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Stanistaw ANTAS!

UKELAD WYLOTOWY TYPU £ ACZNIKA
SPREZARKI PROMIENIOWEJ]

tacznik jest dyfuzorem wylotowym kanatu przeptywowegjoezarki odsrodko-
wej, w ktorym nasipuje zmiana kierunku przeptywu z promieniowego ek
nek wyznaczony przezsaurowej komory spalania. Liczbadznikéw jest réwna
liczbie indywidualnych komor spalania. W pracy prgeawiono metog wyzna-
czania parametrow strumienia w przekroju égigwym uktadu wylotowego spr
zarki promieniowej. Analiza obejmuje uktad wylotowy postaci dyfuzora typu
tacznika. Zaprezentowano tak odpowiedni metod okreslania parametrow geo-
metrycznych dla dyfuzora wylotowego tego typu. Wgnione metody magby¢
stosowane w trakcie realizacji projektu koncepogmepezarki, a oparto je na
réwnaniu zachowania energii, rownaniwgtosci przeptywu, pierwszej zasadzie
termodynamiki oraz funkcjach gazodynamicznych irdefach wywanych w teo-
rii maszyn wirnikowych. Kacowa czs¢ pracy zawiera zasady doboru oblicze-
niowej wartdci sprzu spezarki z promieniowym dyfuzorem topatkowym oraz
whnioski.

Stowa kluczowe:turbina silnika, kanat wylotowyat¢znik

1. Wprowadzenie

Uktad wylotowy spgzarki odrodkowej sty do doprowadzenia sgrone-
go strumienia powietrza do jego odbiornika. &pne powietrze jest zatem kie-
rowane do kolejnego zespotu silnika w ckoaym kierunku. Zadaniem uktadu
wylotowego jednostopniowej lub dwustopniowe] gfairki promieniowej jest
wiec zebranie i odpowiednie skierowanieepnego czynnika do odbiornikow
réznych typow konstrukcyjnych. Wykonanie tego zadgueavinno przebiega
w taki sposéb, aby praca sparki poprzedzagej jej uktad wylotowy nie ulegta
zaktoceniu. W celu zapewnienia prawidtowej pracyesgrki i odpowiednich
osiagéw silnika ksztalty uktadéw wylotowych oraz ichzwiazania konstruk-
cyjne powinny by odpowiednio starannie dobrane. Naglezauway¢, ze
w przekroju wygciowym karxcowego dyfuzora spearki promieniowej pgdkosé
czynnika zwykle znacznie przekracza wattdopuszczalp ze wzgédu na pra-
widlowa prae odbiornika. Uktady wylotowe sprarek promieniowych stano-

! Autor do korespondencii/corresponding author:nBtaw Antas, Politechnika Rzeszowska,
al. Powstacéw Warszawy 8, 35-959 Rzeszow, tel.: (17) 865180hail: santas@prz.edu.pl
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wia zatem dyfuzory o rhych ksztattach, w ktérych napuje kontynuacija pro-
cesu spgzania powietrza kosztem wyhamowania strumienia. #pgmdku lot-
niczego silnika turbinowego uktad temc#ac wylot ostatniego dyfuzora spr
zarki z dyfuzorem komory spalania, doprowadza paeeetio komory spalania.

Uklad wylotowy w postaci dyfuzora stkowego spgzarki dotadowujcej
silnik ttokowy doprowadza czynnik do przewoddéw tecych, ktére g rurami
o statym przekroju kierggymi strumién powietrza lub mieszarkpaliwowo-
-powietrzry do poszczegdllnych cylindréw. Do najéeiej stosowanych we
wspoétczesnych konstrukcjach uktadéw wylotowychesarek promieniowych
naleza:

« dyfuzor typu 4cznika,

« osiowy dyfuzor topatkowy,

« dyfuzor stakowy,

« dyfuzor typu kolana,

« dyfuzor zakrzywiony.
Ostatni z wymienionych uktadéw wylotowych jest stasny wyhcznie z dyfu-
zorem rurkowym spzarki promieniowej lub osiowo-promieniowej [1, 2]a-
zy zauway¢, ze istnieje znaczna liczba publikacji dotgcych analizy parame-
trow czynnika przeptywafego przez wlot, wirnik, dyfuzor beztopatkowy i to-
patkowy spezarki promieniowej. Naley takze zaznaczy, ze w dostpnej litera-
turze przedmiotu brakuje publikacji dotycych kompleksowej analizy parame-
trow termicznych, kinematycznych i geometrycznyckladow wylotowych
sprezarek promieniowych i osiowo-promieniowych.

2. Dyfuzor typu tacznika

W spezarkach promieniowych czynnik wyptywaty z kaxcowego dyfuzo-
ra oprécz sktadowej promieniowej ma dodatkowo znaazartas¢ sktadowej
obwodowej pgdkosci bezwzgédnej. Z tego tewzglgdu czynnik mae by zbie-
rany przez uklad wylotowy typwdznika (rys. 1.) w kierunku sktadowej obwo-
dowej. taczniki sprzarki promieniowej wykorzystywano uod bardzo dawna
— przyktadem maog by¢ brytyjskie silniki Nene, Derwent V i Dart, rosyjsk
RD-45 czy polski Lis-2.

Lacznik jest tym elementem kanatu przeptywowegaeski odkrodkowej,
w ktérym nastpuje zmiana kierunku strumienia z promieniowegdkigaunek
okreslony przez ¢ indywidualnej komory spalania. Liczbacknikow odpowia-
da liczbie indywidualnych komér spalania. Zmniejsieestrat aeromechanicz-
nych zwizanych ze zmiankierunku przeptywu strug powietrza uzyskuje si
przez ustawienie w kolaniadznika zespotu topatek kiengych. Kanat prze-
plywowy lacznika (rys. 2.) jest tak uksztalttowamye pocatkowa jego czsé
(4-a) ma pole o statym przekroju, natomiast dalsz8) o zwékszapcym sk
polu przekroju w kierunku przeptywu (kanat dyfuzesg. Wzrostowi przekroju
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kanatu towarzyszy spadekepkosci strumienia oraz wzrost jegosnienia sta-
tycznego.

Rys. 1. Jednoprzeptywowy silnik odrzutowy Lis-2+1acznik
Fig. 1. A single-shaft turbojet engine Lis-2: 1enoector

Rys. 2. Widok (a) oraz schemat (h32nika z oznaczeniem charak-
terystycznych przekrojow: 1 — wirnik dwustronny, 2 to-
patka dyfuzora, 3 — topatka kierownicy, na podstajsi

Fig. 2. View (a) and scheme (b) of connector wittaracteristic
sections: 1 — two-sided impeller, 2 — diffuser vaBe guide vane,
according to [3]
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Prag sit tarcia podczas przeptywu powietrza przez ppsgélne odcinki
kanatu przeptywowegatznika mana obliczy z nastpujacych zalenosci:

Ci

lraa = 54,a? (1)
c2

lra,s = fa,S?A’ (2)

Praca sit tarcia podczas przeptywu przgzhik jest surp sktadowych:

lr4,5 = lr4,a + lra,5 (3)
zatem

s = a5 (4)

r4,5 — 64,5 2

gdzie wspotczynnik strat przeptywu w kanaleznika

54,5 = 54,51 + fa,s (5)

Wartasici wspélczynnika strat przeptywu w poszczegoélnyaticinkach
tacznika wybiera si z przedziatu [4]4;, = 0,15+0,25 oraZ,s = 0,03+0,05.

Temperatura sgirzenia strumienia w przekroju vwégiowym facznika (5-5,
rys. 2.) jest okrdana z zalenosci dla przeptywu energetycznie odosobnionego:

Ts" =T, (6)

Predkos¢ krytyczm dzwieku wyznacza formuta:

2kR .
Agrs = k+1 Ts

Liczba Lavala pgdkosci wyptywu strumienia zacznika jest obliczana z zale
nosci definicyjney:
C
As = = (7)

Akrs

gdzie prdkos¢ wyptywu strumienia dla indywidualnych komor spataprzyj-
muje s¢ z przedziatu wartei [1] ¢ = 90+140m, przy czym najcciej
S

cs = 1001201 [5].
S
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Znajpc wartaé liczby Lavala pedkosci wyptywu strumienia, mma wy-
znaczy wartas¢ funkcji gazodynamicznej temperatury [6]:

t(As) = (1 =17 4s”) (8)

a nastpnie temperatury statycznej strumienia:
Ts =Ts - t(4s) 9)

Stopie strat cénienia spétrzenia w 4czniku okréla formuta [4]:

k k-1 1
0u5 = 1=y bas(1— g A ) - 4, (10)

gdzieAd, — liczba Lavala mdkosci strumienia na wylocie dyfuzora topatkowego.
Cisnienie spgtrzenia powietrza na wylocigdznika oblicza si ze zwizku
definicyjnego stopnia stratsiienia spitrzenia:
Ds" = 0O45D04" (11)

Cisnienie statyczne strumienia na wylocieznikawyznacza s ze wzoru:

ps = ps T(4s) (12)

gdzie funkcg gazodynamiczpcisnienia okréla wyrazenie [6]:

n(Zs) = (1 - 522, 2ye (13)

Funkck gazodynamiczn— wzgkdna gestas¢ strumienia masy przedstawia
réwnanie [6]:

- . .
q(As) = As(1 — i3 At (o)t (14)

Pole powierzchni kanatu przeptywowego na wyloaiezhika opisuje rela-
cja:
— m TS*
Fs = sps*q(As)KmsZys (15)

gdzie wspotczynnik blokady przekroi(s = 0,97 — 0,98, natomiaZks oznacza
liczbe tacznikéw rowr liczbie indywidualnych komér spalania.

Gestas¢ statyczm powietrza na wylocie za¢znika oblicza si z formuty:

ps = pse(4s) (16)
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gdzie gstos¢ spktrzenia wyznacza siz roGwnania stanu:

ps* =L (17)

RTZ

Natomiast funkg gazodynamiczpnggstasci okresla zalenosé [6]:

k— 1

£(s) = (1 — 15 As™)is (18)
Sprawdzenie poprawla obliczer moze przebiegédwedtug kolejnéci podanej
dalej.

Temperatuy statyczma strumienia w przekroju wygiowym lacznika obli-
cza st z zalenosci dla przeptywu izoenergetycznego:

2 2
Ts = Ty + 5" (19)

k-1

Wyktadnik politropy spgzania w hczniku, mieszcacy sk zazwyczaj w grani-
cachn = 1,8+1,5 [5], mana wyznacz§ z rbwnania na pradarcia:

k
Iry5 = (E - n:::) R(Ts —T,) (20)

skad

n k Ir,
4,5 — _ 4,5 (21)
n4’5—1 k-1 R(TS—T4)

gdzie prag sit tarcia podczas przeptywu przezznik okréla wzor (4).

Cisnienie statyczne strumienia na wylocieznika wyznacza giz rowna-
nia politropy:

N4,5

Y TN a—
ps = p4(T—j)”4'5 ! (22)

Cisnienie spitrzania powietrza na wylociedznika oblicza si, wykorzy-
stujac rbwnanie izentropy:

*

* Ts L
Ps =P5(T k-1 (23)

5
Ggstas¢ statyczna powietrza na wylocigcknika jest wyznaczana z réwna-
nia stanu gazu:

Ps = (24)
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Pole powierzchni kanatu przeptywowego na wylociezhika okréla sk

Z réwnania cigtosci:
_ mh

57 CspsKmsZks

(25)

3. Zasady doboru obliczeniowej wartéci sprezu sprezarki
z promieniowym dyfuzorem topatkowym

Obliczeniowa wart@& sprezu zaréwno smzarki promieniowej, jak i osio-
wo-promieniowejrr;o powinna by wigksza od wart&i sprzu spezarki Tfs
zadanej w obliczeniach termogazodynamicznych silnégkodpowiadagej war-
tosci tego parametru na linii wspotpracy sgarki i turbiny.

W lotniczym silniku turbinowym spearka bezpérednio wspotpracuje
z zasilanym przez aicatym kanatem przeptywowym silnika stangeym ukiad
diawiacy (przepustniec na wylocie ze sprarki). W uktadzie silnika wartg

Sprzu sprzarki Tfs okresla sk zwykle podczas prob odbiorczych, migrzego
wartas¢ na linii wspotpracy sgrzarki z nagdzapca sprzarke turbin.

Rys. 3. llustracja okéenia zapasu statecznej pracy
sprzarki: 1 — granica pracy statecznej, 2 — linia
wspotpracy S-TS, 3 — krzywa diawiemig, =idem

|
|

Fig. 3. lllustration of determination for surge mar

gin compressor: 1 — surge line, 2 — working line, . Vo
3 — corrected speed of impellag, = idem (ny, )y \ang

llosciowa ocery odlegtaci linii wspotpracy S-TS od granicy statecznej
pracy spezarki (rys. 3.) umeliwia zapas statecznej pracy sgarki zdefiniowa-
ny wyrazeniem [7]:

:T'ggr /(m)gr _T[;/rThzr

AKs (26)

e’/ my,
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gdzie:muz i (;nlzr)gr — odpowiednio zredukowany strumienasy powietrza,
okreslony na wlocie do sgrarki w punkcie wspétpracy i na granicy statecznej
pracy przy ng, =idem, Tg i Tig, — odpowiednio spe spkzarki na linii
wspotpracy S-TS i na granicy statecznej pracy pigy=idem.

W zaleznosci od typu konstrukcyjnego sgrarki, sposobu regulacji i zasto-
sowania silnika zapas statecznej pracy wynosi zawfiks= 01+ 02 w przy-
padku spgzarek promieniowych oraddKs= 015+ 025 [7] dla osiowych. Ba-
dania eksperymentalne gparek promieniowych z promieniowymi dyfuzora-
mi topatkowymi wykazaty silny wplyw liczby Macha qakosci strumienia
w przekroju wejciowym, tj. gardzieli dyfuzora topatkowedds, na przebieg
krzywej dtawienia sprzarki. Przebieg krzywej diawienia spgarki promie-
niowej dla wybranej, obliczeniowej gikosci obrotowej charakteryzuje mi-
nimalna warté¢ strumienia masy powietrza w przekroju $epwym spe-

zarki - (Mumin) = (Miz )y, Odpowiadajca maksymalnej warfoi jej spkzu
T ey = T@Jr,oraz maksymalna warié strumienia masy powietrza w przekroju

wejsciowym spezarki Mimax = My, Stanowdce odcgta pionowego odcinka
charakterystyki, ktérego ¢dna w najwyszym punkcie odpowiada sgowi T@
na linii wspoétpracy S -TS [8].

Opracowany na podstawie pracy [9] rys. 4. ilustrugalenos¢
(M =M,/ Mumin = f(M3)) uzyskam na podstawie rezultatow badakspe-
rymentalnych szeregu sgarek érodkowych zawieragcych promieniowy dy-
fuzor topatkowy.

Z rysunku 4. wynika bezgrednio,ze wraz ze wzrostem liczby Macihg
maleje warté¢ parametru(mymaex — Mimin)/Mimin, @ dlaMz > 1,2 krzy-
wa dtawienia przebiega niemal pionowo. Analogiczzaleznosé typu

m"‘f——ﬁ“"’”")=f(n§) podaje Japikse w pracy [8]. Sprobliczeniowy, na
1max
ktérego warté¢ projektuje st sprzarke promieniovs, powinien wec zapew-

nia¢ jej prag¢ z zadowalajca warttcia zapasu statecznej pracy. Réwnanie

Tlgy =Tlg, i relack (26) mana zatem zapisav nastpujacej postaci:

TESD / r:nlm'n_n*sl r:nlmax

AKs= (27)

TES/n']lmax

skad obliczeniowa wart& sprezu spezarki promieniowej:



Uktad wylotowy typu 4cznika spgzarki promieniowej 103

B = 1+ AKs)r"” (28)
1+ (r.nl.max_ r.nlmin) / r.nlmin
lub
O
= @+ AK?)T[S (29)
1+m
gdzie
pm = Tmax™ Manin (30)
Mimin
r.nlmax_ r-nlmin
r.n_Lmin

0.8

0,7 o\

0,6 \ =
0,5 \\
0,4

0,32 :
0,2 \A\

n O
o,; — =

0.4 0,5 0.6 0,7 0,8 0,9 1 1.1 1,2 1.3 Mz

Rys. 4. Zalenos¢ ilorazu (Mymgy — Mimin)/Mumin 0d liczby MachaM; w przekroju wej-
sciowym dyfuzora topatkowego

Fig. 4. Dependence of quotie@t;ax — Mimin)/Mimin VErsus Mach numbev; at entrance
section of vane diffuser

Obliczeniowa wart& sprzu spezarki promieniowej jest wyznaczana ze
wzoru (28) lub (29), po przgfiu wartGci jej zapasu statecznej pratis, licz-

by MachaM; oraz okréleniu parametrum (rys. 4.). Na wart& liczby Macha
M; istotny wplyw wywiera stosunedtednicy wygciowej D; do wepciowej D,
dyfuzora beziopatkowego. We wspétczesnych konsfackcspegzarek promie-



104 S. Antas

niowych lotniczych silnikéw turbinowych stosunéﬂednic%zl,oa— 1,7 [10].

2
Przedstawiog na rys. 4. zalsos¢ mazna wykorzysta w doborze odpowiedniej
wartcici tego stosunkdrednic. Wedtug pracy [9] w przypadid; < 1,2 w wy-

D
borze stosunkdrednic — odpowiadajcym wybranej wartci liczby Macha
2
Msmozna wykorzysté przyblizona zaleznos¢:

D, M
D (- 3 (32)
2 1+ a'(M - 1}
gdzie
—+0,2
MZ
= _AD; (33)
8tga,b,
przy czym

D, — érednica wirnika na wylocieb, — szeroké¢ kanatu wylotowego wirnika
(wysokas¢ topatek),a, — kat kierunkowy pedkosci bezwzgédnej w przekroju
wyjsciowym wirnika, 4, — wspolczynnik tarcia/{ = 0,03),M, — liczba Macha
predkosci bezwzgtdnej w przekroju wy§jciowym wirnika.

Sprzarka osiowo-offrodkowa jest najkorzystniejszym wariantem éiai-
gtowych i smigtowcowych silnikdw turbinowych o malych strumiaoh masy
powietrza m=2+6 kg/s i umiarkowanych sptach 6< 1% <12. W sprzarce
osiowej dla tych wydatkow i sgry topatki kaicowych stopni & zbyt krotkie,
co wplywa ujemnie na warté jej sprawnéci izentropowej. Szczegotawpro-
cedue rozdziatu spgzu spezarki osiowo-promieniowejng pomkdzy czscia-
mi osiowg T@A i odsrodkowa T@R podano w pracy [11]. Poniewaprz spek-
zarki osiowo-@rodkowej jest iloczynem sgity jej czsci skladowych:

Tls = Tl Tl (34)
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obliczeniowg wartas¢ sprzu spezarki osiowo-promieniowej okia relacja

6, =(14) (1) (35)

(0]

gdzie obliczeniowa ward sprzu czsci osiowej spezarki jest wyznaczana
analogicznie do sprarki osiowej:

() =T@A(1+T§“j (36)

0 100

Obliczeniowa wart& spkzu czsci promieniowej spgzarki osiowo-od-
srodkowej (T[ER)O moze by obliczana z formuty (28). Obliczenia uktadu wylo-

towego, a zarazem przeptywowe @@arki promieniowej lub osiowo-promie-
niowej mana uwaat za poprawne, i w rezultacie obliczé uzyskano rze-
czywish wartas¢ sprezu obliczeniowego sprarki, definiowanego jako stosunek

cisnienia spitrzenia w przekroju wyggiowym uktadu WylotowegovaM do ci-

snienia spitrzenia w przekroju wégiowym spezarki pl']:

usy Py (37)
2 pf

zblizona do wartdci teoretycznej (wzory (28) lub (35)). Zaleca,saby bhd

wzgledny wartgci wymienionych spzy nie przekroczyt dla projektu wgine-
go 1% [4], dla z& projektu koncepcyjnego 5% [5, 12].z8& btad wzgkdny

rzeczywistej wartéci sprzu obliczeniowego (wzoér (37)) oraz waito teore-
tycznej na pocgku obliczér przeptywowych sprzarki (formuta (28) lub (35))
przekracza wartg dopuszczaly wowczas obliczenia sgrarki nalery powto-
rzy¢, przyjmupc inm wartag¢ sprawneéci hydraulicznej — mniejsz gdy

(T8) oz <Tlg, | Wicksz, gdy (T,),, > Tig,-

4. \Wnioski

W oryginalnej metodzie analizy parametrow termyedn kinematycznych
oraz geometrycznychadznika wykorzystano réwnania zachowania (energii
i masy) oraz definicje stosowane w teorii maszymikbwych w odniesieniu do
przeptywu jednowymiarowego przez ten zespoét. Metadleca si stosowa
podczas realizacji projektu koncepcyjnegoggarki. Osobnym, wanym zagad-
nieniem w rozwizaniu w trakcie prowadzenia projektu koncepcyjnggiezarki
odsrodkowej i osiowo-oéfodkowej z promieniowym dyfuzorem fopatkowym
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jest odpowiedni wybor jej sptu obliczeniowego. Podane w pracy relacje (28)
i (29) umaliwiaja racjonalne okrdenie wartdci spezu obliczeniowego spf
zarki promieniowej, natomiast formuty (35) oraz (38)jznaczenie tego parame-
tru dla spg¢zarki osiowo-promieniowe;.
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THE DOWNSTREAM DUCT OF CONNECTOR TYPE FOR RADIAL
COMPRESSOR

Abstract

The connector is the exhaust diffuser of the deigal compressor channel where the
change of flow direction takes place from radiakdiion to the direction defined by axis of the
tubular combustion chamber. The number of connsci®requal to the number of can-type
combustion chambers. This paper presents a methadefermining of flow parameters at outlet
section downstream duct of radial compressor. Ttadyais contains exhaust diffuser in the form
of connector type diffuser. The suitable methoddefermining geometrical parameters for this
exhaust diffuser also there is presented. The wmeedi methods (for conceptual design of
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compressor) are based on equation of energy catiery equation of continuity, first law of
thermodynamics, gas dynamics functions and defimitiused in theory of turbo-machines. The
final part of article includes principles of select of computational value pressure ratio for
compressor with radial vane diffuser and conclusion
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CONSTRUCTION OF SCREENER ORIENTED
ON APPLICATION OF PARAMETRIC RESONANCE

The problem with obtaining high efficiency screening process in the coal, metal
mining, building and other industries lead to invent new constructions of the
screeners. The rapid progress of screening techniques and screen design was obse-
rved in the past and nowadays the development of screen is stabilized and most of
equipment produced by various machines companies is very similar. In spite of
this, there is always a need to improve the performance of screens. Increase capaci-
ty and efficiency of screening process on the one hand, and decrease its ecological
footprint are the main goals of development of a new screening equipment. The
screening machines inventive method is parametric resonance excitation of the
screen sieve mesh. The model of laboratory screener based on parametric resonan-
ce for fine granular materials is presented in this paper. The working principle of
the screener is included showing, that the parametric resonance screener could ob-
tain a complex motion of the sieve, which is desirable with processing naturally
wet fine granular materials.

