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INFLUENCE OF DEFORMATION ON A LIFETIME OF
WELDING TIPS OF RESISTANCE SPOT ELECTRODES

The contribution deals with the influence of weldalectrode tips deformation on their
lifetime. The influence of material properties, gueotion technology and the intensity of
welding electrodes load on their lifetime are praeel. The electrode tips of the most
used type of CUCr1Zr alloy of three basic standsindpes before and after the process
of welding are evaluated. The process of weldingadized with low, middle and maxi-
mum welding parameters on programmable pneumatit wplding machine VTS BPK
20. The influence of welding parameters on chosatemal characteristics of welding
tips is observed. Through the use of upsetting tesgiendency of forming strength and
deformation of material on used technology of wajdip production is observed.

INTRODUCTION

One of the most dynamic developing world industaegresent time is automo-
tive industry. Production of automobiles is conbnaly increasing and demands on
quality are still higher. Various conventional andconventional technologies of
welding are used for joining of car-body sheets.

The most used method of car-body sheets weldingsistance spot welding. De-
spite of beginning to use special technologie®wiing (laser welding, laser soldering,
MIG welding and soldering, and also press joining adhesive bonding), resistance
spot welding still keeps the position of most widaked method of welding in auto-
motive production.

Even though that it is conventional welding tecloggl which is used practically
for a long time, it is necessary to solve some lgrobtasks that successful resolution
will lead to satisfaction of customers and autort@producers [1].

METHODOLOGY OF EXPERIMENTATIONS AND APPLIED MATERIA L

Welding tips of shapes and dimensions presentédjatl, 2 and 3 were evaluated
in experiments [2]Electrodes were made from CuCrlZr alloy, which ptaisand
chemical properties are due to standard STN 1SQ pi&sented in Table 1.

Table 1. Physical and chemical properties of wejdefectrodes [3]

Alloy | Chemical composition %] Productiof Conductafis.nt.min] | Hardness [HV30]
Cu 98,12 — 99,47 drawn> 25 43 130
CuCrlzr Cr0,5-1,4 drawn < 25 43 140
Zr 0,02-0,2 forged 43 100
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Fig. 2. Conical eledis

Fig. 3. Cylindrical electrode

DESCRIPTION OF WELDING MATERIAL

Sheets of 2 mm thickness of C 45 EN 10083-2-91 madhtevere welded by
method of resistance spot welding. Chemical andhangical properties of material
stated by producer are shown in Table 2 and 3.

Table 2. Chemical composition of C 45 EN 10083-2+@terial in ( %)

C Mn Si Cr Ni Cu P S
0,42-0,50| 0,5+0,8/ 0,170,337 max0,25 max0,30 maR0O max0,04| max 0,04
Table 3. Mechanical properties of C 45 EN 10083t2¥vtaterial
Yield stress Tensile strength Tensibility Hardness Yield stress
Re [MPa] Rm [MPa] A10 [%] HB Rp. [MPa]
>335 540 - 690 18 225 390 - 470

Welding parameters

Welding was realized by resistance spot weldinghimecBPK20 presented at Fig.
4 with using three different welding modes listadable 4.

Measurement of microhardness

In accordance with ISO 6507-2 the microhardnesspetimens was measured at
device PMT 3 in two different dimensions (Table \8eighting of 200g was used.
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Upsetting test

Forming strength is stress whereat material is paantly deformed. Dependence
between this stress and effective deformation vedimed by the upsetting test. Load-
ing parameters are in Table 5.

The samples of CuCrlZr alloy due to standard STN 82 were used for ex-
periments. Dimensions of the samples are showiginek-
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Fig. 5. Welding mode of spot welding machine
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Fig. 4. Resistance spot welding m: Fig. 6. Shape and dimensions of upsetting sample

chine BPK 20
Table 4. Parameters of welding modes
Welding Welding Time | Initial Current Value | Welding Current| Welding Force
Modes (t5) [time period] (13) [kA] (12) [KA] [kN]
1. 18 20 26 6,8
2. 18 15 22 6,8
3. 18 10 18 6,8

Table 5. Loading used in upsetting test

Measurement 1 2. 3. 4, 5. 6 7

Force F [N] 20 40 60 85 99 119 140

ANALYSIS OF ACHIEVED RESULTS

Measured values in electrodes before welding ieatiion 1 show increasing trend
of microhardness HVO0,2 from top part of electrodet$ contact surface. The lowest
values of microhardness within the range of 143-H¥D,2 were measured at cylin-
drical electrode. Higher values was observedeatibpherical electrode, they vary
from 149 to 152 HVO0,2. The highest microhardness ¥eaund at conical electrode
within the range from 150 to 153 HVO0,2.
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Measured values in direction 2 are lowest in midutiet and value of microhard-
ness rises towards the edges. As well as in diredtj the lowest values of microhard-
ness (145-147 HVO0,2) were measured at cylindritedteode. Values of microhard-
ness at hemispherical electrode were within thgeasf 151-152 HV0,2 and at conical
electrode were within the range of 151-153 HVO0,2.

Low parameters of welding (I = 18 kA) didn't affech material microhardness.
Microhardness in direction 1 has increasing treswlards the contact surface at all
types of electrodes. Cylindrical electrode hasltweest values of microhardness from
145 to 147, values from 148 to 151 HVO0,2 were mea$ at hemispherical electrode
and the highest microhardness from 149 — 152 HM@&& again determined at conical
electrode.

Table 6. Average values of microhardness HV 0,&sted specimens

Cylindrical Tip Hemispherical Tip Conical Tip
Direction 1 Direction 2 Direction 1 Direction 2 Biction 1 Direction 2
Evaluation of microhardness before welding
1. 143 146 149 151 150 152
2. 144 145 151 151 151 151
3. 147 147 152 152 153 153
Evaluation of microhardness after welding with lparameters

1. 145 147 148 151 149 151
145 146 150 149 151 151

3. 147 147 151 151 152 152

Evaluation of microhardness after welding with thieldle parameters

135 140 144 147 145 148

138 139 145 146 146 147

3. 142 142 147 147 148 148

Evaluation of microhardness after welding with theximum parameters

1. 133 136 136 141 138 144
135 135 138 139 142 144

138 138 142 142 144 144

In direction 2 the lowest values were measuredeiddle of electrode and in
the marginal part of electrode. Microhardness dihdyical electrode varies from 146
to 147 HVO,2, hemispherical electrode from 149 54 HV0,2 and conical electrode
from 151 to 152 HV 0,2.
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After welding process by using middle parameters @2 kA), values of micro-
hardness listed below were measured. In directitimelmicrohardness increased to-
wards the contact surface. So microhardness afditial electrode was 135-142 HV
0,2, hemispherical electrode 144-147 HVO0,2 andarélectrode 145-148 HVO0,2.

In direction 2 the range of microhardness was lhaycal electrode from 139 to
142 HVO0,2, at hemispherical electrodes from 1464@ HV 0,2 and at conical elec-
trode from 147 to 148 HVO,2.

At all types of electrodes the microhardness des@aompared to the micro-
hardness before and after welding process usingplyrameters.

Microhardness of electrodes after welding procasssgumaximum parameters (I =
26 kA) was the lowest in both of direction.

In direction 1 the lowest values of microhardnessenmeasured also at cylindri-
cal electrode, and that is 133-138 HV0,2. The rasfgaicrohardness at hemispherical
electrode was 136-142 HVO0,2 and at conical eleettbé microhardness was 138-144
HVO0,2.

In direction 2 the microhardness in the edge plaglectrode was higher then in the mid-
dle of electrode. It was the same for all typeglettrodes. Their microhardness varied from
135 to 138 HVO0,2 at cylindrical electrode, from 189142 HV0,2 at hemispherical electrode
and at conical electrode the microhardness wad-14%2.

Dependence of strain strength and real deformation
Measured results of upsetting tests are presémiEable 7.

Table 7. Measured and calculated values after uipggtest [4]

Measurement A h AR o S s ® A
[kN] | [mm] | [mm] | [mm] | [mm7 | [MPa] [J]
1. 20 11,4 1,4 12,7 126,9 1579 0,05 11,5
2. 40 10,1 2,7 13,5 143,3 279,1 0,103 4116
3. 60 8,3 4,5 14,9 174,4 344 0,188 93,8
4. 85 6,2 6,6 17,2 233,5 385,5 0,315 17,9
5. 99 5,6 7,2 18,1 258,5 382,9 0,359 199,4
6. 119 4,8 8 19,6 301,6 394,46 0,426 243,7
7. 140 4,1 8,7 21,2 353,1 396,45 0,494 284,3

Upsetting test confirms theoretical assumes of ni@teehavior during evaluation
of mechanical characteristics by microhardness ureasent.

CONCLUSION

Based on the realized experimentation it is posdiblobserve that microhardness
of all basic shapes of electrodes in all examinathitions mildly increased from top
electrode towards its contact surface. In the neigirt of electrode lower values of
microhardness were measured in comparison witkedge parts, which was probably
effected by water cooling process during the wedin
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Low parameters of welding (I = 18 kA) don’t havgrsficant effect to the micro-
hardness of tested material. Measured values abimacdness before welding and af-
ter welding varied minimally. Progressive incregsof welding current (I = 22 - 28
kA) caused the microhardness decreasing at all imeahshape of electrodes. Lowest
values of microhardness HV 0,2 were measured lgusiese electrodes in welding
with maximum parameters.

Cylindrical electrode has the lowest values of whardness during the whole ex-
perimentation. Following the hemispherical electrdkde highest values of microhard-
ness were measured at conical electrodes. It dmukhid that lifetime of welding tips
is effected by shape of electrodes and mainly¢bbrtology of electrodes production.
It is possible to expect that the conical one Heslbngest lifetime from all tested
shapes, that is being verified in practice now.

Big influence on tips lifetime has also used tedbgy of their production. It is
possible to achieve strengthening of the mategdbbming — increase of hardness of
the surface layers, which enables electrodes tesbd for hardest modes of resistance
spot welding. Strengthening of the surface laygiani alternative to increasing amount
of alloying elements in material in order to ackevgher hardness with decreasing
conductivity.

For each technology of electrodes production it ivdae also suitable to declare
the rate of thermal processing and transfer of tieatigh the tool and joined material
in the weld point and take consideration of heat pressure influence on the change
of welding electrodes lifetime.

Nowadays, methods of prolonging the lifetime of adued) tips are continuously
being researched, especially at dynamic develogitgmobile industry, where critical
factors affected at welding tips lifetime are sugdaoatings of steel sheets, which cre-
ate eutectics in the electrodes contact surfacecande electrical conductivity reduc-
tion.

Contribution was elaborated within solving the gnaroject VEGANe. 1/0206/08.
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METALLOGRAFIC ANALYSIS OF ELECTRODE MATERIALS
FOR RESISTANCE SPOT WELDING

The contribution deals with metallographic analysésvelding tip materials and work-
pieces used in their production. Microstructuresiroforactice most used alloys Cu for
welding electrodes of resistance spot welding asduated. Alloys of CuCrlZr, CuCoBe
and CuBe2. Analyses of influence of alloying elésnand production technology of the
alloys on final properties of electrode materiale presented. The effort of producers is
the maximum lifetime of welding tips on which méaggors have influence during weld-
ing process. Used welding mode, material propentiethe tips, technology of their pro-
duction, sort and surface treatment of welded niateand so on.

INTRODUCTION

The most used method of car-body sheets weldingsistance spot welding. Even
though it is conventional technology of welding aihis used for a long time in prac-
tice, it is necessary to solve some problem tagkshwsuccessful resolution will lead
to satisfaction of customers and automobile produfdg.

The biggest problem which the automobile weldingtees deal with is limited
lifetime of welding tips during the welding procesfssurface modified sheets. During
the welding of these sheets, the lifetime of weddiips is multiple lower in compari-
son with black sheets. Their lifetime decreasesdhamlue to adhesing the coatings
with a low melting temperature on the contact steaof welding tips that cause be-
ginning of the eutectics which have negative ifltemon transition resistance during
the welding. That's why it is necessary to cleantaot surface of tips periodically af-
ter specified welding cycle. Lifetime of weldingsi is also considerably affected by
material of which are made, pruduction technoldbgjr shape, cooling intensity and
the conclusive influence have used welding pararsete

The alloys with higher content of Cu for productiohthe welding tips are used,
that guarantee high electrical conductivity. ThaBeys are used for tips production:
CuAl, CuZr, CuCrZr, CuCoBe, CuCoNiBe, CuBe2, CuNiSuNiSiCr, CuW and the
others.

13
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ANALYSIS OF CURRENT CASE IN PRODUCTION OF MATERIALS
FOR WELDING TIPS

Alloys of CuCr contain from 0,6% up to 1,2 %Cr. Vhere used for the reason of
their high strength, corrosion resistance and etedtconductivity. These alloys could
be hardened by ageing that means a change of pesp@hich occur at high tempera-
ture due to chrome precipitation from solid solati®&trength of hardened CuCr alloy
Is almost double in comparison with pure copperOf{2Pa) and its conductivity is
lower only about 15% than conductivity of Cu. Thémgh-strength alloys keep their
strength also at high temperatures (1000°C). CliGy af is very good in cold form-
ing. The alloy is used with advantage in productidrelectrodes for resistance spot
welding, electrodes for seam welding, cable tertoirsa parts of braking systems and
electrical and thermal conductor with higher stteng®]. Properties of CuCr alloys
could be improved, except for Zr alloying, by aiisaloying [3].

Hardening is in progress by increasing solubilityCo in Cu with increasing tem-
perature. While slow cooling process of CuCr ai®yn progress the structure is two-
phase one including chrome and alfa-phase of cogpeellent mechanical properties
are achieved by rapid cooling of CuCr alloy fromnaaling temperatures, which
causes Cr kept with Cu in the oversaturated saligtion. So there is a regular distri-
bution of precipitates in the matrix during the iageprocess. Rapid cooling doesn’t
allow the precipitation of Cr from solid solution $he final structure is composition
only of alfa-phase of Cu. First pure Cu is solidify, then the eutectic mixture alpha-
phase of Cu and Cr. Eutectic mixture of alfa-ph@seand Cr forms lamellar structure
in the interdendritic areas [2].

To improve the splintery workability of CuCr alloglloying elements are added
such as Se, Te and Pb. Mechanical properties dmuldodified by addition of Ti (up
to 0,5%) and Be (up to 0,1%) [3].

CuCr alloys are used for their high strength aretteic-thermal characteristics.
By addition of small amount of alloying elementggh alloys could be modified on
the high-strength alloys or high-conductive allolysr production of welding tips it is
necessary to find compromise between the strength canductivity which allow
these alloys to be used also with hard modes ainglhigh current — short time).

High-strength alloys consist of Be from 1,6% to 2¥%d approximately 0,5% of
Co. In order to achieve high strength it is posstiol increase Be content up to 2,7%.
Alloys with high conductivity consist from 0,2 % 7% of Be and higher content of
Ni and Co.

These alloys are used for production of electraoienecting contacts, in electric
devices as switches, inside the cases for magswiiches, non-sparking applications,
small sources, parts of injection forms for plastad components of resistance weld-
ing. They are also suitable for production of castyy the reason of good leaking.

High strength of CuBe alloys is achieved by agewagdening or precipitation
hardening. Hardening is in the progress while jmigation of Be from oversaturated
rigid solution of pure Cu. Precipitation is in pregs during slow cooling of alloy, be-
cause decreasing temperature causes decreasiolglofisy of Be in the alfa-phase of
Cu. During the rapid cooling of alloys from annaglitemperature Be remains inside
of rigid solution of Cu [2]. Consequently insidesthlloy precipitation comes in the

14



The Sixth International Scientific Conference MECHANICS 2008

progress or hardening during the 1 hour in witemperature of 200 to 450°C. Tem-
pering causes separation of from the rigid solution

During the first phase of precipitation, the homogeus nucleuses of Guinier-
Preston (G-P) areas occur. G-P areas are smalppations inside the oversaturated
solid solution of the alfa-phase of Cu. G-P zones'tchave purely defined own crys-
talline structure and these zones contain of hagitentration of Be atoms. Production
of G-P zones is related to the changes of charsiitst In CuBe alloy increasing of
strength occurs. During the ageing process, sorhereat metastable gamma double
primary precipitates occur in the G-P zones. Suleseity the primary gamma precipi-
tates are separated. Strength of these alloyesahath the force of bonds which are in
border of matrix and growing precipitation. Pretagion of balanced gamma phase

decreases strength characteristics of the alloyrdaluction of metastable primary
gamma precipitatgg].

METHODOLOGY OF EXPERIMENTS

Welding tips and workpieces dedicated to productadinwelding tips were
evaluted in the experiments. Samples for obsemwatere from bar material and were
taken off by splintery process without thermal iipaMetallographical analysis of
examined samples was realized on metallographidalwith optical ligh microscope
Olympus CX-31. Metallographical analysis was resadion Cu alloys which standard
physical and chemical characteristics are presentédble 1.

Table 1. Standard physical and chemical charactiesf welding tips and workpieces [2]

Alloy Chemical composi{ Hardness Electrical Sample
Standard tion HB conductivity |  Shape
CuCrlZzr Cr0,8 )

7r 0,08 150 48 W‘;'i‘;'”g
DIN 2.1293 Cu residue
CuCoBe Co24-27
Be 0,4-0,7
ASTM-No. Ni max. 0,3 5
((:Ul’;g())o Fe max 0,1 270 43 work?):ece
Al max 0,1
Si max 0,2
Cu residue
CuBe2 Be=16-2
Ni + Co =0,4 Welding
DIN 2.1247 Fe<0,1 350 14 Tip
Cu residue

Observed workpieces and welding tips of standaddigleapes and dimensions
dedicated to resistance spot welding are mentiah&tys 1, 2, 3.

15
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Fig. 3. Welding tips for metalographical analysisrh CuBe2 material

RESULTS OF METALLOGRAPHIC ANALYSIS

At Fig. 4, there is the microstructure of CuCrldloy with typical rectangular
double boundaries of grains of rigid solution dagbthase of Cu.

In the Cu matrix — see the Fig. 4 it is shown reédy massive Cu grains, sepa-
rated on typical platy formation. For visualizatiohmicrostructure following etching
was used: 1g of ammonium hydroxide MHH + 2g of ammonium persulphate
(NH4)2S,0g (2,4%) in 100ml of distilled water.

Microstructure of thermal treated CuCoBe alloy isFe&g. 5. Thermal treatment
was realized by dissolving annealing at 940°C teatpee and precipitation hardening
at 480°C temperature during 3 hours. In this wayximam hardness which is required
for production of welding electrodes could be acbate At homogeneous fine-grained
alfa-phase of Cu it is possible to observe the lebusituated inclusions of CoBe
compounds inside the whole matrix.

For visualization of microstructure following etalgi was used: 1g of KCN, 100
ml of distilled water.

16
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Fig. 4. Microstructure of CuCrl1Zr alloy Fig. 5. Microstructure of CuCoBe alloy

At Fig. 6 there is microstructure of CuCoBe allrdened by dissolving anneal-
ing at the temperature of 790°C and consequerdlhg during the cooling. In this
way, it is possible to increase hardness at abb%t $§ comparison with material
without thermal treatment and forming.

Prolonged grains of alfa-phase and inclusions d8€oould be observed in mi-
crostructure. For visualization of microstructumdwing etching was used: 1g of
ammonium hydroxide NFDH + 2g of ammonium persulphate (WE5,05 (2,4%) in
100ml of distilled water.

CuBe?2 alloy at Fig. 7 has typical dendritic struetwf alfa Cu with Be phases.
Berilids could be observed on buffed and unetchpdasn Berilids appear during the
solidification and they are typical with their efgated shape. Secondary berilids occur
after solidification and they have lamellar struetu

Fig. 6. Microstructure of welding tip made by fongiof CuCoBe

Microstructure of the heat affected zone of the Hpat has a negative impact on
the homogenity of structure and especially on the sf grains. Unhomogenity of the
structure was caused by insufficient tip cooling.

For visualization of microstructure following etalgi was used: 1g of ammonium
hydroxide NHOH + 2g of ammonium persulphate (N55,05 (2,4%) in 100ml of
distilled water.
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Fig. 7. Microstructure of tip material after weldjrcycle  Fig. 8. Microstructure of CuBe2 alloy

At Fig. 8 it is microstructure of grain boundary tbermal unaffected material of
CuBe2 tips, formed a precipitately hardened. Itams rectangular double boundaries
of grains of alfa Cu with diffused elements of 8 or Ni and Co with Be2.

For visualization of microstructure the followingcking was used: 1g of ammo-
nium hydroxide NHOH + 2g of ammonium persulphate (N:6,05 (2,4%) in 100ml
of distilled water.

CONCLUSION

Development in the production of welding tips isistantly evolving. Alloys with
high conductivity together with hardness are bahgerved. These enable their using
in application of hard modes of resistance spotingl One of the innovations is a
special alloy dedicated to welding tips of AEG S$8hweiss Technik company,
namely ,,AEG Wirbalit NIB“. It is alloy which elexdtal conductivity corresponds to
the alloy CuCrZr, that is 48 MS/m and its hardnessesponds to the alloy CuCoBe,
i.e. 270 HB [5].

Possibility of increasing the strength charactesstithout the support of alloying
elements comes only in limited range by choiceudfable technology of production
where it is possible to use mainly the hardenihgotfof forming.

The way of increasing the lifetime of welding tigsthe combination of alloying
elements in the copper alloys, method of their potion as well as geometric design.

Contribution was elaborated within solving the gnamject VEGANe. 1/0206/08.
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WEAR CHARACTERISTIC OF EXFOLIATED GRAPHITE
NANO SHEETS/COPPER METAL MATRIX COMPOSITE

Powder Metallurgy technique has been used to peepamposite samples made of exfo-
liated graphite nano sheets (EGNS) and graphitiee8a(GF) of 1, 3 and 5 weight % with
copper chips. Effect of both graphite and its simemorphological, mechanical, and tri-
bological behavior of copper matrix composite hagib investigated. Some unexpected
characteristics have been identified due to theitamdof graphite flakes and its exfoli-
ated nano sizes with copper metal matrix. Nano-¢jk&n boundary (NLGB) phenome-
non has been reported. A decrease in hardnessdes ineasured within the used weight
fractions. Surprisingly, there was an increase awrates with an increase in wt% GF
added to the copper matrix. In the case of EGNSner@ase in wear rate is reported for
a weight fraction of 1%, which then decreases asenitiGNS is added until it reaches
approximately the same wear rate of pure Cu maitis% EGNS. It is believed that the
increase in wear at 1% EGNS is due to delaminatiomination theory. Measuring the
counter part wear characteristics more deeply, eatihg the dispersion quantitatively,
and explaining the delaminating theory of the EGNGetal matrix composites is rec-
ommended for future work.

1. INTRODUCTION

Nanomaterials and especially carbon nanamégesuch as carbon nanotubes,

flurens and exfoliated graphite nanosheets inanghsiattract scientific and techno-
logical interest by virtue of their significant aaitages over most existing materials
[2, 5, and 8]. Also, lamellar structure and softnessolid lubricants of graphite makes
it a very good candidate for wear and tribologegaplications [9].
Graphite can be intercalated by exposing it to agpate atoms or molecules, known
as the intercalating agent, which enter betweercénbon layers of the graphite. The
resulting material, known as a graphite intercafatompound (GIC), is composed of
carbon layers and intercalated layers stacked prot@ne another in a periodic fash-
ion, for example —C-C-I-C-C-I-CC-I-C-C-, where Cascarbon layer and | is an inter-
calated layer. The number of carbon layers betveaeh pair of intercalated layers is
called the stage. GIC prepared from chemical omtrcalation are mostly stage 1 to
stage 5. Rapid heating of intercalated graphiteefido a sufficiently high temperature
causes exfoliation, a sudden increase in the dimemerpendicular to the carbon lay-
ers of the GIC. This forms vermicular graphitepateown as expanded graphite [3].

Exfoliated graphite has mainly been useé aaw material for making flexible
graphite sheets which have a wide application &alisg because of their excellent
properties, e.g. compressibility, resilience, tharstability, corrosion resistance, etc.
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Recently, experimental results have revealed tkfaliated graphite is also a good ab-
sorbent, especially for materials with large molacsize and weak polarity [4].
Exfoliated graphite nano sheets have been fournlkleiditerature as a nano platelet re-
inforcement material for electrospun PAN nano fibemposite [7].

Copper matrix composites are increasingindpesed in a variety of components
where high electrical and thermal conductivity, damrrosion and wear resistance
were required, such as continuous casting moutdireldes of resistance welding, and
the nozzle of C® gas shielded welding [9]. The incorporation of tigatate rein-
forcements improves mechanical properties as vgell@ar resistance of the compos-
ites by acting as load-bearing components, whiiginag considerably high conduc-
tivity [10].

An J-W, et al. [1] studied the tribologigaoperties of hot pressed alumina-CNT
composites and showed a decrease in the wearnatiietion coefficient for 2 and 4
CNT weight%. An increase in both wear rate andibic coefficient was found at 10
and 12 CNT weight% due to poor cohesion betweerCtié and the alumina matrix
as it was speculated in the paper. In another gdapér, 10 and 20 weight% CNT has
been added to carbon-carbon composite materialstl@dribological behavior of
these new materials showed a different behavidhéenwear rate. As CNT weight%
increases from 5 to 20 weight% a decrease in aeifii of friction has been reported,
as well as increase in wear rate. Also, the effé@NT distribution on the tribological
behavior of Alumina-CNT composites has been stutkedntly by Lim D-S, et al. [6].
In this paper an increase in the wear loss foribtepressed composites has been re-
ported at 8 and 12 CNT weight% even it was more tih@ pure alumina sample’s
value. Also, the improvement in the tribologicalhbeior was reported at 4 CNT
weight%. Good and bad dispersion of the CNT in ahammatrix and its agglomera-
tion during the composite sample’s preparation H@en used to explain these results.

2. EXPERIMENTAL WORK
2.1. Dispersion of GF and EGNS in Cu Chips

Graphite flakes with particle size of 75+gng75%min) supplied by Fluka and
Sigma-Aldrich, catalog numb&32461, have been used to prepare exfoliated graph-
ite nano sheets (EGNS) as follows: 120 grams gflgta flakes (GF) were added to a
mixture of 532 ml of concentrated sulfuric acid &8 ml of concentrated nitric acid.
The reaction mixture was stirred continuously fortburs. The acid-treated GF was
washed with distilled water until neutralized aheén was dried at 10C to remove
any remaining water. Every 5 grams of the driediglas were heat treated at 105D
for 30 seconds to obtain expanded graphite pastislith a C dimension about 300
times that of the original C direction dimensiomeTexpanded graphite here was loose
and vermicular or wormlike. Its structure was saniio parallel boards which desulto-
rily collapse and deform, resulting in many poréslifferent sizes as seen in Figure 1.
One grams of the above expanded graphite was mhiereiised in a mixture of 260 ml
alcohol and 140 ml distilled water in an ultrasobath. The dispersion was filtered
and dried after 12 hours of sonication. The thicknaf the graphite sheets in the exfo-
liated graphite ranged from 100 to 400 nm. Theaed graphite worm (Fig. 1) was
completely torn into sheets with thickness of 3080 and a diameter of 5-g0,
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named exfoliated graphite nanosheets based orréipanation method has been used
as reported in literature.

