymi [IW. Ocerjakosci wykonanych pejczer przeprowadzono na pod-
stawie kontroli wzrokowej, statycznego testu regania oraz analizy mikrostrukturalnej pot
czeh z wykorzystaniem mikroskopdivietine;.

Stowa kluczowe:zgrzewanie punktowe, spawanie laserowe, stal dsowfa
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