Keywords: screener, parametric resonance, sieve, construction

1. Introduction

Screening is the basic process in separating mineralogical components. All
of screeners are based on method of screening, which is schematically shown in
Fig. 1. The material is being fed onto the sieve and next is transported along the
sieve during which the feed is segregated into the oversize and undersize mate-
rial. Oversize fraction consists of the whole class Co in the feed and part of class
Cy. The rest of class Cy are included into undersize fraction [1, 2].
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feed - Co + Cu

sieve

} oversize product

Fig. 1. Scheme of screening mechanism

In the screening process two types of resistances are distinguished: the layer
resistance and the sieve resistance. Resistance of the layer has a significant im-
pact on the screening of material thick layers. This kind of resistance is typical
for the screening of a fine grade material. It is taken as difficulty of segregating
layer. A difficulty of grain transition through the sieve mesh called as sieve re-
sistance, has smaller effect. To minimalize the layer resistance impact, and in-
crease the efficiency of the screening process the proper motion of the screen
should be established. This is the challenge for engineers [1, 3]. The rapid pro-
gress of screening techniques and screen design was observed in 19" and 20"
century. Nowadays the development of screen is stabilized and most of equip-
ment produced by various machines companies is very similar [4]. In spite of
this, there is always a need to improve the performance of screens. Increase ca-
pacity and efficiency of screening process on the one hand, and decrease its eco-
logical footprint are the main goals of development a new screening equipment.

Vibro-impact mechanisms, such as screeners and drilling/cutting devices,
are usually designed to operate in a resonance regime RR. Then the most power-
ful energy flux can be achieved from the exciter to the vibrating component, and
high oscillation amplitude of the target structure can be obtained using excitation
of a relatively low intensity. Parametric resonance PR is the state of oscillating
instability =~ which  can  arise  under  periodic  disturbance  of
a parameter of the structure, for example, under periodic variation of the pendu-
lum length or the tensile force in a beam, plate or a flexible screen. Under such
action, the system begins to oscillate with the amplitude growing exponentially,
much faster than in the case of RR, where it grows linearly. The amplitude al-
most instantly reaches the maximal level defined by the system nonlinearity. The
benefits are very large amplitudes of high-frequency  osci-
llations with a high rate of the energy transfer; a wide resonant-frequency re-
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gion; low sensitivity to damping; coupled in-plane and lateral oscillations and
vibro-insulation. In engineering, PR as well as flatter was studied with the goal
to avoid it, since such phenomena usually lead to structural damage. However
the PR since its use in properly designed vibro-impact systems seems to be very
promising. These objectives can be obtained by implementation of parametric
resonance in screening process.

2. Screener construction

Many factors are taken into account during the design of the vibrating
screener’s construction. The most important is to obtain the highest possibility of
passing material through the cut-outs. This factor requires to design the screener
in such a way as to get the most effective sieve motion in conjunction with the
proper shape and spacing of the sieve cut-outs. But to obtain the high capacity
screening in industry, there is also need to carry out the process continuously.
This means that the material which is fed onto the sieve surface should continu-
ously flow as a regular steam through the screening machine. Screener design
aim is to obtain the highest material flow with maximum segregation efficiency
simultaneously [5].

Wide range of application of vibrating screeners in different industries
caused high development of their construction. Most of them are very similar
and consist of the same main elements (Fig. 2). The sieve is one of the most
important parts of the screen. The size of sieve cuts and its geometrical forms
largely determinates the efficiency of screening process. Life of cuts geometrical
form and sieve surface depend on the applied material [6]. The most popular
constructions are screen deck of steel plates, screen cloth, screen deck of rubber
or polyurethane fibre plates and cantilever beam/rod screen deck [7]. Industrial
screening machines sometimes are equipment a multi deck construction.
A superimposed sieve is mounted within a common riddle. This solution in-
creases the capacity of screening process. The construction element which is
used to fix the sieve is called riddle. The sieve stiffness and mechanical strength
are determined by a riddle. Other task of this part is to transfer loads and mo-
tions onto the sieve and to move a portion of material through sieve surface. The
angle of inclination and riddle movements depends on the screener suspension.
This element enables a sieve movement in the specified direction and precludes
unexpected motion simultaneously, which can disturb the process execution. The
newest constructions contain a spring suspension [7].

Sieve periodical motion and its trajectory also depend on the type and the
configuration of driving elements. Generally, eccentric vibrators and eccentric
crankshafts are used to drive the screen. Eccentric vibrators are mainly applica-
ble to the screens, which works above resonant frequency. Driven force is gen-
erated by inertia of eccentric mass. Second driving mechanism excites vibrations
of screen by rotation of an eccentric crankshaft. The amplitude of vibration is
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constant and equals the size of the crankshaft shoulder [4, 8]. Some construc-
tions of screeners use an electromagnetic vibrator as a driving mechanism. It is
mainly applied to directly excite sieve motion. Single elements are joined to-
gether by the frame. It enables a proper mate between parts. Frame connected
with the support carries dynamic reaction forces of screener mass. Depending on
the type of connection these forces can be damped [6, 7]. Differences between
screens mainly refer to the screen sieve motion. Sieve motion determinates the
process execution, because of this depends the motion of grains on the mesh
surface and the motion of grains in the screened layer. The single-plane screen-
ers are the most popular screening machines. In this case the riddle vibrates in
the single plane = (Fig. 3), perpendicular to the sieve. The vibrating trajectory is
flat and may take a different form: linear, circular, elliptical, complex (double
frequency). A group of screening machines are based on the other kinds of sieve
motion, for example circling motion (circling screens) or non-linear (spatial)
motion [1].

material
drive SL;S{)ension feed

case MZ/\?%Y// rddle
k_/__/__ —/ _ /_ [ L psieve

—
L :
- frame . .
material Fig. 2. Main elements of
removal I ] screener

Fig. 3. Trajectories of the sieve: a) linear, b) circular, c) elliptical,
d) complex (double frequency), e) circling motion (circling screens), f) non-
linear (spatial) motion
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The first PR-based vibrating screen was designed and built in LPMC. The
working principle of the parametric resonance screener is based on high ampli-
tude lateral oscillation of the sieve surface (Fig. 4). The riddle is suspended on
springs, and whole assembly is mounted on the frame. Riddle construction is
different from the machines built so far. It consists of two parts, which are joined
together by sieve only [9]. This solution enables a complex motion of the riddle
(Fig. 3) and the sieve surface. The sieve is a single plate with cut-outs.
A structural material for the sieve must be used, because complex state of stres-
ses is occurred. It is very important to apply the sieve pretension in order to sta-
bilize whole system. This is achieved by applying pull springs. Driven force is
generated by vibrators, which are connected with the riddle elements. The screen
drive system must cooperate in the conditions of synchronization (the same an-
gular velocity of shaft rotation). Soft start of the drive system provides a motion
of riddle. Here, small amplitude and high frequency motion can be obtained.
There is no sieve motion until the material contacts with the sieve surface.
Gravity forces of following material moves out the sieve from the equilibrium
and provides the lateral sieve motion (vs) with relatively large amplitude. The
material movement along the sieve is the result of complex screen motion and
inclination angle (a), which determinates the material velocity rate on the sieve
surface. The motion of parametric resonance screener enables to process easily
fine granular materials and may increase efficiency of the screening process.
Unfortunately this screening system is unstable. The proper operation of this
machine depends on many construction parameters e.g. value of driven force,
the sieve pretension force, fatigue strength of sieve material.

vibrators .
springs
\
fame 1 = |
/ )
- sieve - \

e W7

WA | ]
R

riddle

Fig. 4. Scheme of parametric resonance screener

3. The PR-base laboratory screener

To investigate the influence of each construction parameter the laboratory
prototype of parametric resonance screener is needed. Screener construction
enables adjustment of primary machine parameters:

¢ angular velocity of electrical vibrators,
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« inclination angle of sieve surface,

o quantity of feed,

e pretention of sieve.

Investigation of these parameters in the wide range will be helpful to stabilize
the process run. It is also very important in the development of industrial PR-
based screeners.

The model of laboratory PR-based screener is shown in Fig. 5. It is double
frame construction. This solution allows adjusting the sieve inclination angle.
The range of angle adjustment between 20 and 40 degrees is controlled 2.5
degree increments. The suspension system off riddle is placed on the movable

removal
chute

vibrators

lock
system

" suspension
system

riddle

Fig. 5. Model of laboratory parametric resonance screener
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frame (Fig. 6). It consists the set of sixteen springs connected with the pin ended
by screw. Adjustment of preload is obtained by movement of spring’s fixtures.
The screener transport and it’s damage repair need to fix parts of the riddle.
Thus, locking system is designed in the frame. Locking pins enable easy change
of the sieve and other parts which can be damaged.

locking
pin

pre-tension
adjustment
bolts

springs

riddle

Fig. 6. The suspension system of PR screener

The riddle is designed as the assembly couple of two angle sections (Fig. 7).
They are connected to each other by bolts and fixed the sieve simultaneously.
Rubber elements between angle sections are applied. They perform a damping
function thereby they decrease the vibration sieve effect on the other elements.
To reduce the bending stresses on the sieve the shape rubber is used. The area
between rubber and sieve is protected from blocking by rubber insulation
element. The sieve is one of the most important elements of parametric
resonance screener. In this model the sieve is a rectangular steel plate 1.0 x 1.5
m one millimetre thick with the set of rectangular cut-outs (Fig. 8). This shape
of cut-outs provides very efficient screening process of fine granular material,
without clogging it.

The screener is driven by two eccentric vibrators. They are placed in a both
parts of the riddle (Fig. 5). Rotational speed of vibrators is adjusted continuously
from O to 6000 rpm by using of inverter. Thus the lateral motion of large frequ-
ency range can be obtained. The vibrators are equipped with regulated eccentric
mass. This allows for different centrifugal force which will be useful to investi-
gate a proper configuration. Material is feed onto the sieve surface by the bun-
ker, which is fixed to the frame. The amount of material is adjusted using a slide
valve (Fig. 9). The displacement of valve is limited by guard finger, which is put
in suitable hole. This solution will be helpful to define production parameters of
the screener and material impact on the process execution service.
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angle Ve
section

%

bolt insulation

flat sieve

rubber

Fig. 7. The cross section of single
W riddle element

Fig. 8. The enlargement of the screen geometry

adjustment guard bunker slide
holes finger valve

handle

Fig. 9. Feed system
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ZASTOSOWANIE REZONANSU PARAMETRYCZNEGO
W KONSTRUKCJI PRZESIEWACZA

Streszczenie

Zwigkszenie wydajno$ci procesu przesiewania w przemysle wydobywczym, budowlanym
itp. jest glownym powodem opracowywania coraz to nowszych konstrukcji przesiewaczy. Inten-
sywny rozwoj technik przesiewania oraz konstrukcji przesiewaczy mozna bylo zaobserwowaé
w przesziosci. Obecnie nastapita stabilizacja rozwiazan konstrukcyjnych, przez co wigkszosé
urzadzen produkowanych przez rézne firmy jest podobna. Mimo to nadal istnieje potrzeba
zwigkszenia efektywnosci eksploatacyjnej przesiewaczy. Zarowno zwigkszenie wydajnosci oraz
efektywnos$ci procesu przesiewania, jak rowniez zmniejszenie szkodliwego oddziatywania ekolo-
gicznego to gtdwne przestanki rozwoju nowych maszyn przesiewajacych. Inwencyjna metoda
zastosowang w konstrukcji maszyn przesiewajacych jest wzbudzanie rezonansu parametrycznego
sita przesiewacza. W pracy zaprezentowano model konstrukcyjny przesiewacza materiatow
drobnoziarnistych, oparty na rezonansie parametrycznym. Przedstawiono zasade dziatania przesie-
wacza, gdzie mozliwe jest osiagnigcie zlozonego ruchu sita, ktory jest pozadany w przypadku
przesiewania materiatow w postaci wilgotnych granulatow.

Slowa kluczowe: przesiewacz, rezonans parametryczny, sito, konstrukcja
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ANALYSIS OF SOME ASPECTS
OF FINE BLANKING PROCESS

Blanking is one of the advanced technologies of processing materials and manu-
facturing products. Simple cutting is affected by the uneven action of plastic de-
formation. This makes the cut surface irregular. Blanking methods have been im-
proved and new technologies in the process of blanking have been developed. Us-
ing these technologies we easier achieve higher geometric precision and surface
quality. One of these technologies is fine-blanking. The aim this of study was to
investigate the mechanical properties of the material and verify the suitability of
the material for the production of parts made by fine blanking and analyze the fail-
ure of ejector tool. Based on the tests performed we can conclude that material
DN-C45 (12045) is not suitable for the production components made by fine
blanking technology. For production of parts, we recommend to use the material
C45 in modification GKZ-EW - soft annealing, fine cold rolled with globular
pearlite, tensile strength 480 MPa, yield strength of 290 MPa and hardness maxi-
mum 150 HB. Based on documented microscopic breaches at ejector in etching
state, we see that oxidation occurs at the point at the breach. In the present case for
the assessment of cracks on the ejector, it is necessary to consider whether the
thermal process was adhered.

Keywords: steel metal, fine blanking, quality of cutting surface

1. Introduction

Engineering production of parts constantly puts higher demands on the
quality and reduces labor intensity in production. In a competitive environment
only production with the lowest cost can achieve improvement, because they
directly affect the profitability and profit. Manufacturers, therefore, invest in
those technologies that are able to provide high productivity and quality of com-
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ponents. Blanking is one of the basic processes in sheet metal forming. Blanking
is a constrained shearing operation that involves elastic deflection, plastic de-
formation and fracture of the work material. In the blanking process, some fac-
tors such as the punch-die clearance, the tool geometry and the mechanical prop-
erties of the materials influence the quality of the cross-section and the dimen-
sion precision. It is necessary to study the fracture of the metal and crack propa-
gation to select rational process factors. In engineering practice, the shape of the
product, near the cut edge, is by far the most important property. Shearing is one
of the advanced technologies of processing materials and manufacturing prod-
ucts. Simple shearing is affected by the uneven action of plastic deformation.
This makes the cut surface irregular. Shearing methods have been improved and
new technologies in the process of shearing have been developed. Using these
technologies we can easier achieve higher geometric precision and surface quali-
ty. One of these technologies is fine blanking [1-5].

In conventional metal stamping a 2-part punch and die set is used (Fig. 1).
Fine blanking adds two more elements: a clamping or "stinger” plate to prevent
die roll-off and a counter punch to control deformation as the punch pushes
through the plate. Thus, the part is smoothly removed from the strip. The fine
blanking process resembles an extrusion process rather than the shearing process
of conventional stamping. This results in a part with superior flatness, smooth
edges, less roll-off and tighter form tolerances. The improved tolerance control
results from die to punch clearances of 1/5 or less than that of conventional
stamping [2, 6]. Fine blanking is a specialized type of blanking in which the
blank is sheared from the sheet stock by applying 3 separate forces — blanking
force, holding force and counterforce (Fig. 2). This technique produces a part
with better flatness, a smoother edge with minimal burrs, and tolerances as tight
as £0.001 mm. As a result, high quality parts can be blanked, so that they do not
require any secondary operations. However, the additional equipment and tool-
ing does add to the initial cost and makes fine blanking better suited to high vol-
ume production. The fine blanking has been used in automotive industry such as
door locks, gear boxes, reclining seat adjusters etc. Furthermore, the fine blank-
ing can also be applied to electronic and electrical industry [7].

Most of the equipment and setup for fine blanking is similar to conventional
blanking. The sheet stock is still placed over a blanking die inside a hydraulic
press and a blanking punch will impact the sheet to remove the blank. As men-
tioned above, this is done by the application of 3 forces. The first is
a downward holding force applied to the top of the sheet. A clamping system
holds a guide plate tightly against the sheet and is held in place with an im-
pingement ring, sometimes called a stinger that surrounds the perimeter of the
blanking location [6, 7]. The second force is applied underneath the sheet, direct-
ly opposite the punch, by a "cushion™. This cushion provides a counter force
during the blanking process and later ejects the blank. These two forces reduce
bending of the sheet and improve the flatness of the blank. The final force is
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provided by the blanking punch impacting the sheet and shearing the blank into
the die opening. In fine blanking, the clearance between the punch and the die is
smaller and the blanking is performed at slower speeds. As
a result, instead of the material fracturing to free the blank, the blank flows and
is extruded from the sheet, providing a smoother edge. To manufacture parts in
fine blanking quality, the following conditions have to be met: press, tool and
material.

CONVENTIONAL STAMPING FINE BLANKING
V-Ring plate Material

Material

30% smooth edge part 75%-100% smooth edge part

Fig. 1. Comparison of conventional stamping and fine blanking processes

Blanking force
Holding force

Sheet metal

Counterforce *

Blank Die

Fig. 2. Scheme of fine blanking equipment with forces acting
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For fine blanking technology are suitable materials, respectively steels with
sufficient cold forming property and minimum yield strength. Ideal for fine
blanking are low carbon steels and low-alloy steels with low content of alloys
and value of yield strength under 600 MPa [8, 9]. The decisive factor for the
suitability of the material is its structure, which is affected by the content of car-
bon and alloying elements present and previous thermal processing. The raw
material for fine blanked components is primarily rolled metal coils, although
extruded and rolled strips are also used. In some cases non-metallic materials are
fine blanked. Because fine blanking is as much an extrusion process as
a stamping process, the consistent flowing of material into the die cavity is criti-
cal. For this reason soft materials and materials with fine grain structure are pre-
ferred. When an application requires a hardened component, heat treatable alloys
are used. Types of steel suitable for fine blanking technology can be divided into
four groups, which are listed in Table 1 [8]. For the fine blanking it is necessary
to use material with uniform: chemical composition, structure, dimensional ac-
curacy, mechanical properties. it The shape of the fragile components (cemen-
tite, pearlite etc.) in the material structure is also important for fine blanking.
The fragile components have to be in globular shape to achieve cutting with a
smooth shear surface.

The aim of this paper is to assess the suitability of the material DN-C45 for
fine blanking and/or to propose a different material for the manufacture of the
product. When using blanked DN-C45 material in as receive condition failure of
ejector tool occurred and contribution examines the infringement of ejector pins
for the production of selected parts by fine blanking. This contribution was pre-
pared in collaboration with company that produces precise sheet-metal marts for
automotive industry by fine blanking.

Table 1. Materials used for fine blanking technology

Group Material C Cr Mo Ni
of steels [%6] [%6] [%6] [%0]
1 Low carbon steel max 0.1 -
2 Carbon steel — non alloy 0.12+1.00 -
3 Alloyed steels 0.15+0.20 max 2.00 max 0.30 max 2.00
4 Stainless steel max 0.15 max 18.00 max 18.00

2. Experimental procedure

Material symbol DN-C45 (STN 12045) with a sheet thickness of 3 mm,
delivered in roll form was used for testing. It is structural steel and is used to
produce components statically and dynamically loaded. In this particular case,
the material is used for the production of parts with complicated geometry (Fig.
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3a) by fine blanking technology. In the production practice at different stage
of fine blanking process, fracture occurs at the ejectors (Fig. 3b) used as
the counterpressure tool. The ejector was made from material 1.2379
(X153CrMoV12 according to EN ISO 4957), hardened to 59 HRC. In our work
it was necessary to determine the mechanical properties and structure of the
blanked material to determine its punchability as well as to document the reason
of failure of ejector tool used for fine blanking.

a) b)

Fig. 3. Parts manufactured by fine blanking (a) and view of ejector (b)

The uniaxial tensile test (to determine mechanical properties of the mate-
rial), Brinell hardness test (to determine effect of heat treatment) and structure
optical observations were chosen for the evaluation of material suitability for
fine blanking. The uniaxial test was performed according to STN EN 10002-1 on
the test machine TIRA-test 2300. The test machine has
a certificate of verification for testing the strength of metals and plastics. Brinell
hardness test was performed on the hardness tester HPO 250 according to EN
ISO 6506-1. Since mechanical characteristics essentially depend on the chemical
composition of the material and its structure, the structure of the material was
examined on the microscope OLYMPUS. For microscopic analysis sampling
was made at the area of crack and metallographic grinding was performed. The
sample was etched to induce the structure with 2% Nital.