P

, 100um
~> L. abr=

Expanded graphite before sonication After 12 hours of sonication

Fig. 1. Expanded (vermicular) graphite

A mechanical mixer has been used with amameerotating speed for 30 minutes
to distribute the GF in Cu chips. The distributiohthe GF has been observed and
found to be acceptable based on previous expesefte mixing time was kept the
same for all the GF weight fractions.

A volatile solvent with a boiling point o565’ C was used to well disperse the
EGNS in the Cu chips. After 30 minutes of stirrithg mixture was heated to 200
to vaporize the solvent completely. The same proeedvas followed for all EGNS
weight fractions.

GF/Cu after 30 min of mixing

EGNS/Cu mixing technique EGNS/Cu after 30 min stirring

Fig. 2. Mechanically Dispersed GF and EGNS in Cofpleips

Figure 2 shows photos of the used mixer simcer as well as the resultant mix-
ture of both GF and EGNS in Cu chips. In this fggitrcan be noted that the color of
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the EGNS is much darker (Graphite color) than Gfsfame fraction, which can be
easily explained by the large difference in surface for the same volume of GF and
EGNS.

2.2. Sample Preparation
2.2.1. Cold Pressing and Sintering

A hydraulic press of 1000MPa maximum pressuas held for 30 minutes at 500
MPa to form the composite samples made of graplaikes and nanosheets with cop-
per chips. The press and mold used in the preparafi composite samples is shown
in Fig. 3. The inner dimensions of the mold cawitgre 120x60x12 mm and the sam-
ple’s final dimensions were 90x60x12 mm.

Cold pressed samples were isolated andtresgied in a tube furnace filled with
inner gas at 85 for 3 hours.

Fig. 3. Hydraulic press and steel mold

2.3. Wear Test

A 10x10 mm cross sectional sample was usedl the wear tests. A live picture
of the wear experiment with 10 N loads in a fulhtact mode between the sample and
the rotating disc is shown in Figure 4. 2, 5 and\lLbads have been used with each
sample to study the effect of applied load on tkeambehavior.
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Fig. 4. Close look to the pin on disc wear test rig

3. RESULTS AND DISCUSSION
3.1. Morphology Results

An optical microscope with 500x magnificativas used to view the morphology
of the polished GF/Cu and EGNS/Cu samples at alihtdractions. A nano like grain
boundary phenomenon has been observed clearlyté $ov the EGNS/Cu samples,
forming contouring lines which might create a pdatrfor an easy separation (Figure
5).

500x 5wt% GF/Cu 500x 5wt% EGNS/Cu

Fig. 5. Nano likes grain boundaries phenomenon

3.2. Hardness Results

An F scale Rockwell hardness test has beaducted for all the well-polished
samples produced. Figure 6 shows the average nesasat of five readings for each
sample. As shown in Figure 6 the hardness valuelsdih GF and its EGNS decrease
as weight fraction increases, which may be attetub the effect of the nano-like
grain boundary phenomenon discovered for EGNS/Cwelk as agglomeration or
lack of dispersion in case of GF/Cu.
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Fig. 6. Effect of GF and EGNS on hardness valu€suofomposites

3.3. Wear Test Results

A delamination domination theory can beadtriced here based on visual obser-
vation and measured wear values in both GF and E€@N&plain the results pre-
sented in Figures 7 and 8. In the case of GF (Eigiras weight fraction increases the
GF acts as a separator, forming weak layers ofhggeajpnd allowing the delamination
to dominate as it presents more. In case of EGNju& 8), for the lower weight frac-
tion most of the EGNS prefers to follow the graoubdary contours, forming a sepa-
ration zone and leaving nothing in the Cu matrixintgprove wear characteristics.
These separation contours become more pronouncédeaapplied load increases,
which are observed for 1wt% EGNS for 2N to 10N malls the EGNS weight frac-
tion increases, a saturation of grain boundaryawastwith EGNS is established and
other EGNS can be seen in Cu matrix areas aiditigeimmprovement of wear charac-
teristics, as well as balancing the separatione&am delamination domination the-
ory, wear mechanics eventually fall to the origimalues, especially at low applied
loads.

w
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P P N N W
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Distance, ug/m

0 1 2 3 4 5 6
GF Weight Fraction

Fig. 7. Effect of GF on wear characteristics of GBH/composites
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Fig. 8. Effect of EGNS on wear characteristics GNES/Cu composites

4. CONCLUSIONS

Nano like grain boundary phenomenon has beparted at all weight fractions.
Also, delamination domination theory has been oleskat low EGNS weight frac-
tions and found to be most affected in wear rateigher applied loads. A measure-
ment of wear counterpart, methods to improve tepeatision of nano particles (such as
using a high power sonicators), experimentatiother matrix materials (such as ce-
ramics and polymers), and a morphological studyario like grain boundary phe-
nomenon are essential, in order for EGNS to be irspdactical and useful industrial
applications.
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A QUADRILATERAL HYBRID-STRESS MACRO-ELEMENT
WITH INCOMPATIBLE INTERNAL DISPLACEMENTS

A quadrilateral macro-element, containing two-trig@ elements, is developed by the hy-
brid-stress method with incompatible internal quatdr displacements. Stress approxi-
mation satisfies the energy compatibility conditidine element stiffness matrix is de-
termined by the Hellinger-Reissner principle. Sal/égst problems are used to compare
displacement and stress solution accuracy of tlip@sed macro-element with published
in the literature solutions.

INTRODUCTION

Macro-elements consisting of a limited number dib&lements allow achieving
high accuracy with fewer degrees of freedom. A qiletdral macro-element, contain-
ing two-triangle elements, is commonly applied. yohd stress quadrilateral macro-
element with two triangular sub-domains is proposed9]. Compatible linear dis-
placements are used on its two triangular sub-daesnand a 5-parameter incomplete
linear stress mode is suggested. The presenteattigiestigates a similar macro-
element with incompatible internal displacementd atmess modes, obtained through
energy compatibility condition, for the purposesofving elasticity problems. The hy-
brid stress method is used to construct the praposero-element.

The purpose of this research is to derive theng##§ matrix and to compare the
properties of different macro-elements.

In this article the suggested in [1] hybrid maclergent MH with incompatible in-
ternal displacements is modified. The differencthimnew macro-element MHI is that
prescribed boundary displacements are used fomfjnsiress modes through energy
compatibility condition.

HYBRID-STRESS MACRO-ELEMENT WITH INCOMPATIBLE INTER NAL
DISPLACEMENTS AND ENERGY COMPATIBILITY CONDITION

For a triangular 3-node finite element with 6 degref freedom based on the Hel-
linger-Reissner principle constant stresses areived as a result of the solution inde-
pendently of the stress functions power (constasses of the element correspond to
constant strains). To obtain an effective macrorelat, consisting of two triangles, the
displacement function character should conformhie s$tress function in advance.
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Therefore, additional higher power incompatibleintl displacements are introduced
[4, 5, 7, and 8]. In this article, a similar apprbas used for the hybrid macro-element.

The internal displacements are introduced for eddhe two triangular elements
composing the macro element using the approximation

U= uq+up:N§qe+ nge:Nere, e=1,2. (1)

The following quantities are used in this formula:
uq are compatible element displacements, expressegtnms of an element nodal
displacements vector

Q.= [Up Vi U Vs Ug V3]T;

U, are incompatible element displacements, expressems of constant parame-
ters vector

P. = [P1 P2 P3 Pa Ps Pe

r.=[as pe]1”is a generalized coordinates vector;

nez|l 0 L2 0 L O
90 L, 0 L, 0 Lg
Li(i=1,2,3)[11] and

} is a shape functions matrix in area coordinates

Np= L 9 Lo (3 L3 O is an incompatible displacements matrix
0Ly 0 L, 0 L

where the following functions are useldl::Lle, L*2:L2L3, LE:LSLl. These functions

are hierarchical (they have zero values in the efgmodes) and are quadratic area
functions.
The stresses are approximated in advance in the for

a.=P. 5, ()
where
P, =[P1P,], P =1, P, =[Ly*I Ly*1].

Here | is the 3x3 identity matrix a8 = [3, 3 5 ... [3]" are stress parameters to be
determined. The parameters number is consisteht twé necessary stiffness matrix
rank condition [3] and with an invariance requiremig].

Hellinger-Reissner principle is used to derive kiyrid macro-element stiffness
matrix [2]. In this principle the displacements al@sen in the element interior and it
is not necessary for the stress functions to begunlibrium. This ensures more flexi-
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bility in the choice of the variables approximatiéior each of the two composing tri-
angular elements, when the terms correspondingpiieal loads are neglected, the
Hellinger-Reissner functional has the followingrfor

1 - _
MEr(U.0) =, (—Eag Elo, + 0! Dug)dV -, (Ue -u)"'n"o, ds, 3)

whereE ™ is the elastic compliance matri®, — the differential operator relating dis-
placements and strains,g, — the element boundary tractioms- the outward normal
matrix of the element boundary, — the volume of the elemen§, — the boundary of
the element with prescribed displacements, and the compatible boundary dis-
placements.

Recognizing thati, is an incompatible displacements vector apeé uU.—U on
the boundary, the last integral in (3) can be emiths

Js, (Ue ~t)"'n"o, dS= Is, upn' g dS

and according to the idea in [10], this integrah ¢ annulated, i.e. it can fulfill the
energy compatibility condition

jsuupnTae dS=0. (4)

This means that the introduced incompatible disptaents modify the stresses (2),
chosen in advance. Satisfying (4), we get the féamu

MB = [MiMJ] [ B: Bl =0,

from which
B.=-M;'M, ..

Therefore the modified stresses are obtained ifioiime of
e =P B = (PL—PM3"M) B . (5)
The volume integral in (3) can be transformed ley@auss-Ostrogradsky formula
Jy (Bu)'odV =[c u'n"ods-f, u' D' odVv

and by implementing the energy compatibility coiodit(4), the Hellinger-Reissner
principle obtains the form
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1 _
MHR(U,0) = |y, (-0 B0 +0¢ Dug)dV . (6)
By substituting the modified stresses (5) and iepldcements (1) in (6) we get

e 1 T . T
M HR — _Eﬂe Helge +lge GeQe' (7)
where

He = I\,e(P;)T E7PdV, Gy = jve(Pg)T DNgdV.

The parameter;ﬁ; can be expressed in terms of nodal displacentgrafier varying
the equation (7), i.e.

Be = H1Ge q.

They are substituted in (7) and the stiffness maifieach triangular element is ob-
tained in the form

Ko =Ga H G,

The macro-element stiffness matrix is received $seabling the two element matri-
ces.

Calculation of the stresses can be done usingof5¢dch triangle and averaging
the stress values in common nodes of the macroegiem

EXPERIMENTAL RESULTS

The suggested hybrid macro-element MHI in thischatis compared with the
similar macro-elements MH [1] and HQM [9] using tbifness matrix eigenvalues
and standard test problems.

The stiffness matrix eigenvalues of the macro-etgmshown in Figure 1 are de-
termined in test 1.

E =1500,1=0.25 (4,3)

y (2.2)
@

(O, 2 (0, 2T-.
X

‘.
.
| X

(0,00 (2,00 (o, 0)\“'"’(3, —0.25)

Figure 1. Macro-elements whose stiffness matrirmeiglues are calculated
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As it is seen from Table 1, the stiffness matricage the expected rank;£4,=45=0)
and have no spurious modes. The stiffness matgenealues for macro-element
HQM are the largest and the eigenvalues of MHliratbe narrowest interval.

Table 1. Stiffness matrix eigenvalues
elements | A, | A | A | A | A
macro-element 1
MHI 250 500 500 500 853,6
MH 146,5 500 500 500 853,6
HQM 500 500 1200 1200 2000
macro-element 2
MHI 233,5| 264,6 534,5 614,3 939,4
MH 83,8 225,6 553,5 666 1050
HQM 298 649 983 1344 2541

A beam under bending (a) and shear (b) is invasdyin test 2 (Figure 2). The fi-
nite element mesh of the beam consists of only tacro-elements. Vertical dis-
placements sensitivity of the points A and B by mésstortion is estimated using the
distortion parametes.

E=1500,1=0.25 e a) 150 e P
,,,,,,,,,, By < B, } 150
o T T N 1000 o | A T N,
i T T )
— *1 150
1000 1

Figure 2. Cantilever beam for mesh distortion test

Note that only the macro-elements MHI and MH asemsitive to mesh distortion and
have referential displacementg € vs = 100) when the beam is under bending (Ta-
ble 2a). The macro-element HQM gives the referemtisplacement value only at
e= 0, but its accuracy decreases with mesh distortiothe case of shear (Table 2b),
data for the macro-element HQM are missing in Thje results for the macro-element
MHI are more accurate than the ones for MH.

Table 2. Cantilever beam for mesh distortion test

(a) |elementsy e=0 e=1 e=2 e=3 e=4 | referential
MHI 100/ 100 100/ 100 100 / 10( 100/ 100 100/ 100
Val Vi MH 100/ 100 100/ 100 100 / 10( 100/ 100 100/ 100 100
HQM 100/100 | 68,1/634 651/56)5 71,4/57,58/%379
(b) | elementss e=0 e=1 e=2 e=3 e=4
Val Vi MHI 119/119 | 116,5/116,4 116/116 131/131 169/169 102.6
ATTB MH 138,2/138 | 119,9/119,6115,7/115,3 129/128,5 166/165 ’

Test 3 is Poisson’s ratio locking-free test at platrain pure bending (Figure 3).
The stress at point B and the vertical displacena¢moint A are investigated when
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Poisson’s ratiqu is close to the critical value 0.5 (near the inpoassible limit) where
the standard 4-node compatible displacement qaaeldl and the constant strain tri-
angle both yield poor results.

Figure 3. The plane strain pure bending test

It is seen from Table 3 that the macro-elements ikt MH are insensitive whem
approaches 0.5 and both the stresses and theadisp@ats have the referential values.
The macro-element HQM exhibits weak sensitivity ghas values close to the refer-
ential ones in the case of an irregular mesh (b).

Table 3. Results for Poisson'’s ratio locking-frestt

elements | ©=025 | 049 | 0,499 | 0,4999
) faregular mesh
MHI, MH -3000 -3000 -3000 -3000
HQM -3000 -3000 -3000 -3000
%e ) (hirregular mesh
MHI, MH -3000 -3000 -3000 -3000
HQM -2999,6 -2999,6 -2999,6 -2999,6
referential -3000 -3000 -3000 -3000
) faregular mesh
MHI, MH 93,75 75,99 75,1 75,0
v HQM 93,8 76,0 75,1 75,0
A ) (birregular mesh
MHI, MH 93,75 75,99 75,1 75,0
HQM 90,6 74,5 73,6 73,6
referential 93,75 75,99 75,1 75,0

The next frequently used test problem is MacNeaks (test 4). The investigated
object is the straight slender cantilever beam Ufeg4). The beam has dimensions
6 x 0.2 x 0.1 and is loaded with unit forces atfilee end, in case 1 — under bending,
in case 2 — under shear. Three types of meshassadefor beam discretization: mesh
(a) — regular shape elements (rectangles), (byallpepgram shape elements, and (c) —
trapezoidal shape elements. The vertical displanerae upper right vertex of the
beam is determined in the case when the elastiulesareE = 10, 7= 0.3.
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Figure 4. MacNeal’s test

Typical elements used in the different meshes icMN&al’s test are shown in Figure 5.

04 0.4 0.4

0.2 0.2 0.2

02 0.2 -0.2

Figure 5. MacNeal's test elements

The obtained results are given in Table 4 and tdmymacro-elements MHI and MH
are investigated, because there are no data ifo{2he macro-element HQM. Under
bending, both macro-elements have the refererdialevfor all the meshes. In the case
of shear, the more accurate results are for theorglement MHI.

Table 4. MacNeal's test (vertical displacement)

elements mesh g mesh b mesh ¢ referential
s E MHI -0,0054 -0,0054 -0,0054
2 2 -0,0054
° 8 MH -0,0054 |  -0,0054 -0,0054

elements mesh a mesh b mesh ¢ referential
o_’g MHI -0,1097 -0,1094 -0,1097
r'é j -0,1073
=2 MH -0,1119 -0,1149 -0,1116

A disadvantage of the suggested macro-element Mbligh is that it does not
pass the patch test because the constant stresss mogl connected with the linear

ones.
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CONCLUSIONS

The main conclusions of this study can be sumraedras follows:

1. The comparison of the stiffness matrices eigengakimws that “the stiffest”
macro-element is HQM. The spectrum of MHI stiffn@satrix is the narrow-
est.

2. Under pure bending and distorted mesh of a membpthealisplacements de-
termined by the macro-elements MHI and MH are isg®® in contrast to the
macro-element HQM. Under shear load, the macro-@nviHI gives dis-
placements nearer to the referential value.

3. The macro-elements MHI and MH give accurate resultder pure bending for
both regular and irregular meshes.

4. The proposed macro-element MHI in this article giveetter results under
shear than MH.

5. Itis expedient to use the macro-elements MHI ardliN plane elasticity prob-
lems when non- rectangular elements are used ifinite element mesh.

6. For plane strain problems at the nearly incompbéssiimit, the macro-
elements MHI and MH can successfully be used.
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STRUCTURAL MODEL OF A CARBON NANOTUBE

In this paper a theory about single and multi wellcarbon nanotubes and a suitable
way for modeling them using finite element metlsodrésented. Precisely, in order to
model a carbon nanotube, first we have to desaimkfind a linkage between molecular
mechanics system and structural mechanics systentham use those results and dem-
onstrate them on example. A brief theory concerMWgNT is given, as well as a theory
of modeling a connecting interface between layassa result of van der Waals interac-
tions. Different loading conditions are used foample of single and multi walled car-

bon nanotubes under specific load. Results are aoadbwith results given by the other
authors.

1. INTRODUCTION

In the past twenty years nanotechnology and naremtedd materials, especially
carbon nanotubes, have aroused a major interestgaemgineers and scientists, ow-
ing to works of lijima [8] and Tersoff [9]. Carbaranotubes have unique and remark-
ing mechanical and electrical properties, suchigis $tiffness, strength and the ability
to recover from elastic buckling. Results for Yolsngnd shear moduli of carbon
nanotubes obtained by experiments and theoretmaiderations, around 1 TPa for
Young's and 0.5 TPa for shear modulus, give usasoreto further research carbon
nanotubes. One of the most interesting applicatminsarbon nanotubes is in nano-
composite materials. In order to fully exploreptstential for application in composite
materials, knowledge about elastic properties agloatiour of carbon nanotubes is
necessary. Production of these materials and catepoare performed on micro-
scopic, nanometer scale, with aim to obtain maaiscusage. Their extremely small
size presents significant challenge to researgdwesomputer modeling is one of the
logical solutions.

Experimental results show that tensile strengtitasbon nanotubes is below 65
GPa [2], while theoretical considerations give tienstrength of carbon nanotube up
from 100 GPa [4] to extraordinary 300 GPa. The mssne in computer modeling of
carbon nanotubes is representing a molecular mexshsinucture of carbon nanotubes
to reasonable structural model, which can substitsirbon nanotube in further re-
search and examination.

NANOTECHNOLOGY AND CARBON NANOTUBES

A carbon nanotube can be observed as a large n®legnsisting of carbon atoms,
forming a hexagonal mesh. Also, it may be regarded one atom thick sheet of
graphite rolled into a tube, with high aspect ratip to ten thousand. Such cylinder
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can be observed as a fundamental structural udiisanalled a single walled carbon
nanotube (SWNT). Using that fundamental structurai we can form a multi walled
carbon nanotube (MWNT). Each carbon atom in a SWilHS three nearest neighbor
atoms, and they are bonded by covalent bonds, wiask characteristic properties,
such as bond length and bond angle. MWNTs are oh ¢ancentrically nested
SWNTs, with distance between two layers, or waifsQ.34 nm. Atoms on different
layers of MWNT, are not connected by covalent boad only interaction between
them is through van der Waals forces. Van der Waates are rather weak compared
to covalent bonds.

A SWNT is characterized in terms of diameter anidatlangled, or with chirality
of a tube. Chirality affects nanotube's metallicsemiconductor behaviour, as there
are three basic pattern type of SWNT, in additmbeing classified as single or multi
walled nanotube: zig-zag, with chiral angle 0°, armchair with chiral anglé= 30°
and basic chiral nanotube with chiral angle in mfrgm 0° <6 < 30°[3]. Since the
layers of MWNT are structurally independent of amether, the chirality of the lay-
ers may be different. The distance between neighdpdayers is assumed to be 0.34
nm, that is, the same as the spacing between adjg@mhene sheets in graphite.

3. STRUCTURAL MECHANICS NANOTUBE MODEL
3.1. Finite element model of carbon nanotube

A carbon nanotube is a frame like structure, witlaracteristic bond length and
bond angle. Thus, when a nanotube is subjectegtéornal load the displacements of
atoms are constrained by these bonds, and totatrdafion of the nanotube is the re-
sult of bond interactions. Therefore, a substitutid these bonds with isotropic beam
elements and instead of carbon nanotube can be, nmaftem a frame like structure
consisting from nodes and elements. In order tealoa linkage must be found be-
tween molecular mechanics and structural mechaihitat linkage can be described
using the force field, which is generated betwesb@n atoms, generated by electron
— nucleus and nucleus — nucleus interactions. fidneé field can be expressed in the
form of steric potential energy:

U=>U +>Up+> U, +> Uy, (1)

whereU, denotes energy associated to bond stretch iniematt, a bond angle bend-
ing, U, torsion, dihedral and out of plane adg, a nonbonded van der Waals inter-
action (forces). Terms for individual energy areeg:

U, =2k (r=1) = 3k (ar) @
1 a1 2

Uy =2k (0-6,)" =k (86) (3)

u,= % k,(A@)° (4)
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wherer andé refer to distance and bond angle after deformatipandd, refer to un-
deformed distance and bond angle, while tefmsg! and4 ¢ correspond to change in

bond length, bond angle and angle change of bomstitgy. Constant. represents
bond stretching force constakg,bond angle bending force constant dagdorsional

resistance of the chemical bond.

We can substitute these bonds with isotropic bel@ments and so instead of car-
bon nanotube, we have a frame like structure. Haarbelements have lendthcross
sectional are& and moment of inertia If we now subject these beams to three types
of load (axial, torsional and bending), but nothe same time, because in terms (2),
(3) and (4) is given potential energy for individugeraction in molecular mechanics
so we have to consider energies in structural meckalso under individual forces,
we obtain the following:

- the strain energy of uniform beam of lengteubjected to axial fords:

1 IN_ZdL _1N —;EI:A‘(AL)Z (5)

2

- the strain energy of a uniform beam under pure ingntioment\ :

1tM? 2El 1EIl 2
==|=—dL="0*=-"—(200 6
“o2) El L 2 L (22) ©)
- the strain energy of a uniform beam under puredoes momeni:
1772 1T°L_1GJ
Uy ==[—=dL= ==(nB)° (7)

2iG1 263 2 L

In equations (5), (6) and (7). denotes axial deformation,denotes the rotational
angle, or bend angle, ang@ is relative rotation between the ends of the beamyist
angle.

Equations (2) — (4) and equations (5) — (7) repreee same quantities, only in
different systems, molecular and structural. Tal@gh a link between those two sys-
tems, assuming thatL is equivalent tofr, « equivalent ta16 and 4 equivalent to
A, we can identify them and thus obtain direct retethip between the molecular

mechanics parameterls, kg, k and structural mechanics parameters, the tengife st
ness EA), cross sectional bending stiffnegd)(and torsional rigidity GJ) as follows:

EA El GJ
— =k, —=k,, —=k 8
L I AT (8)

The parameters in terms (8) are sufficient for nlodge a single walled carbon
nanotube as a frame like structure with beam elésnen

3.2. Van der Waals forces

Atoms on different layers of MWNT, are not connectey covalent bonds. Only
interaction between them is through van der Waaises, which can be either an at-
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traction force or a repulsion force. The attractiwii appear when atoms approach
each other within a certain distance, while repulswill occur when the distance be-
tween atoms becomes less then the sum of theiacioradii. Since van der Waals in-
teractions are non bonded, in comparison with @abonds between atoms, van der
Waals interactions are very weak. Consequently; éine not going to be introduced in
this paper. It is of special interest to see inflees of these interactions on Young’s and
shear moduli. Introduction of such bonds leads td&/gubstantial increase in compu-
tational costs, so dropping out these from the rhoae be beneficiary.

Using the general Lennard — Jones "6-12" poterdiakn in term (9), a van der
Waals interaction can be modelled.

LR GRG] &

In above termy represents distance between interacting atenas)d o are the
Lennard — Jones parameters, and for carbon atarsatimount is: = 3.86010"° Nnmn,

o = 0.34 nm. Deriving upper term in regards to distabetween interacting atoms, an
expression for van der Waals force is obtained:

F(r)=-20) 24£H£j” (2” (10)

g r r

In MWNT, an atom situated in one layer can formirgeracting pair with several
atoms from neighbour layer as long as the distdet@een the pair of atoms is less
then 2.5¢ (0.85 nm). So, the conclusion is that the vanWeaals force between two
atoms is highly nonlinear

4. DETERMINATION OF CARBON NANOTUBE MODULI
4.1.Modeling of covalent bonds

Modeling of carbon nanotube can be divided in tteps. In the first step, substitu-
tion of covalent bonds with beam elements is m&xt in order is calculation of
beam element properties, such as cross sectiorfibeam element, moments of iner-
tia and torsional constant using molecular meclsaparameterk,, ky and k, which

are deducted from (8). Young's modulus, can berarpiselected as 1 nN/dmv is
Poisson's number, is selected to be 0,3 what givear modulus =0,384nN/nn? , A is
cross section area of beam element. The shapeaofi ement is circular bar, with
length 0,143 nm.

Constant values are taken from previous works fi] experience with graphite
sheets and their amount iks=65172nN/mm,k, = 0875nNnny'rad’ , k,, = 0,2779nNnnyrad*. Us-
ing these values, structural mechanics parametersaoh ledement are calculated from
above equations. Thus, cross sectional area of lament that models covalent

bond isA = 92,544 nrf, moments of inertia arfg =1, = 0,1243 nrhand torsional con-
stant is) = 0,10277 nrh
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4.2. Frame — like structure model of SWNT

With such model of covalent bond at hand, secoe@ &t modeling of carbon
nanotube is modeling a carbon nanotube with frakeedtructure (Fig. 1). Initially,
the carbon nanotube is loaded with axial force ¥ndng's modulus, shear modulus
and Poisson's number are obtained. Moduli obtamedat way will serve as a verifi-
cation tool since they will be compared with experntal data provided by other au-
thors.

a)

B S S

S e e S G L L L L L L L L L L e e L L e L L e L L e L L L L L L L G L L L L e N

. ]
Fig. 1. SWNT frame like structure model; a) armclpaittern and detail, b) zig — zag pattern and
detail

A single walled carbon nanotube with both patteamsjchair and zig — zag, were
subjected to axial load. Nanotubes were constrainefdrm a cantilever beam and
were loaded at their free end with axial forcehN. In table 1. are given some geo-
metric and mesh properties for two differenet typésianotube patterns, while they
have some different geometric properties due tewiht formation of hexagonal cells.

Table 1. Geometric properties of SWNT patterns

Pattern / Value Armchair Zig — zag
Initial length,L [nm]: 17,22 17,283
Diameter, averag®a,. [nm]: 1,352 1,404
Thicknesst [nm]: 0,34 0,34
Area,A [nm?]: 1,445 1,5

With cross section ared calculated fromA= D_ 71, trial axial force and elon-

avg

gation of nanotube obtained from FE model, usinigyong equation:

E= F L

L (11)

Young's modulus for both patterns of SWNT is olgdirResults are given in table 2.

Table 2. SWNT load results

Pattern / Value Armchair Zig — zag
Trial axial force F [nN]: 5 5
Elongation AL [nm]: 0,05739 0,055
Calculated Young's modulug,[TPa]: 1,038 1,047

At the free end of axially loaded nanotube diametduction4D is calculated. Us-
ing those displacements and with expressions fagitodinal and lateral deformation,
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a shear modulus of SWNT can be obtained. Expresgmmdeformation are used to
obtain Poisson's number,

£
G= E , V=—", 52:&, £p:£. (12)
, L D

a)

A

b)
Fig. 2. SWNT armchair, a) axially loaded, b) torsi@) bending

Table 3. Calculated results for shear modulus

Pattern / Value|  Armchair Zig — zag
Lateral deformationg: 0,000793 0,000377
Longitudinal deformations;: 0,00332 0,00318
Poisson's numbey; 0,238 0,12
Shear modulus; [TPa]: 0,4196 0,467

When compared to results given by Kalamkarov €i28l06.) [3], for single walled
carbon nanotube, with specified diameter, deviatiane very small. Concerning
Young's modulus, for armchair and zig — zag nametwith diameters from 1,35 to
1,4 nm, they giveéE in range from 1,01 to 1,04 TPa, and our resulsimithat range.
For shear modulus, armchair nanotube has somesinmadler modulus then zig — zag
nanotube, which is also the case with our restibey give range oG from 0,4 to
0,45 TPa for nanotubes between 1,35 to 1,4 nm depend as shown in upper table,
for armchair nanotube we obtained shear modulud,4i96 TPa, and for zig — zag
nanotube, which is said to be slightly greater thienchair, is 0,467 TPa.

4.3. Frame - like structure model of MWNT

With the knowledge from FEM modelling of SWNT, adel of multi walled car-
bon nanotube with two layers — Double Walled CarNamotube (DWNT) is straight-
forward (Fig. 3). Using that model, through diffetdoads, Young's and shear moduli
of a DWNT will be determined.

Values used for modelling covalent bonds betwdems with beam elements are
same as for modelling a SWNT. Our DWNT consistwad airmchair SWNT, of which
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inner tube was (10,10) armchair SWNT, whilst outebe was (15,15) armchair
SWNT. Interlayer spacing is 0.34 nm. Some geomehgracteristics are given in

lower tables.

Table 4. Inner nanotube geometric properties

Table 5. Outer nanotube geometric praper

Inner SWNT Outer SWNT
Type: Armchair Type: Armchair
Chirality: 10, 10 Chirality: 15, 15
Avg. diameter: 1.4 nm Avg. diameter: 2.08 nm
Length: 17.22 nm Length: 17.22 nm

Fig. 3. FEM model of DWNT

To obtain Young's modulus, nanotubes were connewitbdrigid element, i.e. top
nodes of each nanotube were connected with cepasitioned master node, con-
strained to form a cantilever beam, and axiall\dkxhat their free end with force of 5
nN. Young's modulus is calculated from eq. (J4)s cross sectional area of DWNT,
which is calculated as:

A:’ZT[(do +0.34’ ~(d - 0.3§°] . (13)

In term (13)d, represents outer tube diameter ahdhner tube diameter. Using
terms (11), (13) and with elongation obtained tigloaxial load AL = 0.0223053 nm,
result for Young's modulus of DWNT, E = 1.04 TPa. Comparing this to results
given by Li and Chou (2002.) [10], where they obtsioung's modulus of two layer
armchair MWNT, with same diameteis,= 1.05 + 0.05 TPa, results are in the same
range.

In order to determine shear modulus, a DWNT mussbjected to a torsional
load, i.e. a DWNT will be constrained in the samanmer as in axial loading, forming
a cantilever beam and loaded with torsional monert5 nNnm. The shear modulus
G is calculated using following term:

ML
g0,

G (14)

whereM is applied moment, torque,length of DWNT ,p represents the torsional an-
gle at the end of the tube ahgis the polar moment of inertia, which is calcuthtes
follows:
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| =3—”2[(d0 +0.34" - (d, - 0.34" (15)

The torsional angle obtained through tosional Igad,0.063455 rad, and using it
in terms (14) and (15), shear modulus is obtaif@dDWNT G = 0.418 TPa. Accord-
ing to Li and Chou (2002.) [10], average shear nagltor two layer MWNT is about
0.4 TPa and is lower than of an SWNT. If those shear modulus compared and in
further comparison with shear modulus of a SWNT eatied in this paper (G = 0.419
TPa), conclusion can be made that all resultsatrsfging.

5. CONCLUSIONS

Structural mechanics models of a single walled amdti layered carbon nano-
tube, using finite element method, were presemetiis paper. The results of model-
ling, expressed through Young's and shear modwrevecompared with the results
from other authors. Next step in CNT researchnesiiporation or, better said, further
investigation of influence of van der Waals intéi@ts on MWNT properties, i.e.
finding a proper and correct way of modelling aduech non bonded interactions. Us-
ing those findings, behaviour of a MWNT in diffetezonditions and with different
parameters can be explored. These can be, for égamfluence of a diameter and a
number of layers on a MWNT properties, temperainfieence etc. The main goal of
these CNT researches is finding a right way to ipoate a SWNT and a MWNT
model in composite material, using a multiscale eflath for analyzing nanocompo-
site materials.
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THE THERMAL BALANCE OF MECHANICAL
SHOT PEENING PROCESS

The paper deals with the temperature influenceubSsate during shot peening with us-
ing of contact measure method by thermocouplestitde results like in process of shot
peening are possible to achieve by application ightspeed cold forming processes.
Relative mass of energy absorbed by deformatedriaate reduced with increasing de-

formation degree. Heating measure depends on det@mcondition, speed and degree
of deformation.

INTRODUCTION

Technology of shot peening belongs to the part etmanical treatment of sub-
strate surface. Its tool — shot brings some quai@achanges in surface layers by im-
pact on substrate besides it created a charaatesistace morphology [1]. From the
point of view of shot peening effect on basic mateis shot peening understood as
a process of plastic deformation of surface respagtas a process of elasticity —
plastic deformation of metal in its whole volumdaeltotal energy of shot peening will
be consumed on own plastic deformation accompayduhrdening of basic material,
thermal effect, structural changes and change chargcal and technological proper-
ties. The secondary effects of shot peening proaesas follows: residual stresses and
change of surface character.

Shot peening is characterized by high velocittheftool, large plastic deformation
and short time of process duration. Shot peenintpodewill absorb a past of energy
consumed on plastic deformation, the other paitthelconvert on warm development.
The thermal influence of substrate by shot peealag as the circumstances by plastic
deformation depends on deformation conditions |2,TBe strength of material sur-
face layers goes down with temperature increasedalse the activity of atoms de-
creases with risen temperature, it is possibleligatiffusion controlled processes will
substantially influence the behaviour and featdnmmaterial surface layers by elevated
temperatures [4, 5].

Submitted contribution deals with thermal influenaf substrate by shot peening
using contact measuring method by thermocouples.
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MATERIALS AND METHODS

Shot peening was performed on pneumatic peeningpgut type TJVP-320,
with operating pressure 0,5 MPa by using cylindgnozzle with inside diameter9
mm. Distance of nozzle from surface samples was rAB@) Mono-dispersing steel
shot S 280 dz = 0,85 was used. Angle of shot impaetorked substrate was 90°.
Specimenp 30x3 mm were made from material 11375.10 and placevooden panel,
which secured the minimal thermal affection of skspCircular form of samples was
chosen for purpose to uniform heat removal into sample. Impacting shot stream
was directed to the middle of samples, Fig. 1.

7
250 mm
1 4
5 . supply of air
2 /_ " land blasting mean
777777777 direction  —— hT
of blasting .
Detail 2
3 6 _—

Fig. 1. Scheme of substrate thermal balance measeme 1-measure equipment, 2 — sample, 3 —
wooden panel, 4 — thermocouples, 5 — jet, 6 — stardpeening box

Measuring of thermal effect of the shot peenedssabe was realized by thermo-
couple of NiCr-Ni type, diameter 1 mm. Thermocoupée a minimal thermal persis-
tence they measure the temperature almost immaedidised thermocouples con-
sisted of metal tube, in which was rammed isolatioaterial and fixation rider of
thermocouple. Measurement accuracy in extent 1@0&l@vas +0,3°C. Correction
was realised by calculations after measurementnrieg and record of measured
temperatures was realised by means of measurirglaigger Therm 5500. Scanning
interval was 2 s. Cut of thermocouple is illustcate Fig. 2.

COMPOUND

THERMOCOUPLE

-

i
\WELDINGDROP \COAT B FLANGE
/——__

Fig. 2. Cut of thermocouple
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The thermocouples were placed in a specimelepth 1,5 mm and 0,5 mm under
surface substrate. Five pieces of thermocoupleg weed by each measurement by
distance 5 mm each, Fig. 1, Detail 2.

RESULTS AND DISCUSSION

Pneumatic shot peening is characterised by frflewaifrom jet. Peening medium
forms the tracks after impact on surface. Theimf@and density depends on shot peen-
ing parameters. Distributions of impact densitygadnulate influences the distribution
of thermal fields on specimen. The surface of pagisubstrate is continually cooled
by air supplied from the jet during pneumatic pegras well as by heat removal into
substrate and shot medium material.

Fig.3 shows time dependence of temperature chamgesdividual place. Start
phase of shot peening process was about 0,32 rhancdurses present three charac-
teristic areas, which belong to temperature chanfes first area is characterised by
temperature, which rise to maximum value. The seéa@re is characterised by moder-
ate fall of temperature of samples and materigufea. The third one is characterised
by gradually temperature compensation towards roemperature. This area corre-
sponds to the ending of the shot peening proceaginum temperature was 144,4°C
in the depth 0,5 mm under surface of samples aftein of shot peening. Measure-
ment was obtained by thermocouple No. 4.

Areal Area 3
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000 30 1:00 1:30 200 2:30 300 330 400 4:30 500 530 600 630
Time of shot peening [in]

Fig. 3. Changes of temperature during shot peepitogess

Fig. 4 shows the distribution of temperature impke level. The lowest tempera-
tures were measured in sample borders. They aseddy the boundary conditions of
warm. The highest temperature was measured in itidlenof sample (thermocouple
2,3 and 4). The temperature pushing towards themibeouple 4 can be caused by
conditions of medium flow from the jet. The warransfer is occurred mainly by con-
duction in this case.

45



Scientific Bulletins of Rzeszow University of Techology No 231 Mechanics 68

&

5

5

B

Temperature [C]

&

S

1 2 3 4 5

Number of thermocouple

Thermocouples installed 1,5 mm under sample surface
Thermocouples installed 0,5 mm under sample surface

Fig. 4. Distribution of temperature in sample level

CONCLUSION

By using of knowledge about cold forming procesaekigh velocities it is possi-
ble to reach partly identical results by shot pegniThe temperature value of peened
material surface increases with growth of peeninge ttowards a certain value. The
warm transfer in the investigated material is mpostialised by conduction. The rela-
tive quantity of energy absorbed by deformed maleltecreases according to in-
creased deformation degree. Shot peening conditipesning time, size of peened
surface and impact density of shot influences ¢neperature level.
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POSSIBILITY OF MECHANICAL DEPOSITION
OF PROTECTIVE Zn COATINGS

This paper presentactual investigation results of experiment that veaented to the
verification of the possibility of applying zinc steel surface by blasting technology us-
ing zinc-coated cut wire. Suitable method for Zimgers deposition and evaluation of
their corrosion resistance was determined. Acegtt laboratory tests with presence of
SQ and long term working tests in atmospheric condsiwas used. Creation of incoher-
ent zinc coatings was established on the basesetdllographic and spectral analysis.
Process of cold zinc by blasting is able to usdeasporary anticorrosion protection of
steel surface.

INTRODUCTION

The surface treatment, in most causes, requieesulface pre-treatment of basic
material. Increased claims on production qualityuree higher cleanness and quality
of surface for the final surface treatment. Almaithe materials succumb to destroy-
ing in contact with the surrounding environmenisltaused by heterogeneous chemi-
cal and electrochemical reactions taking place éehnmaterial surface und surround-
ing aggressive environment. The corrosion can i@tk as chemical depreciation of
material. The various technical and other consecgeto be considered by study of
corrosion [1].

One of the widely used mechanical pre-treatmerduoface for applying as func-
tional as protective paints is blasting technoloBlasting is a kind of mechanical
treatment of base surface where a blasting mediurthér BM) as a tool of blasting
involves the qualitative changes in the surfacerdayf substrate in which originates
the characteristic surface morphology [2]. The teldsurface has a high surface activ-
ity. In real conditions decreases its activity vgoickly at chemical adsorption of at-
mospheric gases and oxidation [3].

Activity of blasted surfaces influences the chtgaof deformation of subsurface
layer. Sub-surface layer influenced by plastic defttion after blasting has a higher
energetic level in comparison with non-influenceétah Under influence of deforma-
tion increases the quantity of failures in crygjedting, increases dislocation density
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what increases the ability of metal to react witlhraunding environment. The defor-
mation helps to ion-atom of metal to overcome thetainbinding and gives it's
a possibility to retire from the grate i.e. it demses the ion output work. In conse-
qguence of this reality electrode potential of metatrease. According to the further
information the deformation influences the adsarptability, which is higher on the
active places of metal surface. The strengthengdesx adsorption moves the initial
potential of anode dissolution and passivity po&rt, 5, 6]. Therefore it is to say
that surface of blasted parts is in very activéesti is a reason for temporary protec-
tion against corrosion so pre-treated surfaceHterfollowing coating. There are sev-
eral possibilities of temporary metal protectiog. gpassivation of electron stream on
metal surface between anodic and cathodic areati@neof physical hydrophobic
layer which hinders to direct contact of moisturéhwnetal surface and so enters be-
tween metal and electrolyte, at regulation of pHigaf electrolyte e.t.c. [7].

Zinc coating is one of the metal coatings usedadwwosion prevention. Its higher
corrosion protection in water and anodic charattethe steel gives reason to zinc
utilization. In primary stage zinc predominantlyjtsaas a sacrificed metal and protect
cathode the uncovered places of steel. More negputential of zinc against the iron
and majority of other metals enables its use ateptar in cathode protection system.
Its resistance in atmospheric conditions is mughéi as by other metals. It causes
the different mechanism of corrosion stimulatorfich come in contact with metal
surface. Besides the base material is protectetrebhemical on place of zinc coating
failure [8, 9, 10].

Zinc coatings have been applied by different tetbgies: electro galvanizing and
zinc-dipping. Mechanical deposition of zinc layeldngs for the present among less
investigates technologies. The works [11, 12] wadicated to the research of possi-
bility of zinc coating deposition by blasting techogy. The submitted paper deals
with evaluation of surface activity of zinc-coatedrface and its protective effects in
conditions of atmospheric corrosion

EXPERIMENTAL METHODS

On the basic of present research results [4] tiperaxents were aimed on verifi-
cation of the possibility of applying zinc on stsekface by grit blasting, the proposal
of the suitable method of obtained zinc coatingalwation and determination their
corrosion resistance. Low carbon hot-rolled stéeles 11 375.11 of 3 mm thickness
with not pre-treated scaled surface has been usdzhse material. Tested specimen
size were 150 x 100 x 3 mm. There was used for eoatings deposition mono-
disperse blasting medium - zinc-coated cut wirgrafn size d= 1,12 mm.

The blasting was realized at mechanical labordwasgting wheel Di — 2.

Parameters of blasting:

1 distance of specimens from the blasting wheel 106 2im

2 cut wire velocity yp=78,1 m.8

3 impact angleg = 30°, 45°, 75°.

The surface roughness after blasting wakiated on surface analyser Surftest SJ
— 301. Average value of Ra = 1#n. The surface of specimens was blasted by such
quantity of BM, which is necessary for full surfaceverage g and by multiplied
quantities for comparison. Destructive gravimeiniethod according to STN 03 8156
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was applied for determination of average thickrassoating deposited on steel sur-
face. The weight of zinc coatings was determineavaight difference of examined
specimens before and after dissolving of coatinghim solution [5]. The average
thickness of coating was calculated by an equation:

S= (m, - mz)-104
Ay (1)

where m — specimen weight before dissolving of coating [ - specimen weight
after dissolving of coating [g], A - surface am@faspecimen with zinc coating [éin
y - specific mass of zinc [g.cth

The calculations have not considered the actual @i surface and uniform distri-
bution of zinc coating. Blasted surface imagesstoidy of zinc coating creation has
been taken by scanning electron microscope (SEN§cHI S — 450 and presence of
zinc on surface of samples was also confirmed leyggndisperse records with help of
analyser LINK AN 10000.

The activity of surface after blasting with zincated BM was evaluated on the
basis of electrode potential changes. Tested spesinvere exposed in interior and
the activity of specimen couple was measured dsvisl immediate after blasting, af-
ter 2, 6, 24 and 48 hours. Activity value was dsthbd as arithmetical average of
specimen couple. Potential measurements were agalast saturated calomel elec-
trode. The apparatus arrangement is showed in .F&§pg&cimen couple (3,4) was
measured simultaneously by two circuits and thesevegvitched by switch (8). Bridge
(6) has realized the conductible contact both etteblyte and specimens. Apparatus
for measuring of potential (7) has owned the imesistance of T00hms. The level
of electrolyte was held out 100 mm over the surfsamples because the depth of
plunge has significant influence on course of cgioe process at corrosion with oxy-
gen depolarisation. The electrolyte was distillexten.

I

[\ 1-STOJAH
2 - MERACI ROZTOK

8 3,4 - VZORKY
/- 5 - ELEKTRODA
| 6 - MOSTIK

7 - MERACI PRISTRO
8 - PREPINAC

KEMHLEY

—F

Fig.1 Scheme of equipment for electrode potentedsarement: 1 — stand 2 - measuring solution 3, 4
— samples 5 — electrode 6 — joining bridge, 7 —sndag apparatus 8 - switch

Single-layer of S 2000 paint was applied on the#ase blasting with zinc-coated
cut wire. Average thickness of coat was 52 Applying of coat on the samples has
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been performed immediate after blasting and afté, 24 and 48 hours according to
activity measurement of blasting surface.

For determination of applied zinc interlayer ihce has been evaluated the coat
adhesion to the base by destructive test accotdi®y N EN 24624 with help of glue
ChS EPOXY 1200, which was used as adhesive betwsémnoll and paint. Adhesion
was expressed at strength acting vertically to baakerial surface which is needed to
overcome for the tear coat from the base.

Specimens with applied coat were exposed to a@tekbicorrosion test under pre-
sent of SQ and water vapour condensation according to STN 6988. Exposure
time was 28 days. Evaluation of coating appeararasrealized according to STN 03
8103. Coating surface has been observed by freevitlyehe describing of corrosion
manifestation presence, by light microscope obsenvaand by photographic docu-
mentation was taken by digital camera.

EXPERIMENT RESULTS

Mechanism of Zn coatings creation

Evaluation of blasted surfaces by SEM has showrotigin of discontinuous zinc
coat on the steel base, Fig.2. Energy-disperserdeanf surfaces, Fig.3, also con-
firmed the presence of zinc on surface of samples.

Fig. 2. Appearance of surface after blasting witiczcoated cit wire at various impact angles: af 30
b) 45°, c) 75°

Discontinuous distribution of zinc coat may cause tub of accidental oriented
grains of zinc-coated cut wire after the fall oaedtsurface because zinc coat has oc-
curred on the roll circumference of cut wire orfRepeated fall of BM grains may de-
stroy already the created coat respectively to fasik it into the material and hereby
cause total coat discontinuity.

It is possible that the transposition of matesatface layer cause the origin of
cracks and hacks in dependence on the impact asgle The higher mean thickness
of zinc coat has been found out by impact angl@s5t Coat thickness increased in
dependence from the mass of BM necessary quansty,1.

50



The Sixth International Scientific Conference

MECHANICS 2008

T Rute-¥S
N Preset=
Yerts= LHRAS counts D‘SP:.A. Flapsed-=

)
oo
@

il

Speltrum z powrelbig

n

Fe

vzorky 4

1 K3 13 i

I
0.0ga Range-=

19.238 kev

'S =3 v

Integral @

M Fe
e i Pt bt g s e T R T SR T !'-eujq\.bw _“J
= A

4-

Fig. 3. Energy-disperse record of surface aftershlag with zinc-coated BM

Tab. 1. Average thickness of zinc coatings apdiellasting

Thickness of zinc coatingsun] blasted by

- necessary quantity double necessary triple necessary quantity
Onr quantity 2xgg 3XOR
30° 0,9493 1,6329 1,7183
45° 1,4715 1,7943 2,2215
75° 1,6519 2,2879 2,867

Evaluation of surface activity

Results of electrode potentials measuring by esiee calomel electrode are
shown in Fig. 4. Electrode potential measured ipeteence on samples exposure
time in atmosphere shows that the highest valugotntial were found immediately
after blasting. Increase in exposure time causeredse of surface activity.
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Fig. 4. Course of electrode potential changes in
dependence on exposure time of sEas

Fig. 5. Adhesion changes in dependence on
time from painting application
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Evaluation of paint adhesion

Adhesion of paint was evaluated in dependenceno@ from blasting with zinc-
coated BM to paint application. Measured valueadifesion, Fig.5, not correspond
with ones of surface activity in whole extent. Tieason of this anomalism may be
presence of ZnO under applied coat what has betetonfirmed yet.

Corrosion resistance of zinc coat

Corrosion test in condensation chamber was rehlizeaccording to STN ISO
6988. Tested specimens have been exposed to thenoé of water vapour under
presence of SOIt was evaluated the influence of applied zinatow by blasting on
corrosion resistance of upper paint. Corrosivect$fafter the first day of exposure has
been observed on those specimens, which was cowattegaint 48 hours after blast-
ing. By these specimens series of has occurreanilte presence of pitting. On the
third day of exposure has been found a corrosiariraf on the sample surfaces under
of ZnO, Fig.6. The longer time from surface blagtio applying of paint the greater
extend of so-called white rust was occurred.

a) b) c) d)

Fig. 6. Appearance of painted samples after expoBucorrosive environment: a) immediately
after blasting, b) after 2 h, c) after 6 h, d) afga h

CONCLUSIONS

Realized results of experiments shows that itossfble to create zinc coating by
blasting technology with zinc-coated BM on the aad of steel substrate. Applying of
zinc coatings by blasting takes place simultangowsth process of scale removing,
surface roughening and surface hardening. Destrigfrfavimetric method used for
determination of zinc coat thickness shows suitaloipact angle of BM also influ-
ences the thickness of zinc-coats created by biastichnology. The largest thickness
of zinc coatings was reached at impact angle of 75°

Submitted paper presents the first experimengllt® of surface activity evalua-
tion created by blasting with zinc-coated BM. Irase in exposure time causes de-
crease in surface activity by influence of chemiections between the surface and
surrounding atmosphere. The method of electrodentiat measurement against satu-
rated calomel electrode shows suitable when isidered oxygen depolarisation. On
the basis of experimental results we can say titasion of paint depends on time be-
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tween blasting and the following paint applyingn&interlayer has influenced the fea-
tures the whole paint system as adhesion as itsarsion protection.

The aim of experiment was to determine the fumctb zinc interlayer on adhe-
sion of applied paint and anticorrosion protectitve created paint system. The
reached results have confirmed that zinc coatimgieg by blasting may be used as
temporary protection of surface and simultaneoaslgurface pre-treatment with pos-
sibility of following surface treatment of materi&Vith regard to price of blasting me-
dia will be the economic consideration of the daility the given technology for tem-
porary surface treatment of metal surfaces ashfecoof further work.

This work was done within the scientific project @& No0.1/0144/2008.
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INTRODUCING A FAILURE CRITERIA
FOR A LIVING CELL DURING MICROINJECTION

This paper presents finite element modelling ofdéfrmation of a detached living cell
subjected to microinjection and through the simolatan investigation of the material
properties of the cell components. The model igi@grusing images of the deformed cell
as well as the measured penetration forces in ¢lsestreported in open literature. It is
hoped that the modelling in this context will hedpquantitatively evaluate the mechani-
cal properties of the cells, and in particular, tfelure strain of the cell cortex when
penetration occurs.

INTRODUCTION

Though microinjection has been widely used, ligl&nown about the response of
cells and the consequence of penetration of tHecogkex. Under normal physiologi-
cal conditions, cells are continuously subjectedantchanical forces that deform the
cells and directly or indirectly influence cellutamctioning. Biological effects of me-
chanical forces include signal transduction, gex@ression, growth, differentiation,
and survival [1, 2]. Although necessary for celidiznctioning, excessive deformation
results in cell damage or death, such as seeresspre ulcers [3,4], during freezing of
cells [5], and in bioreactors [6]. Depending on thagnitude, direction and distribu-
tion of these mechanical stimuli, cells can respiona variety of ways. The mechani-
cal compression of cells is known to modulate mgkgcan synthesis [7]. Further-
more, the tensile stretching of cell substrate altar both cell motility and orientation
[8]. As such, the understanding of how cells medataly respond to physical loads is
an important first step to further investigate hihe transmission and distribution of
these mechanical signals are eventually converedidlogical and chemical re-
sponses in the cell [9].

The modelling of a living cell as a viscose flugr®unding an elastic membrane
have been widely used in the literature [10-17]t e lack of reliable data on the in-
dividual subcellular rheology and its contractiothwother parts, is a big issue for an
accurate analysis. The effect of stresses and@nstmay be reflected in changes of
the cell cortex, such as thinning and possibly tmgsunder a high aspiration pressure.
In this case a strategy for the current study idéeelop mechanical models that can
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predict the distribution of stresses and strairthaicell level using the continuum me-
chanics, and to relate that to the subcellular aorepts. The ultimate challenge will
be to determine accurately a threshold for streglss&rain in order to create a failure
criterion for cortex rupture.

The aim of the present study is to create a numlesiculation based on a rather
simple model of living cells during microinjectiggrocess. The mechanical property
of the individual parts of cell is quantitativelyauated corresponding to the measured
data and images. This is followed by simulationdved different cells subjected to
penetration and aspiration using the proposedefialement model. The results are
then compared with the available experimental datained from open literature.

NUMERICAL ANALYSIS
Finite element explicit modelling

The commercial finite element solver, ABAQUS/Exilid 8] was used to investi-
gate the mechanics of a cell subjected to penetrdity a rigid object. The numerical
code uses an explicit dynamic finite element foatioh to simulate the deforming
process of the cell cortex and cell interior. Tle## was modelled using the equations
of state (EOS) embedded in the finite element cdde. EOS defines the material's
volumetric strength and determines the pressute fasction of density and specific
energy (the internal energy per unit mass). ltvailable as Mie-Grlineisen equations
of state (thus providing the linear Hugoniot foramd assumes an adiabatic condition
[19].