3. Results and discussion

The results of uniaxial test and Brinell hardness test performed when using
blanked sheet in as receive conditions are as follows:

e vyield stress — 347 MPa,

e ultimate strength — 509 MPa,

o total elongation — 30.9%,

e strain hardening exponent — 0.193,

¢ hardness HB 62.5 — 146.
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The microstructure analysis of the blanked material, after etching on the
cross-section, has shown fine globular pearlite, disturbances in the rolling direc-
tion, various inclusions, and bubbles (Fig. 4). Defects are oriented in the rolling
direction — bubbles, inclusions were observed in the whole observed sample
surface. Based on the tests above, their results and performed study of micro-
structure of the material, we can conclude that material DN-C45 is not suitable
for the production components made by fine blanking technology. Because of
that thermal treatment was applied to blanked sheet. After annealing the basic
mechanical parameters were as follows:

o yield stress — 290 MPa,

e ultimate strength — 480 MPa,

e plastic anisotropy ratio — 0.997%.

It means that the material, with modified symbol GKZ-EW, becomes more plas-
tic and isotropic. Annealed steel sheet does not have metallurgical defects, i.e.
cluster of non-metallic impurities, cracks, segregation and other defects.

Fig. 4. Structure of material with bubbles and inclusions — magnification 100x (a) and 200x (b)

Microscopic observation of ejector after failure has shown that it was
cracked in two places symmetrically near labels 1 and 3 (Fig. 5) and cracks were
all over the cross section. Additional observation of the etched ejector surface at
different stage of fine blanking process realization demonstrates that the initia-
tion of material cracking takes place at inner wall edge (Fig. 6) and the propa-
gate across the whole ejector wall thickness (Fig. 7). Probably unusual ejector
surface topography could be a reason of cracks initiation, additionally stimulated
by dynamic loading of cutting tool.
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Fig. 7. Progress of cracks across the ejector wall thickness

4. Conclusions

The aim of study was to investigate the mechanical properties of the mate-
rial and to verify the suitability of the material for the production of parts made
by fine blanking and analyze the reason of ejector failure. Based on the tests
presented above, we can conclude that material DN-C45 is not suitable for the
production components made by fine blanking technology. For production of
analyzed parts, we recommend to use the material C45 after modification by soft
annealing. Special attention should be also paid to blanking tool production, i.e.
material treatment and surface topography configuration.
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ANALIZA WYBRANYCH ASPEKTOW WYKRAWANIA
DOKLADNEGO

Streszczenie

Wykrawanie jest jedna z zaawansowanych technologii obrobki materiatow i wytwarzania
elementow. Ciecie jest spowodowane nierownomiernym oddzialywaniem odksztatcenia plastycz-
nego, co skutkuje nier6wnomierno$cia powierzchni przeciecia. Metody wykrawania zostaty
ulepszone, co spowodowato rozwodj nowych metod cigcia. Korzystajac z tych technologii, mozna
fatwiej osiaga¢ doktadnos$¢ geometryczng i jako$¢ powierzchni przecigeia. Jedna z tych metod jest
wykrawanie dokladne. Celem artykulu jest badanie wlasciwosci mechanicznych materiatu
i sprawdzenie jego zdolnos$ci W produkcji elementoéw wykonanych przez doktadne wykrawanie
oraz analiza zniszczenia wypychacza. Na podstawie przeprowadzonych badan mozna stwierdzic,
ze materiat DN-C45 (12045) nie nadaje sie do produkcji elementow wytwarzanych metoda
wykrawania doktadnego. Do produkcji czgsci zaleca si¢ stosowanie materiatu C45 zmodyfi-
kowanego GKZ-EW — wyzarzaniem zmigkczajacym, walcowanego na zimno i zawierajacego
perlit kulisty, o wytrzymatosci na rozciaganie 480 MPa, granicy plastycznosci 290 MPa
i twardo$ci maksymalnej 150 HB. Na podstawie udokumentowanych mikroskopijnych wyrw
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w wyrzutniku poddanym trawieniu zaobserwowano, ze w miejscu wyrw nastgpuje utlenianie.
W tym przypadku do oceny pgknig¢ wyrzutnika konieczne jest sprawdzenie, czy proces obrobki
cieplnej zostat prawidtowo wykonany.

Stowa kluczowe: blacha, wykrawanie doktadne, jako$¢ powierzchni przecigcia
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TRIBOLOGICAL CHARACTERISTICS
OF STAMPING DIES WITH COATINGS

A variety of cast iron and steel grades are used for manufacturing dies in stamping
industry. The costs of these materials may vary considerably. However, with ap-
propriate surface treatments, coatings and lubricants, a cost-effective die material
may outperform the expensive ones. Therefore, in selecting die materials, a sys-
tematic evaluation of tool materials, coatings and heat treatments are required,
considering the cost and tool life as parameters. In the contribution the plasma
sprayed ceramic coatings Cr,03; and Al,O; were investigated in sliding contact with
steel in both, the block-on-ring arrangement (tester T 05) and deep drawing proc-
ess. The friction coefficient and wear of these coatings were measured at dry fric-
tion conditions and with lubricant at utilization of tester T 05. For different types
of die rings (with and without ceramic coatings) the punching forces were meas-
ured during deep-drawing process. The results show that the main advantage of
application of A1,05 and Cr,05 coatings on dies contact surfaces in comparison with
dies made of tool steel may be the increase of life-time and wear resistance, the in-
crease of the cup surface quality, savings of deficient elements by replacement of
expensive tool steels by common constructional steels.

Keywords: deep drawing, stamping die, ceramic coatings, friction coefficient

1. Introduction

The result of deep drawing process depends on the one hand on steel sheets
properties (mechanical and technological, chemical composition, surface micro-
geometry, size of grain, homogeneity of structure, uniformity of mechanical
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properties, steel sheet thickness along coil etc.), and on the other hand on used
type of press, die geometry, microgeometry of die contact surfaces and applied
lubricant [1]. The friction conditions on the contact surfaces have the great influ-
ence on the final quality of deep-drawing process (life-time of die, quality of
drawn part surface, production costs, etc.) and technological formability [2-6].
Friction on contact surfaces depends on the properties of tribological pair and
applied lubricant. In consequence of load of contact surfaces (temperature
20°+100°C, pressure 020 MPa) at drawing-in of blank into the die, the sticking
of softer blank material occurs on the die contact surface. The result is the occur-
rence of scratches on the drawn part of the surface. Therefore, the sticked mate-
rial must be laboriously removed from the die contact surfaces. The more is
material of the blank similar to material of die contact surfaces, the greater is
danger of material sticking. Required quality of the drawn part, reliability and
effectiveness of drawn parts production by deep drawing is possible to obtain by
application of suitable lubricant, chemical composition of die contact surfaces
and their microgeometry.

The fundamental understanding of galling can be obtained in the micro-
scopic and nanoscopic scales (Fig. 1). At a microscopic scale, the tool-
workpiece interface has numerous minute asperities and valleys. The magnitude,
spacing and directionality of the surface topography in these mating surfaces
play important roles not only in creating friction but also in sustaining or break-
ing a lubricant film designed to mitigate friction and wear. The better perfor-
mance of the coated tools may be attributed to their ability to minimize, or post-
pone, the occurrence of galling; an ability that was verified as an absence of
particles adhered to the tool surface and the absence of additional peaks and
valleys in the roughness profile. It is not possible to make a direct comparison of
the results obtained in this work with those of the tests presented in the literature
[7, 8], since most of the elements of the tribosystem were different, including

J Microscopic view l

/ > ‘\\
// + Pressure (P) _\\
Tool asperity ™\
/ |/ valiey
| Macroscopic view Gy Nanoscopic view \
s T AN 2 WL

. + Atomic layer g .9
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Tooling — |8
Motnpn of Atomic layer - . L,
die in sheet surface L;‘IX 0 &)
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Fig. 1. Macroscopic / microscopic / nanoscopic scale views of galling (material transfer) in metal
forming process
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materials, geometries, loads and lubrication condition. Based on the results
reported in the literature, it can be assumed that the applied test indicates that the
lower threshold galling pressures for the uncoated tools than the coated ones.
However, in addition to the questionings on the concepts of, literature [7, 8] data
also indicates that the preparation of these tests must be careful in order to pro-
vide good alignment between the contacting surfaces, even if some of the alter-
natives to the original standard are selected. The simplicity and quickness of
tests with line or point contact may be advantageous. However, taking the ex-
ample of the test T 05 (Fig. 2), it is possible to state that the use of the outputs of
this test to study forming operations is based on the assumptions that: galling is
associated with an increase in friction coefficient and galling is the predominant
mechanism in forming operations. The first of these assumptions may seem intu-
itively correct and a direct correlation between friction and galling has been
observed in some cases [9].

force
transducer regulator of fixing
blok to ring
. Fp
coating surface
\ block
I pressure plate

lubricant

Fig. 2. Principal scheme of tester T 05

2. Experimental procedure

In the first phase of this research the properties of these tested tribological
pairs were investigated by tester T 05: Al,O;— constructional steel, Cr,0; — con-
structional steel, WC,;,Co — constructional steel, tool steel — constructional steel
(degree 11 600). Tester T 05 corresponds with US standard ASTM 2714. Its
principal scheme is shown in Fig. 2. By plasma spraying the ceramic coatings on
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the basis of A1,05, Cr,0; and WC,,Co were applied on samples (in the shape of
rings) made of steel 11 600. Parameters at spraying were as follows:

e spraying distance — 150 mm,

e current intensity — 60 A,

e voltage —60 V.

Thicknesses of sprayed coatings were approximately 0.3 mm. Each sample
was polished. The friction pressure plates were made of constructional steel
(degree 11 600) on the basis of tester requirements. For the purpose of obtaining
the characteristics (friction coefficient p, wear Z, index of seizure PV) the
tribological pairs (testing ring — pressure plate) were periodically loaded in con-
ditions of dry friction and used lubricant J-4 with kinematic viscosity 35 mm?%s
at temperature 50°C. Rotations were changed four times at single loads (n; = 44
rpm, np, = 88 rpm, nz = 132 rpm, n, = 176 rpm) after every 60 s.

Pressure force Fp was changed from 300 N to 2100 N by step 300 N
— procedure | (Table 1 and 2 and Fig. 3). By using a computer following parame-
ters were obtained:

o friction force — Fg,

o temperature of pressure plate — Tp,

o temperature of lubricant — T,.

Friction coefficient was calculated by the Coulomb law. Mean values of
investigated parameters were evaluated from three measurements. Due to the
fact that at tribological pair WC,,Co/steel the seizure occurred very quickly,
only coatings on the basis of Cr,0; and A1,0; were applied on die contact sur-
faces under the same conditions as at testing rings:

Procedure I. Rotations (n; = 44 rpm, n, = 88 rpm, nz = 132 rpm, ny =176 rpm
were changed every 60 s at single load, pressure forces Fp were changed from
300 to 2100 N by step 300 N. Lower values were obtained at load 300 N, rota-
tions 44 rpm. Higher values are connected with higher load before the seizure.
Procedure Il. Load 600 N, rotations 180 rpm, duration of load 300 min.

Table 1. Measured values of tribological pairs

Procedure | Procedure Il
Type of coating . o ] ] without
applied on testing coefficient of friction wear index of seizure lubricant
ring with lubricant Z PV _ dry friction p
u [mg/h] [Nm/s] M]
Cry0; 0.08+0.22 0.0044 580 0.22*
AL,0; 0.08+0.19 0.0031 450 0.20*
WC,,Co 0.10+0.18 - 198 0.18*
Steel 19 436 0.20-+0.30 - 135 0.32*

* values measured immediately after the seizure
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Table 2. Measured values of tribological pairs — procedure |

Pressure force Fp/ Coefficient of friction p of applied on testing ring
[rotations n

[N] Cr,04 Al1,0, WC,,C Fe-Fe
300/44 0.15 0.15 0.16 0.16
600/44 0.12 0.12 0.13 0.13
900/44 0.10 0.10 0.11 0.12
1200/44 0.10 0.10 0.11 0.12
1500/44 0.10 0.10 0.11 0.12
1800/44 0.09 0.09 0.10 0.10
2100/44 0.08 0.08 0.11 0.12

The influence of changes of contact surfaces properties on the change of
both friction and quality of the drawn part was tested in the deep drawing pro-
cess of cylindrical cups in the universal deep-drawing die (die inside diameter d,
= 80 mm, blank diameter Dy = 148 mm). The material of drawn cups was the
steel sheet of extra deep-drawing quality DC 05. Its surface roughness was in the
range Ra = 0.8+1.2 um. The die ring was made of tool steel degree 19 436 and
its roughness was Ra = 0.4 um. Die rings for coating of contact surfa-
ces were made of steel degree 11 600 and after application of coatings they
were polished to Ra = 0.8 um. Material of drawn cups was the steel sheet of
extra deep-drawing quality DC 05. Its surface roughness was in the range
Ra=0.8+1.2 um.

For evaluation of the influence of changes of die contact surfaces properties
on the change of friction at deep drawing the index of formability i was intro-
duced. The index of formability is given by ratio of forces required for drawing
of cylindrical cups as follows:

F
i =—" 1
FEE 1)
where: F,, — punching force obtained at ethalon (lubricant J-4, die ring made of
steel degree 19 436, die inside diameter d, = 80 mm, die corner
radius ry = 10 mm, punch comer radius r, = 10 mm),

Fi; — force obtained at compared die contact surfaces (lubricant J-4,
die ring with coating Al,03-Fiaire, Cr203-Ficrre and WC,C 5-F
WC12C-Fuwcizere die inside diameter d, = 80 mm, die corner

radius r, = 10 mm and punch corner radius r, = 10 mm).

For recording of forces the dynamometer with the tensometer resistance
pickup was used. Measurement and evaluation of recorded signals was carried
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out by a computer. The mean values were calculated based on five measu-
rements (Table 3).

Table 3. Results of punching forces and formability index for different friction pairs

Punching force F; i index
[N]
Fe-Fe | Cr,05-Fe | Al,05-Fe | WC,,C-Fe | Cr,05-Fe | Al,05-Fe | WC,,C-Fe
73959 | 69521 68 782 72 480 0.94 0.93 0.98
300 T . . 110
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Fig. 3. Typical diagram of procedure I: F¢ — friction force, Fj, — pressure force, T, — temperature
of pressure plate, T, — temperature of lubricant

3. Results and discussion

In Table 1 the results of friction tesing for single tribological pairs in dry
friction conditions and also with lubricant J-4 were presented. The index of sei-
zure PV was calculated according to the formula

PV =F, - Nosc (2

Limits of seizure resistance are shown in Table 1. At tribological pair
WC,Co - steel the seizure occurred sooner as it was planned. The highest values
of the PV index were obtained at combination of tribological pair Cr,05-steel.
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Values of the friction coefficient in dry friction conditions were different at
coated testing rings and non-coated testing rings from tool steel. The course of
friction force Fy, as well as temperature of pressure plate T, and for tribological
pair Cr,0s-steel with lubricant J-4 is shown in Fig. 3. Mutual dependence be-
tween the friction coefficient, pressure force and temperature at all tribological
pairs had the same character. At modelling loads the seizure did not occur in any
case. But diffraction of friction coefficient values at tribological pair tool
steel/steel was greater than at tribological pairs Al,Os/steel or Cr,04/steel.

Process of abrasive wear was analyzed on the basis of measurements ob-
tained at constant load 600 N, 180 rotations per minute during 300 min [10]. It
was impossible to keep the intended duration of the test for all tested tribological
pairs because at tribological pair WC,,C/steel the seizure occurred very soon.
Obtained results showed that tribological pairs Al,0z/steel, Cr,0s/steel are more
seizure resistant as tribological pair WCy,Co/tool steel and tool steel/tool steel.

Steel sheet surface was lubricated with mineral oil J-4 (cca 3-4 g/m?) and
then the cup was produced by deep drawing. From measured values of punching
forces at single tribological pairs result that the substantial difference of friction
values was not recorded (Iga.re = 0.93, lrcr.re = 0.94, Irwioc.re = 0.98). During the
deep drawing of cylindrical cups in the deep-drawing die with the die ring with
ceramic coating the scratches on cups surfaces were not observed. In deep-
drawing die with die ring made of tool steel the scratches on cups appeared.
Sticking of material was removed by polishing the contact surfaces. Mentioned
above was confirmed also by results obtained on tester i.e. coatings on the basis
of Al1,0; and Cr,0;3 are more seizure resistant [10, 11].

Conclusions

On the basis of measured results we may state:

1. In dry friction conditions the substantially higher differences of the
friction coefficient values were recorded at tribological pairs Al,0s/steel
(u = 0.20), Cr,0s/steel (u = 0.22), WCy,C/steel (u = 0.18) than at tri-
bological pair steel/steel (« = 0.32).

2. During utilization of lubricant the more substantial changes of friction
coefficient values were not recorded at single tribological pairs. Disper-
sion of the friction coefficient values was lower at tribological pairs with
ceramic coatings than at tribological pair tool steel/con-
structional steel.

3. In the deep-drawing process with lubricant the more substantial changes
of friction coefficient values were not recorded at tribological pairs coat-
ing/SteEI (IFAI—Fe = 0.93, lecrpe = 0.94, lrwizcpe = 098) in Comparison
with tribological pair tool steel/constructional steel.

4. The results show that the main advantage of application of Al1,0; and
Cr,05 coatings on dies contact surfaces in comparison with dies made of
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the tool steel may be the increase of life-time and wear resistance, in-
creasing the cup surface quality, savings of deficient elements by re-
placement of expensive tool steels by common constructional steels.

5. From the point of view of application of ceramics on die contact
surfaces it is needful to evaluate the economical effectiveness.

6. Itis suitable to orientate further research on modelling the various values
of load (temperatures on contact surfaces) and on investigation of
mechanisms of destruction of created adhesion layer on contact surfaces
during deep drawing in dry friction conditions, with application of lubri-
cant and with carbon impregnated contact surfaces.
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CHARAKTERYSTYKA TRIBOLOGICZNA MATRYC DO TLOCZENIA
Z NANIESIONYMI POWLOKAMI CERAMICZNYMI

Streszczenie

Roéznorodne zeliwa oraz stale sa stosowane do wykonywania narzedzi do proceséw
tloczenia. Koszt tych materiatéw moze ksztaltowac si¢ na réznym poziomie. Tymczasem, poprzez
zastosowanie okreslonej obrobki powierzchniowej i powloki oraz smaru, matryce mozna
wytwarza¢ metodami mniej kosztownymi, zastepujac drogie materiaty. Dlatego tez w doborze
materialdw konieczna jest systematyczna analiza materialow narzedziowych, stosowanych powtok
oraz przewidywanej obrobki cieplnej, biorac pod uwage jako podstawowe parametry koszty
wykonania oraz zywotno$¢ narzedzi. W prezentowanym opracowaniu badano naniesione plazmo-
wo powloki Cr,0; oraz Al,O; w kontakcie ze stala, zarowno za pomocs tribotestera T 05, jak
réwniez w procesie wytlaczania. Pomiary wspotczynnika tarcia oraz zuzycia realizowano za
pomoca tribotestera w warunkach tarcia na sucho oraz z zastosowaniem smaru. W trakcie procesu
wyttaczania dokonywano pomiaru sily ksztaltowania dla réznych pierscieni matrycowych
z powloka ceramiczng oraz bez powloki. Wyniki badan zdecydowanie wykazaty gtéwne korzysci
wynikajace ze stosowania narzedzi z powlokami ceramicznymi w poréwnaniu z narz¢dziami bez
powloki na powierzchniach kontaktu z ksztaltowanym materiatem — zwigkszenie zywotno$ci
poprzez zmniejszenie zuzycia $ciernego, poprawe jakosci wyttoczek oraz oszczgdzanie materiatow
deficytowych przez zastapienie drogich stali stopowych stalami konstrukcyjnymi.

Stowa kluczowe: ttoczenie blach, matryce, powtoki ceramiczne, wspotczynnik tarcia
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INFLUENCE OF PATH GENERATION STRATEGY
ON TENSILE PROPERTIES OF FDM PROTOTYPES

This paper presents the results of a study evaluating the influence of path genera-
tion strategy of Fused Deposition Modeling (FDM) prototypes on mechanical
properties of material. Several scientific studies were researching the problematic
of path generation and internal structure of FDM prototypes. Mostly the influence
on mechanical properties was observed. The presented study focuses on assess-
ment of mechanical property of part fabricated using fused deposition modeling
(FDM) technology in uniaxial tensile test. In this study standardized uniaxial ten-
sile test (STN ISO 527-2) was used to determine tensile properties of specimens
from ULTEM 9085. As the relation between mechanical property and process pa-
rameters is difficult to establish, attempt has been made to derive the empirical
model between the processing parameters and mechanical properties using statisti-
cal methods. One of the parameter in path generation was the positive air-gap be-
tween fibres in internal raster. In actual practice, the parts are subjected to various
types of loadings. Result show that proper model orientation when the orientation
of load is known, can help to reduce the build time and material consumption.