Geometry and structural elements

In order to describe the mechanical behaviour oél§ the complex structure of
the cell was simplified to a model consisting of itell cortex and cell interior. The
remaining cell organelles was neglected and assuinatdhey do not contribute much
to the mechanical behaviour of the cell. Both twal dhree-dimensional numerical
models of a cell were used in this paper. A twohsional model of an originally
undeformed circular shape were built with a thiteodayer of cortex and an interior,
Fig. 1(a). The cortex was bounded the cell intewbich is assumed to be composed
of a watery material. Both cortex and cell intedoe assumed to be homogeneous and
isotropic. The whole cell is assumed to be recavengon withdrawal of the needle
[20]. The components were built with a finite elethenesh to model the cell cortex
and the cell interior. The boundary of the meshretveas initially in contact with the
micropipette glass was fixed. A tied interactiorthavé small slippage was defined be-
tween the cell interior and cortex. The contaciveein these two materials assumed to
be frictionless. The velocity field at the interéaloetween the cortical layer and the in-
ternal core was assumed to be linear and contindonsedle, which was defined as a
rigid body, was applying a uniaxial loading foreethe outer layer of the cortex to-
wards the cell centre. Fig. 1(b,c) shows the de#pion of the cell by an injecting nee-
dle.

The cell interior and cortex were modelled usingrge number of elements, with
six degrees of freedom per node to enable it toyaart large deformation. The cell is
modelled by a three-dimensional solid element Calnent type which is a 4-node
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linear tetrahedron, with reduced integration andrblass control. The needle and
micropipette were modelled by R3D4 element whicla id-node 3D bilinear rigid
quadrilateral element type [18].

Holding pipett
olding pipette Deformed cortex Cortex

Injection needle

(b Cell interior * @

Fig. 1. A model of a cell (a); and the simulatetl deformation under the microinjection (b); and 3D
model of microinjection of a cell (c)

Material properties

Material properties which determine the relatiopshetween the loading force,
stresses and strains have to be derived specyfitaiin the cell and its components.
While the mechanical properties of the individuegamelles of a cell are difficult to
specify, the model employed in the current invedian allows at least a partial de-
termination of the simplified material propertidstive cell interior and cortex. The pa-
per assumes that the properties of the cell intane similar to those of pure water, as
reported by Saul [21]. The data they obtained spaads well to that for pure water at
ambient pressure.

In addition to the above-mentioned assumptionssgezd of sound for the cell in-
terior, which is an input to derive the equationstéte embedded in the program to
analyse the fluid part of the model, was assumedaketthat of water (in the range of
1435 m/s to 1500 m/s depending on salinity, etc.).

The cortex was modelled as a linear elastic mateB8ame of the input data were
estimated then modified during the simulation ttagbverification from reported ex-
perimental data from open literature.

Mechanical analysis

Due to the definition of the cell model, the coriexconsidered to be a thin layer
and it is assumed that the inner cytoplasm provadbagdrostatic pressure on the cor-
tex. Throughout modelling, the following was assdme
e The cortex encapsulates a liquid (i.e., cytopladm) exerts a uniform hydrostatic
pressure on the cortex.

e The interior liquid loss may occur during microici@n process, but it was not con-
sidered in the study.

e The cell is free of initial cortex stress or resitstress.

The needle exerts a force on the cortex, creatidgrple with semicircular curved

surfaces before puncturing of the cortex. Fig. @wshthe result of numerical model-
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ling in comparison to the corresponding stage$efexperimental images of microin-
jection of a cell. The result implies that the nuite simulation well mimics the ex-

perimental procedure.
x x B

Fig. 2. Four experimental stages of the microinetpersidure of a living cell and result of numeri
cal modelling in comparison to the correspondiragsss of the experimental work.

The Mises stress as a representative value otrigsdensor is used to give a con-
cise analysis of the load on the cell. Although tomcept of the Mises stress was
originally developed to predict the yielding of mlst it shows to be suitable for the
prediction of cell failure [22].

The finite element code computes values of elerhased variables at the element
centroid by extrapolation. Figs 3(a,b) show theusated history of the pressure and
Mises stress at the centroid of the element (sge3fc)) in the cortex area, which is in
contact with the corners of the flat frontal neduéad.

Centroid of the element (inner layer)
(b) Centroid of the element (outer layer)

Cell interior

w
=]

Pressure (Pa)
Mises Stress (Pa)

-1.5} #—= Quter layer of cortex
#---4 Inner layer of cortex

-2.0 L L i i 1 I
0.0 0.2 0.4 0.6 0.8 1.0 o.0 2 0.4 0.6 . 1.0

Normalized time Normalized time

Inner layer Chter layer
of cortex of cortex

Fig. 3. History of (a) pressure, (b) Mises strassif the simulation of the cortex in the area inteah
with the corner of the needle tip. The latter isdelted having a rectangular profile with a flat fral
surface (c)

The pressure and stress redlakir maximum values just prior to the punctubert
drop to a nominal value and remain largely consadier the puncture. In order to de-
termine the puncture load of the cell, the prograquires a criterion for failure in the
cortex. Fracture strain in the cortex may be tak®m suitable criterion. However its
value is unknown and it is not clear how this candrectly measured from an ex-
periment. For the analysis presented here, thelaietuvalue of strain in the cortex at
the needle-contacted area was recorded as theefaiitain when the simulated force
in the needle equals that determined from the @xeit at the moment penetration
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occurs (i.e. when a sharp drop of the penetratoyoef was observed in the experi-
ment). Note that the calculated force applied eoribedle is a combined reaction from
the deformation of both the cortex and cell interreflecting the physical process in
the experiment.

In following to gain a confidence in the credibility of humericahslation, study
cases with two different types of cell, i.e. maanfected red blood cell and mouse
ooytes, were carried out using the numerical mettestribed earlier.

COMPARISON BETWEEN NUMERICAL AND EXPERIMENTAL RESUL TS
Study 1: micropipette aspiration of a malaria infeded cell

In the micropipette aspiration experiment, thei@ltexcess suction pressure is de-
fined as that which results in a static hemispla¢pcojection of the cell body forming
inside the pipette. An excess pressure beyondhheshold will cause the cell to flow
into the pipette continuously. Zhou et al. [23] exaed the progression of the disease
state of a similarly malaria infected red blood &&m the early ring form stage to the
late schizont stage using the micropipette aspmatiiechnique. At the schizont stage,
the infected red blood cell is found to exhibitiscoelastic behaviour which is in con-
trast to the mechanical behaviour demonstratedh&yealthy and early stage infected
red blood cell. This is due to the multiplicatiohtbe parasites within the cell as well
as gross internal structural and molecular chatiggghe cell has undergone.

A 3D finite element modelling was performed to siate the micropipette aspira-
tion. Three stages of aspiration and deformatiothefcell into the pipette are shown
in Fig. 4 in form of axisymetric and 3D models.

Lim et al. [7] reported an experimental data on @ama-infected red blood cell
the shizont stage. The data was available in a ffrmisplacement versus pressure
curve. We have mimiced the experiment to produsem@ar curve using the created
numerical model. Fig 5 shows the comparison of Imttmerical and experimental re-
sults. There is a reasonable agreement betweetwtheurves, thus providing some
confidence in the current approach of the modelling

Fig. 4. Axisymetric (top row) and 3D (bottom rowmjte element stages of micropipette aspiratioa of
malaria infected red blood cell
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sults of micropipette aspiration on a malaria irntkset red blood cell at the shizont stage

The shear modulus of 3UN/m and poison ratio of 0.15 was adopted for the co
tex in the model. The density of the cell intereond cortex were assumed to be
1350 kg/nf and 1380 kg/m respectively.

Study 2: microinjection of a mouse ooyte

A numerical model was created to evaluate the nmction of a mouse ooyte
cell and compare the result with the experimenash deported by Sun et al. [23]. The
mechanical property of the cell was obtained framrderpretation of the experimen-
tal data. A shear modulus of 3.0/m and poison ratio of 0.10 was assumed for the
cortex. The density of the cell interior was asstrebe 1326 kg/and the cortex
density to be 1347 kgfin

Figs. 6(a,b) show the experimental stages of tlegllegpenetration and cell defor-
mation during the microinjection process. The rsstdom the numerical model are
shown in Fig. 6 (c, d). There is a close agreerbetween the results. Figs. 6(b) and
(d) show qualitative agreement in the deformedil@®fbf the cell recorded in the ex-
periment and the simulation for the final stagéengction.

Fig. 6. Experimental stages of microinjection ahause oocyte cell (a,b); and the corresponding nu-
merical stages which mimic the experiment (c,d)

Sun et al's [23] data also provides measured ndedbie with the deformation of
the cell. This is plotted in Fig. 7(a) along witetsimulated results for comparison.
The non-linear trend of the forces obtained from¢hmulation and the experiment are
similar, although the simulated force remains higih@an the measured value in the
early stage of penetration. The two curves convenge intersect at a later stage.
Overall there is a reasonably good agreement betwee simulation and the experi-
ment, particularly close to the penetration. Thehdd vertical line in the figure shows
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the point of sudden drop of the loading force @emged in the experiment, indicating
the penetration of the cell. This is used as thengioff point in the simulation. The
calculated strain at this point is regarded addhere strain in the cortex which allows
the penetration to occur. Thus the failure strain lse determined numerically.

The experimental data shows that when the cellrdefbon (or the needle tip dis-
placement) reaches 45 micron, the cell’'s cortgouisctured. And the puncturing force
Is approximately 7.5 micro-Newton. The resistanmed from the cortex, which acts
on the needle, then drops suddenly almost to Zdre.deformation value at this point
Is then used as the threshold to find the simulatesn in the cortex area in contact
with the needle tip.

The simulations also provide data on strains asnation of displacement in the
cortex, as shown in Figs. 7(b). It shows the histirstrain in the inner and outer lay-
ers of the cortex, from which it can be seen thatdtrain in the outer layer is 0.42 at
the puncture threshold. It is reasonable to asghatehis is the failure strain with the
fracture starting at the outer layer then propaggtinrough the thickness of the cortex.
Following penetration, the needle proceeds furthir the cell interior with little re-
sistance only from frictions of the pieced cortexddhat of the cell’'s internal liquid.
The results therefore suggest a strain vale of @s4a criterion for fracture failure of
mouse ooyte cortex.

Puncturing threshold
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Fig. 7. Comparison of the force-deformation curwédch gives the fracture strain of the ooyte cell
cortex (a); Strain curve and determined punctutiimigeshold in the microinjection of the cortex (b)

DISCUSSION

Although this study has adopted a simple approachktidying the mechanical
property of a living cell, it has provided a medosnvestigate how seemingly unre-
lated data can be integrated, and hence providgood starting point for work to-
wards a better understanding of cell mechanics.

Our simple approach has moved a step forward tavardating a numerical
model of cells at the continuum level to allow mazurate description of the struc-
tural and dynamic complexity of the cell. In geneges we work towards developing
more accurate models for cell mechanics, apprapsatictural model for the various
subcellular regions and components need to be denresl.

The numerical result obtained in this study compasasonably well with the ex-
perimental data for two types of cell reportedha titerature. To improve the simula-

61



Scientific Bulletins of Rzeszow University of Techology No 231 Mechanics 68

tion, more comprehensive experimental data forscale required, which will subse-
quently enable the construction and modificationnodre accurate models to be
achieved, thus, making the numerical results tacmbetter with experimental obser-
vations.

The study uses strain parameter to define a farlueehanism for the cell cortex.
The strain was determined from the reaction foqmgliad to the cell. Obviously the
force applies to the combined cortex and cell iatefFurther investigation requires
defining the force applied to each cortex and o®krior during the microinjection
process.

The Mises stress and shear strain were used istinly to compare the mechani-
cal and biological behaviour of a cell. The resaliggest that these may be a valid ap-
proach to predict failure in the cell but it reqsrfurther study.

As the current study assumed the needle head @b deylindrical shape and have
a nominal diameter (actual dimensions of needlesd us cited experiments being un-
known), the effect of needle shapes and sizes e@yine further investigation.

CONCLUSIONS

Numerical modelling of microinjection and micropifeeaspiration of a living cell
offer a tool to predict mechanical properties a ttell and thus assist in the reduction
of experimental tests and assists in the furithevelopment and operating procedures
for microinjection and micropipette techniques.

The technique described herein provides a usefuloagh to investigate the me-
chanical behaviour of cells. However, for the désad cells, the penetration strain as
a failure property of a cell has been gquantifiedhatically and is suggested as a crite-
rion for quantifying the failure (puncturing) ofdttortex. The assumptions and simpli-
fications used in the model appear to be justifigdjood agreement with experimental
results.
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RAPID MANUFACTURING OF CASTFORM PATTERNS FOR
INVESTMENT CASTING

Laser Sintering (LS) is a layer manufacturing tegoe and currently it is extensively
used to produce concept models, functional pard, &so patterns for investment cast-
ing (IC). CastForm Polystyrene (CF) is a powdered material used foritsation of IC
patterns employing the LS process. The use of Fhen&terial is one of the fastest and
most cost effective Rapid Manufacturing (RM) rodteproduce small quantity wax-like
patterns for shell or flask IC. The manufactureG¥i casting patterns constitutes two
stages. The first is the building of a “green” pamd second is its infiltration with wax.
The accuracy of the patterns, and ultimately thalfaccuracy of the metal castings, is
determined by the CF material properties and thpliag process parameters. The fac-
tors affecting the accuracy of the CF patterns ianeestigated in this paper. In addition,
different ways to improve the process accuracydiseussed. An analysis of advantages
and limitations of this RM technique for IC patteffabrication is provided.

INTRODUCTION

Rapid Manufacturing (RM) is a term used to nameaag of additive fabrication
technologies that have evolved from Rapid PrototydRP) and it gained a wide ac-
ceptance in the last 5 years [1, 2]. It should bid that RM refers only to rapid pro-
duction of end use parts or finished goods direfrthyn virtual 3D CAD data. The
rapid production of tooling which can be directlyed to manufacture end-use parts
can be also considered as part of RM. Tpplieation of RM in Investment Casting
(IC) can reduce dramatically the lead-time and.c@strrently there are several RM
techniques available for fabrication of IC pattesush as: selective laser sintering
(SLS) or laser sintering (LS) with CastFdifn(CF) Polystyrene material [3, 4] and
PrimeCast 100 [5], Stereolithography (SLA) Quicks€4 process [6, 7], Thermojet
MJIM wax process [3], Envisiontec Perfactory [8] foicro castings, etc.

LS with CF is one of the fastest and most costcéiffe RM techniques to produce
a small quantity of wax-like patterns for shellftask IC in the dimensional range of
50mm to 500mm. CF is the commercial name of a pglgee powder introduced by
the DTM Corp. in 1999 [9]. Currently, it is availabfrom 3D Systems Corp., which
acquired DTM Corp. in 2001, to be used only onrtlsiS machines type “Sintersta-
tion 25007, “SLS Vanguard” and “Sinterstation Hi@8]. The properties of CF pat-
terns are similar to conventional wax patterns t#wedefore can be processed applying
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standard foundry practices. Another advantage isf RM route is that geometries
with complex and hollow internal structures canedaeily produced. This is because
the LS process does not require support structikeethe SLA.

The technical capabilities of different RP techmiés suitable for fabrication of
patterns for investment casting were investigatgednany research groups [7, 10, 11,
12 and 13]. In other RP studies the focus was @radlvpart quality and processing
accuracy in the X-Y plane and few if any analysgstesmatically the dimensional ac-
curacy of the LS process and CF patterns in pdati¢4, 15].

Unlike other LS applications the RM of CF pattemm#olves two stages: 1) LS of
a “green” part, and 2) its infiltration with wax.ufing the first stage the “green” part
shrinks along X, Y and Z directions. Based on oyregiments, the pattern shrinks fur-
ther at the wax infiltration stage. In this papée LS process capabilities to fabricate
accurate CF patterns and the factors affecting thel accuracy are investigated and
analysed.

FACTORS AFFECTING THE PATTERN QUALITY
Process description

Fig. 1 depicts the steps in fabricating CF pattefine first four steps are common
for all LS applications. The input data, an STLaoslice file, is loaded into the ma-
chine software to prepare a build. During the L8cpss a “green” part is fabricated
out of CF powder. The CQaser controlled by the scanning system draws shcé
(or layer) of the part sequentially and appliesifficgent amount of energy to fuse the
powder particles together. The LS is a “changehatse” process where the powdered
material is transformed from a solid to a liquidlahen back to a solid again. During
the interaction the specific volume decreases tiaguin material shrinkage. Because
of this “green” parts are dimensionally smallernthibe input geometry. Then, the
“green” parts are cleaned from the material unesed powder and further infiltrated
with liquefied casting wax. The wax seals all soefm and makes the part fully dense
and suitable for casting. After cooling down to moéemperature the final material
tensile strength is sufficient for the patternsvithstand handling and further process-
ing. However, the strength is much smaller duriraxuwfiltration. The “green” part is
in its weakest state at 798 while being infiltrated with wax. The part weigtduld
trigger material creep and thus result in deforama@and breakage. If the infiltration
time is very long then some tall parts or unsupgbffeatures could deform and col-
lapse.

LS process parameters

All RP processes are machine / process specifictiamefore their capabilities
should be considered in the context of a speciicimme type and fabrication process.
In the case of LS, the mechanical inaccuracy ofr¢heoating system, feed cartridges
and part pistons, the temperature control, the lasd scanning system accuracy, and
also powder properties result in systematic andoanerrors. The main LS process
parameters that affect the part quality can be ggdwnder the following categories:
1) laser / scanning parametefdl laser power, scan spacing, scanning strategy
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(“sorted fill enable / disable”), scanning directi¢*X only” or “X and Y cross fill
scan”), and outline laser power; 2) thermal paransepart bed temperature, powder
feed temperature, and part cylinder temperatures@tparameters have an effect on
the total amount of energy delivered
to the part bed and thus will have a

% o), LS direct impact on the process accu-
5 EEEDT ravcaonor N\ racy. For example:
J)E o geen o Rough cleaning » If the laser scanning energy is
88 o o Bl higher then the effective laser
§f’ beam spot size would be larger.
=0 C powder This would lead to an increase of
g external dimensions and a reduc-
g ’ tion of internal dimensions in the
g Finishing X-Y plane. In addition, “green”
parts would have higher density
Fig. 1. CastForm process - laser sintering and wax and strength that would reduce
filtration the risk of breakage:

* If the part bed temperature is
maintained too high and thus the total energy dedigt is high, the whole part bed
would be sintered and it would be impossible tcasate the parts;

* On the contrary, if the sintering energy is notfisignt then the “green” parts
would be weak and some features could break. Thagjsk of part distortions and
breakages increases during the following wax nafion stage.

Due to the thermal nature of the LS process, sgamt errors are introduced by
the machine during its heating up and cooling doMermally, the “green” parts start
to cool down while being built which leads to inddushrinkage. This continues after
the end of the build until the parts cool downdom temperature which introduces a
post-build shrinkage. In addition, the uneven terapge distribution and heat dissipa-
tion in the build chamber causes non-linear shgekiates across the part bed. Thus,
parts positioned in the middle of the part bed wadol down and shrink slower than
those along its periphery. At the same time theé Iped piston moves down with con-
stant increments, i.e. layer thickness, and eawhlayger of fresh powder compensates
to a larger extent the Z shrinkage of the previtayers. As a result of this, parts
placed in the middle of the part bed experience ileduild shrinkage and continue to
shrink after the end of the process. In contraatisglaced around the periphery of the
part bed have more in-build and less post-buildngage. This phenomenon is the
main cause of the observed non-linear shrinkadlkearvertical or Z direction and will
be investigated in the next sections. The influeoicéhese factors together with the
different geometry of the built parts makes it evaore difficult to predict the Z
shrinkage and thus to compute exactly the Z scéiotpr.

Wax infiltration

The "green” parts are placed onto a dipping tray preheated up to 79-80 in
atemperature controlled oven. Then, the tray isens@d into a vat with molten wax.
The time for preheating and infiltration depends gart height, volume, and wall
thickness. If it is longer than required the pamisy deform and collapse. The reason
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for this is that polystyrene has a low melting tengpure and like all polymers has
visco-elastic behaviour. The set temperature inaven during wax infiltration (79-
80°C) is close to the glass transition temperatur8€C for this material. Thus the
weight of the “green” parts together with the aiddial weight of the molten wax
could trigger a material creep. Our experience gbthat this lead to higher shrink-
age along the Z axis in comparison with that al¥ngnd Y. This phenomenon is not
described or explained in the CF process literatuspite of the fact that it has a sig-
nificant effect on patterns’ dimensional accuragjter the wax infiltration the pat-
terns contain about 40% polystyrene and 60% wawerght. This proportion could
vary depending on the specific LS processing pararmsuch as part bed temperature,
laser power, scan spacing, and wax infiltrationetifdue to the surface tension of the
liquefied wax, during the cooling down, this stagieoduces further shrinkage.

EXPERIMENTAL RESULTS
Test parts

The combined effect of all factors on the final ggss accuracy was analysed us-
ing two test parts, a “pyramid” (X and Y) and adistase” (Z) shown in Fig. 2. The
test parts were built several times on DTM Sinadigh 2500CI applying: fill laser-
power 13W, part bed temperature°82 left/right feed cartridges temperature°@8
scan spacing 0.15 mm, outline laser power nil, wdikration oven temperature 79-
80°C, preheating time 10 min. and infiltration time bin. In order to analyze the im-
pact of the two main processing stages on the &nalracy all parts were measured
twice: at the “green” stage after the
LS process and then after the wax
infiltration.

X and Y directions

The results of measurements
shown in Figs 3 and 4 represent the
error of the actual dimensions of
the three test parts in X (X1, X2,

1
0.5
0
-0.5 4
14
-1.5 1
-2
-2.5
-3

A X & Y infiltrated

[v1,v2,v3]

as '3_-i [YL, Y2, V3 | S

-45 -4.5

Fig. 3. The errorin X and Y directions at Fig. 4. The error in X and Y directions after
‘green” stage wax infiltration

X3 data sets) and Y (Y1, Y2, Y3 data sets) diretiagainst their nominal values be-
fore and after the wax infiltration stage.
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0 y Each data set contains systematic
" CastFormAccuracyi\ﬂ%/ and random errors. The systematic error
03 — s depends mainly on the material shrink-
021 / age, applied laser power, part-bed tem-
] nominaldimg/hsion () perature and on the quality of the car-

Tolerance (mm)
o

.0,1,\%% j 150 / ried out laser calibration. The errors for
N each data set at “green” stage and after
oy = Xd'remonM infiltration show a linear dependence
[s80 v drecin with the nominal dimensions. To a large
extent these errors could be compen-
Fig. 5. Process capability in X and Y directions sated by applying constant scaling fac-
after wax infiltration tors. Using the experimental data the
average shrinkages, , ¢, and scaling

factorsS., S, in X and Y directions respectively were calcutb{€able 1).

In order to estimate the CF process capability iand Y the standard deviations,
60, are calculated and shown in Fig. 5. Comparingdhesults against the standard IT
tables [16], the closest accu-

-05

‘IT 13 Tolerance range
-0.6

Table 1. The shrinkage and scaling factors im % racy class achievable in X and
directions Y directions is IT13. This
“Green” | Infiltration | Afterinfiltra-| could be used as a guideline
part only tion for assigning process toler-
Scaling factor $ | 1.0119 1.0044 1.0163 | ances to CF patterns for IC.
Scaling factor g | 1.0115 1.0043 1.0159 7 direction
Shrinkageo, 0.0117 0.0044 0.0161 s y
- All “staircase” test parts
Shrinkages, | 0.0114 | 0.0043 0.0157 | were fabricated simultaneously

in one build. All parts were po-
sitioned at the same height in the building chanthérat different X-Y locations in
the part bed. Fig. 6 depicts the error (deviatminthe actual dimensions in Z direction
from their nominal values at the “green” stage.. Figshows the total error after the
wax infiltration. It could be seen in these figuithat the part shrinkage has a clear
non-linear character. The shrinkage depends ng@tamlparts’ nominal dimensions in
Z but also on their location in the X-Y plane. Bar2 and m2 positioned in the mid-
dle of the part bed exhibit a higher than thathef parts positioned along its periphery,
bl, b3 and m1.

Nominal dimension, mm Nominal dimension, mm

150 200 250 300 350 400

o
+

[ |——Z-b1

Error,mm
KN
Error, mm
w N

i

AR I m
-+7-h2 '\Q\\l\\“\h\, Az
4713 | zm W
317 —*=Z-m] )/. 5 '} +i\;er:]:ge
—*—Z7-m? w [ | ——Poly. (Average] w
4 6
Fig. 6. The error in Z direction at “green” sta Fig. 7. The error in Z direction after the wax

infiltration
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In order to estimate the process accuracy in Ztime the data from the five sets
were re-grouped into two sets taking into accohatgart positions. The first set con-
tains the data of the parts placed around the Ipemypand the second one those placed
in the middle of the build. Fig. 8 provides an cation about the process capabilities
after the wax infiltration stage assuming a nordisiribution. Comparing these results
against the IT tables [16] it could be judged tihat achievable accuracy in Z direction
Is IT14 for parts placed in the middle of the daetl and IT15 for those around the pe-
riphery.

Usually in the RP business the delivery time anst bave the highest priority and
often there is no time to build the parts twice damore precise process calibration. In
that case, a non-linear function depending onlyhenZ height can be applied to scale

the parts. This function is calculated from the

18 T average shrinkage taken from Fig. 7.
S | . It takes into account the nominal Z height but
E/% not the X-Y part placement. Thus, the final di-
A W mensional accuracy would be worse especially
E ot e for very tall parts.

Because of the varying part geometry and
build arrangements it is practically impossible
to predict precisely the non-linear shrinkage that
would result in each particular case. This sys-
Fig. 8. CF process accuracy in Z direc- tematic error cannot be estimated accurately and

tion after wax infiltration thus cannot be compensated off-line. In order to
achieve good accuracy in RM of CF patterns,
the only option is to fabricate each part at l¢aste. The first time the part is built
without applying any scaling factors in order tdcatate its shrinkage and Z scaling
function that depend on the part Z height and Xixcement. Then, the build is re-
peated by applying the scaling factors that areipdor that part.

Also, in order to maintain minimum error in Z, temallest part size should be

oriented along the machine vertical Z axis. Thik &so minimise the build time.

.05 4

%

14

-1.5

CASE STUDY

In this project a heat exchanger (Pratt & Whitn&y@00 engine) was manufac-
tured using CF patterns and Sinterstation 2500Chmz8hine (Fig. 9). The 3D CAD
assembly included three cast aluminium parts. Tloeseplex castings incorporated
multiple ports, manifolds with complex internalwstture, and flanges (Fig. 9b). The
largest component was 650 mm long and 350 mm melier(Fig. 9c). In order to fit it
into the machine building chamber it had to betspl2 components (Fig. 9a) which
were CF made separately and then joined togetheumber of sets were build and
cast until the design was finalised. The dimendi@acauracy was within IT13 toler-
ance band and only in Z direction some of the Ilshgitmensions (above 300mm)
were within IT14. Machining allowances were addedhe model in order to compen-
sate for these inaccuracies which a standard peaati any casting application. The
time to make 1 off the largest pattern in CF udi®ywas: LS building time - 45h,
cleaning — 4h, infiltration — 4h, joining and guglcontrol — 2h. The main benefits of
employing the LS CF process in this case were: ¥&st, no need for complex and
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expensive tooling, many design improvements wertopeed between the builds and
testing in a short time, no need to freeze thegileg\s a result the LS process with CF
was approved as a production method for the fatwicaf the required casting pat-
terns for this demanding aerospace application.