Keywords: rapid prototyping, FDM, path generation, tensile strength

1. Introduction

The current market demand is for higher quality, cost reduction and greater
efficiency, as well as ability to meet environmental and recycling objectives,
with a consequently faster product development and reduced customer lead time.
In particular, low volume products or rapidly changing high volume products
require the creation of tooling for prototypes and production components, which
is one of the most time consuming and costly phases. The RP process is capable
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of building parts of any complicated geometry in least possible time without
incurring extra cost due of absence of tooling. Another advantage of RP is to
produce functional assemblies by consolidating subassemblies into single unit at
the computer aided design (CAD) stage and thus to reduce part counts, handling
time, and storage requirement [1]. Fused deposition modeling (FDM) is a fast
growing rapid prototyping (RP) technology due to its ability to build functional
parts having complex geometrical shape in reasonable time period. The quality
of built parts depends on many process variables. The presented study focuses
on assessment of mechanical property of tensile strength of part fabricated
using fused deposition modeling (FDM) technology. As the relation between
mechanical property and process parameters is difficult to establish, attempt has
been made to derive the empirical model between the processing parameters and
mechanical properties using statistical methods [2]. In actual practice, the parts
are subjected to various types of loadings and it is necessary that the fabricated
part must withhold more than one mechanical property simultaneously [3].

Ahn et al. [4] have pointed out that process parameters such as air gap and
raster orientation significantly affect the tensile strength of FDM processed part
as compared to other parameters like raster width, model temperature and color
through experimental design and analysis. In addition, built parts exhibit anisot-
ropic properties as far as tensile strength is concerned depending on built orien-
tation. Khan et al. [5] have concluded that layer thickness, raster angle and air
gap influence the elastic performance of the compliant FDM ABS prototype.
Bahari et. al [6] determined the optimal parameter which affects the tensile
strength characteristic significantly for ABS material. From the analysis, it was
found that the part interior style parameter affects the tensile strength perform-
ance more greatly than others. Croccolo et al. [7] presented study of the effects
generated by the Fused Deposition Modelling production parameters on the ten-
sile strength and on the stiffness of the generated components, tackling the ques-
tion from both the experimental and the numerical points of view for ABS-M30
material. Lee et al. [8] performed experiments on cylindrical parts made from
three RP processes such as FDM, 3D printer and nano composite deposition
(NCDS) to study the effect of build direction on the compressive strength. Ex-
perimental results show that compressive strength is 11.6% higher for axial
FDM specimen as compared to transverse FDM specimen. In 3D printing, di-
agonal specimen possesses maximum compressive strength in comparison to
axial specimen. For NCDS, axial specimen showed compressive strength 23.6%
higher than that of transverse specimen. Out of three RP technologies, parts built
by NCDS are severely affected by the build direction. When material is extruded
from nozzle, it cools from glass transition temperature to chamber temperature
causing inner stresses to be developed due to uneven deposition speed resulting
in inter layer and intra layer deformation that appear in the form of cracking, de-
lamination or even part fabrication failure. These phenomena combine to affect
the part strength and size [9]. It has been observed that deformation is more in
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bottom layers than upper layers. Higher the stacking section lengths, large the
deformations. If chamber temperature increases, deformation will gradually
decrease and become zero when chamber temperature equals glass transition
temperature of material. Therefore, it is proposed that material used for part
fabrication must have lower glass transition temperature and linear shrinkage
rate. Also the extruded fiber length must be small. Bellehumeur et al. [10] have
experimentally demonstrated that bond quality between adjacent filaments de-
pends on envelope temperature and variations in the convective conditions
within the building part while testing flexural strength specimen. Temperature
profiles reveal that temperature at bottom layers rises above the glass transition
temperature and rapidly decreases in the direction of movement of extrusion
head. The minimum temperature increases with the number of layers. Micropho-
tographs indicate that diffusion phenomenon is more prominent for adjacent
filaments in bottom layers as compared to upper layers. Simulation of FDM
process using finite element analysis (FEA) shows that distortion of parts is
mainly caused due to accumulation of residual stresses at the bottom surface of
the part during fabrication [11]. The foregoing discussions reveal that FDM
processed parts exhibit anisotropy of mechanical properties. Properties are sensi-
tive to the processing parameters because parameters affect meso-structure and
fibre-to-fibre bond strength. Also uneven heating and cooling cycles due to in-
herent nature of FDM build methodology results in stress accumulation in the
built part resulting in distortion which is primarily responsible for week bonding
and thus affect the strength. It is also noticed that good number of works in FDM
strength modeling is devoted to study the effect of processing conditions on the
part strength but no significant effort is made to develop the strength model in
terms of FDM process parameters for prediction purpose. The present study uses
the second order response surface model to derive the required relationship
among process parameters and tensile, flexural and impact strength.

The presented study presents the influence of various path generation
strategies on tensile properties of FDM prototypes made from ULTEM 9085.
Path generation strategy was made with various numbers of layer contours and
various air gaps between internal fibres. Internal air gap between fibres reduces
the amount of used material and decreases building time.

2. Experimental procedure

In this study standardized uniaxial tensile test (STN ISO 527-2, speed 10
mm/min) was used to determine tensile properties of prepared specimens.
Specimens were built on Fortus 400mc with slice height 0.254 mm and path
fiber 0.508 mm wide. The dimensions of the test specimens were determined
according to STN I1SO 527 (Fig. 1) and the specimens were built in orientation
as depicted in Fig. 2 with building platform parallel with XY plane in Fig. 2.
Orientation of the specimens was labeled as orientation A, B and C (Fig. 2 from
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left to right). Ultem 9085 was selected as modeling material to build the samples
for test. Samples were prepared with twelve different strategies of path gene-
ration. One parameter was the number of the outline contours and considering
the slice dimensions in the sample with orientation A (4 x 10 mm) was the num-
ber of outline contours defined as one, two and three as displayed on Fig. 3.

20 4

R5Q

160

X Fig. 1. Tensile test specimen dimensions

Fig. 2. Building orientation A, B
and C (from left to right)

The second parameter in path generation was the positive air-gap between
fibres in internal raster. The air gap was changed in four steps, starting at 0% of
fibre width with increase to 25, 50 and 75%. Absolute value of air gap was 0.127
mm, 0.254 mm, 0.381 mm. Sample of path generation with various air-gaps for
slice with one outline contour is presented in Fig. 4, and generated tool path with
one outline and zero air gaps in internal raster is on Fig. 3a. Combination of two
a) b) c)
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Fig. 3. Number of outline contours factor visualization for sample with orientation A with one (a),
two (b) and three (c) outline contours

air gap between internal raster

Fig. 4. Air gap in internal raster 0,127 mm (a), 0,254 mm (b) and 0,381 mm (c)

Table 1. Types of samples according to build orientation, air-gap and number of outlines

Air-gap
Number 0 mm 0.127 mm 0.254 mm 0.381 mm
of outlines
build orientation | build orientation | build orientation | build orientation
1 A A A A A A A A A A A A
2 B B B B B B B B B B B B
3 C C C C C C C C C C C C
alignment of the outher contour start-end
position in all model layers in one line
Fig. 5. Location of outer fiber start random alignment of contour % "

—end (left alignment to one line) start-end position
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parameters and three build orientations gives 36 different types of sample inter-
nal structure (Table 1). From each type of internal structure were prepared three
specimens. To minimize the influence of weak bond in point where starts and
ends the path of outline fibre was the path generation parameter “seam control”
set to random. Especially for the samples with orientation B and C placing the
start points of the layer building in one line in Z direction causes weakening of
the sample in this area and locates the crack always in the same area (Fig. 5).

3. Results and discussion

For all the proposed combinations of tool-path generation was evaluated
building time of modelling material consumption obtained from software Insight
8.1 (Stratasys). Results for modelling material consumption are presented in Fig.
6 and are compared for each direction with initial tool-path generation strategy
with one outline and zero air-gap. Presented results clearly show that the increas-
ing number of the outline contours required amount of material decreases. In the
case of zero air gap the difference is slightly small for each type of sample orien-
tation. The difference is from 1.34 to 2.07%. Increasing the air-gap in all types
of sample orientation causes the reduction of used modelling material. Maximal
reduction 29.58% of used material is observed in the sample with orientation B,
one outline and 0,381mm air-gap. Maximal material consumption difference in
the cases of increasing the number of outlines 19.31% can be observed in the
sample with orientation A with 0.381mm air-gap when changing the number of
outlines from one to three.

Results for specimen building time are displayed in Fig. 7. These results
show strong influence of part orientation on the building time. In the case of
specimen orientation type A can be observed that with increasing of outline
number the building time increases by 15.63%. In the case of building speci-
mens with orientation B and C the building time decreases. In the case of C ori-
entation the building time decreases up to 6.17% and in case of B orientation
decreases by 22.22%. In Figure 8 are presented results for tensile strength for
samples with orientation A. The results show that for samples with one and two
outlines when increasing the air-gap, the tensile strength decreases. Except for
the samples with 0.254 mm air-gap compared to 0.127 mm air-gap, where the
tensile strength slightly increases. Samples with three outlines show interesting
phenomena where with increasing the air-gap also the tensile strength increases
but not like expected to decrease. That was also observed in samples with build
direction C.
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Fig. 6. Modelling material consumption compared to initial state (one outline and zero air-gap) for
each samples orientation (A, B, C from left to right)
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Fig. 7. Building time compared to initial state (one outline and zero air-gap) for each samples
orientation (A, B, C from left to right)
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Figure 9 presents the result of tensile test for specimens with orientation B.
As it was expected with increasing the air-gap the tensile strength has decreased
in all variations of outlines number. Anyway the increase of the number of out-
lines makes the tensile strength drop less significant for the samples with three
outlines compared to samples with one outline. This could be explained by the
premise that larger part of the load in this orientation was carried by the internal
structure. Adding an air-gap into the structure weakens the internal structure and
the load must be carried by the outline fibres. Bigger number of outline fibre
helps to transfer the load and prevent to drop the tensile strength so significantly
compared to samples with one outline contour. Results of tensile test for samples
with C orientation are presented in Fig. 10. As it was expected, total values of
tensile strength are comparable for orientation A and B. Samples with orienta-
tion C have most of the outline fibres oriented in the direction of load compared
to sample volume and that is why they can transfer higher load. For the samples
with three outlines is observed slight increase of tensile strength with air-gap
0.127 mm and 0.254 mm.

tensile strenght of samples with orientation B

73

80 A

60 -

40 -+

20 A

Tensile strenght [MPa)

3 outlines
0 ' ! ! ! 2 outlines
0 0,127 0,254 0,381 1 outline

air gap [mm]

Fig. 9. Tensile strength for samples build in B orientation
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Fig. 10. Tensile strength for samples build in C orientation
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4. Conclusions

Presented paper introduced the study dealing with the influence of path
generation strategy on tensile strength properties of FDM prototypes made of
ULTEM 9085 material. Observed variables were the number of outline contours
and air-gap in internal structure raster. The influence of selected variables on
building time and modelling material consumption was observed. The tensile
strength value was the highest for the samples with built orientation C. The re-
sults from the tensile test also show, that when the operator knows the main di-
rection of load for part built by FDM technology, he can choose the appropriate
orientation and by increasing the number of outlines and adding internal air-gap.
This lead to reduction of built cost, by reducing the built time and amount of
used modelling material. Operator gets the part with comparable or higher me-
chanical properties. Anyway these phenomena of tensile strength increase re-
quire more detailed study of FDM structure and crack propagation to fully ex-
plain this mechanism.
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WPLYW STRATEGII GENEROWANIA SCIEZKI PROTOTYPOW
EDM NA WLASCIWOSCI MATERIALU PRZY ROZCIAGANIU

Streszczenie

W pracy przedstawiono wyniki badan oceniajacych wplyw strategii generowania $ciezki
prototypéw wytwarzanych metoda osadzania topionego materiatu (OTM) na wlasciwosci
mechaniczne materiatu. Liczne badania naukowe podejmowaly problematyke generowania $ciezki
oraz wewngtrznej struktury prototypéw OTM. W wigkszos$ci przypadkow zaobserwowano wptyw
sposobu wytwarzania prototypow na ich wiasciwosci mechaniczne. Prezentowane badania
skupiaja sie na ocenie wlasciwo$ci mechanicznych w te$cie rozciagania czesci wytwarzanych
technologia osadzania topionego materialu. W badaniach wykorzystano znormalizowana probg
jednoosiowego rozciagania (STN ISO 527-2) do okreslenia wlasciwos$ci przy rozciaganiu probek
z materiatu Ultem 9085. Relacja pomigdzy wlasciwosciami mechanicznymi i parametrami procesu
jest trudna do ustalenia, dlatego skupiono si¢ na okresleniu modelu empirycznego pomiedzy
parametrami procesu i wihasciwosciami mechanicznymi, wykorzystujac metody statystyczne.
Jednym z parametrow generowania $ciezki byla dodatnia szczelina pomigdzy widknami
wewngetrznego rastra. W praktyce czgsci prototypowe sa poddawane rdéznego typu obciazeniom.
Wyniki badan wykazaly, ze poprawna orientacja czgsci pozwala na skrocenie czasu budowy
modelu oraz zmniejszenie ilo$ci potrzebnego materiatu.

Stowa kluczowe: szybkie prototypowanie, FDM, generowanie $ciezki, wytrzymato$¢ na rozciaga-
nie
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CUTTING EDGE PREPARATION
IN MACHINING PROCESSES

In modern manufacturing industry it is essential to produce under low costs and
high quality of products in a short time. This is possible by selecting the cutting pa-
rameters in order to achieve high accuracy and low processing time. Usually the
desired cutting parameters are determined based on experience or by use of various
handbooks but the cutting tool capability is not fully employed. The tool wear has
detrimental effect on surface roughness and costs of production as well as on cut-
ting tool performance and machining process reliability. The meso- and micro-
geometries of tool design have long been poorly considered by end users and by
researchers, because of the lack of manufacturing procedure leading to accurate
edge radius preparation. The problem of cutting edge preparation requires consid-
ering the appropriate integration of the following aspects: workpiece, machining
process, machine tool, surroundings and cutting tool. The application of the edge
preparation process seeks to solve this problem by means of the elimination of de-
fects and irregularities and by the generation of defined edge geometry and by
modifying the micro-topography of the edge and the micro-structuring of the face
and flank of the tool. This article is an outline of literature knowledge concerning
the cutting edge design and cutting edge preparation.

Keywords: cutting edge preparation, cutting edge geometry, micro geometry

1. Introduction

In modern manufacturing industry it is essential to produce under low costs
and high quality of products in a short time. This is possible by selecting the
cutting parameters for achieving high accuracy and low processing time. Usually
the desired cutting parameters are determined based on experience or by use of
various handbooks but the cutting tool capability is not fully employed. The tool
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wear has detrimental effect on surface roughness and costs of production as well
as on cutting tool performance and machining process reliability. Essential factor
is the cutting edge micro-geometry, which affects the tool wear, process reliabil-
ity and quality of the workpiece. Research activities in the field of cutting tools
are concentrated on analyzing the process of cutting edge preparation. Further-
more, the methods for assessing the quality of the rake and flank surfaces on
cutting tool of the instrument and in particular the impact of cutting edge radius
r, of machined surface properties and its micro-geometry have been presented.
In addition, cutting edge preparation in drills and milling tools has significant
impact on the burr formation on workpiece surface. The cutting edge changes
due to accelerated wear of the running area significantly affect machined sur-
face. In precision machining mainly in drilling and milling (ball end-mills,
manufacturing of precision holes) problem arises in the evaluation and meas-
urement of tool wear. Active faces of tool — flank and rake, are not simple flat
surface such as and crater wear measurement is really a problem with classical
measuring procedure. At present various methods of cutting edge preparation are
used and developed for precision machining tools (laser, honing, blasting etc.)
where the monitoring of quality expressed by cutting edge sharpness and its
micro-geometrical parameters, requires suitable measuring methods. The precise
measurements are applied in micro-and nano-metrology measurement proce-
dures. Similarly, manufacturers of precision and complex shape cutting tools
look for opportunities how in production conditions apply nanometrological
measurement procedures.

During last decade a great interest has been done to cutting edge prepara-
tion. This interest arises from more aspects among them the necessity to prepare
the tool edge before coatings as well as demand for high precision tool design
with the aim of smooth and sharp cutting edge. Moreover, the requirements of
quality of the finished product, decrease of costs, flexibility, reduced times of
production, productivity, capacity to process new materials and miniaturization
are among others. High material removal rate, high cutting parameters require
high tool performance. Therefore, the geometry of the cutting edge and its
preparation play a significant role on the performance of a cutting tool when
machining widely used or difficult-to-machine materials. The selection of the
most recent publication concerned with cutting tool edge preparation is listed in
Table 1.

2. Cutting edge preparation

It is well known that cutting tools are subjected to high stresses by modern
machining technologies, like dry machining, high-speed machining or high-
performance machining. Several researchers state [1-13] that the central goal of
the cutting edge preparation process is to generate a specific geometry in the
contour of the cutting edge (rounding or chamfer or combination of both), and to
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produce an improvement in the cutting edge micro topography (notchedness or
chipping) and to adapt the surface of the cutting edge and cutting surfaces for the
subsequent coating process of the cutting tool or for the improvement of the
contact behavior for an specified machining application. The cutting edge micro
geometry is often defined by the cutting edge radius r,. The shape of the micro-
geometry can be consistently characterized using the parameters Ar, ¢, Sy, Sa
proposed by Denkena as it is illustrated in Fig. 1.

Table 1. Analysis results of the published works from cutting edge preparation

A\l;thor CUtt'r.‘g Processes Ed_ge Purpose of study
ear material design
Wyen- micro-abra- rounded edge, | determination a new algo-
Wegener HW insert sive jet machi- | edge radius rithm to reduce uncer-
2010 [6] ning tainties of existing methods
Denkena HC with abrasive cutting edge investigate the effect of
etal. 2012 [7] | TiAIN-Al,O; | brushing design, cham- | tailored cutting edge micro-
coating fer geometry
Denkena HW K10-20 | face cutting edge novel method for preparing
etal. 2013 [8] | insert grinding design, cham- | of customized cutting edges
fer by means of grinding
Yussefian HSS T-15, electro-ero- rounded edge, | electro-erosion edge honing
etal. 2010 [9] | HW C-2 sion honed honed edge, of cutting tools
uncoated (EDM) edge radius
inserts
Bassett et al. | HC with TiN- | abrasive honed edge study presents the quality
2012 [11] TiAIN coating | brushing design, cham- | oriented cutting edge prepa-
fer ration via abrasive brushing
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Fig. 1. Characterization of the cutting edge micro geometry and typical cutting
edge preparation geometries
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Denkena et al. [3] analyzed the influence of asymmetrical micro geometries
on tool life. It is demonstrated that the slope of the edge towards the flank or
rake face influences not only the wear mechanism, but also the mechanical and
thermal loads. To achieve special micro geometries at the cutting edges, differ-
ent manufacturing technologies can be applied depending on the productivity,
precision and final micro geometry. Denkena [13] classified three kinds of char-
acterization of the micro-geometry which are possible to distinguish three ten-
dencies (Table 2).

Table 2. Characterization of the insert micro geometry by “K” factor

Factor “K” Characterization of type tendencies
K=1 defines a symmetrical micro geometry
K>1 indicates a slope toward the rake face
K<1 describes a slope towards flank face

As mentioned [2] tool designers pay particular attention on the tool geome-
try at various scale: macro-geometry (cutting angles, chipbreaker etc.), meso-
geometry (cutting edge radius — order of magnitude: 1+100 um), and finally
micro-geometry (surface texture — order of magnitude <1 um). The meso- and
micro-geometries of tool design have long been poorly considered by end users
and by researchers, because of the lack of manufacturing procedure leading to
accurate edge radius. These types of edge preparation are typical for different
application and cutting tool materials, as shows Table 3. The problem of cutting
edge preparation requires considering the appropriate integration of the follow-
ing aspects: workpiece (material, shape and dimensions), machining process
(kinematics, cutting conditions), machine tool (static and dynamic rigidity), sur-
roundings (cutting fluid, thermal conditions) and cutting tool (substrate, coating,
macro geometry and cutting edge preparation) as shown in Fig. 2.

Table 3. Common applications and employed material for specific type of cutting edge

Type —
of cutting edge Common applications Commonly used

Rounded edge - finish cutting - diamond
- semi-finish cutting - PCD (polycrystalline diamond)
- precision machining - HSS (high speed steel)
- micromachining - cemented carbide tools

Chamfered edge | - hard turning - CBN (cubic boron nitride)
- heavy rough cutting - PCBN (polycrystalline cubic boron nitride)
- interrupted cutting - ceramic tools
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Fig. 3. Input-output aspects of the cutting edge preparation process,
according to [1]

Rodriguez [1] shows two states of a cutting edge (Fig. 3), in the left side
a sharp edge and in the right side a prepared edge. Before the cutting edge prepa-
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ration process, the sharp cutting edge presents typical edge defects (burrs, burns,
micro fractures, poor surface roughness and irregularities), surface defects and
low mechanical strength that cause chipping of the edge and instability of the
cutting process obtaining low tool life, low tool reliability and negative influence
on the workpiece quality. The application of the edge preparation process seeks
to solve this problem by means of the elimination of defects and irregularities
and by the generation of defined edge geometry and by modifying the micro-
topography of the edge (notchedness) and the microstructuring of the face and
flank of the tool (right side of Fig. 3). The consideration of these cutting prepara-
tion aspects influences the cutting process causing improvements in tool life,
tool reliability and workpiece quality. Cutting edge preparation consists
of generating the cutting edge geometry and modifying the micro topography
of the edge (change in notchedness) as well as the change in roughness and tex-
ture of the tool surfaces (face and flank) in the vicinity of the edge, with the con-
sequent elimination of edge defects and strength improvement, in order
to improve the performance and reliability of the cutting tool and the quality
of the workpiece.