“green part”

3D CAD model After wax infiltration

Fig. 9a. The 3D CAD model Fig. 9b. The CF process

Fig. 9c. CF “green” and infiltrated parts Fig. 9d. Final assembled castinds

CONCLUSIONS

The LS process with CF material is an efficient Rdite for producing patterns
for IC. Some of its key advantages are: fast ared elficient compared to other RP
techniques; it has a capability to fabricate complarts with internal cavities; foundry
processing of the CF patterns as normal wax pattertnout any changes in the con-
ventional IC practices; short burnout cycles; lesh aontent; and a low pattern expan-
sion during the shell firing.

At the same time, the process has some disadvandagelimitations as discussed
in this paper, which should be taken into accoumenvselecting it for RM of IC pat-
terns. In particular, the wax infiltration increasthe manufacturing time and intro-
duces further dimensional errors and higher rigie @imensional error, due to linear
shrinkage in X and Y directions, could be compesdty applying a set of constant
scaling factors. The achievable pattern accuradiiese directions is the best and can
be maintained within IT13 tolerance range. The pharinkage along the Z-axis is non-
linear and could be compensated more accurately loplintroducing a non-linear
scaling function. It depends on the LS machine tsgpd calibration, part geometry,
and mostly on the X-Y part location and orientatwithin the LS machine building
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envelope. The error in Z increases with the nomamal is within 1T14 — IT15 toler-
ance range.

The final CF pattern quality is very much dependamtthe LS process and wax
infiltration parameters and therefore finding thgatimum settings is essential for the
successful implementation of RM. In general, LS [i2fterns are a cost effective al-
ternative when a small number of parts, up to i€ required and the cost of a mould
tool for wax patterns or the time to make it istphbitive.
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OPTIMISATION OF UP- AND DOWN-MILLING PROCESSES
FOR A CORNER FEATURE

This paper presents the specifics of the two tgpesd-milling, up- and down-milling, in
the context of process planning of a finishing agien for machining complex pocket
features. An optimisation mechanism is used fooeket type of end-milling operation
with the aim of comparing the results from up- aagvn-milling when the same process
constraints have been applied. Two sets of cuttimgditions have been generated and
analysed for each type of end-milling. The firdtiog condition has constant parameters
for the entire tool path, derived from the worsseaf cutting, representing the usual
process planning approach. The second set of guttimditions represents the optimised
process. The predicted results were verified thihoagperiments. The optimised, meas-
ured cutting parameters, when machining the critax@ner, accurately demonstrate the
important changes in magnitude and direction of thadial cutting-tool deviation and
surface error.

INTRODUCTION

Despite tremendous developments in CAM softwaréjngitool technology and
machine-tool technology, end-milling results stépend to a large extent on the
knowledge inherent within manufacturing staff [1, End-milling machining is a
complex process in terms of process planning duetticate geometry, the evolution
of new materials and high-precision requirementtheffinal product. Consequently,
the full potential of the machine tool system islenutilised in many cases. Commer-
cial CAM products develop the CNC programmes mafrdyn the mathematical point
of view and usually the feed rate and spindle s@gedconstant for a given tool path,
derived from the worst-case cutting condition.

The available commercial CAD/CAM systems also failtake into account the
mechanical aspects of the milling process. The mnachl parameters such as cutting
forces and cutting-tool deviation are importantdarevaluation of process capabilities
and machining results. The finishing-milling prosesquires high levels of reliability
for the cutting process in order to obtain goodtgonaccuracy and surface finish.

The other issue in finishing pocket milling is detning which type of end-
milling should be used: up-milling or down-milling.raditional workshop practice
recommends down-milling for finishing profiling. B@ researchers also consider
down-milling as a better method for finishing [3Jowever, some researchers [4]
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show that the accuracy of a surface cut by up4mgjlls much better than the accuracy
of the same surface machined by down-milling arad the k force in down-milling

is generally larger then the same force in up-ngllas the difference varies between
4% and 50%.

This paper shows that the type of milling affeti#s process efficiency and process
accuracy and it presents the specifics of up- aweheimilling in the context of optimi-
sation of an end-milling machining process of akgbdype part feature. A compari-
son of two end-milling operations is presented whpnand down-milling are applied.

SPECIFICS OF UP- AND DOWN-MILLING

In general, up- and down-milling differ in the methof creating the chip thick-
ness. In peripheral cutting, down-milling startghahe largest chip thickness in one
cutter rotation and finishes with zero chip thicgsieln up-milling the cutting starts
with zero chip thickness and ends with the largegh thickness. To create these two
different types of end-milling the rotation of thatting tool has to be in opposite di-
rections.

Cutting force model

The specifics of the chip-thickness creation predesup- and down-milling re-
flect the direction and the magnitude of the cgttiorces. The mechanistic force
model has been considered as the most appropaateufting force analysis in this
study. The mechanistic force model directly repnéséhe effect of the variation of the
chip thickness on the cutting forces, and therherpart accuracy.

In most end-milling applications a helical flutedtter is employed, and the chip
thickness varies not only with cutter rotation bigo along the Z-axis. Therefore the
end-milling process can be simulated by discreteeiments of the cutter: angle by an-
gle (@(i)), flute by flute (k), and finally dividing thend mill into elemental axial dicks
slice by slice (a(j)). The total instantaneous Xantl Z force components at the cutter
rotation angled(i,k,j) are the sum of the forces acting on theuiemiously engaged
flutes and disk elements in cutting:

F6) ], W F(ik j)
F(6) £=23 & (60i.k j)RF, ik j) @
F) ] 7 F,(.k )

where &(6(i,k,j)) is an index to indicate that tooth (ingertis in the cut at angular
positiond(i,k,)):

Ee= 1if Ten< Q(I,k,J) < Tex
&= 0 otherwise

The force equations (1) describe the instantaneotimg forces in up- and down-
milling when they are defined in the same coordirgtstem, as it is shown in Fig. 1.
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The K cutting force that causes the radial cutter denain down-milling is gen-
erally larger than the equivalent force in up-mgji Although both forces have the
same direction, the difference is that the fBrce in up-milling is towards the ma-
chined surface and could cause overcut. In dowhngjlthe K force is directed away
from the machined surface and could create undeknawledge of the specifics of
the two milling types included in the modelling pess helps in making effective de-
cisions during the process planning.
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Fig. 1. The cutting forces in up-milling and in down-migjin

Cutting tool deflection estimation

To asses the accuracy of the planned milling omeraita model of the deflected
cutting tool is required. This study employs aistatodel, which considers the end
mill as a cantilever, to calculate the deviationttw# cutting tool. The model does not
take into consideration the deflection of the maehtiool, cutting tool holder and test
part's deformation; it is assumed that these didles are minor in comparison to the
cutting tool deflection. The cutting tool is sinfdd as a two-step cylindrical cantile-
ver beam. The general case of dual-mode defledfoa cutting tool has been ad-
dressed in [5, 6].

Generation of the machined surface

During the cutting process the surface topographgreated by the coordinated
movements between the cutting tool and the workepién this study a cylindrical cut-
ting tool with helical flutes was used for the pges modelling and optimisation, and
for the test trials. When a helical cutting tookmmployed in an end-milling operation
several elemental axial disks take part in cuttidgly one of them generates the ma-
chined surface topography at a certain moment.elémmental disk that forms the ma-
chined surface is the disk a(j) that crosses tihiacel formation line at a certain rota-
tional angled(i,k,j), as shown in Fig. 2.

75



Scientific Bulletins of Rzeszow University of Techology No 231 Mechanics 68

Although only the deviation of the cutting tool the crossing point between the
helical cutting edge and the surface formation deénes the surface error, the other
elemental disks that are simultaneously engages @stribute to the error. In this
surface generation mechanism the specifics of tg formation and cutting forces
magnitude and direction in up- and down-millingyp&asignificant role. Fig. 2 b) pre-
sents the ¥ cutting forces in down-milling process, induced dgch elemental disk
when they are engaged in cutting. This is an examplend-milling operation when
the radial depth of cutting is 0.5mm and the adggbth of cutting is 9mm. As a result
of the helical cutting edges, each elemental digktsscutting at a displaced position.
The resultant deflection of the cutting tool durithg down-milling process is shown
in Fig. 2 c).
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Fig. 2. The process of surface generation in entingioperation

In up-milling, the elemental disks cross the forimatine at the start of their cut-
ting during one cutter rotation. In the presented-milling operation in Fig. 2, when
up-milling is applied, the largest cutter defleatioccurs at the mid-section of the axial
depth of cutting, because the number of the engatggdental disks is greater than the
number when disks one and two are crossing thediom line. The deflection at the
mid-points is larger than the deflection at the ta® points despite, the fact that the
instantaneous i k,j) cutting forces in points eight and nine daeger, because the
crossing points eight and nine are closer to tampkd end of the cutting tool.

The real trajectory of the cutting tooth is troatadi Up- and down-milling do not
use the same part of the trochoidal tooth pathnduthe cutting because of the differ-
ent rotational directions of the cutter. In dowrihmg, the height of the feeding marks
is larger than the height of the marks in up-mglliobtained with the same feed rate.
Therefore the surface roughness in down-millingxpected to be larger compared to
up-milling. The larger cutting forceyFand higher surface roughness in down-milling
make it theoretically less efficient than up-miinnder the same cutting conditions.
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THE OPTIMISATION PROCESS FOR END-MILLING

The optimisation process used in this work is basedn ‘in tolerance’ optimisa-
tion strategy developed for finishing end-millingevations [6]. This strategy adopts a
model-based method [7] for optimisation and condfathe cutting process. This is an
off-line technique that adjusts the controlled paeter to the maximum allowed limit,
before the actual cutting, based on the predicéed flom the process model. The feed
rate is the controlled parameter in the optimisagwocess and the required surface
tolerance and the surface roughness are the cmtsirgor the general case, it is as-
sumed that the cutting tool, machine tool and m@anQgi process are determined, and
the dimensional accuracy and surface roughnesspaafied. As the cutting-tool de-
viation reflects the action of the cutting forceslads the dominant parameter in the
machining error estimation, it takes the major oléhe optimisation process. The op-
timised end-milling processes are judged in terfma oombination of surface accu-
racy, surface roughness and machining (finishimgg t

The optimisation process has been applied to agidgke test piece presented in
Fig. 3. The roughing radius was set at 25mm andittighed inside-corner radius at
16mm. The difference between the radius of the mmggcutter and the radius of the
finished corner creates a cutting geometry withalde chip thickness. The test piece
was designed to incorporate two identical surfaagtswith different cutting condi-
tions. The first cutting condition was derived frahe worst-case of cutting along the
whole tool path. The second cutting condition watmed after applying the optimi-
sation strategy to the same contour with variaklengetry.

The allowable deviation of the cutting tool undee ttutting forces was set to be
dim=x0.03mm. This accuracy constrain was applied to bgiks of end-milling: up-
and down-milling. The cutting tool and work-piedata used in the experimental
work is presented in Fig. 3.

9
.\@«"’&6\ 61:6"%,,% Cutting tool: 16 mm HSS 3 fluted with 30° helix angle
Cutting tool rake angle: 7°
& Cutter overall length: 77 mm
Cutter effective length: 50 mm
Flute length: 30 mm
o Cutting-tool material: High Speed Steel (HSS)
Modulus of elasticity: 200 GN/n# for HSS (Ashby and Jones 1996)
Test-piece material: Aluminium alloy 6082
Cutting-force coefficients: K; = 1293%)_0'1657
K, = 044771, )00
Machine tool: Mikron HSM 400

25

Fig. 3. The geometry of the test piece and the experimental
data for the cuttig processe

There are two key steps within the optimisationcpss, when planning an end-
milling operation for machining a pocket-type sgdaln the first phase, the mechanis-
tic force model is applied to the work piece geamet order to predict the corner cut-
ting forces and the deviation of the cutting tobkaveral cutter positions. All cutting
forces are based on a constant feed ratg, (berived from the worst-case milling
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condition, whereby the peak chip thickness for\gegitool path generates the maxi-
mum tool loading.
The second phase of modelling uses the data fraasepbne to modify the feed
rate with the aim of generating optimised cuttiogditions, taking into consideration
the allowable deviation of the cutting taj}, The feed rate adjustment mechanism is
applied to the whole tool path. The final optimidedd-rate data has to satisfy a sur-
face roughness constraint too. Fig. 4 shows thaltsebom the optimisation process
when up- and down-milling is used.
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Fig. 4. Constant and variable cutting conditions in updatown milling. The predicted radial deviation
is in black, and the constant-feeate condition is shown with a dashed line. Thel fiedes are illustrate
in grey, and the line used for the constant fedd imdashe

The cutting conditions and the predicted resultgtie cutter deviation for the two
types of milling shown in Fig. 4 a) and Fig. 4 g &learly different. Generally, the
radial force k in down-milling has larger values compared to tipemilling radial
force when the same geometry is cut with the samténg condition. Therefore, the
optimisation process of up-milling generates higlesels of the feed rate than the
same process applied to down-milling. The consfaed rate for up-milling is
f = 0.048mmpr, whilst for down-milling it is f = 036mmpr. The variable feed rate,
which is a result of the optimisation process.aigér in up-milling than the variable
feed rate in down-milling for the whole cutting pess. The higher feed rate deter-
mines shorter machining time, which means thatuirnilling optimised process is
expected to be more efficient than the optimisedrdmilling, whilst maintaining the
same surface accuracy and surface roughness.

RESULTS AND DISCUSSION

After generating the new feed-rate data for up- @on-milling, two test pieces
were machined applying the new cutting conditiofise geometry of the part is the
same as shown in Fig. 3. The measured surface femrap- and down-milling with
constant and variable feed rate is presented in5kig

As predicted, cutting the straight parts of thel {wath is more stable, with small
variations in surface error. In the transient paatsl especially at the corner, the sur-
face error varies noticeably. The surface erraultiegy from the variable feed-rate ap-
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plication is larger in the straight segments coregdo the error for the corresponding
surface machined with constant feed rate. Butattrner, the peak surface error ob-
tained from the constant feed-rate cutting is latban the equivalent error of the sur-
face machined with variable feed-rate conditiorekifig into consideration the larger
values of the variable feed rate compared to timstemt feed rate it can be concluded
that the optimised cutting conditions satisfy tlesign requirements and create a more
efficient milling process.
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Fig. 5. The measured surface error in straight anther segments of the controlled surfaces with up
milling
The results from the test pieces cut with up- aogrdmilling are summarised in

Table 1. Up-milling demonstrates better result®tdlawn-milling in terms of process
efficiency, surface accuracy and surface roughnBss.experiments displayed good
agreement between the predicted data and the naghisults. The maximum sur-
face error in down-milling is significant due taetBpecifics of this type of milling. Be-
sides the fact that the radial cutting force in dawilling is larger than the same force
in up-milling, in down-milling the k force is directed out of the machined surface and
there is nothing to resist the cutter deviationupamilling when the radial force be-
comes larger its direction is towards the machisedace, which resists deflection.
The surface roughness results do not exceed thairedq surface roughness
R.=0.8Qum, and also establish up-milling as the better oetfor finishing milling.
The constant feed-rate condition creates lowerhnags than the surface roughness of
the strips cut with optimised feed-rate conditioimsboth types of milling the opera-
tions cut with optimised feed-rate are more effitihan the operations with constant
feed rate. For up-milling, the machining time o thptimised tool path is 78% shorter
than the machining time of the operation with cansfeed rate. In down-milling the
machining time of the optimised operation is 74%ha machining time with constant
feed-rate cutting. The considerable difference betwthe machining time of the op-
erations with variable and constant feed-rate coinoes the geometry of the finishing
operation. This geometry was deliberately desigimedreate extreme cutting condi-
tions. The experimental results confirm the prestictrend. Comparing the finishing
machining times, up-milling is 46 % more efficieghtin down-milling.
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CONCLUSIONS

This paper presents the specifics of the two tygesnd-milling, up- and down-
milling, in the context of process planning of mishing operation for machining com-
plex pocket features. Two different cutting corahis of each type of end-milling have
been simulated and experimentally verified. Theaatizge of the variable cutting
conditions over the constant cutting conditionsignificant in both up- and down-
milling processes as presented in Table 1.

Table 1. Summary of key machining measurements

Up-milling Down-milling

Constant Feed| Optimised Feed Constant Feed| Optimised

Rate Rate Rate Feed Rate

Maximum Measured| , 5154 0.0115 0.0421 0.0506
Surface Error (mm)

Measured Surface 0.0680 0.2620 0.1950 0.2530

Roughness Rum)
Finishing Time 55.0 12.0 97.0 25.0
(1 s) (s)

The results show that the finishing machining ticae be reduced in both machin-
ing with constant and with variable feed rate bplgimg up-milling. The measured
surface error and surface roughness have loweesah the work-piece machined
with up-milling than in the test piece cut with dowmilling. The predicted and ex-
perimental results confirm the importance of theetpf end-milling engaged in finish-
ing cutting when complex pocket type surfaces aaelmmed. The corner cutting was
demonstrated as a critical case of finishing cgitwhich needs special analysis and
planning, regarding the surface error and the tfpend-milling used for its machin-

ing.
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DESIGN AND RAPID MANUFACTURE OF SELECTED
CELLULAR TYPE STRUCTURES

The work presented in this paper aims to exploeeetithancements that the Selective La-
ser Melting technology can bring to the design, ufacture, and performance of cellular
type structures. Cellular type structures possedsable characteristics such as low den-
sity, high strength, good energy absorption, gdeatrnal and acoustic properties. These
advantageous characteristics make them industriyatde but the difficulties of produc-
ing them limit their applications. The capabilitie$§ some metal cellular structures as
fundamental elements for creating new internal mateconfigurations for injection
moulding tools has been evaluatdthe preliminary investigation highlights the recsr
ments and the feasibility of such structures fer plarpose of injection moulding tooling.
Lattice cellular structures appear to be mecharicalompetitive alternatives to pris-
matic honeycombs structures. It has been illustratet lattice core of injection mould-
ing can be capable of supporting significant stanat and process loads while also
could facilitating cross flow heat exchange.

INTRODUCTION

Cellular metal structures have been used in diffieireustrial applications such as
light constructions, heat exchangers, reconstradiwgery, chemical, automotive and
aerospace industries. They possess valuable chastice such as low density, high
strength, good energy absorption, good thermalamudistic properties [1, 2]. These
advantageous characteristics of the cellular strastmake them desirable but the dif-
ficulties of producing them limit their applicatisnThe new layer-additive technolo-
gies such as Direct Metal Additive Manufacturingheologies, Electron Beam Melt-
ing, Direct Metal Laser Sintering, and SelectiveséraMelting (SLM), enable manu-
facturing free-form solid parts using laser teclggl and layers of metal powder.
SLM gives the opportunity to produce complex pdrtam engineering materials
(stainless steel, tool steel, titanium alloy, célshromium) in a short lead time, di-
rectly from 3D CAD data. This gives the designeeeflom to use the cellular materi-
als where they are needed creating better produactibnality without sacrificing their
mechanical quality. Using the SLM technology asamnufacturing process for produc-
ing injection moulding tools or inserts has beeovanto be beneficial in three areas:

(1) the freedom of the part's geometry that SLM prosifi& 4];
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(2) the reduction of the production cycle time [578,

(3) the ability to build conformal cooling channel®md with the 3D ge-

ometry of the tools [8, 9].

Creating a conformal cooling system is restrictgdh® geometry of the injection
moulding tools and inserts. In tools or tool arehere it is not possible to design con-
formal cooling channels, the cooling process depandinly on the thermal conduc-
tivity of the mould’s material. Alternative matdriar design solutions are needed to
help in these cases for making the moulding prooes® efficient and accurate. The
weakness of all laser-based freeform manufactypiogessess the huge consumption
of time for building large solid parts, since owmlgnsiderably smatjuantities of mate-
rial can be processed per unit time. This can q@aoned significantly by employing
the ability of the SLM technology to build cellulsiructures. SLM can create specific
internal cellular structures simultaneously wheadpicing moulding tools with com-
plex external design and conformal cooling channg&lsellular type interior will re-
duce the production cycle and can contribute talibemal management of the mould-
ing process. The cooling portion of an injectionutding time can represent up to 75
% of the total cycle time. This number shows hompartant any reduction of the
cooling time is. Better cooling also contributeshie quality improvement of the plas-
tic parts. With SLM built skin/core structure, mad is only used where the designer
requires it in order to correspond to the load.

This paper presents the design and SLM manufagturirselected cellular struc-
tures that are considered suitable as a core rakteriinjection moulding tools. 3D
CAD modeling and FEA are used for preliminary dasgyaluation and engineering
analysis.

CELLULAR STRUCTURES FOR INJECTION MOULDING TOOLS

Solid cellular materials are classified as stoahastd ordered [1]. Stochastic ma-
terials, such as solid foams can have excellent laea sound- insulation properties
and possess the ability to absorb a lot of ene@gyered cellular materials, such as
honeycombs and truss structures have great mechanimperties. They are widely
used to enable the design of light structurescfeating unidirectional fluid flows, for
absorbing the energy of impacts, to facilitate nedrtransport across faces. The ad-
vantages of ordered cellular structures that maketdesirable in injection moulding
tools are their strength-to-mass ratio, and thigh lsurface-to-mass ratio that defines
their excellent heat transfer characteristics {3, The ordered cellular structures pro-
vide consistent mechanical parameters of the parcan be implemented in moulding
tool design.

Truss structures or as they are also called lastinectures were analysed in this
research. They appear to be mechanically competiternatives to prismatic honey-
combs. It has been foreseen that these latticetstas could be of particular interest
for injection moulding design because of theiryfulpen interior structure which could
assists multifunctional applications. The lattiogecof injection moulding tools can be
capable to supporting significant structural loadsle also facilitating cross flow heat
exchange
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Cellular structures design analysis

The design of cellular core structure for injectrmoulding tools have to combine
the material mechanical properties and the funatioequirements. This approach in-
tegrates design requirements and manufacturingbdds. The chosen cellular
structures have to correspond to three groupsquiirements:

1. Geometry:

» Cellular architecture;
* Low relative density;
2. Mechanical properties:
. Adequate strength;
. Maximum displacement of the pressure contact sasia

3. SLM Manufacturability:

. Cellular elements not inclined at less than 4&$hif PDR experience];
. Diameter of the strut more than 0.1mm [11];
*  To avoid hanging flat surfaces that required suppor

The geometry requirements have been defined frargémeral characteristics of
cellular materials and from the desire to introdtlee cellular structure as a thermal
management element during the moulding process.ndehanical requirements are
derived from the moulding process and from the iquegquirements towards the tool-
ing. The SLM limitations are derived from the cajiibs of this layer-additive tech-
nology.

Rehme and Emmelmann [11] investigated the manufaaility and scaling laws
for mechanical properties of periodic lattice stawes. The layer-additive manufactur-
ing process used in this work is SLM. Eight diffgrenit cell types are presented that
can be produced by SLM technology. Following theules reported in [11] we se-
lected two designs that demonstrate the best casipre stress results and that are
SLM feasible. These two designs shown in Fig. ara) b), posses low relative den-
sity, they response well to compressive load arg tho not have struts that are orien-
tated at an angle less than 45° with respect titild plane. Lattice truss structures
have several of these flow directions and very haghcific surface area for contact
with a coolant flow. As a result, they can provieiéicient heat removal which is
valuable for the injection moulding process. The structures are named as follow:
a) wall centred truss structure, b) half-wall cedttruss structure.

a)

Fig. 1. The selected cellular units
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Sample design

There were two recommendations to the preliminasigh that has been gener-
ated for all four selected cellular structuress#y;, the strut diameter has been defined
as 2mm [11]. The second design recommendation casicee width of the cellular
units. In order to coordinate the width of the g@&lith the maximum diameter of a cy-
lindrical surface that SLM can produce without sopppit has been accepted that the
cell size has to be smaller than 7 mm. The secendmmendation has been intro-
duced such that the cellular structure can accoratecatiditional design elements that
do not require support for SLM production. Any daial support will significantly
reduce the fluid flow trough the cellular structure

Commercial CAD software was used for constructing samples. The cellular
structures were created by patterning a unit sellthe generated models can be com-
bined with other models. The sample models areccsiape featuring 3 cells in each
direction as illustrated in Fig. 2 a). The ovesaimple dimensions are 23x23x23 mm.
As the modelled cellular materials will be usediatgrnal structures in injection
moulding tools, a skin element has been introducedach cellular sample as it is
shown in Fig. 2. b). In order to investigate thiéuence of the depth of the skin on the
mechanical behaviour of the skin-cellular structuseveral samples were modelled
with skin depth of 2 mm, 3 mm, 4 mm, 5 mm and 6 niime cellular samples have
same overall element cell dimensions, but differefgtive density.

Fig. 2. Models of wall centred samples without avitth skin

To produce the sample shown in Fig. 3 a) and tedathe introduction of support
structure for the flat overhanging feature, thet ppas to be positioned upside-down
(Fig. 3 b)) and the build will start with the skifihe major problem with this orienta-
tion is the significant shrinkage that the firsgdes experience. To eliminate the inac-
curate portion of the skin element of the part,itaithl layers have to be added and
later removed mechanically by a cutting operatiimis solution will make the whole
production process longer and less efficient. 1§ ilecided to build the skinned truss
part starting with the cellular structure a suppatt be required for the flat horizontal
features as it is illustrated in Fig. 3 ¢). Thisiweentional support Fig. 3 d) will reduce
the flow rate of the cooling fluid and will subsitlee functionality of the lattice struc-
ture as an active and important element of thenthkbkmanagement of the moulding
process.
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Fig. 3. The skinned truss part with conventiongdsart

The other answer of the overhanging feature proliteah has been experimented
within this study is to introduce additional desgjements into the part structure that
will be able to support the horizontal surfaceshwiit the need of the conventional
supporting elements. One of the initial design negents is the cell size to be
smaller than 7 mm in order to accommodate the maxirdiameter of a cylindrical
surface that SLM can produce without support. Bigshows the design of the test
samples created by using wall centred truss streietith additional designed support-
ing features and the required support for SLM pobida.

Fig. 4. Wall centred truss structure parts with éishal support elements for the flat horizontadfe
tures and the simple support system

MECHANICAL SIMULATION AND RESULTS

After structure modelling, the second step foradtrction of cellular materials in
injection moulding applications requires mechanaadlysis of the capabilities of the
structure to satisfy injection moulding process dads. FEA is used for the structure
analysis. The created cellular structures wereyaadlon compressive loading similar
to the loading in injection moulding tools.

The average peak pressure that the contact surapesience is accepted in this
study as 3.5 MPa. We applied a uniform pressuréhertop surfaces of the samples.
The samples are fixed in all 6 degrees of freeddme. material is Stainless Steel 316L
with Modulus of Elasticity E = 193 GPa, and yieldesgth 170 MPa. For computa-
tional efficiency, due to the symmetry, only oneadar of the samples need to be
modelled. Samples with 2mm, 3mm, 4mm, 5mm and 6ranzdntal skin have been
analysed and the results for the maximum stresslspthcement are presented in Fig.
5 with respect to the skin depth.
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Fig. 5. Maximum stress and maximum displacemettedfour structures with skin with respect to the
skin depth

The stress and displacements levels of the celitactures with skin (Fig. 5) are
higher compared to the same parameters when thetses are without skin shown
in Table 1. The maximum stress and the maximumlabspnent reduce as the depth
of the skin of the parts increases. It has beertewithat after 4 mm skin depth the
stress and displacement for each structure changieeaThe FEA simulation with
thicker skin up to 10mm was conducted and the tiendaintained. Taking this fact
into consideration it could be concluded that theoaild not be a significant advan-
tage for the mechanical characteristics of a pétt @ellular internal structure that has
skin thicker than 4 mm. This fact is important ®ltM produced parts, because the
smaller quantity of solid part’'s areas means shonichining time, less material, less
energy.

Table 1. Comparison of the truss structures wittl afthout skin and with supporting features

- Wall-centereacell
Half wig”csentered Wall-centered cell  \ith support
9.384 x16 1.207 x16
Maximum stress _
(von ',\\I"/'rsn%)s stress W'tgk?nmm 1.199 x16 1.116 x16 8.689 x10
4.460 x1¢ 3.907 x1d
Maximum displace- '
ment With 2 mm 5.258 x10° 3.255 x16 2.934 x16
(mm) skin
Relative density 0.2938 0.3070 0.3776

The presented structures are uniform and capaldapgorting the pressure that is
experienced during the moulding process. They eregieatable and predictable parts
characteristics. At the same time the density efdéllular material can contribute to
the better cooling of the moulding. Some designnaipation approaches [12]-[13]
create variable topology of the cellular structuresrder to put material only in these
positions where it is required from the load. Téproach is efficient when the cellu-
lar structure is used only to correspond to cer@@ding. In our case the idea to use
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the cellular structures as an active element ottwing phase of the injection mould-
ing process requires that the cellular structueaters uniform coolant flow. If the den-
sity of the cellular material is variable it wilfeate more material resistance in some
areas and will slow the fluid flow.

To validate the manufacturability of the modelleass structures all presented designs
were produced by SLM and shown in Fig. 6 a), byl @n Fig. 6 c¢) illustrates the bet-
ter geometry that the design with created supplerments provides: the edges are
sharper, the dimensions are more accurate, anskihdeature is flat and horizontal.
As it is highlighted in Table 1 the relative degsif the supported design is a little
higher than the relative density of the conventigraat design with horizontal skin
feature. But the design with arched supportinguiest provides less stress and less
displacement which is advantage for its functidgali

Fig. 6. SLM built test parts

CONCLUSION

The idea of applying the cellular material in irjen moulding tools is motivated
by the capabilities of SLM technology for fast loilg of 3D complex geometry and
by the desire to improve the functionality of theutding tools. Due to the limitations
of the traditional manufacturing processes, thengegoy and the applications of the
cellular structures are restricted.

This study investigated selected cellular strucwriich are SLM manufacturable
and satisfy the design requirements. The prelingimarestigation highlights the feasi-
bility of such cellular structures for the purpasfenjection moulding tooling. Lattice
cellular structures appear to be mechanically caitnge alternatives to prismatic hon-
eycombs structures. It has been illustrated thtitéacore of injection moulding can
be capable of supporting significant structural @nocess loads while also could fa-
cilitating cross flow heat exchange. Next stepthidf research will be physical testing,
thermal simulation and thermal physical testing[14

The combination of structural strength with thegmtial for better thermal conduc-
tivity of the cellular core structure and the apilbf SLM technology to build complex
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3D shapes makes the proposed approach very desfoabhjection moulding tooling.
Future work will investigate the thermal charactcs of the cellular lattice structures
and their application in injection moulding tools.
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THE DECORATIVE PROPERTIES OF BURNISHED
SURFACE LAYERS

In this paper was presented a decorative propemieburnished surface layers. It was
emphasized that except the most important fundtipragperties, such as: increase fa-
tigue strength, corrosion resistance or abrasiosistance the burnished surface layers
receive the meaningful decorative properties. Asrdsult of the one burnishing opera-
tion are realized aims: both increase mechanicalparties and esthetic.

INTRODUCTION

The surface layer created as a result of usingmifit burnishing methods have
most of all technical function because of the highuirements it needs to face, such
as: increase machine elements durability and t®Morking under friction and fa-
tigue loads conditions (often with corrosive inthee of a surrounding environment).
In mechanical engineering burnishing is used maiolglecrease the roughness and
improve the hardness of the surface layer. Burngsis also used, but not so often, to
improve the precision of work or for decorationy@eeheless this kind of plastic work-
ing ensures the meaningful esthetical stocks, wbatirmed experimental work, doz-
ens years ago and now.

Between the sixties and seventies U. G. Schnejdekes out a oscillatory method
of burnishing and simultaneously initiated a nevedion of burnishing development.
He defined burnishing as decorative working, whiels been, with success, applied in
series production, substituting engraving, polighamd even painting and decorative —
protective surface coating [12]. Simultaneouslywenbeen noticed that among a lot of
effects of burnishing such as: increase of fatigmength and abrasion resistant, also
effects such as: increase of reflect light abibfysurface and also decorative values
can be used with success in industry.

OSCILLATORY BURNISHING

The oscillatory burnishing consists in plastic fargy on work surface, continuous
groove by hard element, for example ball which @ernls an oscillatory motion along
workpiece, under definite pressure and relocatinty & feed (Fig. 1). It makes the
surface of regular roughness receiving possible.
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Sk N

Fig.. 1. The diagram of shaft oscillatory burnistpira) the kinematics and characteristic quantiids
working system: F — pressure force of ball, | — &tmge of ball oscillation, p — feed [1]; b) varigu
kinds of grooves on work surface [6]

This method has enabled the embossing on workm@adace various micro —
grooves systems about sinusoidal shape (Fig. &ir tumber and system on work
surface can be effectively change with the aidio&knatic parameters of processing,
namely: oscillation frequency of burnishing elemeawtational speed of workpiece,
feed of burnishing, amplitude of ball oscillatiofl].| Adequately selection of these
technological parameters enables part or whole afkvsurface covering, by after
processing traces. Simultaneously, it makes passile obtainment a high — homoge-
neity of mickro — unevenness, in respect of thieeipe, size and spacing.
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Fig. 2. Various kinds of micro — grooves after d4atory burnishing

The regular micro — channels on work surface, weceifter oscillatory burnish-
ing created, most of all, the natural containersheflubricant. In this manner pay at-
tention to fact, that surface with regular profse,— called relief, can be distinguished
by resistance of abrasive wear resistance andngeafi machine components [1, 9,
12]. The suitable surface geometry causes thaaceitayer enable to accumulate the
lubricating medium (oil) and also accumulate theammeroduct. Surface with regular
reliefs is characterized by smaller of wear foctfdn spot, but in each particular case,
for a particular friction pair (kinematic pair)ig necessary to experimentally verify an
optimal surface state (relief parameters). Abrasrear of oscillatory burnishing sur-
face mainly depends on relative surface of cavibiesvork surface which the opti-
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mum value depends upon, for example, kind of fiicipair and kinematics of her mo-
tion. The research realized of sleeve of enginendgt, flat way and blade of com-
pressor which have been oscillatory burnished, sldotlhat abrasive wear of oscilla-
tory burnished surface equals from 28% to 43% M@reover, roughness surface,
plastically formed as result of oscillatory burnigfy increase the seizing resistance
even about 300% [7], as compared with ground sarflds result from the fact that
effective counteraction of seizing consist in, agnather things, suitable preparation
of surface layer, so as to prevention the missingjldilm continuity. It is possible as
result of forming the surface about large bearmgase with simultaneous producing
the cavities being the containers of lubricativestance [11].

Reliefs received as result of oscillatory burnighon work surfaces, except the
ability to accumulate the lubricating medium asduaéso the significant aesthetical
value. The variety of forms, sizes and distributddnmicro — grooves caused that bur-
nishing started to apply on a large scale for dsoge purpose, replacing labour —
consuming polishing [12].

Application of burnishing, especially oscillatoryrnishing enabled the obtention,
on work surface, roughness about high spacingregudarities and rounding radius.
Both that shape of unevenness and their glossp&ireduced dispersion of incident
of this surface luminous rays, as compared witlugdosurface or polished (in case of
grinding and polishing the work surface possesbkadpsand law spacing of irregulari-
ties). This property is used to polishing, for exden different kind of metal mirrors in
optical quantum generators and reflectors (execatealuminium alloys) [8, 9, 12],
because for reflectors is required the large Irgifiection coefficient. The oscillatory
burnishing was applied also instead of polishingl @mgraving of metallic fancy
goods, among other things: lighters, pens anddeads (which were produced in high
— series) and also instead of polishing in techgylof aluminium ware (for example:
pots, kettles and the like) and artistic produtitselectrical industry the oscillatory
burnishing was applied to finishing of projectorrars clerical heater (Fig. 3).

1 2 3 1
— ] [

o 780 S

[N
}s =73 i

e 1!
s/6] 4 8

Fig. 3. The example of oscillatory burnishing apation as decorative working: a) a mirror canopy
of electrical heater [8], b) head structure enalglinscillatory burnishing of concave surface: 1 € th
chuck clumping workpiece, 2 — workpiece, 3 — bdseead, 4 — belt transmission motor, 5 — rota-
tional plate, 6 — head spindle, 7 — gyral eccentiement, 8 — cross slide of turning lathe [5]
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The oscillatory burnishing of reflector (pressedsbé&et aluminium) made possible
the elimination pretreatment of machine cutting abdasive polishing, moreover this
kind of working increased the esthetics of products

Basic decorative criterion of surface layers isrtappearance. Moreover, the im-
portant factors which have been taken into conatd®sr during evaluation of appear-
ance are: colour, luster, smoothness, hiding p@andralso resistance to tarnish. In es-
thetic respect the surface layer of oscillatorynmhred elements could be shaped in a
optional manner. Degree of coverage the machingaciby micro — channels was
greater when frequency and amplitude of oscillatmigtion and also pressure force
and diameter of ball were greater. Whereas, thigedewas smaller when rotational
speed of workpiece and feed of burnishing wereelajgj.

Therefore, the aim of oscillatory burnishing cangreduction the application oil
grooves on co — operating surfaces (under frictionditions), for example of: pins,
bearings, ways, cylinders and pistons, so as & ridueir seizing resistance and abra-
sive wear resistance. Moreover, the aim of osoiliaburnishing can be also produc-
tion the various patterns (reliefs) on burnishedames, for example of: aluminium
ware, ball — pens, lighters and another metallcyagoods.

The experimental work realized in Department of Mawcturing Process and Pro-
duction Organization of Rzeszow University of Teclngy confirm that burnished
surface layers (among other things: percussivesfidd burnished surface layers) are
characterized simultaneously by advantageous t@cdl properties and meaningful
decorative properties.

PERCUSSIVE BURNISHING

The method of burnishing which make the formatibnegularly disposed cavities
on work surface possible (not continuous grooves)arcussive burnishing. This is a
kind of dynamic method of burnishing which enalile procurance various and re-
peatable systems of after — working traces (sollecctubricative pockets), in a form
of cavities about specified size and arrangemedtshiape imitating the shape of bur-
nishing tool tip.

The classification of arrangements of lubricativaxlets received on percussive
burnished surfaces is presented in [3]. Kinematfggercussive burnishing makes the
optimization of cavities structure possible. It daable to distinguish the following
traces: not abutting (Fig. 4a), abutting (Fig. 4nerlapping (Fig. 4c) and also reticu-
lar structures (Fig. 4d).

a)

Fig. 4. Various arrangements of lubricative pockateut spherical shape, after percussive burnishing
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The percussive burnishing is one of concentratethioyc method of burnishing
and is characterized by perpendicular method dfitopact in workpiece and possibil-
ity of accurate of space in which impact will occur

Most of all, the cavities received on percussiventahed surface layers create
both the natural lubricative pockets which accureulabricative substance and con-
tainers of impurities and wear products. Meanwthie received surface is character-
ized by meaningful regularity and cause possibibfyher accommodation to ex-
ploational requirements.

Except the spherical shape of cavities (presemtdeig. 5a), the percussive bur-
nishing make embossing drop — shaped cavitiesleqsising the beater about differ-
ent end), for example: shorter drop — shaped eav{frig. 5b), longer drop — shaped
cavities (Fig. 5c¢).

Fig. 5. The examples of various cavities on pergadsurnished surfaces

Percussive burnishing enables accurately to plarirites arrangements after im-
pacts on work surface. With the aid of adequatecsien of working parameters it is
possible to regulation, over a wide range, amohgrothings: size of traces after im-
pacts and their reciprocal position. This kind ofrbshing enable the betterment of
fatigue strength and wear resistance and seizgrstaace [2,10]. Kinematics of per-
cussive burnishing makes the optimization of casitarrangement possible (for the
various frictional pairs) [2].

At present, the general engineering developmentagpedarance of new solution
(which can considerably rationalize processingptavthe different burnishing meth-
ods development. The computer programs turn oueat dacilitation. They make the
obtainment an answer, in what manner the propecteh of kinematic processing
parameters have an effect on work surface topograpbmputer programs enabling
the process control (before processing) permidsiget the specified geometry of sur-
face layer (among other things: number, size, slzaquecavities system). They also
enabling to count the degree of coverage of surbgcenpact traces (at specified size
of cavities).

The example computer program, to simulation of pesive burnishing, (which
window is presented in fig. 6), enable to genethéegraph which illustrate distribu-
tion of traces on the work surface.
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Fig. 6. The view of computer window to simulatiépercussive burnishing [10]

So, depending on specifications for the burnishedase layer we can easily,
without lead of arduous tests and measurementghibotigh computer simulation),
choose the processing parameters which permit tarokhe required effects of sur-
face covering by structural changes.

SLIDE BURNISHING

It's worth to devote one’s attention to static noethof burnishing, namely slide
burnishing. During processing (realized on maclgnstation, which general view is
represented in fig. 7), the end of tool is disptaoa the work surface and simultane-
ously clamped to it with the force causing the ftadeformation and planishing of
surface roughness. Hence, the possibility of obtaimt of considerable improvement
of surface roughness is the most characteristicifeaf this kind of burnishing [4].

a) b)

o

Fig. 7. Slide burnishing of shaft: a) the photodgngf slide burnishing machine, b) a comparison of
surface reflectiveness; at the top — slide burristerface, at the bottom — ground surface
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With point of view of decorativeness, slide burmdlsurface layers are character-
ized by the very good reflectiveness. It is possthianks to large spacing of irregulari-
ties and flat tops. Ground surfaces and polishef@ses have not such properties. The
surfaces after grinding and polishing have shagwvanness, which occur at small in-
tervals.

Therefore, the described method can be appliedderdo aesthetical ggarance assur-
ance of surfaces of usable objects.

Making an estimation of burnished surface layersmake an appraisal of their
appearance. It might be say that the decorativeisaesseful properties it which mis-
judgment has a objective character because feasuels as: colour, luster or smooth-
ness we can value subjectively and visual.

CONCLUSIONS

The aim of this study is show that the differentrtishing methods assure a mean-
ingful decorative effects and that burnishing textbgy can be, with success, applied
as consolidate — smoothness and also decorativ@ecpive processing.

Micro — grooves or cavities, received as a resuliszillatory or percussive bur-
nishing during the work of frictional pair, are Kimf micro — containers which accu-
mulate a lubricant and products of abrasive wedraso another impurities. But the
same traces on burnishing surface can also pravideaningful decorative values.
They can be a reason of using this burnishing t@olgy in order to increase esthetics
of metallic products. At that time, burnishing bewma kind of processing, in which
consequence we can be done a decorative usefulimebgects.

Using burnishing method it places a special anchg@ry emphasis on possibility of
getting the advantageous useful characteristicsiwhiiovide the most suitable state of
surface layers (for specified work conditions ofiige elements). Received decora-
tive effects perform a not large function. Oftdmeyt are secondary- or third — rate aim
of working. Whereas, it's worth to say that podgipiof formation of, for example:
surface about meaningful esthetic values, smoafiasiwhich is characterized by the
high reflectiveness or surface covered by the sradeplastic deformation, covering
surface as o whole or creating the regular micreliefs, in concrete cases can be be-
come the main aim.
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SELECTED PROPERTIES OF CHROMIUM COATING
ELEMENTS AFTER SHOT PEENING

The paper presents results of the experimentaktigagions concerning chosen proper-
ties of chromium coating in relation to specimeradenfrom 41Cr4 steel (coating thick-
ness about 2%m) and finished by shot peening. It has been fahatishot peening of

chromium coating can improve level of fatigue sgtenand slightly increase its micro-
hardness.

INTRODUCTION

Chromium electroplating is widely used to obtaighilevels of hardness, wear
and corrosion resistance and a low coefficientriation, for applications in the aero-
space, automotive and petrochemical fields [1-3].

An important characteristic of chromium electroplgtis the high tensile residual
internal stresses, which increases as thicknessases and are relieved by local mi-
crocracking during electroplating [4, 5]. Hard cmiam electroplating is used in land-
ing gear components as: shock absorber, hydrayliicders and shafts. High tensile
residual stresses and microcracks density contaimdtie electroplated chromium
coating reduce fatigue strength of a component ABJ.efficient way of removal or
considerable decrease in this negative influenceisage properties of the layers is
application of burnishing process. With the appiatprselection of the layer material
and burnishing conditions, increase in surface weaistance can be repeated [7].
Among the burnishing methods used for layer prangshe following are used most
frequently: shot peening, micro ball peening andymatic ball peening, roller, ball
burnishing and slide burnishing (slide planishistjde diamond burnishing). The
combination of electrolytic processing and burmghimay appear to be more efficient
way of surface usage properties improvement thdivigual application of each of
them [8].

Shot peening is a cold working process appliedhéosturface of metal parts to in-
crease their fatigue resistance, fretting fatigieess corrosion cracking, corrosion fa-
tigue and various other tensile stress relatedIrfegtares. Shot peening, by bombard-
ing the surface with millions of tiny spheres ofedf glass or ceramic, totally covers
the surface with indentations, creating an evearlay compressive stresses.

From the literature review [10, 11] we found thlabtspeening could be applied for
elements from steel of great hardness. Therefoeecam believe that processing of
chromium coatings (of high hardness) would be ®ffit; too.

The aim of the investigation was determinationhad effect input parameters on
microhardness and fatigue strength of chromiumicgsatas the results of peening.
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MATERIAL AND METHODS

The studies were conducted on steel 41Cr4 of hasddé+2 HRC. The base pre-
treatment included turning and grounding (Ra = Q68. The finishing treatment of
the coating (of 2pum thickness) was shot peening in 16 different vasias:

v  Variantl  —balls=s110, p=0.3 [MPa], =100 [mn#3{min],
Variant 2 — balls=s110, p=0.3 [MPa], I=100 [mn#6tmin],
Variant3  — balls=s110, p=0.3 [MPa], I=200 [mnHg3tmin],
Variant4  — balls=s110, p=0.3 [MPa], I=200 [mnH6t{min],
Variant5  — balls=s110, p=0.9 [MPa], I=100 [mnH3tmin],
Variant6  — balls=s110, p=0.9 [MPa], I=100 [mnHg6t{min],
Variant 7 — balls=s110, p=0.9 [MPa], I=200 [mn#3t[min],
Variant8  — balls=s110, p=0.9 [MPa], I=200 [mnH6t{min],
Variant9  — balls=s230, p=0.3 [MPa], I=100 [mm]3tfmin],
Variant 10 - balls=s230, p=0.3 [MPa], =100 [mt=6 [min],
Variant 11 - balls=s230, p=0.3 [MPa], I=200 [mn#3{min],
Variant 12 - balls=s230, p=0.3 [MPa], I=200 [mts6 [min],
Variant 13  — balls=s230, p=0.9 [MPa], =100 [mt3 [min],
Variant 14 - balls=s230, p=0.9 [MPa], =100 [mt6 [min],
Variant 15 - balls=s230, p=0.9 [MPa], =200 [mt=3 [min],

v’ Variant 16 - balls=s230, p=0.9 [MPa], I=200 [mt~6 [min].

where: s110, s230 — type of balls: s110 = @ 0,3 s#80 = @ 0,6 mm.

Chromium plating was done in universal bath unddioding conditions: tem-
perature 50 — 55°C, cathode current density 40 A/d6 and current efficiency 15%.

The hasten pendular bending fatigue tests werdedaout using an electro-
dynamic vibrator with resonance frequency of thengas adopting the boundary
number of cycles of 20°. The used technique, that consisted in cuttingpsesrout of
special shaped cylinders, was described in [9eftaits. The fatigue strength was cal-
culated using stepped method on the basis of sesiilexperiments on 16-sampled
batches. The microhardness measurements were pedarsing a Vickers Diamond
Microhardness Tester (type: Brivisor KL2+), witlDd kG load and a loading time of
15 s. Parameters of microhardness is specifietidogquations:

AN NI NN N Y N U U N N N NN

p
H. = Hri% @)
h
Con = r{TH(h) -/ dh ©)
1
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where: § — degree hardening,,H- maximum microhardness of chromium coating
after shot peening, H- medium microhardness of chromium coating,—Haverage
microhardness of surface layey,-heffective case depth, H microhardness of core,

The performed calculate of coefficients of linearrelation between microhard-
ness parameters of surface layer too.

RESULTS AND DISCUSSION

The fatigue experiments results are shown in Tabrdm the fatigue examination
we found that the higher fatigue strength we aadew variants 1V, 1X, X, lll. (Zgw
above 400 MPa). The other variants of chromiumingatreatment was found less
beneficial. The most unbeneficial was variant XBgy = 307, 28 MPa).

The performed microhardness tests showed that nepeeoating samples had
maximum microhardness on the level 665 [HV]. Thetgbeening process increased
this value to 713 [HV] in the case of sample withidwing input parameters: balls di-
ameter 0.58 [mm], spraying pressure 0.9 [MPa]adis¢ between nozzles and peened
elements 100 [mm] and time of treatment 6 [ming(thaximum value of coefficients
Hs and S were also then obtained).

The average microhardness of surface laygnéteased a the result of shot peen-
ing from the value 539.7 [HV] to the range 563.8682.3 [HV]. The value of the de-
gree hardening Sand indicator of hardening, surface layer after the shot peening
process were in ranges, appropriately: 7.2-12.31@/7a52 - 8.78 [MPa mm].

Tab. 1. The results of the fatigue strength andehigrdness experiments

Variant of treatment| & [MPa] | AZy, [%] | Hn[HV] | Hs[HV] | Si[%] | Cuw [MPasmm]
1 398.43 32.36 690 572.5 8.7 7.52
2 398.43 32.36 701 580.2 10.4 8.34
3 401.57 33.41 689 563.6 8.5 7.95
4 411 36.54 681 580.5 7.2 8.57
5 395.28 31.32 690 574.3 8.7 8.26
6 392.14 30.28 704 580.2 10.9 8.74
7 385.86 28.19 690 578.1 8.7 7.77
8 395.28 31.32 701 582.2 10.4 8.78
9 404.71 34.45 697 574.1 9.8 8.38
10 401.57 33.41 697 576.7 9.8 8.27
11 376.43 25.06 699 577.3 10.1 8.32
12 367 21.93 698 574.9 9.9 8.23
13 345 14.62 702 573.8 10.5 8.23
14 307.29 2.09 713 582.3 12.3 8.37
15 357.57 18.74 701 577.7 10.4 8.4
16 334 10.96 704 578.6 10.9 8.36

Tab. 2. Coefficients of linear correlation amongmhardness parameters of surface layer

Parameter H H. S Cuu
Hm 1 0.434 0.99 0.396
H. — 1 0.433 0.601
S — - 1 0,391
Cou - - - 1
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Table 2 present the results of the linear cormatalietween parameters characteriz-
ing the microhardness of surface layer. This amalylsowed that the parameters were
statistically independent except coefficientsits,.

CONLUSIONS

The results indicate that shot peening can increaiseohardness of chromium
coating elements. The greatest values of microlssiparameters were achieved for
following parameters: & 0.58 mm, p = 0.9 MPa, | = 100 mm, t = 6 min.

The results of the realized fatigue tests showeddiktinctly advantageous effect
of shot peening on the improvement of fatigue gjtlerof chromium coating elements.
The greatest value was obtained for following patms: ¢=0.28 mm, p = 0.3 MPa, |
=200 mm, t = 6 min.

On the basis of testing presented in this papecavesee that the same input ma-
chining parameters cause the greatest microhargragasneters and the smallest fa-
tigue strength value (variant XIV).

Performed investigations of chromium coating shexrpng process have revealed
the possibility of the shot peening process retiimawithout fear of cracks, scalings
or other defects. The conclusion of the investagetiis the necessity of the further
studies in this topic.

REFERENCES

1. Bodger B. E., Mcgrann R. T. R., Somerville D. Ahe Evaluation of Tungsten Carbide Thermal
Spray Coatings as Replacements for Electrodepo€itedme Plating on Aircraft Landing Gear
Plating and Surface Finishing 1997 vol. 84.

2. Eckersley J. SShot Peening Process Controls Ensure Repeatabl@tReBhe Shot Peener, Vol
15/Issue 2, Summer 2001.

3. Jones A. R.Microcracks in hard chromium electrodeposiB®ating and Surface Finishing 1989,
vol. 76.

4. Dulpernell G., Lowenheim F. AMod Electroplating,1968.

5. Nascimento M. P., Voorwald H. J. C., Souza R. @ath W. L.: Evaluation of an electroless
nickel interlayer on the fatigue & corrosion strehgf chromium-plated AISI 4340 steBlating
and Surface Finishing 2001, vol. 80.

6. Nascimento M. P., Souza R. C., Miguel I. M., Pigat. L., Voorwald H. J. C.Effects of tung-
sten carbide thermal spray coating by HP/HVOF aaddhchromium electroplating on AlSI 4340
high strength steeBurface and Coating Technology 2001, vol 138.

7. Korzynski M.: Nagniatanie powlok chromowych.Oficyna Wydawnicza Politechniki
Rzeszowskiej, Rzeszow 1994.

8. Dzierwa A.: The investigation of chosen properties of chromaoatings after pneumatic ball
peening The 17th International DAAAM Symposium - Intekligt Manufacturing & Automation:
Focus on Mechatronics & Robotics, Vienna 2006.

9. Lunarski J.:.Porébwnawcza ocena wtasft zneczeniowych w badaniach technologicznytéch-
nika Lotnicza i Astronautyczna, 1981, vol. 3.

10. Watanabe Y., Hattori K., Handa M., Hasegawa N.,aJidk., Ikeda M., Duchazeaubeneix J. M.:
Effect of ultrasonic shot Peening on fatigue sttengf high strength steeConf. Proc.: ICSP-8,
Garmisch-Partenkirchen 2002 r.

11. Kopsov L.E.: The influence of hammer peening on fatigue in Isigbngth steellnternational
Journal of Fatigue, Vol. 13, 1991 r.