Initial condition Process type Process parameters || Micromachining

Turning, milling,
drilling

» Burrs
Friction coefficient

Minimum uncut chip
thickness

Hard machining
High speed cutting
Precision machining
D hining

» Micro-fractures
l Notchedness
o Surface texture

Cutting speed, feed
Depth of cut

|CUTTING EDGE GEOMETRY|

Contour shape and

dimensions e
Edge micro-topography | To eragce'?)'?{‘a
(Notchedness) L“f'e“EFO UCIDIIEY,

Surfaces roughness and
texture (Micro-structuring)

Hardness

Coating thickness
Coating structure
Composition

Adhesion capacity

TRS
Workpiece material Tool geometry Tool material

Fig. 4. Factors influencing the selection and design of the cutting edge geometry,
according to [1, 15]
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In order to define the adequate cutting edge geometry and preparation for
a specific application, it is required to consider the following aspects (Fig. 4):

initial condition of the cutting edge,

type of machining process,

process parameters,

size effect and/or micro-machining aspects,
workpiece material,

tool material (substrate),

cutting tool macro geometry,

required coating.

The cutting edge preparation process generates the contour of the cutting
edge, changes the micro topography of the cutting edge, and also modifies the
micro-structuring of the surfaces in the vicinity of the edge.

ESULTS CUTTING EDGE PREPARATIO

+ Edge defects elimination * Edge micro-topography
« Edge strength » Tool surfaces micro-structuring
o Edge geometry L ) ¢ Substrate residual stresses
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e Temperature e Contact distribution point + CoaiiEgge on
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Workpiece accuracy

Cutting stability Coating performance

Minimum uncut chip thickness

e o o o
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No Edge Preparation With Edge Preparation
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Sphero XR H-11/54 HRC, Roughing

Fig. 5. Influence of the cutting edge preparation on the machining process: chain of
effects, according to [1, 14-16]



156 L. Kandrag, 1. Mankova, M. Vrabel’

These aspects of the cutting edge preparation influence the cutting process.
As a result consequences on the tool performance and workpiece quality are
observed. Figure 5 shows an example chain of influences, effects and conse-
quences of the edge preparation on the machining process for typical ball end
mill. In Figure 6 the categories used for the definition of the geometry of the
cutting edge and an example of a scanned cutting edge obtained with a chro-
matic sensor used to characterize the edge rounding are shown. Rodriguez [1]
states that these categories allow the characterization of the cutting edge prepara-
tion by means of quantifiable parameters using the appropriate measure-
ment technology. The characteristic of the contours that describe the convex
surface generated by the rounding process is considered as important aspect. The
characteristic of these contours can be carried out by means of a nominal radius
of rounding r, that corresponds to the best fit of the contour to a circumference
arch or more detailed through the curvature function that represents the curva-
ture and the radius in each point of the contour.

Prepared edge I

Scanned detail
of the cutting
edge surface

Roughness 1
in chip flow 1 Tool flank ¢ , Tool face
direction < Notchedness -

: Re. R j\\R:Rm

Contour

and
nominal
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)

Tool face
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surface of the

cutting tool

A v,-f:—.y . .‘.-;.?.-,: B
“ 0, Micro topography /" 3,

V| and anisotropy of The surfaces ' » | 1
»/ It\*l Py NESA
v v

Tool flank

Fig. 6. Characterization and scanned detail of cutting edge, according to [1, 14]

3. Conclusions

The cutting edge preparation shows positive effect on the performance of
the precision cutting tool. The geometry of the cutting edge, in terms of nominal
radius, as well as the notchedness and the micro-structuring of the tool face and
tool flank has relevant influence on the performance of the precision cutting tool.



Cutting edge preparation in machining processes 157

This aspect can be used to improve ostensibly the quality of the precision cutting
tool. Thus, a relative low investment in the preparation process, compared with
other processes in the production chain of precision cutting tools, can result in
a high increase in reliability and tool life.

An important aspect is the definition of the measurement methodology,
based principally on optic technology by using contactless measurement a 3D
modeling of active part of cutting tool. Planning the cutting edge preparation
process is a strategic aspect to obtain the required characteristics of the meso-
and microgeometry of the cutting tools. The cutting edge preparation plays an
important role, especially in the first stage of machining, at the beginning of the
tool-life. The characteristic of the first contact between cutting edge and work-
piece defines the later performance of the cutting tool. Literature review shows
that the cutting edge without preparation fails in the first stage of the machining,
generating an accelerated wear of the tool flank. The cutting forces and the force
ratio are lower for the unprepared sharp cutting edges (with small radius) in the
first stage of the machining, later appear critical points where the forces and
force ratio for the prepared edges begin to be lower than for the unprepared
edge.
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PRZYGOTOWANIE KRAWEDZI OSTRZA W PROCESIE
OBROBKI SKRAWANIEM

Streszczenie

W nowoczesnym przemys$le wytworczym wazne jest, aby produkowaé niskimi kosztami
i uzyskiwaé wysoka jako$¢ produktow w krotkim czasie. Jest to mozliwe poprzez wybranie
parametrow cigcia w celu uzyskania duzej doktadnoscei i krotkiego czasu wytwarzania. Zazwyczaj
pozadane parametry skrawania sg ustalane na podstawie doswiadczen lub wiedzy podrgcznikowej,
ale w takich warunkach mozliwosci narz¢dzi do obrobki skrawaniem nie sa w petni wykorzystane.
Zuzycie narzedzia ma niekorzystny wplyw zardwno na chropowato$¢ powierzchni wyrobu
i koszty produkcji, jak rowniez na wydajnos¢ cigcia narzgdzia oraz niezawodno$¢ procesu obrobki.
Meso- oraz mikrogeometria projektowanych narzedzi dtugo nie byta brana pod uwagg przez
uzytkownikow ze wzgledu na brak procedur produkcyjnych pozwalajacych na doktadne
wykonanie promienia krawegdzi ostrza. Przygotowanie krawedzi ostrza wymaga uwzglednienia
odpowiedniej integracji takich aspektéw, jak: przedmiot obrabiany, proces obrobki, obrabiarka,
srodowisko obrobki i narzedzie. Zastosowanie procesu przygotowania krawedzi ma na celu
rozwiazanie tego problemu przez wyeliminowanie wad i nieprawidtowosci, przez wygenerowanie
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okreslonej geometrii krawegdzi, przez modyfikacj¢ mikrotopografii krawedzi i mikrobudowe
powierzchni czotowej oraz powierzchni bocznej narz¢dzia. Praca przedstawia zarys wiedzy na
temat projektowania i przygotowywania krawedzi narzedzia.

Stowa kluczowe: przygotowanie krawedzi ostrza, geometria krawedzi ostrza, mikrogeometria
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STRUKTURA I WEASCIWOSCI ULEPSZONEJ
CIEPLNIE STALI 40HNMA PO ODKSZTALCENIU
PLASTYCZNYM

W pracy zaprezentowano wyniki badan wptywu odksztalcenia materialu w proce-
sie walcowania wzdluznego na wiasciwosci mechaniczne i strukturg stali nie-
rdzewnej 40HNMA. Metoda walcowania wzdluznego jest jedna z nowoczesnych
metod doktadnej obrobki plastycznej watkéw. Polega na stopniowym ksztattowa-
niu watkow za pomoca rolek ksztattowych. Rolki posiadaja czg$¢ cylindryczna,
ktorej zadaniem jest przenoszenie obciazenia na tuleje podporowe oraz czgs$¢ robo-
cza, ktorej zarys odwzorowuje ksztalt przekroju poprzecznego ksztattowanego
stopnia watka. Przykladowo, aby uksztattowa¢ stopnie watka o przekroju koto-
wym, nalezy uzy¢ rolki, ktorych cze$¢ robocza sktada si¢ z powierzchni toroidal-
nej oraz dwoch powierzchni stozkowych. Wymiary i powierzchnie przekroju po-
przecznego odksztalconego watka odnosza si¢ do odpowiednich wymiardéw i po-
wierzchni przekroju poprzecznego watka nieodksztatconego. Proces walcowania
wzdhuznego powoduje jednorodne zmiany w strukturze materiatu w catym prze-
kroju poprzecznym ksztattowanego walka, niezaleznie od metody uzytej do jego
odksztatcania. Po tej obrébce stal wykazuje strukture sorbityczna z ziarnami
w formie igiet, ktdre sa zorientowane w roznych kierunkach. W watkach walco-
wanych metodami ciagnigcia i pchania, ktoérych odksztatcenie wzgledne przekra-
cza warto$¢ & = 4,29, ziarna byly widocznie zgniecione i wydhuzone oraz przyj-
mowaly orientacjg¢ rownolegla do kierunku odksztatcenia.

Stowa kluczowe: obrobka cieplno-mechaniczna, walcowanie wzdtuzne na zimno,
wilasciwosci wytrzymatosciowe

1. Charakterystyka procesu walcowania wzdluznego
na zimno walkow stopniowanych

Metoda walcowania wzdtuznego jest jedna z nowoczesnych metod doktad-
nej obrobki plastycznej watkow na zimno [1]. Polega ona na ksztattowaniu stop-
nia watka odpowiednio dobranymi rolkami. Rolki maja czg$¢ walcowa, ktorej
zadaniem jest przenoszenie obciazen na rolki podporowe i czg$¢ robocza o zary-
sie odpowiadajacym przekrojowi poprzecznemu ksztaltowanego stopnia watka.

! Autor do korespondencji/corresponding author: Marek Kowalik, Uniwersytet Techniczno-Hu-
manistyczny, ul. Krasickiego 54, 26-600 Radom, tel.: 48 3617614, e-mail: m.kowalik@uthrad.pl
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Do ksztaltowania stopnia watkoéw o przekroju kotowym stosuje sig rolki, ktorych
czes$¢ robocza sklada sie z powierzchni torusa i dwoch powierzchni stozkowych.
Schemat ksztaltowania walkow stopniowanych metoda walcowania wzdtuznego
przedstawiono na rys. 1. Walek (1), zamocowany w sposdb umozliwiajacy jego
wydluzanie si¢ w procesie ksztaltowania, jest umieszczony pomiedzy dwoma
rolkami ksztattujacymi (2), z ktérych kazda jest podparta dwoma rolkami opo-
rowymi (3). Rolki ksztaltujace (2) maja czes¢ walcowa, ktorej zadaniem jest
przeniesienie obciazen na rolki oporowe (3). Rolki oporowe (3) moga obracac
si¢ wokot swej osi, umozliwiajac w ten sposdb obrot rolek ksztaltujacych (2)
w trakcie procesu walcowania. Plastyczne formowanie watka polega na kilku
lub kilkunastu przej$ciach obrobkowych. Do niewatpliwych zalet metody wal-
cowania wzdluznego watkéw nalezy zaliczy¢: duze mozliwosci ksztaltowania
stopni o zmiennych wymiarach i zarysach przekrojow poprzecznych w jednej
operacji obrobkowej, mozliwos¢ obrobki watkow z materiatow o dobrych wia-
sciwosciach wytrzymato$ciowych, bardzo duza trwalo$¢ narzedzi wynikajaca
Z charakteru ich pracy oraz fatwo$¢ automatyzacji procesu ksztattowania.

Rys. 1. Schemat ksztattowania walkow
metoda walcowania wzdtuznego

Fig. 1. Scheme of the longitudinal cold
rolling of the shafts

2. Wplyw odksztalcenia podczas ksztaltowania
na wlasciwosci wytrzymalosciowe

Ze wzgledu na uktad sit dziatajacych na watek w procesie ksztalttowania
mozna wyrozni¢ dwie odmiany walcowania wzdtuznego:

o w uktadzie ciagnacym z udziatem sity rozciagajacej (rys. 2a)

o w uktadzie pchajacym z udziatem sity $ciskajacej (rys. 2b).

W obu przypadkach wystepuja podobne fazy przebiegu cyklu walcowania,
lecz odmienny stan naprezen w ksztattowanym watku. W uktadzie ciagnacym
wystepuje osiowa sita rozciagajaca, uksztaltowany stopien watka, dlatego ta
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odmiana procesu jest predysponowana do smuktych watkow o matych $redni-
cach. Material w czasie ksztaltowania jest poddany w strefie odksztatcenia dwu-
osiowemu $ciskaniu z jednoosiowym rozciaganiem. Walki ksztattowane w ukta-
dzie pchajacym daja si¢ fatwo mocowac, jednak $rednica nie moze by¢ zbyt
mata ze wzgledu na niebezpieczenstwo wyboczenia od sily $ciskajacej osiowo
walek podczas obrobki. W strefie odksztalcenia wystepuje trojosiowe Sciska-
nie [2-4].

a) b) 1
F &L 4
S
f
iy _ezw_u%m_ S 4 I T N 4

Rys. 2. Modele obcigzenia watka i stanu naprezen w procesie walcowania wzdluznego: a) w ukla-
dzie ciagnacym, b) w uktadzie pchajacym

Fig. 2. Models of loading of the shaft and stress state in the longitudinal rolling process:
a) drawing system, b) pushing system

W okreslaniu odksztalcen poshuzono si¢ zmianami wymiaréw liniowych
i pdl odpowiednich przekrojow, rozpatrujac wymiary liniowe i pole przekroju
walka po odksztalceniu odniesione do analogicznych wielkosci przed odksztat-
ceniem. Otrzymano odksztatcenie wzgledne ¢, ktore jest ogdlnie uznana miarg

odksztatcenia (rys. 3.):
gl = —_— (1)

lub po przeksztatceniu i wprowadzeniu warunku statej objgtosci:

dZ —d?
& =——7— )
d 2
gdzie: Iy — dlugos¢ wyjsciowa do walcowania,
| — dlugos¢ walcowania,
do — wyjsciowa do walcowania,
d - $érednica po walcowaniu.
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a)

lo Rys. 3. Walek przed ksztaltowa-
niem (a) oraz po walcowaniu (b):
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Badania zostaty przeprowadzone na watkach wykonanych ze stali stopowe;j
chromowo-niklowo-molibdenowej 40HNMA wedtug normy PN-89/H-84030,
ulepszonej cieplnie przed ksztaltowaniem do twardosci 34HRC. Jest to stal
0 réznym zastosowaniu w budowie odpowiedzialnych czesci maszyn, szczegdl-
nie na walki, posiadajaca swoje odpowiedniki w wielu krajach (4340H wedtug
ASTM, G4103 wedtug JIS, 40ChN2MA wedtug GOST). Do badania wyselek-
cjonowano probki ulepszone cieplnie do twardosci 34HRC i przygotowano we-
dhug schematu przedstawionego na rys. 3. Probki w srodkowej ich czesci o sred-
nicach poczatkowych 11, 15, 19, 21 i 23 mm walcowano wzdluznie metoda
ciagnienia, odksztatcajac je do $rednicy 10 mm. Zastosowano nast¢pujace $red-
nice przejsciowe 19, 16, 12 i 10 mm, co oznacza, ze watek o $rednicy wyjscio-
wej 23 mm byt odksztatcany na $rednicg 19, 16 oraz 12 mm, a ostatecznie na
srednicg 10 mm. Otrzymano probki z nastgpujacymi odksztatceniami g wyno-
szacymi 0,21; 1,25; 2,61; 3,41; 4,29. Dhugosci walcowanej czesci dobrano tak,
aby otrzymac¢ walki (probki) o $rednicy 10 mm i jednakowej dtugo$ci oraz kon-
strukcji odpowiadajacej wymaganiom badan wytrzymatosci w préobie jedno-
osiowego statycznego rozciagania. W tabeli 1. umieszczono wyniki pomiaréw
$rednic i dtugosci przed oraz po walcowaniu. Nastgpnie otrzymane metoda wal-
cowania wzdhuznego na zimno watki badano w statycznej probie rozciagania na
maszynie wytrzymatosciowej ZD40 wedlug zalecen normy ISO 6892-1. Na
rysunku 4. przedstawiono wykresy z proby jednoosiowego rozciagania, umiesz-
czajac je na jednym uktadzie wspoétrzednych. Mozna zaobserwowaé, ze mimo
dos$¢ wysokiej twardosci 34HRC materiat podlegat znacznemu wydtuzeniu.

Badania wykazaty monotoniczny wzrost warto$ci umownej granicy pla-
stycznosci wraz z rosnacym odksztalceniem wzglednym (rys. 5.) z wyrazna
tendencja spadkowa po przekroczeniu odksztalcenia & = 2,61. Warto§¢ wytrzy-
matoéci na rozciaganie R, zwigkszata si¢ wraz ze wzrostem odksztalcenia
w wyniku walcowania. Maksymalny przyrost Ry, (wynoszacy 30%) w stosunku
do materiatu nieodksztatconego (g =0) wystapit dla odksztalcenia g =4,29.
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Intensywny przyrost wytrzymatosci na rozciaganie R, obserwuje si¢ za$ dla
odksztatcen w przedziale g =1,25+4,29. Umowna granica plastycznosci Ry,
w wyniku walcowania zwigksza si¢ najbardziej w przedziale g = 0+2,61.

Tabela 1. Wymiary probek otrzymanych technologia walcowania wzdtuznego na zimno, metoda
ciagnienia
Table 1. Dimensions of the samples obtained by drawing method of longitudinal cold rolling
technology

Srednice Dlugosé Dlugosé r . Wydluzenie
e . Srednice
. R wyjsciowa | walcowania . wzgledne
Lp. | Wyisciowa | koficowa | wajcowania | komcowa | PrAeSCIOwe stopnia
IO I di
do [mm] d [mm] [mm] [mm] [mm] &
1 - 10,00+10,02 - 105 - 0
2 11 502 10,02+10,05 85 105 10 0,21
3 15 502 10,02+10,05 50 105+108 12 1,25
4 19402 10,03+10,06 31 105+108 16;12;10 2,61
5 21 402 10,03+10,06 25 105+110 19;16;12;10 341
6 23 002 10,03+10,08 21 105+110 19;16;12;10 4,29
120 T
£|:4.29 ~ g=3 41
100 T | / P £=2,61
= T
80 ' ™
= 7 YA N AN
= / £=0.21
w 60
2
“ 40
20
0 —
0 2 4 6 8 10 12 14 16 18

Wydtuzenie bezwzgledne Al [mm]

Rys. 4. Wykresy rozciagania probek wykonanych metoda ciagnienia
z odksztalceniami g = 0+4,29

Fig. 4. The graphs of sample tensile made by drawing method with
strain g = 0+4.29
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Rys. 5. Zalezno$¢ umownej granicy plastyczno$ci Ro, | Wytrzymatosci
na rozciaganie Ry, od odksztalcenia wzglednego walka g

Fig. 5. Dependence of conventional yield point Ry, and the tensile
strength R, on the shaft's relative strain g

3. Wplyw odksztalcenia na struktur¢ materialu
w procesie walcowania wzdluznego

Proces walcowania wzdluznego powoduje jednakowe zmiany struktury
w calym przekroju ksztattowanego watka [5]. Stal stopowa 40HNMA ulepszona
cieplnie przed ksztaltowaniem do twardosci 34HRC ma strukture sorbityczna
z ziarnami w postaci iglowej (rys. 6a). Ziarna sa zorientowane w réznych kie-
runkach. W wyniku odksztatcenia material zaczyna si¢ wydtuza¢, a ziarna orien-
tuja si¢ zgodnie z kierunkiem walcowania [6], rownolegle do osi walka. Przy
warto$ci odksztatcenia g = 1,25 jest widoczne pewne ukierunkowanie ziaren
(rys. 6b), dla za$ zwigkszajacych si¢ odksztatcen powyzej & = 2,61 (rys. 6c¢, d)
ziarna sa wyraznie zorientowane wzdtuz kierunku walcowania, tworzac charak-
terystyczng teksturg zgniotu.

Badania fraktograficzne przetoméw przeprowadzono na mikroskopie ska-
ningowym JEOL JSM-35. Obserwowano zmiany w wygladzie powierzchni
przelomu dokonanego w probie jednoosiowego rozciagania na watkach wyko-
nanych z r6znym odksztatceniem &. Przetomy watkow odksztalconych w zakre-
si¢ & = 0+4,29 (rys. 7a-c) zmienialy si¢ wraz ze wzrostem odksztalcenia. Znikata
stozkowa otoczka i zwigkszal si¢ udzial nachylonych po katem 45° makrosko-
powo ghadkich powierzchni $cinania. Uwidacznialy si¢ promieniowe szczeliny
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Rys. 6. Struktura walkow wykonanych z roznym odksztalceniem &, zgtady pobrane rownolegle
do kierunku odksztatcenia: a) odksztalcenie g = 0, b) odksztatcenie & = 1,25, ¢) odksztalcenie
g = 2,61, d) odksztalcenie g = 4,29

Fig. 6. Structures of the shafts prepared with different levels of strains &, metallographic speci-
mens are made parallel to the direction of deformation: a) strain g = 0, b) strain g = 1,25,
¢) strain g = 2,61, d) strain g = 4,29

i zwigkszala si¢ nieregularno$¢ powierzchni. Badania mikroskopowe wykazaty
plastyczny charakter rozdzielenia (rys. 7d) dla wszystkich odksztatcen z zakresu
& = 0+4,29. Wraz ze wzrostem odksztatcenia wyraznie bogatsza staje si¢ rzezba
powierzchni przelomu, poniewaz wzrastaja wysokosci uskokoéw i glebokosci
zaglebien. Plaszczyzny peknigé sa strome, co §wiadczy o duzym stopniu tekstu-
ry materiatu. Wzrastajaca nierownomierno$¢ powierzchni przetomu §wiadczy
o zlozonym charakterze pgknig¢ po réznych plaszczyznach z uskokami i wycia-
gnigciami. Wraz ze wzrostem odksztalcenia g rosnie liczba pgkni¢é odziomo-
wych i ich glgbokos¢ po kierunku zgodnym z kierunkiem utozenia wtokien po
obrobce plastycznej [7].
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Rys. 7. Przetomy otrzymane w probie jednoosiowego rozciagania walkéw wykonanych z roz-
nym odksztalceniem g: a) § = 0 (pow. 12x), b) g = 1,25 (pow. 12x), ¢) g = 2,61 (pow. 12x),
d) §=4,29

Fig. 7. Fracture surfaces obtained under the conditions of uniaxial tension of the shafts deformed
to different levels of strains &: a) g = 0 (mag. 12x), b) g = 1,25 (mag. 12x%), ¢) g = 2,61 (mag.
12x), d) g = 4,29

4. Badania twardo$ci walkow wykonanych metoda ciagnienia

Badania twardosci przeprowadzono metoda Vickersa zgodnie z zaleceniami
normy PN-EN ISO 6507-1, dokonujac pomiaréw twardo$ci watkéw przed i po
walcowaniu. Pomiary mikrotwardos$ci przeprowadzono na zgtadach pobranych

60
> o —°
T 30 L~
< A
3 40
8 /
c 30 /
z /
S 20 / Rys. 8. Zmiany przyrostu twar-
g 10 dosci AHV w funkeji odksztat-
o cenia wzglednego g
0 Fig. 8. Variations of the incre-
0 1 2 3 4 5 ment of hardness AHV as the

Odksztatcenie wzgledne g function of relative strain g
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poprzecznie i wzdluznie do kierunku odksztalcenia. Mikrotwardo$¢ w przekroju
wzdtuznym byta minimalnie wigksza w wyniku rosnacej z wielkoscia odksztat-
cenia anizotropii. Badania mikrotwardo$ci wykazaly jej jednolita warto$¢ na
catej powierzchni przekroju dla danego odksztalcenia. Pomiaréw dokonano,
przesuwajac si¢ po powierzchni z zewnatrz do osi probki z krokiem 0,1 mm.
Srednia mikrotwardo$é przy obciazeniu 0,98 N wyniosta 390 HV,,, a rozrzut
byt w granicach +20 HV,;. Badania twardosci watkéw po walcowaniu przed-
stawiono na wykresie (rys. 8.), podajac przyrost twardosci AHV w funkcji od-
ksztatcenia wzglednego &.

5. Podsumowanie

Proces walcowania wzdtuznego na zimno wyraznie zwigksza wlasciwosci
wytrzymatosciowe watkow wykonanych ze stali stopowej 40HNMA ulepszonej
cieplnie przed ksztattowaniem. Wytrzymato$¢ na rozciaganie Ry, i umowna gra-
nica plastycznosci Ry, zwigkszaja si¢ wraz ze stopniem odksztalcenia. Maksy-
malny przyrost wytrzymatosci wynoszacy o ok. 30% wystepuje dla g = 4,29.
Przy wartosci odksztatcenia g = 4,29 nie zaobserwowano pgknig¢ na po-
wierzchni ani na zgtadach pobranych poprzecznie i wzdhuznie do kierunku wal-
cowania. W badaniach metalograficznych obserwowano rozwdj tekstury mate-
riatu wraz ze wzrostem odksztatcenia. Igtowe ziarna sorbitu pierwotnie zorien-
towane w roéznych kierunkach w wyniku odksztalcenia wydtuzaty sig i oriento-
waty rownolegle do osi watka. W badaniach fraktograficznych zaobserwowano
wraz ze zwigkszajacym sig odksztalceniem wzrost liczby peknigé odztomowych.
Przyrost twardo$ci materiatu w procesie walcowania wzdtuznego jest niewielki
i wynosi ok. 12% dla odksztalcenia g = 4,29. Stosowanie walcowania wzdtuz-
nego w celu podniesienia wihasciwosci wytrzymatosciowych jest najbardziej
efektywne dla odksztatcen do g = 2,61, poniewaz powyzej tej wartosci wytrzy-
malo$¢ na rozciaganie R, i umowna granica plastyczno$ci Ry, wzrastaja nie-
Znacznie.
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STRUCTURE AND PROPERTIES OF QUENCHED AND TEMPERED
40HNMA STEEL AFTER PLASTIC FORMING

Summary

The results of the effect of material deformation in the longitudinal cold rolling process on
mechanical properties and structure of the stainless steel 40HNMA are presented. The method of
longitudinal rolling is one of the modern methods of precise cold plastic working of shafts. It
consists in forming the shaft’s steps by means of appropriately shaped rolls. The rolls have
a cylindrical part, whose task is to transmit the load onto support sleeves, and the working part
whose contour reflects the shape of transverse cross-section of the formed shaft step. For example,
to form shaft steps of circular cross-section, one uses the rolls whose working part consists of
a toroidal surface and two conical surfaces. The dimensions and cross-section areas of the strained
shaft are related to those existing in the shaft without strain. The process of longitudinal rolling
causes uniform changes of material structure in the whole cross-section of the formed shaft, irre-
spective of method used to produce the strain. After this treatment, the steel had a sorbitic structure
with grains in the form of needles, which were oriented in different directions. In the shafts rolled
by pulling and pushing methods, in which the relative strain reached the value of
& = 4.29, the grains were evidently compressed and elongated, and took orientation parallel to the
direction of strain.
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THE GRINDING WHEELS FOR ULTRASONIC AS-
SISTED GRINDINGWITH TOOL VIBRATION

This article presents the grinding tools designed to serve hybrid machining process
— ultrasonic wheel vibration assisted grinding. It describes possibilities of using of
different abrasives, grinding wheel clamping systems and holders with ultrasonic
oscillation inductor. Realization of Ultrasonic Assisted Grinding (UAG) process is
possible on machines with special design. Most machine tools are manufactured on
the basis of conventional ones and are retrofitted with ultrasonic vibration system.
There are two types of tool holders designed for this machine tool: holders for hy-
brid machining processes (ultrasonic actors) and holders for conventional process-
es. Each type of tool holder is fixed to the spindle with hollow taper shank. The
tools are attached to the ultrasonic actors by screw and positioned on arbor, or by
the collets. For the UAG process tools made of various abrasives are applicable.
Binding material, the concentration of abrasive grains and their size may differ. It
is possible to use diamond or cubic boron nitride tools and also tools made of con-
ventional abrasives. Ultrasonic Assisted Grinding is a novelty in the field of manu-
facturing techniques. It is necessary to conduct detailed investigations of this pro-
cess. The factors that have a significant impact on the UAG results for different
materials, the oscillatory motion parameters in relation tool or workpiece as well as
on the dressing tool should be investigated.

Keywords: grinding, ultrasonic assisted grinding, UAG, tools for UAG,

1. Introduction

With the development of constructing materials it is necessary to develop
new methods for their machining. This is due primarily inability to obtain specif-
ic properties of these materials by using of conventional machining processes
and tools. Effective machining of materials difficult to workable often requires
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the usage of hybrid machining processes. According to the definition, these pro-
cesses are based on the simultaneous and controlled interaction between me-
chanical process and/or energy/tools having a significant impact on the efficien-
cy of the machining process [1]. Hybrid machining processes are part of the
more commonly used hybrid production which includes also hybrid machines,
hybrid products, hybrid materials, etc. Division of hybrid processes oriented for
removal machining is presented on Fig. 1. One of the most commonly used hy-
brid machining process is tools or workpiece oscillations assisted machining
(VAM — Vibration Assisted Machining). If the frequency of oscillation is greater
than 16 kHz, and therefore the frequency is within the range of ultrasound, this
type of machining is called UAM — Ultrasonic Assisted Machining, for example
UAT - Ultrasonic  Assisted  Turning or UAG -  Ultra-
sonic Assisted Grinding. Kinematics of these processes covers conventional
process and assisting factor in the form of oscillatory tool or machining work-
piece with a small amplitude and frequency of the ultrasonic, a small amplitude
and frequency of the ultrasonic resulting from the reverse piezoelectric effect or
magnetostriction. Of particular note is the process of ultrasonic assisted grinding
which is applying to the machining of hard, ductile and brittle materials, for
example technical ceramic, sintered carbide, quartz [1-9], and also different con-
structing material as steel [10-12], nickel alloys [13, 14] or titan alloys [4, 15-
18]. There are two main types of such process: ultrasonic assisted grinding with
tool oscillation and ultrasonic assisted grinding with workpiece oscillation. Divi-
sion of each kind takes into account the direction of oscillation in relation to
other movements of the workpiece and tool (Fig. 2). To the process of UAG may
be used grinding wheels made of different abrasives, depending on the intended
machining task.

‘ Hybrid machining processes

v v

Controlled application
process mechanisms

Combination of different
sources of energy / tools

Assisted Combined Hardening
processes processes grinding
] Electromachining

i . i Machining with reinforced string
Assisted machining with

oscillations tool or workpiece Electromachining

Grinding

Laser assisted machining

Electrochemical machining

Medium assisted machining Machining with reinforced string

Electrochemical machining Fig. 1. Division of hybrid ma-
Pl chining processes
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Fig. 2. The basic kinds of UAG process: a) grinding with axial oscillations of the workpiece,
b) grinding with radial oscillations of the workpiece, c), d) grinding with tool oscillations

Realization of ultrasonic assisted process is possible on machines with spe-
cial design. Most machines are manufactured on the basis of conventional retro-
fitted with ultrasonic oscillations system. The well-known manufacturers of such
machines are: Sauer from Germany and SonicMill from the United States of
America. At the Technical University of Rzeszéw there is a machine produced
by Sauer with the ultrasonic oscillations induction system of grinding wheel —
Ultrasonic 20 linear. This hybrid machining center built on the basis of 5-axis
milling machine is used for milling, drilling and grinding assisted ultrasonic
oscillations of tool (Fig. 3). The advantages of this machine are: linear motor
drives for all linear axis, making it possible to achieve a feed rate of up to 40,000
mm/min, 5 axis kinematics with swivelling rotary table, which leads to increase
the technological capabilities, 20-position tool magazine, spindle allowing work-
ing at a rotational speed up to 40,000 rev/min and the oscillation inducing sys-
tem requires the usage of special tool holders.

Fig. 3. CNC machining centre ULTRASONIC 20 linear
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One of the main objectives of the research work carried out at the Depart-
ment of Manufacturing Techniques and Automation at the Rzeszow University
of Technology in the field of ultrasonic-assisted grinding is analysis of oscillat-
ing tools motion, analysis of quality rating of UAG, the possibilities for using
different materials and different tool geometry as well as the constru-
ction of the oscillation inducing systems and machines for the implementation of
the described processes.

2. Tools and tool holders for UAG process

Applicable tooling system designed for the machine Ultrasonic 20 linear
can be divided into holders for hybrid processes (Fig. 4a) and the holders for
conventional processes (Fig. 4b). Each type of tool holder is fixed to the spindle
with hollow taper shank (taper type is HSK 32). The fundamental difference in
the construction is that the holder to the hybrid processes (UA — Ultrasonic ac-
tors) has a coil located directly at the cone HSK which together with the coil
installed on the body of the machine tool spindle is designed to transfer electrical
energy and its conversion into mechanical vibrations in piezoelectric converters
located in the center of the tool holder. Machining tools are attached to the UA
holders by bolt and positioned on arbor (e.g. cup wheels 6A9) or by the collet
ER-11. For the second case tool clamping can be carried out with the usage of
reducing collet (tools with cylindrical shank) or directly in the case of grinding
wheels with conical shank. Tools should be fixed using a torque wrench (control
mounting torque) due to the impact into the adjustable process parameters (fre-
guency of oscillation, the oscillation amplitude).

Fig. 4. Tool holders with
hollow taper HSK 32: a) for
hybrid processes, b) for con-
ventional processes
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The dimensions of grinding wheel are also important due to the require-
ments for settings resonance frequency of the system (for which the amplitude of
the displacement is greatest), and included in the settings wheel wear that also
affects the resonant frequency. While selecting grinding pin mounting by using
collet reduction should pay particular attention to the quality of the shank (due to
the radial run-out) which should be sanded and with small deviations of shape.
Fixing of a tool is also affected by quality of reduction collet. UA holders should
not also be exposed to sudden mechanical shock. Holder fixing mechanism in
the spindle must be checked periodically because of the type of mounting taper
HSK, in order to prevent jamming holder in the spindle. For the UAG process
tools made of various abrasives are applicable. Tools also vary in binding mate-
rial, the concentration of abrasive grains and their size. It is possible to use
grinding pin made of CBN (Fig. 5a), diamond (Fig. 5b, c, d), alundum, silicon
carbide and sintering corundum.

1A1W;32-6-8;B-VII;B54;K150 1A1W;32-6-8;B-VII;B251;K50 1A1W;32-6-8;B-VII;B251;K150

1A1W;32-6-8;SKM;D64;K50 1A1W;32-6-8;SKM;D64;K150 1A1W;32-6-8;SKM;D251;K50 1A1W;32-6-8;SKM;D251;K150

S
~

c) F-DA6-1-8-8-D91N HD-DA 5-0,5-8-12-D91N d) 6A9-DA.24-2-6-D91H-
14H6x8,4

Fig. 5. Examples of tools used in UAG process with tool oscillations: a) grinding pin made
of CBN, b) grinding pin made of diamond, c) wheels to cut-leading grinding and drilling,
d) diamond cup wheels mounted on the shank shaft

3. Estimation of grinding wheel wear in the UAG process

Wheel wear in the UAG is considered as a change of its shape, the loss of
grinding wheel, adhesive wear and gumming up of grinding wheels. Any form
of the wheel wear requires the use of appropriate research methods aimed at
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understanding quality and quantitative indicators of grinding wear (Fig. 6). Rat-
ing shape of the wheel is based on microscopic examination and testing on CNC
edge finder where a magnified wheel profile can be observed. The loss of grind-
ing wheel shape can be determined by using of CNC edge finder based on
a comparison of the wheel profile before and after the process or by comparing
the virtual models created on CNC edge finder. Adhesive wear is mainly inves-
tigated by using of optical microscope, as well as gumming up of grinding
wheels. In the research institutes there are also ongoing studies on the processes
of dressing the grinding wheel by using ultrasonic vibrations. These results may
be critical to increase the efficiency of dressing grinding wheels, particularly
with regard to their impact on the processes of grinding of materials difficult to
machine [19].

Fig. 6. Examples of test methods used for measurement wheel wear: a) measurement on CNC edge
finder, b) measurement of wheel inner radius on 3D surface scanner, ¢) measurement of wheel
inner radius on InfiniteFocus Real 3D microscope, d) measurement on laser gate installed on the
machine Ultrasonic 20 linear

4. Summary

Ultrasonic Assisted Grinding of hard-to-machine materials is a novelty in
the field of manufacturing techniques from these materials. It is necessary to
conduct research accounting a detailed look at the factors that have a significant
impact on the quality of UAG indicators, the oscillatory motion parameters such
as amplitude and frequency of the motion in relation to vibration tool or
workpiece as well as in the dressing tool. It is also essential to testing materials
with different mechanical properties. In the Department of Manufacturing Tech-
niques and Automation there are intensive researches that will lead to better
understanding of the ultrasonic assisted machining processes. The proper choice
of the abrasive tools (grinding characteristics, method of fixing) is one of the
areas of the research. Appropriate selection of the wheel is important for the
proper conduct of oscillatory motion. This mean that certain parameters oscilla-
tory motion can be reached and negative events reduced, for example thermal
phenomena associated with heating holder with the tool, disrupting the immuta-
bility of the parameters such as the amplitude of the oscillations measured direc-
tional in tool axis.
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NARZEDZIA SCIERNE PRZEZNACZONE DO REALIZACJI
PROCESU SZLIFOWANIA WSPOMAGANEGO
ULTRADZWIEKOWYMI OSCYLACJAMI SCIERNICY

Streszczenie

W pracy przedstawiono narzedzia $cierne przeznaczone do realizacji hybrydowego procesu
obrobki ubytkowej — szlifowania wspomaganego drganiami ultradzwigkowymi $ciernicy. Omo-
wione zostaly mozliwosci w zakresie stosowania réznych materiatdéw $ciernych oraz systemow
mocowania $ciernic w oprawkach ze wzbudnikiem oscylacji ultradzwiekowych. Praca prezentuje
narzedzia szlifierskie przeznaczone do obstugi hybrydowego procesu obrobki — szlifowania ze
wspomaganiem ultradzwigkowym i oscylacyjnym narzgdziem. Opisuje mozliwo$ci wykorzystania
réwnych materiatdéw Sciernych, systemy mocowania tarcz §ciernych i dociskaczy ze wzbudnikiem
indukcyjnym. Realizacja procesu szlifowania wspomaganego ultradzwigkowo jest mozliwa na
maszynach o specjalnej budowie. Wigkszo$¢ narzedzi maszynowych jest produkowana konwen-
cjonalnie i modernizowana w system wibracji ultradzwiekowych. Istnieja dwa rodzaje oprawek
narz¢dziowych: oprawki do hybrydowej obrobki skrawaniem (ultradzwigkowe) oraz oprawki do
proceséw konwencjonalnych. Kazdy typ oprawki narzedziowej jest przymocowany do wrzeciona
z wydrazonym trzpieniem stozkowym. Narzgdzia te s mocowane za pomoca $rub i umieszczane
w oprawce lub tulei zaciskowej. W procesie szlifowania wspomaganego ultradzwigkami
zastosowania maja rézne materiaty $cierne. Stosowane sa rézne materialy wiazace oraz rézne
koncentracje i wielkosci ziarn $ciernicy. Mozliwe jest zastosowanie jako narzgdzia diamentu lub
regularnego azotku boru. Szlifowanie wspomagane ultradzwigkami jest nowoscia w dziedzinie
technik wytwarzania. Konieczne jest przeprowadzenie szczegétowych badan tego procesu. Nalezy
zbada¢ czynniki, ktore wywieraja istotny wptyw na wyniki procesu szlifowania wspomaganego
ultradzwigkami podczas obrobki réznych materialow na parametry ruchu oscylacyjnego narzedzia
w stosunku do przedmiotu obrabianego oraz na obciagacz.
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PROPOSITION OF PICK & WORK SYSTEM
FOR APPLICATION IN MANUAL ASSEMBLY

Many assembly processes in mechanical production systems have high share of
manual operations. These manual operations can have big influence on final time
and quality of production. Because the work is realized by human it is very impor-
tant to take in account human properties and design the operation in way which
will eliminate — mistakes and errors. To achieve this it is possible to use Poka-
Yoke techniques and Pick-by systems. The paper describes the possibility of the
use of these tools in assembly and proposes own Pick & Work system concept for
application in the assembly operations.

Keywords: assembly, Poka-Yoke, Pick-by systems

1. Introduction

Cost, quality and time play a crucial role in the competitive struggle. There
are various tools and methods that are either focused on improving these param-
eters individually or globally. In order to ensure high quality production can be
used Poka-Yoke access. It is a philosophy aimed at achieving one hundred per-
cent quality. Within this philosophy it is possible to use various tools and tech-
nigques. The article describes the basics of the method, as well as the capabilities
of the so-called Pick-by systems. It also introduces the concept of a system that
uses basic philosophy Pick-by systems and is used for quality assurance at the
assembly workstation.

Poka-Yoke is a Japanese term, which means ,mistake-proofing”. The au-
thor of this approach is Japanese Shigeo Shingo [1]. Poka-Yoke is an integral
part of Kaizen. The basic objective of Poka-Yoke is to achieve product faultless-
ness. It is an application of such relatively simple and effective measures that
ensure that errors in the manufacturing and assembly process did not affect the
quality of the final product. The basic principle of Poka-Yoke is the creation of

! Autor do korespondencji/corresponding author: Katarina Senderska, Technical University in
Kosice, Misiarska 74, 040 01 Kosice, Slovakia, tel.: +421 556023502, e-mail: katarina.sen-
derska@tuke.sk

2 Albert Mares, Technical University in KoSice, Masiarska 74, 040 01 Kosice, Slovakia, e-mail:
albert. mares@tuke.sk,



180 K. Senderska, A. Mare$

tools, techniques and procedures so, that it is impossible or very difficult for
workers to make a mistake. Basic principles:

o to prevent from mistakes is more important than to detect mistakes,

o to prevent from mistakes in the production and assembly,

o fast mistake detection at the point of origin,

» to avoid repeated mistakes and improper installation.

This means that in the process of production and assembly, the errors are
not accepted, are not made, the defective parts do not continue in the manufac-
ture and assembly process, origin of the mistakes is prevented by relatively sim-
ple technical measures and the mistake causes are eliminated. In the assembly it
is mainly about:

e product design, that does not allow for improper assembly, part ex-

change, respectively part miss out and so on,

e assembly process, that is designed so, that cannot cause faults as for ex-
ample opposite inserting, using of incorrect parts etc. and all this by vari-
ous type of means respectively technical elements and equipments (fix-
tures, sensors and so on).