100



The Sixth International Scientific Conference MECHANICS 2008

Miroslav GOMBAR
Sergej HLOCH*

University of PreSov, Slovak Republic
*Technical University of KoSice with a seat in RvesSlovak Republic

ANODIC OXIDATION FACTORS ANALYSIS
SIGNIFICANCE

The paper deals with mathematical modeling of dderoe between anodic oxidation
factors in sulfuric acid and thickness of creatagdr ALOs. By means of full factorial
design were studied four independent variablesatheunt of sulfuric acid, aluminum,
time and voltage. Results show the anodic oxiddtotors significance and their effect
to the layer thickness. It is the first step towgatad the optimization of the eloxal process.

INTRODUCTION

Anodizing is a commonly used method for surfacattrent of aluminum. This is
due to a number of properties offered by this teqpn Depending on the process
conditions the following properties can be obtaineakrosion resistance, decorative
surfaces, surfaces in almost any color on the fegalexcept white, hard and wear resis-
tant surfaces, electrical and thermal insulatitwe, surface can be used as a base for
organic finishing and for plating, the anodizingheique is expected to have an in-
creasing advantage over many [1].

RELATED AND PREVIOUS WORKS

Technologic process of anodic oxidation in reakoty is in the most of cases very
dynamic and stochastic process. Analytic processtification seems to be no effec-
tive and of low practical use. By its applicatianis not possible to achieve the com-
pleted model of the process — the influence ofacefharameters are neglected (fig. 1),
in some of the factors there are not known the texalcies, they are variable in time
and most often, the intuition is applied to deternthem. Their complicacy incom-
plete knowledge functioning mechanisms and largeuh factors entering to the
process complicate of mathematical model fittingthgoretical and analytical meth-
ods.

Vice versa a mathematic-statistical method allotsd of statistical models even
from relative large amount input data. The figurehbws influence of the operation
time on thickness layer [2, 5]. The anodic oxidatid process factors optimization has
been accelerated because of the need for improusrmoéprocess quality. Moreover,
the process features change drastically with elpxatess factors entering the anodic
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oxidation process. For such classic experimentaigde (fig. 1), some routine is

needed and it is not effective from the time pahtview. On the other hand, the
mathematical statistical methods the statistic rhddsigns outsourcing from the great
amount of independent variables [3, 4].

60

50

40

20

h = 2.4916+0.5000t [um]

t [min]

Figure 1. Influence of the operational time t [mat]the anodic oxidation process on thickness layer
[£m]

EXPERIMENTAL PROCEDURE AND ANALYSIS

In order to investigate the influence of anodicdakion process factors on layer
thickness full factorial design for four indepentlgariables has been designed. Full
factorial analysis was used to obtain the combamatf values that can optimize the
response, which allows one to design a minimal remdb experimental runs. Four
factors submitted for the analysis in the factodiesign of each constituent at levels [-
1; +1] are listed in the table 1.

Table 1.Experimental set up

Factors Factor level
Var. Terminology and dimension -1 +1
X1 Sulfuric acid HSQ, [1] 0.15 0.25
X, Aluminium Al [g.I"] 4.5 7.5
X3 Timet [min] 7 13
X4 VoltageU [V] 9 15

A tank with dimension 210 x 130 x 100 mm has bessdwvith volume of electro-
lyte of 2.2 |. Experiment was realized at constamperature of 21 °C, that had been
controlled by laboratory thermometer. Samples Haate been eloxed was connected
to anode and aluminum plates were connected ongicdeljustability unidirectional
voltage. The experiments were carried out basetheranalysis using Statistica 7.0
and Matlab to estimate the responses of the thgklagyer h|im]. A digital thickness
gauge MINITEST 400 has been used to calculate hiokrtess layer with 0.0Rm
precision of measurement. The measurement procedmsisted of measure variable
dependent h with replicates of 5-times yieldingtof 80 measurements.
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RESULST AND DISCUSSION

The quantitative description of the conditions effeon thickness laydr [um] was
performed. Response surface methodology is an emapimodeling technique used to
evaluate the relationship between a set of coatrt@dl experimental factors — inde-
pendent variables and observed results — dependeable thickness laydr [um].
The experiment results were analyzed using theysisabf variance. The regression
coefficients and equations obtained after analysisariance gives the level of signifi-
cance of variable parameters tested accordingude8t’s t-test. Obtained regression
coefficients that show no statistical significanicas been reject from the further
evaluation. All terms regarding of their signific@nare included in the following
equation (1):

1062,330 Xl90,484 )(357,798I01;;><4 85,94910gX3.10g X,

h

67,738 52,159 _, 98,745l0gx;+78193l0gXx, ( )

XX

These results can be further interpreted in thetBathart, which graphically dis-
plays the magnitudes of the effects from the resuiittained. Fig. 2a graphically dis-
plays the influence magnitudes of the effects, Wlace sorted from largest to small-
est, from obtained results.
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Figure 2. a) significance of evaluated factors dinelir interactions that affects the layer thicknass
[m], b) percent expression of the significance afated factors and their interactions that affects
the layer thickness hym]

From the Pareto chart is evident that the sigmificafluence that affect the thick-
ness layer have the interactiopx, (sulfuric acid, operation time and the voltage)
and the main effect,x the amount of the aluminum. With the raisinghe sulphuric
acid amount the conditioned value of studied depetdariable — the thickness layer.
The figure 4 shows the significance of the factord their interactions that affects the
layer thickness him]. As can be seen the most important factor affgdhe thick-
ness layer from controllable factors is the inteoac- x,X3x4 (29%). The second most
important factor is the amount of the aluminumhe electrolyte that significance in
percent proportion is 19 %.

According to (Fig. 3) as the amount of the sulfuraed and the voltage will be ris-
ing in the electrolyte, the thickness of the laydl be raising. The reverse trend has
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the influence of the aluminum amount in the eldgtey at which as the amount of the
aluminum in electrolyte will be higher the thicksesf the deposited layer will de-
crease.

H.S0, [1] Allg.M"] t [min] U[Vv]
10,00
i} [ - s
E ool BRFAT] [AFRp PR PR
= L\T T i ll

Figure 3. Plots of the main effect of the factarthe eloxal process on thickness layer

CONCLUSIONS

Technological process of anodic oxidation of alwmmand its alloys from the
point of view of created layer pursuant of realizegberiment is mainly affected by
interaction of the amount of sulphuric acid and dperation time and by the voltage.
With the raising of the sulphuric acid amount tleaditioned value of studied depend-
ent variable — the thickness layer. On the contraitir the raising of the aluminum
amount in electrolyte the value of the thicknesgetadecreases. Thickness layer de-
creasing on operation time can be explained byga®of creation and properties of
anodic layer, which is none conducted. In the anogidation process of aluminum, is
necessary to pay attention to identify the statthefelectrolyte, mainly the aluminum
amount and the amount of the overall and free suiplacid. Relative high influence
on thickness created layer has the electrolyte ¢eatpre that was constant at the ex-
periment. The total rate evaluated factors anch&urneglected factors that affect the
anodic oxidation process, by means of statistinalysis represent 54%. In further re-
search it will be necessary to study those factensch affect the created layer.

Acknowledgements: The article was written thanksupport provided by the project VEGA
1/4157/07.
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EFFECTIVE PROJECT MANAGEMENT

Projects taken in live give us opportunity to depebur business, experience, the con-
strains we are struggling keep us on track in agimg the goal. The road to success do
not need to be hard and painful, base on solid &nmeht of business philosophy can be
more effective. In effective chain of project mamagnt, the weakest link are people and
wrong interpretation of business philosophy by them

BUSINESS PHILOSOPHY ROLE

The most fundamental concept in the field of projaanagement is the idea of the
project itself. The project according to Projectridgement Institute and PMI Guide to
the Project Management Body of Knowledge or PMB@Ka temporary endeavor
undertaken to crate a unique product, servicegesult’ [1].Starting the project the
most important think is too base him on solid fundat of philosophy. However,
which is the best and can cover all area of busioeganization? There is one simple
way to answer on that question-only that philosoptays and is used daily which
gives the best results and is the most effectinee kerify everything, the best exam-
ple of that is Six Sigma which start in Motoroladacared company to success, the
same think with holding General Electric and Temir&ix Sigma is deeply under-
standing the potential clients needs, decide ufaots, data, statistic analyze in im-
proving and create business processes. Fortunezmagaeates every year the list of
hundred the best companies in the world- luckingwaem for question, way the finan-
cial company results are that good. The answethft question is in human nature.
Human evaluate, measure everything and calculatelime for them most suitable
way- in amount of money, they reject systems, wiaihnot profitable, effective like
for example quality systems like Reengineeringal Quality Management etc. 2008
“Fortune” magazine in Aerospace and Defense cayegie the first place Textron
for the Most Admired Company, the last year jumgnir seven place is one of the
biggest achievement in that business sector. Fair rifulti industrial company that
success is a grate achievement and effect of ingil&ation Textron Six Sigma system
for whole company. To explain way using Six Sigmago much we need go beck to
1947 and W. Edward Deming trip to Japan were heerige quality control tech-
nique. Deming train hundreds of engineers, managers scholars in statistic process
control (SPC) and concept of quality. Deming’s nagesto Japanese chief executive
was: improving quality will reduce expenses whitereasing productivity and market
share [2]. Deming start fallow the best way in bess the way voice of the customer,
Japanese automotive market demand was differentith&)S. Market was based on
small quantity, good quality of the product and Ipvice. The resold of that trim we
can see until now looking on company like Toyotazki, Honda, Sony, Panasonic
etc. Success of Japanese company change US emsgifiéeinking about quality, Ford
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Motor Comp. was one of the first corporations tekskelp from Deming. Since 1979
to 1982, Ford had incurred 43 billion in lossegra@eming start helping company.

"The prevailing style of management must undergogdformation. A system can-
not understand itself. The transformation requaresew from outside. The aim of this
chapter is to provide an outside view-a lens-theall a system of profound knowl-
edge. It provides a map of theory by which to uetderd the organizations that we
work in.

"The first step is transformation of the individud@his transformation is discon-
tinuous. It comes from understanding of the systémrofound knowledge. The indi-
vidual, transformed, will perceive new meaning ts life, to events, to numbers, to
interactions between people.

"Once the individual understands the system ofqunodl knowledge, he will apply
its principles in every kind of relationship wittther people. He will have a basis for
judgment of his own decisions and for transfornratid the organizations that he be-
longs to. The individual, once transformed, will:

» Set an example.

» Be a good listener, but will not compromise.

» Continually teach other people; and

» Help people to pull away from their current praeti@and beliefs and move into

the new philosophy without a feeling of guilt abthe past” [3].

PROJECT LIFE CYCLE

Project are usually divided into phases. Colletyivihese phases make up the pro-
ject live cycle. Industries, governments agenemisl business enterprise have their
own terminologies for explaining the project livgcte. Defense acquisition project
will go through the steps of determination of nossheed, concept exploration and
definition, demonstration and validation, enginegrand manufacturing development,
production and development. In generic way lifeleys divided on next four phases.

* [Initiation.

* Planning.

* Implementation.

* Closeout.

The key aspect of project management are the tdpiestrains, scope-cost-time
(Fig. 1). Each constrain is critical and relatedhe other two, changing one almost
inevitably change one or both of them.

Scope is the work or requirements,
which need to be accomplished to deliv-
ered a project. The Work Breakdown
Structure is essentially the scope statement
reduced to individual pieces of work. To

Cost build the WBS the team leaded by project

manager need to have full understanding

Fig. 1. The key aspect of project managemenyrpose of the project. They need to under-

stand voice of customer, which is the basic kegdbieve the project success. Under-
standing the customer give the team on the beginoirthe project had better view
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what resources they need and if time they haveffs&cgent. Statistic give us tool for
analyze and eliminate potential treat for the pb|i&ke FMEA. The biggest treat for
project are people, to much exaggeration guidargction where project do not need
to go. Developing objectives have big influenceatiner two constrains-time can be
expended and leads to thread of project accompi@ishecause the budget of the pro-
ject is not prepared for new tasks and cost relatedWVBS can take multiply form,
and each format has it own advantages. The two owsimon form WBS are in-
dented and graphic. Transfer WBS to Network Diagsiraws chronological work
packages brake down into activities relationshipveen scheduled actions. Network
Diagram work packages divide project into smalpstegraphic form show set of ac-
tivities in visible form. If we have A, B, C, D, E, G.

Table 1. Network Diagram work packages

Activity Predecessors Duration in workdays
A project start 1
B A 3
C A 1
D A 2
E Cand D 3
F B and E 1
G F 1

The fooling network diagram represents set of atéi in graphic format is pre-
sented in Fig. 2.

B
3 workdays

A 4

A C R E v F G
1 workday 1 workday 3 workdays 1 workday 1 workday

A 4

A 4

D
2 workdays

A 4

Fig. 2. The fooling network diagram representsadetctivates

The critical path for that project is A, D, E, G, and can be easy recognize like
the zero value for time float.

Effective project management is strictly relatedhwproper work breakdown
structure, work packages split project for smatlertion, which can be easier to man-
age and control by smaller team. Project managinglastic process and cannot be
stick to hard boundaries, with the time projeavslving not only because of develop-
ing work progress, but also because of new bussengirorment, which force to go
further and be more successful.

Backing to Six Sigma (SS) philosophy base on DemiiBgCA cycle or Shewhart
cycle named after Waltera Shewhart Deming mastan{Po-Check-Action), market
force on company has to be more competitive amdidite waste being six sigma ef-
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fective. Start analyze depending
151 Mean s on what area of Six Sigma we

cricag s are, for example Textron.

et N Company spread SS. fo

DFSS (Designee For Six Sigma
) for new process/ projects or
for calicle broken to grow and
innovate, DIMAIC (Define
Analyze Measure Analyze
Control) for improving existing
processes to reduce variability
and Lean Manufacturing to eliminate the waste.measure effectiveness of the proc-
ess in Six Sigma is use DPMO (Defect per MillionpOgunities) and after that
DPMO calculated in sigma’s where six sigma is 3PIMD. Elimination cause of de-
fects have directly impact for process effectiven@sg. work package ) part of every
project. To keep second constrain on track (Tirhe) Gantt chart is use to monitor
progress of project and status according to placeddule.

Status of the process capability (project partyigible way is shown on Gauss
chart (Fig. 3).

To successfully finish the project, all phasesitidtion, Planning, Implementation,
Closeout) need to be base on solid fundament ohéss philosophy and key aspect of
project management (triple constrains) related wetdom and people management in
organization.

High

Fel ative Freguency

L o 1587 13413 |.34131 1587 ez
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MANAGER ROLE

To accomplish project effectively in each processchto be eliminated the weak-
est link in the chain. People have the biggesuerite on project life cycle, project
manager is the most important person, which coatdirand take responsibility for
progress. Manager is a knowledgably person, whisters all aspect of project, most
of the time project team are divided on small teassponsible for parts of work.
Leader keep them of right direction of work, thgd@st threat for teams is fanaticism
of them self and colleagues. Way- even the besihbas philosophy can by destroyed
because of misunderstanding or bad interpretaticthemnry. Manager roll is to lead
team to achievable project goals. Six Sigma opesw door in managing, system
cover all aspects of managing in organization frdea to real action, service or prod-
uct using statistic tools known from decades. Re@gicept not complicated systems
,which can be easy visual, helps them in work, enakaser and more effective. Live
evaluate managing system very hard and Six Sigrast that exam. After improve-
ment Japans economy Deming was welcome in US Wik difference, Japan take
years to understand how important quality is, Acears take that decades.

REFERENCES

1. PMBOK Guide.
2.Deming's 1950 Lecture to Japanese Managemeanslation by Teruhide Haga.

3. 3. Deming, Edwards WThe New Economist for Industry, Government, Edanaftecond  edi-
tion, 1993.

108



The Sixth International Scientific Conference MECHANICS 2008

lvan G. GRABAR
E.G. OPANASYUK
E.V. ZABASHTA
Dima B. BEGERSKIY

Zhitomir State Technological University, Ukraine

MATHEMATICAL MODEL OF MOTION
OF PNEUMONIC TYRE ON DRY SOIL

Mathematical model of motion of pneumonic tyre on abil, which takes into account
the change of radius and rigidity of tyre is propdsExperimental data of dependence of
static radius of a tyre from tangent force are Eneted.

Essential contribution into the development of tiyeaf motor vehicle wheel pro-
peller, improvement of criterion of their operatiprocess was made by such scientists
as: Kosharniy M. F., Bezborodova G. B., Ageikin&/, Smirnov G. A. [1, 2, 3, 4, 5],
etc.

However, in spite of increase of information voligreout the mechanics of in-
teraction of the wheel propeller with hard basdasigs and deformed ground, the
main factors of its rolling, energy expenses onftrenation of the clutch power are
the focus of attention of many investigators.

While determining the clutch coefficient and theeffwient of resistance to roll-
ing, investigators proceed from different theortigrereguisites, that does not allow
to estimate the correctness of the well-known wagki Experimental data are rec-
cived with the help of different methods at uneqmadund conditions. Furthermore,
design formulas are just only for fixed processésnteraction of propeller with
ground and do not reflect the real couplings armations in “transmission — wheel
propeller — ground” system.

In many works the fact, that the power of frictioncontact of a wheel with the
ground depends only on characteristics of the gipisnmarked. At the same time in
works [8, 9], devoted to the ground mechanics #did that the properties of grounds
can be changed greatly under the influence on #@Esrof ground vibration. Figure 1
shows the dependence of vibroviscosity of sand fuilnational accelerations. It is
clear from the diagram that vibroviscosity coeiti which is very big for immovable
sand mass, greately reduces under the influenegbrdtions on it and achieves the
values which are equal to viscosity of some liquids
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Fig. 1. Dependence of coefficient of sand vibras#y from vibrational accelerations

Such behaviour of sand under the influence of wmnaas well as the onset of os-
cillations in contact of a tyre with the groundnist taken into account by formulas for
determination of the main parameters of interactba wheel with the ground. Fur-
thermore, the formulas do not take into accountdh@nges of elastic properties of
pneumonic tyre at joint action of radial and tartidead [11, 12] on it.

That is why mathematical model of interaction oflaeel with the ground is pro-
posed. The model takes into account not only tegaties of the ground but also the
properties of a pneumonic tyre. Fig. 2 shows desgreme of interaction of a wheel
with the ground.

Y

7z
7
.
7,
V4

/e S 77 //
Y0 Y 00 8 00 A8 00 S Y Y 0 A 00 A

Z

Fig. 2. Design scheme of interaction of a wheehwhe ground

Movement of a wheel can be divided into two altégdghases:
1) sediment phase, of which the following conditions jast;

O<st<ty

Mel =M g
0<Myg Mg,
ah = const

pt)=0

2) jump phase:
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tlStStz
Mel 2Mfr
MSISMfr SIVlsI’

ap =const

g(t)Z0

where M g|— moment of elasticity forcd; ; — moment of friction force] ¢ — mo-

ment of static friction forceqy — angular velocity of wheel axig(t) — angular shift
of external part of the tyreMg — moment of sliding friction forceM; - twisting
moment;G,, - vertical load.

Let’'s consider the second phase of wheel movemedtiail. Differential equation
of movement at the given conditions will be thddaling:

|¢W:Mt_Mfr' (1)

The torgue moment can be assumed through traaroe bn the wheel and its
dynamic radius:

With due regard for tangent stiffness of a tyretican force can be assumed as:

Pp =Cx (Pt —dw) -
In this case the moment of friction force on theselhwill be equal to:

Mg =Fgrqg.
The equation 1 will be:
I =Cxrg (ot —Pw) —Fgr, (2)
or:
| @+ Cul By = Cf Gt = Fie T . 3)

The received inhomogeneous linear differential @éqoas easily solved with the
help of standard methods [10]. Having done all ssagy transformations we’ll get the
total solution of the equation 3:
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@(t) =Cycosat +Co sinat + ¢Ot —i
. (@)

é)(t) = -Cywsinat + Cowcosat + gbo

: : Ny r
where(C,,C, — constants of integratiomy = \/IT

To find particular solutions we take the initiaht&ment: aj =0, the turning an-
gle and the angular velocity of the external pathe tyre are equal to zero:

4(to) =0
b(ty) =0

Substituting the given statements into equationseiget:

AF
C]_:— fl’.
Cx
b0
Co="+.
2 w

The final solution of the equation of wheel movemaill be the following:

AF / . AF
" cosat) - @sinw(t) Fpot-— ()
Cy w Cy

o) =-

whereAF¢ = Fgt — Fg) .

Friction force can be shown as a product of normmeattion of base surface and
friction coefficient:

Fq =Rf.

In this case normal reaction of base surface catebred as:
R=Gy +myg.

Or with due regard for redial stiffness of a tyre:
R=c,Ar.

So, the difference between the static friction éoand sliding force can be defined
from equality:
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AF g =c,Ar(fgr = fg)).

Then, the equation 5 can be written in the follaywway:

pt) = 7 Or (s~ for) coS@) -

X

300

%o

0 i s +_Cz - (6)
wsm(wt)+¢0t . Ar(fg — fg)) -

X

wn

Pa=0,2 MPa

260

A
S e

static radius (Re), mm
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i
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Fig. 3. Dependence of tyre radius ,Pirelli” 175/ 13 from vertical load at different values of
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Fig. 4. Dependence of tyre radius ,Pirelli” 175/ 13 from tangent load at different values of

vertical load on tyre
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It should be noted that the tyre radius is a véeiauantity, which depends not
only from the quantity of vertical load and radsiffness of a tyre, but also from its
tangent stiffness and a moment on a wheel. Thatig (c,;c,; Gy ). Radial stiffness

of a tyre depends on air pressure in a tyre afftiesis of tyre frame, and tangent stiff-
ness of a tyre — from its tangent deformation (hwarsgel):c, = f(Py), Cx = f(¢¢) .-

Fig. 3, 4 show graphs of tyre radius changes fremical and tangent loads and air
pressure in the tyre:

As it was shown in the article [12] static tyre itedcan be defined by empirical
dependence:

0< P, < 0,2064G,, +1959
1
Ry = TR Gw +Rg
z 7
P, >0,20645,, +1959 ' (

1 1
”:7P _TG +
Ri=g B, GwrRo

where R; - static tyre radiusRy - free tyre radius;P, - radial load; Py - tangent
load; c, - radial tyre stiffnesscy - tangent tyre stiffness.

Fig. 5 shows dependence of radial tyre stiffié8s— 195 andl — 288 from twist-
ing deformation

Cz, H/mm ] -

k- —-

mﬂ g2 &4 gF 48 10 A deg

Fig. 5. Dependence of radial stiffness of tyf&— 195 (1), —288 (2) from twisting deformation [1

Fig. 6 shows dependence of tangent elasticitytgfeall/] — 195 from twisting an-
gle at different vertical load.

It is clear from formula 6, that angular shift oiternal part of a tyre relative to the
wheel axis depends on relationship of its radial @mgent stiffness.

Fig. 7 shows graphic dependence of angular shiéxtérnal part of a tyre relative
to the wheel axis, from time at constant anguldoaity of a wheel axis and at differ-
ent values of relationship of its tangent and Hasgli#fness, received by equation 6

with due regard for tyre radius changes tangentwvantical loads and air pressure in
the tyre, according equation 7.
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05 8, deg

Fig. 6. dependence of elasticity moment of a #hff¢— 195 from twist angle at different vertical
load: 1 —2,9kN; 2 - 3,9kN; 3-4,9 kKN [11]
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Fig. 7. Dependence of angular shift of externaltdityre relative to the wheel axis, from time

CONCLUSION

1. Mathematical model, which describes the processtefaction of a single wheel
with the ground (not taking into account verticabrations caused by cushion
masses) is created.

2. Dependences of elastic properties of pneumonic g vertical and tangent
loads at their simultaneous operation, air pressutiee tyre, are considered.

3. The considered model allows to take into accouatgiound properties and their
changes, and also the change of tyre elastic prepavhile researching the proc-
ess of interaction of a wheel with deforming basd¢axe.
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LIFE CYCLE INCREASING OF MECHANICAL COMPONENTS
USING THERMAL COATINGS WITH RECASTS

This article concerned with proposition of fricti@md deterioration of functional com-
ponents surfaces in adhesive deterioration area @mact endurance. It's centered for
possibilities how to decrease deterioration anceasta life cycle of component choosing
appropriate material, component surface adjustment,abrasion-resistant coatings
painting with expressively better properties agalmssic material.

INTRODUCTION

Heating coating represent perspective technologyiging functional effective
coating using at many industrial branches. Thigilble, high-quality and economic
technologies allows optimally adjust componentsamgr properties to operation con-
ditions, what leads to life cycle extension, relip increasing and components
safety.

In experiment we used alloy powder based on nickéich are often used as
powders for paint coatings with recasts. For layeaking at functional surfaces, it has
advantages, at first, low fusion point, good adiedb base, surface smoothness,
choice of coatings combination at various hardreskability to get very thin layers.
It's produced in wide line with various hardness.

MATERIAL AND TREATMENT

Tested was coating given by firing spraying witide-up recasting of powder
from Vyskumny Gstav zvataky (Research Welding Institute) with working mark
NP 22 P 1155 in gradation 4fn + 5um . Powder material up-welding was realized
using equipment SUPER EUTALQOY JET at VUZ (RWI) Pratislava.Base material
was bar material sized d =55, L =150 from 12 &®el material (Pict. 1).

Testing disc samples was produced by TU — SjF Ko&tectro erosion cutting at
required size, Pict. 1, surface grinded with rowggsnRa= 0,a2m. Chemical composi-
tion of spraying powder is in Table 1.

Pict. 1. Tested sample
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Table 1. Chemical composition of metallic powder

Chemical composition of metallic powdeP 22 P 11 55

C
[%]

Si
[%]

Mn
(%]

P
[%]

S
[%]

Cr
[%0]

Mo
[%0]

Fe
[%0]

Vv
[%]

W
[%]

Cu
[%0]

Al
[%]

Ca
[%0]

Ti
[%]

B
[%]

Ni
[%]

0,21

3,52

0,07

0,06

D

0,07

28,85

1,3

2,63

0,01

0,0

N

3 0,0

09,02

0,01

1,48

81,0

Grains shape of this powder material is documeime®ict. 2. Powder grains
NP22P for flame spraying has regular globular paitte

Material prasku NP22P

Pict. 2. Detailed powder grains

Coating properties and follow-up functionality aknost resulting of interaction
between surface coating, composition and powdephadogy.

Prepared samples was tested in adhesive detesio@inditions for F [N] load at
range of 270N, 770N and 1170N on testing equigmA®MSLER, where tested sam-
ple is pressed to verge of standard rotating disepanion part made d#220 steel
material HV 823].

Pressure is providing by pressing the spring aridevaf load power is generated
to PC. During test it can constantly be measunetidn moment conclude by pressing
power, friction factor a diameter of companion pé# size in time is recorded to PC.
Friction pair is shown in Pict. 3.
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EXPERIMENTAL RESULTS AND DISCUSSION

Coating quality past deterioration was judged using optical micopgcmethod
on metallographic scratch patter structure. InRingt. 4 are shown crossing scratch
patterns of NP22P spraying with steady structurgéaiped scattered poruses.

Hard structural components are steady spitted akehimatrix. Coating is a good
guality. Poruses can relate to insufficient gre@seoval surface as before coating ap-
plication.

100x 150x

Pict. 4. Crossing scratch of NP22P coating /10@d 250 x/

In the Pict. 5 is NP22P coating structure with g#xgporuses in layer. Phase inter-
face layer (foundation in document photos is withexisting oxides, passing from
foundation to layer is continual).