One of the advanced technologies are Pick-by respectively Pick-to systems
such as: Pick-by-Light (Pick-to-Light), Pick-by-Voice, Pick-by-Vision, Pick
& Work, and so on. Although the main area of their application is logistic, this
technology has also interesting applications in assembly. The principle of func-
tion illustrates an example of Pick-to-Light system (Fig. 1). The basic principle
of function of this system is display lights and buttons placed next to each pallet.
After the order identifying e.g. by barcode scanning, appropriate pallet control
lights will turn on and it indicates that this pallet contains the good, which
should be taken. The display shows the number of units which should be taken
from the pallet. A worker takes off a required number of pieces and presses a
button to confirm that the task is fulfilled. After pressing the button the light
turns off. Once no light is turned on, the worker knows that he has completed the
order and may proceed to fulfill the next order. In some cases, the system is de-
signed so, that instead of pressing the confirmation button is sensed

Fig. 1. Example of Pick-by-Light system, according to [2, 3]
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hand position and determine if a worker put his hand into the palette highlighted
with light or not. If so this is signaled by illumination of green light. If the work-
er puts his hand into the wrong palette the red indicator will light on
(Fig. 2).

Pick-by-Voice system works similarly, but instead of illuminating lights are
used voice instructions that guide the operator to the pallet, and the number of
pieces that need to be removed from the pallet. The operator confirms the per-
formance of a task by saying a keyword or phrase into the microphone and then
proceeds until it has fulfilled all the tasks related to a particular order. Pick-by-
Vision system is based on the application of elements of Augemented Reality
(Fig. 3). The operator has head mounted display in the form of glasses that al-
lows him to see reality, but in this reality is projected information from
a computer about the pallet positioning and about the number of units of the
product which should be removed from the pallet.

Fig. 3. Example of Pick-by-Vision, according to [5]

System Pick & Work is directly designed for performing assembly opera-
tions. It is a concept from firm Schifer (Fig. 4). Pick & Work system is
a system designed to eliminate worker’s faults when removing components and
parts from storage system, which is also applicable in the manual assembly. The
principle is based on the assembly procedure performed in a special program.
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This process usually includes multimedia elements such as charts, pictures and
videos that help the worker during assembly. Based on a special program the
assembly procedure as well as any other data is defined. The worker receives on
the touch screen the information about the assembly procedure step by step. The
worker in addition to the assembly procedure will also receive the information
about the position of related parts by lighting on the signal light. It also shows
the number of components that worker needs. After the removing the component
respectively components, the worker confirms part removing by pressing the
button and then the light goes off. Then another light comes on to indicate an-
other component in a container that should be taken in the next step of assembly.

Fig. 4. Example of the Pick & Work, according to [6]

2. Pick & Work system concept

Within the framework of planned research and development of tasks was
after studying the existing concepts and information proposed concept of labora-
tory accessorising by universal Pick & Work system of own design. Essential
requirements for this system are based on the needs of the laboratory and can be
briefly specified as follows:

e modular concept in terms of both hardware and software, which allows

for modification of type of assembly tasks,

o the possibility of incorporating into the complex system along with other

planned elements such as workplace on-line analysis, video analysis, and
S0 on.

Since the priority was focused on the assembly operations, the solution was
based on the following theses:

e Pick & Work system has its application also by activities that are not re-

peated i.e. the consecutive operations are not the same,

e in practice it is possible to meet with operations that are repeated due to

the serial production — in this case, the Pick by system application would
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basically extend the work, because the worker is required to confirm the
part removing from the pallet by button pressing,

e it is also likely that the worker who performs the assembly routine will
take the parts from the pallets mechanically without looking respectively
only with light view on the pallet in which the parts are located.

Simple Pick&Work system consists of following components:

e module button bar in the number of 2 pieces at one workstation, each

fixed at the follow up frame or at the rack,

control unit for signal processing including software,

touch display,

connection to the master computer,

e electro installation of the system.

Module button bar (Fig. 5) contains five sets of Pick & Work buttons with

following functions:

o yellow button () — activates the Pick & Work set — in the case that the
button is off, the set is functionless and the button will not light,

e indication light at the button — red (R) indicates that it is necessary to
take the part from the relevant container,

e green light (G) — indicates the status O.K. — appears either after pressing
the button or in case if the part is not in the order but system is ready,

e the window with the indication of the part number, that is necessary to
take from the container.

container

L _——7

Lmlmg [ |W{ Lo O[T 00

2 3 4 5
button 1 button2

Fig. 5. Example of button bar for Pick & Work system

At the bar according to the Fig. 5 are active 4 sets, the set 5 is not active
— from the relevant container the parts are not taken up. The set 3 indicates that
from the relevant container is necessary to take 10 parts. The set 1 and 2 are
active — the lights indicate OK that for the worker means no activity require-
ment. The next planned workstation accessories are the buttons respectively the
button box for indication of the assembly process, which should contain the but-
ton which:
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indicates assembly start and assembly end,

acknowledge button - the assembly was ok,

button indicates, that the parts are at the input,

button indicates, that the pars or the products are at the output.

In the Fig. 6 is presented an example of proposed assembly workstation
accessories — module bar for Pick & Work systems and the button box for indi-
cation of further five functions. This example was created in CATIA environ-
ment which is suitable to solve such type of tasks. Modelling of proposed con-
cept allows to reduce errors during implementation of solution to reality and it is
also consistent with nowadays trend in production system design.
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Fig. 6. Pick & Work system integration into the assembly workstation, according to [7]

Activity at workstation with Pick & Work system begins by uploading the
data about product assembly procedure to the computer. Then the system can be
used directly in assembly. At first the worker must choose a product which will
be assembled. It is also necessary to put pallets with components on the site at
appropriate places. Furthermore, it is necessary to activate all sets which will be
active in this case. Assembly starts by pressing the button ,,input parts” if there
are any. This is followed by pushing button ,,start assembly”. The worker pro-
ceeds on the basis of instructions, which are displayed on the screen and selects
the relevant parts from pallets. If the product assembly or it parts is right, button
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OK is pressed. It also presses ,,assembly completed” button and possibly button
,,product/parts output”, if these parts are really on output and they continue on
another workstation or to the store. Throughout the all production period all
relevant data are recorded, which can be processed and so on-line [8] and also
after the assembly process finish.

3. Conclusions

The pursuit of so-called one hundred percent quality leads to the application
of various tools and support systems. One of them is called Pick-by system. Of
course, as with any other method it is also required before the initiation of this
methodto consider the costs and benefits. At any rate, it can be concluded that to
prevent errors is easier than removing them subsequently. On this philosophy is
based the concept of the proposed system, which will monitor the rightness and
regularity of parts taking sequence from pallets in the assembly process. In the
building of planned laboratory stand it is also necessary to integrate this system
into a comprehensive solution to create a methodology of on-line analysis of the
assembly process.
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PROPOZYCJA SYSTEMU PICK & WORK DO ZASTOSOWAN
W MONTAZU MANUALNYM

Streszczenie

Wigkszo$¢ procesdéw montazu w systemach produkcji mechanicznej sklada si¢ w znacznej
czgsci z operacji manualnych. Te operacje manualne moga znacznie wptywaé na koncowy czas
i jakos$¢ produkeji. Poniewaz praca jest wykonywana przez czlowieka, wazne jest uwzglednienie
cech cztowieka i projektowanie operacji, tak aby wyeliminowa¢ pomyiki i btgdy. Aby to osiagnad,
mozliwe jest uzycie technik Poka-Yoke i systemoéw Pick-by. W pracy nakreslono mozliwo$é
wykorzystania tych narz¢dzi w montazu i zaproponowano system Pick & Work do zastosowania
w operacjach montazu.

Slowa kluczowe: montaz, Poka-Yoke, systemy Pick-by
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INVESTIGATION OF THE CUSP HEIGHT WHEN
BALL-END MILLING FORM SHAPED SURFACES

This paper presents a model for cusp height in the ball-end milling process. In ma-
ny milling operations, the cutting tool performs step over and makes adjacent cuts
to complete machining of any feature. As a result, a small cusp of material, called
a cusp height, will remain between these cuts on the surrounding walls or on the
machined surface if a ball-end mill is used. This procedure presents application of
software to evaluate cusp height in milling process. The height of cusp is examined
in surfaces having different curvature ratio and different orientation. The model for
the mathematical prediction of the cusp height has been developed in terms of
axial and radial depth of cut, surface curvature and tool diameter. The application
of the DOE technique by Taguchi gives the process parameter values that lead to
the minimum machining time and achievement of the desired surface texture.

Keywords: milling, cutting conditions, cusp height, textured

1. Introduction

Sculptured surface are widely used in the design of complex product with
moulds and dies features. These surfaces are often produced by 3- and 5-axis
computer numerical control machine tools using ball-end milling cutter. The
factors which affect the surface finish in the ball-end milling process are gener-
ally the cutting speed, feed rate, depth of cut, width of cut etc. Arizmendi [1]
presents a model for the topography prediction of ball-end milled surfaces, con-
sidering the tool parallel axis offset. In this model, the equations of cutting edges
trajectories and the envelope equation of the material swept by the tool are de-
rived. Chen et al. [2] presents the model, simulation and experimental verifica-
tion of the scallop formation on the machined surface in the ball-end milling
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process. The geometric shape and the dynamical change of the ball-end cutting
edges, path-interval scallop and feed-interval scallop are generated on the ma-
chined surface. Igbal [3] studies the effects of workpiece inclination angle and
radial depth of cut upon effective cutting speed and cusp height and, subsequent-
ly, upon surface roughness. Workpiece’s inclination angle proved to be the most
influential parameter for surface roughness. Its higher values provided better
surface finish because of avoidance of cutting at the tool’s centre. Feng [4] pre-
sents a new approach for the determination of efficient tool path in the machin-
ing of sculptured surfaces using 3-axis ball-end milling. The objective is to keep
the cusp height constant across the machined surface such that excess tool paths
are minimized. Chuang [5] presents the cusp height dependent by the z- level
depth and slope of the part surface. Cusp height data of ball-end milling from
Table 1 characterize the former and the latter.

Table 1. Some cusp height data from ball-end milling

Source Type of surface Tool diameter Cusp height
[mm] [mm]
Cao [6] helicoidal surface, saddle surface 12 and 25 0.0018+0.0150
Feng [4] sculptured surface 25,4 0.5000
Cheen [2] sculptured surface 10 and 14 0.0063+0.0450
Chuang [5] concave surface 4 0.0100
Igbal [3] inclined surface 8 0.0038
Larigue [7] concave surface 9 0.0306
Lopez [8] stamping dies 12 0.0300
Mizugaki [9] spherical surface 5 0.0239
Quinstat [10] convex and concave surface 5 0.0091

2. Cusp height

In many milling operations, the cutting tool must perform step over and
make several adjacent cuts to complete machining of any feature. As a result,
a small cusp of material, called a cusp height, will remain between these cuts on
the surrounding walls or on the machined surface if a ball-end mill is used. The
data for experimental design are shown in Table 2. Cusp height is representing
as maximum height of the profile (Rz). Cusp height is calculated based on the
following formula:

2 2
ch=2_ B} (& (1)
2 2 2
Figure 1 shows the generation the cusp height and basic factors in this pro-
cess.
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Table 2. Experimental design matrix and results
Control factors ch [pm]
No k ap ae experimental initial mod pre?r:;igv\gue
mm mm mm value ol model error
1 | -0.100 | 0.50 1.00 14.16 13.8429 13.6407 0.5193
2 | -0.100 | 0.50 1.00 12.85 13.8429 13.6407 -0.7907
3 | -0.100 0.50 1.00 13.31 13.8429 13.6407 -0.3307
4 | -0.100 1.00 1.50 15.40 14.8698 14.6677 0.7323
5 | -0.100 | 1.00 1.50 12.16 14.8698 14.6677 -2.5077
6 | -0.100 | 1.00 1.50 18.05 14.8698 14.6677 3.3823
7 | -0.100 | 1.50 0.50 7.13 6.5874 6.3852 0.7448
8 | -0.100 | 1.50 0.50 6.76 6.5874 6.3852 0.3748
9 | -0.100 | 1.50 0.50 6.08 6.5874 6.3852 -0.3052
10 | -0.067 | 0.50 1.00 13.94 13.3968 13.6560 0.2840
11 | -0.067 | 0.50 1.00 13.72 13.3968 13.6560 0.0640
12 | -0.067 | 0.50 1.00 14.08 13.3968 13.6560 0.4240
13 | -0.067 | 1.00 1.50 13.49 14.8943 15.1534 -1.6634
14 | -0.067 | 1.00 1.50 15.99 14.8943 15.1534 0.8366
15 | -0.067 1.00 1.50 13.92 14.8943 15.1534 -1.2334
16 | -0.067 | 1.50 0.50 5.68 6.0722 6.3313 -0.6513
17 | -0.067 | 1.50 0.50 6.35 6.0722 6.3313 0.0187
18 | -0.067 | 1.50 0.50 5.92 6.0722 6.3313 -0.4113
19 | 0.050 0.50 1.00 13.30 13.7670 13.7100 -0.4100
20 | 0.050 0.50 1.00 13.66 13.7670 13.7100 -0.0500
21 | 0.050 0.50 1.00 14.00 13.7670 13.7100 0.2900
22 | 0.050 1.00 1.50 16.58 16.9326 16.8756 -0.2956
23 | 0.050 1.00 1.50 18.80 16.9326 16.8756 1.9244
24 | 0.050 1.00 1.50 15.70 16.9326 16.8756 -1.1756
25 | 0.050 1.50 0.50 6.44 6.1971 6.1401 0.2999
26 | 0.050 1.50 0.50 6.39 6.1971 6.1401 0.2499
27 | 0.050 1.50 0.50 5.82 6.1971 6.1401 -0.3201
- D >
tool axis — <
cutting edge I/ |
- R ‘:j
Fig. 1. Geometrical elements of the machined surface: a, — width = A
of cut, a, — depth of cut, ch — cups hight, D — tool diameter, , s
r surface Der

D — effective tool diameter, R — toll radius

3. Response surface method

Response surface method was used to establish the mathematical relation-
ship between the response — cusp height and the various machining parameters
— depth of cut, width of cut and curvature of the work surface. Mathematical
model based on the response surface of the second order was used to express
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effect of milling process on cusp height. The cusp height was measured by port-
able surface roughness tester Surftest SJ-301. Virtual machining was carried out
in terms of the Taguchi L27 experimental design. Factors affecting the quality of
machined surface are shown in Fig. 2. Taguchi designs are based on
a fact that not all factors that cause variability can be controlled in practice and
these uncontrollable factors are referred to as noise factors. Taguchi designs
attempt to identify controllable factors (control factors) that minimize the effect
of the noise factors. During experimentation, noise factors are manipulated to
make variability occur and then to find optimal control factor settings that make
the process or product robust, or resistant to variation from the noise factors.
Figure 3 shows the main effect plot form for milling of the variable shape of the
machined surface. Basically, an increase in width of cut makes the cusp height
increase. Factors that affect the mean response are depth of cut, width of cut and
curvature of the machined surface and they are shown in Table 3.

Input
Cutting conditions Ball end mill
Depth of cut ap Coating type
Width of cut ae Tool diameter D Output
Use of coolants Tool edge Process £ h
geometry Milling sculptured surface Surface roughness
Sculptured Cusp height
surface
Definition -
Relationship —>
Shape dimension
Surface radius
Workpiece Machine tool
Machinability Control
Microstructure Number of axis
Strenght Precision
Toughness Software

Fig. 2. Factors affecting the quality of the product

k [mm] ap [mm]
15,0 /\
12,5 -
10,0 4
ﬁ 7,51
0
5 50+ T . T : T T
s 0,100 0,067 0,050 0,50 1,00 1,50
E ae [mm]
£ 15,01 //‘
12,51
10,0
7,5
5,0 . : :

Fig. 3. Main effects plot for means by Taguchi
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Experiments were performed as ball-end milling of the test sample 80 x 50
x 30 mm. The tool used is 8 mm diameter carbide ball-end mill with dwo flutes
(Iscar tools). The data given in the Table 3 are analyzed by using a software
package MiniTab 16. The regression analysis and its coefficients is presented in
Table 4. Expressions in Table 5 are used as the initial model and they include all
the linear, square and interactions terms. The empirical equation for predicting
the initial cusp height ch is:

ch=6,66+(—19,408-K) +(-3,342-a,) +(8,247-a,) + (111,192 -k?) +
+(8,108-k-a,)+(20,408-k -a,) (2)

R-Sq(adj) is indicating that our model can predict within 91,72% accuracy. The
empirical equation for predicting the improved cusp height ch is:

ch=7111+(-24-k) +(-3,342-a,) +(8,247-a,) +(8,108-k -a,) +
+(20,408-k -a,) 3

Analysis of variance (ANOVA) in Table 5 lists the sources of variation,
their degrees of freedom, the total sum of squares and the mean squares. The
analysis of variance also includes the F-statistics and P-values. Use of these data
is aimed to determine whether the predictors or factors are significantly related
to the response. Use of the P-value aims to determine whether a factor is signifi-
cant; typically compare against an alpha value of 0.05. If the P-value is lower
than 0.05 then the factor is significant. Data from ANOVA are also used in the
analysis of the regression and DOE. The initial model also indicates that the
curvature of the machined surface is insignificant factor for having less influence
on cusp height. Surface plot of cusp height in Fig. 4 shows the relation between
two main factors a, and a. which depend the cusp height resulting from milling.
The normal probability plot in Fig. 5 shows a clear pattern indicating that all the
factors and their interaction given in Table 4 are affecting the cusp height. The
so called versus fits in Figure 5 indicate that the maximum variation of — 2 to 4
which shows the high correlation does exist between fitted value and observed
value. Relations between various factors are shown in interaction plot for cusp
height in Fig. 6. A desirability value d means 0 < d < | and the value of d in-
creases as the "desirability" of the corresponding response increases. The factor
settings with maximum desirability are considered to be the optimal parameter
conditions. It is revealed that highest desirability could be obtained at middle
curvature (-0.0136 mm), high depth of cut (1.5 mm) and low width of cut (0.5
mm). The goal was to minimize the cusp height (5.7516 um). The desirability of
optimization has been calculated as 1.00 all the parameters are within their
working range. The differences between measured and predicted responses cusp
height for ball nose end milling process are illustrated in Fig. 7. The samples
from end-ball milling process are shown in Fig. 8.
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Table 3. Response table for means

k a
Level [mm] el | mm)
1 11.767 13.669 6.286
2 11.454 15.566 13.669
3 12.299 6.286 15.566
Delta 0.844 9.280 9.280
Rank 3 15 15

Table 4. Estimated regression coefficients for cusp height

Term Coef SE Coef T value P value
Constant 7.111 1.3799 5.123 0.000
k -24.000 18.3367 -1.309 0.205
a, -3.342 0.7806 -4.281 0.000
a 8.247 0.7806 10.565 0.000
k-ap 8.108 10.3728 0.782 0.443
k-ae 20.408 10.3728 1.967 0.062
S =1.22642 PRESS =52.3959 -

R-Sq =93.31% R-Sq(pred) = 88.91% R-Sq(adj) = 91.72%

Table 5. Analysis of variance for cusp height

Source DF Seq SS Adj SS Adj MS Fvalue | P value
Regression 5 440.872 440.872 88.174 58.62 0
Linear 3 434.968 351.887 117.296 77.98 0
Interaction 2 5.904 5.904 2.952 1.96 0.165
Residual Error 21 31.586 31.586 1.504 — —
Total 26 472.458 — — — —

Contour Plot of ch [pm] vs ap [mm]; ae [mm]

Surface Plot of ch [pm] vs ap [mm]; ae [mm]

Hold values
k [mm]= -0,067

S
——

05

0,5 15 ap [mm]

Fig. 4. Surface and contour plot of cusp versus both a, and a,
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Fig. 6. Interaction plot for cusp height

A desirability value d means 0 < d < 1 and the value of d increases as the
“desirability” of the corresponding response increases. The factor settings with
maximum desirability are considered to be the optimal parameter conditions.
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It is revealed that highest desirability could be obtained at middle curvature
(-0.0136 mm), high depth of cut (1.5 mm) and low width of cut (0.5 mm). The
goal was to minimize the cusp height (5.7516 um). The desirability of optimiza-
tion has been calculated as 1.00 all the parameters are within their working
range. The differences between measured and predicted responses cusp height
for ball nose end milling process are illustrated in Fig. 7. The samples from end-
ball milling process are shown in Fig. 8.

20,0

Variable
—@— ch measured [um]
17,54 —®— ch predicted [pm]

15,0 -

12,5

Cusp height

10,0 A

7,54

5,0 -

3 6 9 12 15 18 21 24 27
Experimental run

Fig. 7. Comparison of measured and modeled values for the
cusp height

a,=15 a=05 a,=15a=15 a,=05a.=1

&\\\\\R\\ m\\\\\ R

Fig. 8. Manufactured samples

4. Conclusion

Step over or width of cut affects the cusp height. Cusp height is the theoret-
ical surface finish produced by successive tool paths made by a radius tool.
Larger step over or a smaller cutter diameter produces a larger cusp height; i.e. a
rougher finish. For the best surface finish, the use of the largest diameter tool is
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possible at the lowest practical width of cut. Path-interval cusp height can be
reduced by reducing the pick value between cutting paths. The reduced pick
between cutting paths, however, increased number of the cutting paths. The use
of modern high-speed cutting technology makes it possible to increase feed rate
and feed per tooth without increasing machining time. The highest cusp height
was achieved in joining circle. In finishing operations of sculptured surfaces by
milling with three axis machines it is possible to achieve a better surface finish
(roughness and cusp height) and a lower machining time when using the ball
nose milling cutters.
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BADANIE WYSOKOSCI SLADU OBROBKOWEGO PODCZAS
OBROBKI FREZEM PALCOWYM POWIERZCHNI KSZTALTOWYCH

Streszczenie

W pracy przedstawiono model wysokosci §ladu obrobkowego w procesie obrobki frezem
palcowym o zarysie kulistym. W wielu operacjach frezowania narzedzie wykonuje stopniowe
ruchy, tworzac przylegajace do siebie §lady obrobkowe. W rezultacie, jezeli obrobka odbywa si¢
frezem palcowym o zarysie kulistym, po obrobce pozostaja mate wystepy materialu na kra-
wedziach sasiednich §ladow obrdbkowych. Procedura ta przedstawia zastosowanie oprogramo-
wania do oceny wysokosci zarysu $ladu obrobkowego w procesie frezowania. Wysoko$é
wystgpow jest badana na powierzchniach majacych rézny wskaznik krzywizny i r6zna orientacjg.
Opracowano matematyczny model do przewidywania wystepoéw obrobkowych w odniesieniu do
osiowych i promieniowych glebokosci skrawania, krzywizny powierzchni i $rednicy narzedzia.
Zastosowana technika DOE Taguchiego wyznacza warto$ci parametrow procesu, ktore prowadza
do najkrotszego czasu obrobki i osiagnigcia pozadanej tekstury powierzchni.

Stowa kluczowe: frazowanie, warunki skrawania, wysoko$¢ wystegpu, tekstura
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WIELOOSIOWA ANALIZA NAPREZEN
I ODKSZTALCEN GUMY NA BAZIE KAUCZUKU
NATURALNEGO NR

Praca prezentuje znaczenie wykonywania analizy wieloosiowego stanu naprezenia
i odksztatcenia. Scharakteryzowano metodg i modele stosowane do analizy wielo-
0siowego rozciagania materialdw elastycznych. Roznorodno$¢ metod i modeli jest
wynikiem braku odpowiednich unormowan. Z zaprezentowanych modeli oceny
obciazen i odksztalcen wykorzystano model tarczowy z wycigciami. Jako materiat
do badan uzyto probke gumy naturalnej o twardosci SSShA w ksztalcie tarczy z 16
otworami. Model geometryczny utworzono w §rodowisku Autodesk Inventor. Na-
stgpnie do dyskretyzacji modelu wykorzystano program MSC.Patran. Ponadto
przeprowadzono analiz¢ pordéwnawcza MES w programie MSC.Marc. Na podsta-
wie analizy numerycznej mozna stwierdzi¢, ze pomiar grubosci probki nie jest ko-
nieczny w cyklu badawczym dla kazdego punktu pomiarowego. Na podstawie
przeprowadzonej analizy sformutowano wnioski o charakterze utylitarnym. Tech-
niczne znaczenia wykonywania takich badan jest znacznie wazniejsze. Daje to
bardziej wiarygodne wyniki niz popularny test dwuosiowego rozciagania. Prze-
szkoda w stosowaniu tych metod badan na skale przemystowa moze by¢ wigkszy
stopien ztozonos$ci metody i konieczno$¢ zastosowania odpowiedniej aparatury ba-
dawczej.

Stowa kluczowe: MES, guma, model materialowy, proba rozciagania

1. Wprowadzenie

Do podstawowych metod okreslajacych wlasciwosci mechaniczne materia-
tow nalezy proba rozciagania. Badania takie maja na celu okreslenie wiasciwo-
$ci wytrzymatosciowych. Do najwazniejszych mozna zaliczy¢: wytrzymato$¢ na
rozciaganie/$ciskanie/$cinanie, naprezenie przy danym wydhuzeniu (dla modutu
M, np. M100, M300), wydtuzenie przy danej warto$ci naprezenia, wartosci wy-
dhuzen przy zerwaniu (maksymalnych), pomiar napr¢zen i odksztalcen przy
odksztalceniu trwatym (plastycznym). W zaleznosci od kierunku dziatajacego
obcigzenia badania na rozciaganie klasyfikuje si¢ na jedno- i wieloosiowe. Wy-
boér metody badania powinien odzwierciedla¢ najbardziej zblizone warunki dzia-

! Autor do korespondencji/corresponding author: Jan Ziobro, Panstwowa Wyzsza Szkola
Zawodowa w Sanoku, ul. Mickiewicza 21, 38-500 Sanok, tel.: +48 134655981, e-mail:
jziobro@pwsz-sanok.edu.pl
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tania w stosunku do rzeczywistego stanu obciazenia. Jezeli na element konstruk-
cji dziataja tylko sity rozciagajace lub $ciskajace, wowczas wystarczy przepro-
wadzi¢ badanie dla jednoosiowego stanu obciazenia. Przyktadami takiego stanu
moga by¢: elementy kratownic, prety, belki itp. Badanie to jest stosunkowo pro-
ste, szybkie, a zastosowana aparatura jest znacznie tansza i mniej skomplikowa-
na niz w innym przypadku. Dlatego badanie jednoosiowego stanu obcigzenia
W poréwnaniu z innymi metodami jest najczgsciej stosowane [1].

W przypadku materiatow, ktore w warunkach rzeczywistych pracuja
w wieloosiowych stanach naprgzenia (np. folie, tkaniny, wyroby wykonane
z gumy, tworzyw sztucznych i metali), najlepiej jest przeprowadzi¢ badania,
gdzie obciazenia (rozciagajace, $ciskajace, skrecajace) dziataja w przynajmniej
dwoch osiach. Taka proba jest bardziej miarodajna i lepiej odzwierciedla mozli-
we zachowanie danego materialu w warunkach rzeczywistych [2-4]. Istnieje
wiele metod i odmian zwiazanych z charakteryzowaniem wieloosiowego stanu
obciazenia i odksztalcenia materialow. Ta réznorodno$¢ metod jest wynikiem
braku odpowiedniej normy precyzujacej szczegotowe warunki przeprowadzania
takich badan. Jednym z nich jest dwuosiowa proba rozciagania. Ksztalt probek
przeznaczonych do tych badan przedstawiono na rys. 1. W badaniach materia-
16w, takich jak: tkaniny i materiaty skoropodobne, tworzywa polimerowe, nie-
ktore metale, zaleca si¢ stosowaé¢ model probki przedstawiony na rys. la [5].
Model probki przedstawiony na rys. 1b [6] bywa stosowany do badania elasto-
merow od matej do $redniej odksztatcalnosci. Na rysunku 1c przedstawiono
model krzyzowy z odpowiednimi wycigciami [7, 8]. Moze on by¢ stosowany
w badaniu materiatlow gumowych do duzych odksztatcen. Zachowanie materia-
tow elastycznych i hiperelastycznych, takich jak elastomery (guma), najlepiej
jest opisa¢ z zastosowaniem modelu przedstawionego na rys. 1d [9]. Charaktery-
styke wieloosiowego stanu naprezenie-odksztatcenie panujace w takich wyro-
bach, jak: membrany, rury, tuleje, weze itp., zaleca sig¢ opisywac, stosujac mode-
le przedstawione na rys. la-f [10-15]. Czynnikiem powodujacym odksztatcenie
badanej probki jest podawane kontrolowane ci$nienie.

Analiza literatury nie dostarcza jednoznacznej odpowiedzi na temat warun-
kow oraz wihasciwych i uniwersalnych metod przeprowadzania wieloosiowego
rozciagania materialow. Charakter réznic zwigzanych ze stosowaniem typow
badan i standw obcigzen najlepiej oddaja wykresy przedstawione na rys. 2. [9].
Przyjecie ostatecznego przebiegu wykresu do opisu statych materialowych zale-
ca si¢ dokona¢ po 7-10 cyklach obciazania i odciazania. Ta liczba cykli jest
wymagana ze wzgledu na wystgpujace zjawisko Mullinsa [16]. Efektem tego
jest wystepowanie trwatego wydluzenia gumy pod statymi wartosciami obciazen
(rys. 3.). W zwiazku z tym po wykonaniu tych wymaganych serii obciazenie-
odciazenie nastepuje stabilizacja trwatego wydluzenia. Na rysunku 3. przedsta-
wiono charakterystyke przemieszczen dla jednego (poczatkowego) cyklu w pro-
bie dwuosiowego rozciagania dla gumy na bazie kauczuku naturalnego NR
o twardo$ci 55 ShA. Pole zawarte pomiedzy krzywymi nazywa sie petla histere-
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zy (rys. 3.), ktora okresla miarg¢ energii mechanicznej zamienionej na energi¢
cieplng. Matym polom petli histerezy odpowiada mniejsze nagrzewanie si¢ wy-
robu podczas jego pracy. Wtasciwos¢ te stosuje si¢ w materiatach przeznaczo-
nych na opony pojazdéw samochodowych, pierscienie uszczelniajace (O-ringi,
simmeringi) itp. Zaleta stosowania materiatow o duzej histerezie jest kumulacja
lub tagodzenie: drgan, wstrzasow i uderzen, hatasu. Maja one zastosowanie
w takich wyrobach, jak: amortyzatory, ttumiki drgan, warstwy antywibracyjne
1 wyciszajace itp. Na podstawie wielkosci histerezy mozna roOwniez prognozo-
wac ilos¢ lub rodzaj zastosowanego napetniacza.

a) c)
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Rys. 1. Przyklady probek stosowanych w badaniu wieloosiowego rozciagania materiatow ela-
stycznych: a) krzyzowa krotka (tkaninowych i skéropodobnych), b) krzyzowa z wycigciami
i otworem (polimerow TPE, elastomeréw), c¢) krzyzowa z nacigciami (elastomerow, gumy),
d) krazkowa z otworami i wycigciami, €) rurowa (elastomeréw rurowych, gumy), f) membranowa
(elastomery krazkowe, guma), na podstawie [5-15]

Fig. 1. Examples of samples used in the testing of multiaxial stretching elastic materials: a) cross-
short (fabric and leather-like), b) cross-shaped cutouts and the hole (TPE polymers, elastomers),
¢) cross-shaped slits (elastomer rubber), d) disc with holes and cutouts, e) tubular (pipe elastomers,
rubber), f) membrane (disc elastomers, rubber), on the base [5-15]
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Rys. 2. Poroéwnanie przebiegu krzywych w probie rozciagania
i $cinania, na podstawie [6]

Fig. 2. Comparison of the curves in the tensile test and shear, on
the base [6]
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Rys. 3. Przyklad petli histerezy i zjawiska Mullinsa dla gumy
NR 55

Fig. 3. An example of the hysteresis loop and the Mullins phe-
nomenon for rubber NR 55

2. Opis eksperymentu

Materiatem badan jest probka w ksztalcie krazka z 16 otworami i charakte-

rystycznymi wycieciami o $rednicy zewnetrznej d = 75 mm i grubosci g =2 mm
(rys. 1d). Probke wykonano z gumy na bazie kauczuku naturalnego NR o twar-
dosci 55 ShA. Ma ona dwa specjalne liniowe znaczniki pomiarowe. Pomigdzy
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nimi wykonuje si¢ pomiar odleglosci dy podczas przebiegu proby rozciagania.
Jednoczesnie dokonuje si¢ pomiaru warto$ci Srednicy pomigdzy otworami D,
W celu tatwego okreslenia wymaganych wspotczynnikoéw materiatowych w mo-
delach hiperelastyczno$ci zaprojektowano i wykonano maszyng wytrzymato-
$ciowa do badania dwuosiowego stanu rozciagania materiatow elastycznych.
Ogolny jej widok przedstawiono na rys. 4a. Probke z wycigciami, przedstawiona
na rys. 1d, mocuje si¢ w 16 uchwytach maszyny (rys. 4b). Podczas obciazania
warto$¢ sity odczytuje sig¢ z dynamometru. Widok zamocowanej probki i podda-
nej rozciaganiu zaprezentowano na rys. 4b.

Rys. 4. Widok: a) urzadzenia, b) obciazonej probki

Fig. 4. View: a) the device, b) the loaded sample

Model geometryczny krazka 3D utworzono w programie Autodesk Inventor
1 wyeksportowano do programu MSC.Patran, stosujac format wymiany danych
Parasolid *.x_t. W systemie MSC.Patran dokonano dyskretyzacji oraz optymali-
zacji utworzonej struktury weztow i elementow [17]. Tak przygotowany model
wyeksportowano do programu MSC.Marc, w ktéorym wykonano obliczenia me-
toda MES. Metodyke przygotowania modelu dyskretnego do obliczen nume-
rycznych przedstawiono w [1]. W arkuszu kalkulacyjnym Excel dokonywano
niezbednych obliczen na podstawie doswiadczalnej publikacji formuty [9]:

16F,
nD,t
, D=ty
dO
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numer punktu pomiarowego,

sita w jednej lince,
do — odleglos¢ poczatkowa pomigdzy znacznikami,
t — grubo$¢ probki,
& — odksztatcenie (wydtuzenie) wzgledne,
D; — odleglos¢ pomigdzy znacznikami odksztatconej probki,

D, — $rednica poczatkowa pomigdzy dwoma otworami.

3. Wyniki badan i dyskusja

Korzystajac z uzyskanych wynikow badan eksperymentalnych, wykonano
wykresy przemieszczen (rys. 3. i 5.) oraz przygotowano odpowiednie dane eks-
perymentalne do programu MSC.MARC. W srodowisku MSC.Marc dokonywa-
no dopasowywania danych eksperymentalnych do obliczeniowych matematycz-
nych modeli materialowych. Najlepsze dopasowanie krzywej do danych ekspe-
rymentalnych osiagnigto dzieki siedmioparametrowej postaci modelu Ogdena.
Posta¢ graficzna tego dziatania przedstawiono na rys. 5. W tabeli 1. podano po-
sta¢ analityczna oraz wspotczynniki materiatowe modelu Ogdena [18, 19].

--------- Dane eksperymentalne
——7-p Ogden

Sll ./’
/

Napreienie, MPa
[ 3]

// Rys. 5. Poréwnanie danych ekspery-
1 mentalnych z obliczeniowymi dla
gumy NR55
0 = Fig. 5. Comparison of the experi-
0 10 20 30 40 50 &0 70 8O 90

mental data with the calculation for
Wrydluienie wzgledne, % the rubber NR 55

Zespot danych materialowych w modelach hiperelastycznych stanowi klu-
czowe znaczenie w prowadzeniu symulacji numerycznych metoda MES. Majac
ustalony model matematyczny wraz z jego wymaganymi wspoétczynnikami,
wykonano analiz¢ porownawcza MES w aplikacji MSC.Marc. W analizie zasto-
sowano metodg obliczen nieliniowych oraz procedurg¢ duzych przemieszczen.
Przyjeto warunki brzegowe identyczne z tymi zastosowanymi we wcze$niej-
szym eksperymencie. Na rysunku 6a przedstawiono probke nieodksztatcong oraz
obraz przemieszczen catkowitych probki odksztatconej. W $rodkowej czesci sa
widoczne liniowe znaczniki pomiarowe. Stan napre¢zen rozciagajacych odzwier-
ciedlono na rys. 6b. Ze wzgledu na wieloprofilowy ksztalt modelu stan obciazen



Wieloosiowa analiza napr¢zen i odksztatcen ... 203

Tabela 1. Model Ogdena i jego wspodtczynniki
Table 1. Ogden model and his coefficients

Wsp6lczynniki modelu Model analityczny Ogdena
n On 4 [MPa]
2
1 | 0162 | 14445 N -y H
W= En 33 (A 420+ 50 ) -3+ 45K | 33 -1
2 3.820 -35.154 iaa,
3 -2.239 -11.685 J =
4 0.945 51.145
5 6.170 16.321 | 9dzie: ap, u, — state materiatowe, W — energia odksztatcenia,
1 11737 A — stopien wydtuzenia, J — wspotczynnik objgtosciowy,
6 -3.218 13 K — modut scisliwosci (w tym przypadku K = 882 GPa)
7 -0.279 -11.336
a) b)
Przemieszczenie, mm Naprezenie, MPa
2242400 2.09%e+00
2.028e+001 1.773e+00
1.808e+001 1.447e+00
1.588e+001 1.122e+007
1.365e+001 7.966e+000
11456001 471284000
§.252e-000 1.45824000
7.051e+000
-1.796e+000
4.843e+000
-5.050e+000
2.648e+000
-B.304e+000
4.468e-001
-1.186e+00
c)
Przemieszczeniewosi Z, om Dane sksperpmentalne
1.785+000 24 — Wielob. (Dane eksperym ertalne)
1.564=+000 L2 T y=2E097 - IEDé&x? -0,002x + 19818
1.240e+000 I E 16 1+ F2 = 09969
1.1152+000 E 144
8.9042-001 B
& 124
£.5582-001 B
$ 1
44122001 "E
216620001 S 0ET
7 3402003 0s 1
2305001 0.4 + + t —
1] 200 400 &00 200

-4.571e-001

Sita callowita, N
Rys. 6. Obraz: a) przemieszczen catkowitych, b) naprezen, c) przemieszczen w osi Z (dolna
i gorna strona), d) zmian krzywej grubosci

Fig. 6. Image: a) total displacement, b) stress, c) displacement in the Z-axis (lower and upper side),
d) changes in the thickness of the curve
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w tych profilach nie ma istotnego znaczenia. Rozpatrywana i wazna strefa oraz
stan naprezen znajduja si¢ w $rodkowej czgsci krazka. W wyniku rozciagania
model znacznie zmniejszyt swoja grubos$¢ kosztem odpowiedniego wydtuzenia.
Na rysunku 6¢ przedstawiono charakter zmian grubosci probki. Jej wartosci
mozna okre$li¢ na podstawie map przemieszczen warstw zewngtrznych (gor-
nych i dolnych) w osi Z. Krzywa zmian grubosci krazka poddanego obciazeniu
uktadem sit odzwierciedlono na rys. 6d. Dopasowano réwniez krzywa do da-
nych eksperymentalnych oraz podano roéwnanie regresji i warto$¢ wspotczynni-
ka korelacji.

Na podstawie analizy rys. 6¢ i d mozna stwierdzi¢, ze w warstwach $rod-
kowych nie zachodza naglte zmiany wymiaru grubosci badanego krazka. Zmiana
jej wymiaréw ma zatem charakter izotropowy. Jest ona uzalezniona od rodzaju
materiatu i uktadu obciazajacego.

4. Podsumowanie

Sposréd przedstawionych metod stuzacych do oceny dwuosiowego stanu
odksztalcen wybrano model krazkowy z wycigciami. Kierowano si¢ przede
wszystkim prosta forma okreslania wartos$ci sity obcigzajacej i charakterystycz-
nych odlegtosci. Istotnym kryterium byta dostgpnos¢ probek do badan. Wazne
jest, aby krazki do tych badan nie zawieraly Zzadnych widocznych wad po-
wierzchniowych. Nalezy sprawdzi¢ poprawno$¢ zamocowania oraz napigcia
w linkach. Zaleca sie¢ wykonywaé punkty pomiarowe w jednakowych przedzia-
tach czasowych, co pozwoli zminimalizowaé bledy wskazan. W celu ogranicze-
nia wptywu efektu Mullinsa nalezy wykona¢ 7+10 probnych odksztatcen, stop-
niowo zwigkszajac warto$¢ sity obciazajacej. Przed kazdym cyklem odciazania
nalezy zastosowa¢ chwilowy przestoj. W fazie dopasowania danych ekspery-
mentalnych do numerycznego modelu obliczeniowego metoda MES nalezy da-
zy¢ do uzyskania mozliwie najmniejszego btedu tego dziatania. Na podstawie
analizy numerycznej mozna stwierdzi¢, ze pomiar grubosci probki nie jest ko-
nieczny w cyklu badawczym dla kazdego punktu pomiarowego. Wystarczajace
jest podanie wartosci grubo$ci poczatkowej.

Istotnym utrudnieniem w wykonywaniu prob rozciagania przy obciazeniu
wieloosiowym jest brak wiasciwych uregulowan prawnych. Wydaje sie jednak,
ze techniczne znaczenie przeprowadzania takich badan jest o wiele wazniejsze.
Daje ono bardziej miarodajne wyniki niz rozpowszechniona proba jednoosiowe-
go rozciagania. Przeszkoda w korzystaniu z tej metody badan w skali przemy-
stowej moze by¢ wigkszy stopien skomplikowania metody i zastosowania od-
powiedniej aparatury badawczej.
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MULTIAXIAL STRESS AND STRAIN ANALYSIS OF THE RUBBER
BASED ON THE NATURAL RUBBER NR

Abstract

This paper presents the importance of performing multiaxial stress and strain state analysis.
Method and presented models for the analysis of multiaxial tensile elastic materials were charac-
terized. The variety of methods and models is the result of the lack of appropriate legislation. From
the presented methods for the assessment of loads and strains the disk model with cut-outs has
been used. The material of the study was the sample of rubber based on natural rubber with a
hardness of 55ShA in the shape of the disc with 16 holes. In environment of the Autodesk Inven-
tor, the geometric model has been created. Next, discretization of this model in the MSC.Patran
software has been made. The comparative analysis of the FEM in the MSC.Marc application also
has been done. On the basis of the numerical analysis it can be concluded that the measurement of
the thickness of the sample is not necessary in the test cycle for each data point.
A set of conclusions of utilitarian character has been formulated on the basis of the conducted
analysis. Technical importance of carrying out such researches is much more significant. It gives
more reliable results than popular uniaxial tensile test. The obstacle in applying these test methods
on industrial scale can be a greater degree of complexity of the method and necessity of applica-
tion of appropriate research equipment.

Key words: FME, rubber, material model, tension test
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