1kl Ih0x

Pict. 5. Foundation layer

After recasting, the structure is steady with halndse splitter in Ni matrix. Micro
hardness value HV30 = 429 to 467 describes existimgme carbides. Weldment has
homogeny structure. Microstructure of coatings ars poruses and cavities, which
can create the initiation of fractures and micracks (Pict. 6) 34].
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Detailny zaber na povrch nistreku

Pict. 6. Detailed picture of spraying surface

Deterioration rating was done based on weight loss. Because of thismeage

measured the weight of companion parts before #ed deterioration. Results are
shown in Table 2.

Table 2. he weight of companion parts before and after detation

Sample FIN] Mofg] Mg | et
N2P 270 108.8164 108.8027 0.0137
N1P 770 109.1634 109.0858 0.0776
N3P 1170 108.7817 108.5837 0.1980

Impact of load size on weight lost was rated faquieed tests mode. Along was
executed analyze of structure morphological chamgesalso triboparts studying. In
Pict. 7 are shown graphical dependencies of wediggtt on load at F = 270, 770
and 1170 N. Samples were tested for 24 HRS at I®H.Rrriction track for tested
samples is33 914 m

grafické zavislos t hmotnostnych strat

0,25

0,2

0,15 -
B Radl
0,1
) .
| : :
270

770 1170
FIN]

hmotnostné straty g.1/10000

Pict. 7. Graphical dependencies of weight lost

As shown of Graph, samples on tests resist theideggon very well at load of 270 —
770 N. At 1170N load, deterioration was 14 timesagjthen at the first test on 270 N loads.
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Morphological changes analyzef surfaces and triboparts studying was executed
by stereo microscope, snapshots are shown in tie&iFiring spraying layers prop-
erties are strongly depending on spraying parameter

On tested samples was observed, recorded andbasét properties of coatings,
as is look, relation of coating, fusion with basel @o on.

W
L_‘l--: ﬁﬁ; :
N2P pri z&azi F=270N
Pict. 8. Snapshot of surface and flakes while |oaafeF = 270N

e
+
= i

At testing mode with F = 270 N load, coating shawsy good resist against adhe-
sive deterioration. Sample surface is smooth witlamy special roughness changes,
and surface topography contains marks after grqndmmples preparation. Abrasion
parts seem like soft flakes, Pict. 9, and are ssizesl.

H1P F= 770N

Pict. 9. Snapshot of surface and splinter whikdied of F = 770N

Snapshot of surface after 24 HRS test of F = 710ad, shows soft and uniform surface
roughage without any special defects. Productsetéribration have flakes character. While
this load, coating still good resisted to adhesigterioration and did not degrade. Pict. 10.

While F = 1170 N of load, surface topography isigml with intensive impact of
abrasive parts in contact zone and impact to degjaadof spray surface. Products of
deterioration has very similar plate shape, bt iélled up and has rugged surface,
what can related to higher pressure in contact.zone
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M3P F=1170H

Pict. 10. Snapshot of surface and splinter whibdkied of F = 770N

CONCLUSIONS

Functional coating NP22P, made by spraying on tee material, is with base
material joined homogeneously. Finished coatingampact, relation with base is
good. Results of laboratory tests of thermal cgatiNP22P deterioration are in suit
with abrasive resistance tests, made on FalexrtgStmsequent on tests, which sur-
face pressure above 500 MPa for status coatingémnigst high in tested grinding sys-
tem in dry grinding condition.

Thermal flame sprays NP22P based on nickel hasragigngood abrasive resis-
tance — adhesive deterioration, which is increatmggther with growing hardness of
coatings and are using in the case, where is nsdilple to make safe greasing and
where a greasing is disallowed. Considering thetwa and economical aspects, ap-
plication of these coatings is very important.
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EXPERIMENTAL ANALYSIS OF AlSI 304 SURFACE
IRREGULARITIES CREATED BY ABRASIVE WATERJET
BY MEANS OF 3D OPTICAL MEASUREMENT

The paper deals with experimental analysis of A@fface irregularities created by
abrasive waterjet by means of 3D optical measureéniBme surface irregularities has
been evaluated by static quality characteristice #rithmetic average height Ra, root
mean square roughness Rq and peak to valley hBigihhat has been obtained from 24
measurement traces. The surface irregularities Hsmen measured by means of contact-
less optical method, namely by using an optical mengial profilometer MicroProf
(FRT). The main emphasis is put on the analysiesilts for defining the process of
creation of a new surface generated by the strefraboasive waterjet, including its
geometric parameters and mechanisms of cuttingrtadkrial interaction.

INTRODUCTION

At present, more than 50,000 constructional mdte@ae known. This number
tends to increase rapidly. Most new materials anarf made” and designed by mate-
rial scientists to obtain specified properties. Mi@cturers are being confronted with
the need to adapt existing technologies or to agveew technologies for the specific
behaviour of these new materials 16. Because afhiégsacteristics, abrasive waterjet
(AWJ) fits this trend extremely well. The flexilifi and cool cutting characteristics of
AWJ makes it an effective tool for machining newtemels such as composites and
sandwiched materials that present special machipmofplems where the materials
with special properties are used. One of thesenadg is stainless steel. The aim of
this study is to experimentally investigate thefate irregularities created by abrasive
waterjet by means of 3D optical measurement.

RELATED AND PREVIOUS WORKS

Surface irregularities in the form of striationsdamughness have been ongoing
problems associated with (AWJ) cutting of enginegmaterials. The causes of these
surface defects that put multifaceted limitationstioe wider use of the AWJ technol-
ogy in industry have been the subject of a largmber of investigations [1-3]. A
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number of mechanisms that are thought to cause thleserved striations and rough-
ness on the cut-wall surfaces have been proposediiyus authors who conducted
studies in this area [4, 5]. In AWJ machining, therkpiece material is removed by
the action of high-speed water mixed with abragaeticles. A high-speed waterjet
transfers kinetic energy to the abrasive partieled the mixture impinges on to the
workpiece [6, 7, 10, 11]. The material removal riatdependent on the abrasive attack
and mechanical properties of target metal. The AVadhining process is defined by a
number of parameters, which in turn govern the nateemoval rate and the devel-
opment of the characteristics of the surface. Asmerable effort was made in under-
standing the influence of the system operationat@ss parameters such as waterjet
pressure, abrasive flow rate, standoff distancebar of passes on depth of cut, angle
of cutting, and traverse speed [5, 11, 13]. Thelteof the studies showed that the
AWJ machining is significantly affected by the \aion of process parameters. How-
ever, the degree of influence of parameters dependke magnitude of parametric
variation and machine ability of the material (Fig. Traverse speed of the jet has a
strong influence on the surface finish of the wagkp and material removal rate [15,
16].

p - pressure

|| — ~liquid phase
7@} solid phase l | fluid phase

= ‘iu Focucing tube

V - traverse _ _ AW tool
- rate ma- abrasive
mass flow
e Hp @
il shape©
workpiece f(dp)

iI_L.
¥

Fig. 1. Cause of the surface irregularities at afixe waterjet cutting. p — pressure [MPa},-ddia-
mond orifice diameter [mm], - abrasive mass flow rate [g.mih d, — abrasive particle diameter
[mm], H, — abrasive hardness; d focusing tube diameter [mm], v — traverse spleech.min'], z —
standoff [mm],p — angle attack [?],0— angle deviation [°], ¥%; — retardation of cutting front, Ra, Rq,
Rz — surface profile parameterari]

According to Ojmertz [15] has shown that low traaeespeeds result in an irregular
surface morphology and significantly increased mia@teemoval rates but despite this,
lower surface roughness values are observed. Favlak [15] have shown that low
jet traverse speed not only results in high mdtegimoval rates, but also in high sur-
face waviness. But according to published resepeagers, there is necessary to take
into account more factors together or hydro-medwarsutting process depends on a
large number of process factors such as waterymesasrifice diameter, standoff dis-
tance, abrasive and material feed rate etc. [16].
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EXPERIMENTAL PROCEDURE

A two dimensional abrasive waterjet machine Watings used in this work with
following specification: work table x-axis 2000 mmgaxis 3000 mm. The high-
pressure intensifier pump was used the IngersaldRatreamline model with maxi-
mum pressure 380 MPa. As a cutting an Autolineiroggithead from Ingersoll-Rand
head has been used. Standoff distance z = 3 mmablafactors have been pressure p
= 200 - 350 MPa, orifice diameteg d 0.25 mm, abrasive mass flow ratg m300 -
500 g.mirt, focusing tube diametef & 1 — 1,2 mm, and traverse speed v = 70 — 120
mm.miri*. Specimens have been made from following matévi@l 304. Cut surfaces
of the square samples were prepared accordingsigrdef experiments. The proper-
ties of each sample are: the length of 20 mm, tigghwvof 20 mm, and the height of 8
mm. The Barton Garnet was used as abrasive matevith MESH 80. From each
abrasive material 10 samples were cut to be ardlydee surface quality of each side
of the samples was measured by an optical methind as optical commercial pro-
filometer MicroProf (FRT). From 24 depth traces édeen obtained the surface pro-
file parameters Ra, Rq and Rz (Fig.2)

B : ]
O Spektrometer |

0,25 mm

10 mur

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
L

23mm | 23mm | 25mm | 20mm | 25mm | 25mm | 25mm | 2mm

Fig. 2. Depth traces, where have been obtainedtinface profile parameters Ra, Rq and Rz

RESULST AND DISCUSSION

On the contrary, results obtained by an opticafilmmeter MicroProf (FRT) show
that more detailed information on the initiatiomneocan be provided. From the me-
chanical point of view, this entry region is of iorpance to the subsequent clarifica-
tion of a mechanism of material removal and thdanqttion of AWJ-material interac-
tion in this initiation zone (Fig. 3a,b). From tpheactical point of view, it is then nec-
essary to talk on impacts on the quality of outritrol of products machined. In our
opinion, in the mechanism of origin of newly genedasurface topography, the initia-
tion zone cannot be ignored. This is the first aohtvith a disintegration tool, which
is here a high-energy jet of the mixture of wagar,and abrasive. In terms of descrip-
tion of AWJ spread and degradation, it is possiblebserve some phenomena (Figs.
3a,b) i.e. the initiation zone with a steep incessRa, Rq and Rz values. Then, after
exceeding the modulus of elasticity and overcontitggtotal resistance of material in
the initiation zone, there is a sharp drop in R@aRd Rz values.
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Fig. 3. Experimental plot of surface of profile pareters Ra, Rq and Rz, related to depth obtained
from 24 measured traces from surfaces created by différent experimental condition

This phenomenon is related to the fact that a remowaterial from the sidewalls
entered the jet when passing through the entrygfamaterial;, an abrupt oversatura-
tion took place and also a contrast division ofsgeticture into the inner core and the
external envelope with a high concentration of siveagrains lagging behind the inner
core. In the external envelope, the kinetic compomé hydraulic energy transforms
quickly to the potential one similarly to the cadenydraulic water shock. By the po-
tential energy excess, a deeper groovg having, vexwa rather smooth trace will be
formed, to which the optical device will respond &ydecrease due to a low Ra, Rq
and Rz value. The initiation zone is characterisgdbsses of energy of the jet due to
collaring the material, overcoming the elastic timii material and energy stabilisation
of hydraulic and hydrodynamic conditions of the, ¢utther the zone with a high pro-
portion of strain energy in the creation of so-@alsmooth and transition zones and a
zone with a lower proportion, or shortage of stranergy, which corresponds to the
deformation zone. What is a specific of surfacesegated by means of AWJ is the
fact that they are rough. Thus they may be regaageslurfaces produced by various
classical technologies, such as collaring intorttagerial in the initiation zone, grind-
ing (high-energy area-zone) and machining in theliome part of the cut, across the
area of rather rough turning, planning and rougtssing at the end of the cut.

CONCLUSIONS

The main task of the paper was to bring the detddeowledge about the inter-
action of abrasive waterjet with cutting materialorder to describe the basic geomet-
rical properties of topography of surfaces produsgdhe AWJ technology, an optical
commercial profilometer MicroProf (FRT) has beeredisOn the basis of optical
measurements the values of Ra, Rq and Rz rougimesisition to the depth of cut h,
have been evaluated. It has been proved the eséstaninitial zone. Further the sur-
face profile parameter will be statistically anchtically processed for optimising the
technology, improving the quality of output contamdd studying the mechanism of
disintegration interaction between the high-spelegsve waterjet and the material
machined.
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CHANGE OF THE MOMENT OF INERTIA OF V-TYPE
CRANK-CONNECTING ROD MECHANISM
OF INTERNAL COMBUSTION ENGINE

Mathematical model of change of equivalent momentinertia of V-type crank-
connecting rod mechanism of piston internal combnstngines from the angle of swing
of crankshaft is proposed. All wide-spread schemied/-type crank-connecting rod
mechanisms are analyzed, and adequacy of the gieeiels inKOMI14C-3D V8 system
is checked.

ANALYSIS OF THE PROCESS OF CHANGE OF EQUIVALENT MOM ENT
OF INERTIA OF V-TYPE CRANK-CONNECTING ROD MECHANISM  OF
PISTON INTERNAL COMBUSTION ENGINE. RAISING THE TASK OF
RESEARCH

It is common when designing internal combustionieeg (ICE) to consider the
equivalent moment of inertia (EMI) of crank-connegtrod mechanism (C-CRM) to
be constant [1-5]. It is known, that while incremsithe mass and dimensions f
CRM elements the EMI will also increase. This atdtuences the torque of ICE. It is
necessary to measure the torque of ICE, and thimme with the help of different
techniques.

Mathematical model of the process of change of BML-CRM for monocylinder
and multicylinder piston ICE was considered in risbi®-9]. Dependence of EMI of
central C-CRM of monocylinder ICE, which has onandr of R radius without coun-
terweights, and also connecting rod and piston grdtom its mass-geometric pa-
rameters (MGP) (ie: density mass of connectingmgddensity mass of piston group
m,, density mass of one crami, ratio of crank radius to the connecting rod léngt
Arelative distance from axis of piston pin to tleaite of mass (CM) of connecting rod
X, relative distance from crankshaft axis to thetmenf mass of connecting rod with-
out counterweightg, length of connecting rod, piston diameteD,, crank radiusk,
central moment of inertia (CMI) of connecting rigd CMI of crankl, and CMI of pis-
ton groupl,) was determineckg-nf:

| =Acos’¢p+Bcosg+C +1,+1, +1,, (1)
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where A = LSBD,,ZRZ(m,, +my, (1- 2’%)) ,  B=157D,R(L(m, +my)-m,x, ),

2 + _p?2 + _o XL _ 2
C :0179Dn2[|— (mn mw) R (mn my, 2 L k mK)]

+ mwXL(XL - 2'—)

To make analysis and comparison of different C-CRIre convenient it was
proposed in [6] to estimate the change of EMCefRM for the period, using coeffi-
cient of change of EMI of C-CRM of ICE:

| max ~ I 'min
g =l lon @

p

where | __ — maximum EMI of C-CRMkge nf; I,,,— minimum EMI of C-CRM kge
m’; l,,— Mmedium EMI of C-CRM for the period of its changgs nf.

In [7] was proposed approach for choice MGP C-CRME,| which provides the
minimum of coefficient of change of EMI of C-CRM BEE

In work [8] the change of EMI of C-CRM of most wideread in-line piston ICE
was considered. It was also proposed to estimat@ehod of its change according to
formula:

_360°
B ®)

wherek — the quantity of noncoinciding half-planes, whate formed by the axis of
rotation of crankshaft and by any point which istle@ axis of crankpin, pcs.

It was determined that coefficient of change ofiegjent EMI of C-CRM for in-
line piston engines takes the following meanings thken MGP [9]): one- and two-
cylinder C-CRM of ICE with the angle between cra@&9° —J, =0,958, four- and

two-cylinder C-CRM of ICE with the angle betweeramks 180° 6, =0,138, five-
cylinder C-CRM of ICE ¢, =5,31<10°, six-cylinder - =0,01, eight-cylinder —
J, =0. Adequacy of mathematical model (1) of the fowinder in-line ICE with the
help of KOMITAC-3D V8 system was checked. It was determined ttzadmum rela-
tive error of mathematical model [9] relativelydata ofKOMITAC-3D V8 system for
a revolution of crankshaft constitutes 1,02 %, ammbefficient of change of EMI of C-
CRM with a flywheelg, =0,075.

Since inconstancy of EMI for a revolution of crah&# influences torque of ICE,
the task of the given research is the determinaifoquantities and periods of change
of EMI of C-CRM of V-type ICE relatively the axid arankshaft depending on turn-
ing angle.

SUMMARY OF THE BASIC MATERIAL

Different schemes of C-CRM of multi-cylinder pisté@E [1, 2] are known, that
Is: single-row, V-type, opposite, W-type, H-typeangular, star-type etc. [11].
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In order to use mathematical model (1) to schemeéstype ICE, it is necessary
to find the sum of EMI of C-CRM of each cylinderpgmding on turning angle of
crankshatft.

To find EMI of V-type ICE use the scheme (figur@, Which is analyzed as two
in-line C-CRM with included angle of cylindeys

Fig. 1. The scheme of determination of EMI of C-C&tM-type ICE

It is clear from figure 1, that to find the totaME of all cylinders it is necessary to
know relation between turning angles of crankdhefright and left rows of cylinders,

¢n=y+¢n_¢K1 (4)

where ¢, - turning angle of cranks of left row cylinderstatning of right row cranks
to ¢,, °; ¢.- angle between cranks, y: included angle of cylinders, °

In order to compare different schemes of V-type RMCwith the help of coeffi-
cient of change of EMI of C-CRM of ICB, , let’s take analogous MGP of C-CRM of
ICE [9].

The initial turning angle of crankshaft is angle=0°, when the piston of the first
cylinder is in top dead centre.

Four-cylinder V-type engine with the angle 90° kesw the rows of cylinders and
angle 90° between crank$, 2]. Taking into account (4) the law of chandgeEMI
will be the sum of laws of change of EMI of C-CRNM aanks of cylinders 1, 4 and
EMI of C-CRM of cranks of cylinders 2, 3, shiftem 180° (fig. 2) kg-nf:

| =4{Acog g+C+1, +1,+1) (5)
In this case coefficient of change of EMI of C-CR¥MICE J, :

A

Z]: (Acos,2 &, ) (6)

i=0
j +C+|m+|n+|K

wherej — quantity of meanings of turning angle of cranksfa the period of change.

5I=
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Fig. 2. Change of EMI of C-CRM of V-type four-cgiéns ICE (included angle of cylinders -90°
angle between the cranks-90°)

For values of MGP of C-CRM of ICE [3] without flywlel the coefficient of
change of EMI of C-CRM four-cylinder V-type ICE cstitutes), = 0,138.

It is clear from fig. 2 that the law of change d¥ilEand coefficient of change of
EMI of C-CRM of ICE §, for four-cylinder V-type C-CRM of ICE coincides thithe

law and quantity of coefficient of change of EMI©@fCRM of ICE and the period of
change for in-line four-cylinder ICE with the andl80° between the cranks [9].

Six-cylinder V-type engine with the angle® 3&tween the rows of cylinders and
the angle 120° between the craiks?2]. For it the law of change of EMI is the swin
laws of change of EMI of cranks of the right rowtbé fifth cylinder, the forth cylin-
der shifted to -120°, the sixth cylinder shifted+t20°, and the left row of the second
cylinder shifted to -30°, the first cylinder shifiteo -150°, and the third cylinder
shifted to +90°. After transformation, taking irgocount (4),the total EMkg-nf:

| =3(A+2(C+1, +1, +1,)), (7)

Analysis shows that in this case EMI is constaogfficient of change of EMI of
C-CRM of ICE is¢, =0. But according to [7], coefficient of changeENI of C-CRM
of ICE is ¢, =0,0071. The period of change of EMI, which is 120°

Six-cylinder V-type engine with an angle® &@@tween the rows of cylinders and the
angle 60° between the cranks, 2]. For C-CRM of such ICE the law of change of
EMI is the sum of cranks EMI of the right row thehicylinder, the 6-th cylinder
shifted to +120°, 5-th cylinder shifted to -120hdathe left row of the 1-st cylinder,
the 2-nd cylinder shifted to -120° and 3-d cylingaifted to +120°. The total EMI of
the given C-CRM is calculated as in the previowseaccording to (7).

According to [7] the period of change of EMI is 228nd so, the coefficient of
change of EMI of C-CRM of ICE & =0,01.

Eight-cylinder V-type engine with the angle 90twe=n the cylinder rows and the
angle 90°between the crank4, 2]. The law of change of EMI is the sum of taof
change of cranks EMI of the right row of the 6ettinder, the 5-th cylinder shifted to
-90°, 8-th cylinder shifted to +90°, 7-th cylindghmifted to +180°, and the left row of
the 1-st cylinder, the 2-nd cylinder shifted to $9e 4-th cylinder shifted to +180°
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andn%the 3-d cylinder shifted to -90°. The total EMI the given C-CRM will be,
kg-nf:

| =4(A+2(C+1, +1, +1,)), 8)

For the given scheme of C-CRM EMI is constant, ¢befficient of change of
EMI of C-CRM of ICE is¢, =0.

Twelve-cylinder V-type engine with the angle 6@tween the cylinder rows and
the angle 120between the cranks (table. 1). In this case tiweofachange of EMI is
the sum of laws of change of cranks EMI of the trigiw of the 9-th and 10-th cylin-
ders, the 7-th and the 12-th cylinders shifted 1t#0°, 8-th and the 11-th cylinders
shifted to +120°, and the left row of the 1-st &ath cylinders shifted to -60°, 3-d and
the 4-th cylinders shifted to +60°, 2-d and theéhSylinders shifted to -180°. After
mathematical transformation the total EMd-nf:

| =6(A+2(C+1, +1, +1,)) (9)

In this case EMI is also constant, the coefficiehtchange of EMI of C-CRM of
ICE is ¢, =0.

(CKOMMAC-3D V9 (3ALUMTA) - [MeM3-969Komnac.a3d]
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Fig. 3. The research of EMI of C-CRMMEM3-96U from the turning angle of crankshatft in
the KOMITAC-3D V8 system

For checking of mathematical model (5) of EMI charaf multicylinder V-type

piston ICE the three-dimensional computer modelCe€RM of 4-cylinder ICE
MeM3-969A in the systenKOMITAC-3D V8 [12](fig. 3) with parameters , which the
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plant-producer specifies was created. The crankisad R=33 mm specific mass of
connecting rod isn,= 154,747 kg/fh specific mass of piston is,=111,724 kg/r,
relation of the crank radius to the connecting letgyth is1=0,232, relative distance
from the axis of finger to centre of mass of thareecting rod i=0,787, relative dis-
tance from the axis of crankshatft to its centrenas ik=0,059 the piston diameter
is D,=76 mm moment of inertiaelatively to the axis, which goes through centre o
mass of the connecting rodljs=2,4 10° kg-nf, moment of inertia of the piston group
is 1,=4,61:10* xg-nf and moment of inertia of the crankshaft with thavheel is
1,=0,036kg-nf.

Having analyzed the data of computer experiment @exkloped mathematical
model (5), taking into account that centre of makshe piston group lie§,62 mm
higher then the axis of a piston finger, it wassidared that the maximum relative er-
ror of EMI change at turning angle of a crankshaftl,23%, and a coefficient of
change of EMI of the given C-CRM & =0,061.

It is clear from fig.1 and (7, 8), that the perimidEMI change of V-type C-CRM of
ICE can be defined with the help of (3), usingeitative to one row of cylinders as for
in-line ICE.

The results of the research are shown in Table 1.

Table 1. The EMI change of C-CRM of V-type ICE

o = The size
> The formula] © «=
= v o T O of EMI
T O for definition| © o o The formula for the
& ©|The scheme of cran s o - I . of C-
5 € of the period & < < |definition of coefficient of EM
o= arrangement Qg= CRM,
o O of EMI o< u change
e h o £ © 5|
= change, =
ER
1,2 3,4 5 = ] A
1 4 AcoL
4 7230 | 480 ZO( cof g 0,138
) 2 j +CHI, +1,+1,
Y

1 2 3 e 4,5, 6
<]1§
2,5
6 , ) =360 120 —~ 0,0071
[} >
6 @) T= 360 120 - 0,01
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Continuation of Table 1.
1,234 HWR5678

) Z \ _ _ _ O

Note: valuesd, are calculated for the following MGP of C-CRM (rtaking into

account the flywheel): radius of the crankRis= 40 mm specific mass of connecting
rod ism, = 176,1 kg/m, specific mass of piston i, = 111 kg/m, specific mass of
one crank of the crankshaft without counterweigts, = 184,1 kg/m, the relation of
the crank radius to the connecting rod length 0,286 the relative distance from
the axis of the piston finger to centre of masshef connecting rod ig = 0,75 the
relative distance from the axis of crankshaft totee of mass of the crank without
counterweights i& = 0,59 the piston diameter B,= 70 mm moment of inertiaela-
tively to the axis, which goes through its centfeanass of the connecting rodlis=
2,7510° kg-nf, moment of inertia of the piston groupljs= 2,5510* xg-nf and mo-
ment of inertia of the crank without counterweigtst, = 1, = 4,3910" kg-nf.

CONCLUSIONS

1. All wide spread schemes of V-type crank-conmgctiod mechanisms of inter-
nal combustion engines from the point of view chreppe of equivalent moment of in-
ertia of crank-connecting rod mechanism are andlyiteis considered that to deter-
mine the engine torque it is necessary to takeaotmunt the inconstancy of moment
of inertia of the given engines from the turningylenof the crankshaft, which is actual
for the internal combustion engines with V-typent&@onnecting rod mechanisms and
the quantity of cylinders up to 4 inclusive.

2. It is determined that the coefficient of chafiequivalent moment of inertia of
crank-connecting rod mechanism for V-type pistorgiees (at accepted mass-
geometric parameters) changes: Four-cylinder viighangle 90° between the rows of
cylinders and the angle 90° between cranks =0,138, six-cylinder with the angle

90° between the rows of cylinders and the angle® 1B6étween the cranks —
J,=0,0071, six-cylinder with the angle 60° betweea tbws of cylinders and the an-

gle 60° between the cranks3-=0,01, eight-cylinder engine with the angle 90° be-

tween the cylinder rows and the angle 90° betwherctanks, twelve-cylinder engine
with the angle 60° between the cylinder rows aredahgle 120° between the cranks —
J, =0.
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3. Adequacy of the developed mathematical modeletérmination of moment of
inertia after the example of V-type engineM3-969A with the help ofKOMITAC-
3D V8 system was checked. It was considered thatntximum relative error of
equivalent moment of inertia change at turning ergjla crankshatft is 1,23%, and a
coefficient of change of equivalent moment of ireexf the given crank-connecting
row -9, =0,061.

4. It was determined, that the offered formula defining the period of change
equivalent moment of inertia of in-line crank-cootieg rod mechanisms can be used
also for V-type, substituting the meaning of quigndf noncoinciding half-planes,
which are formed by the axis of rotation of thenkighaft and any point of the crank-
shaft crankpin, which is on the axis, only for @aes of cylinders.
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PHYSICAL AND NUMERICAL MODEL
OF THERMOMECHANICAL BEHAVIOR
OF COOKING VESSEL

The paper presents elements of balance laws ofintmmh mechanics necessary for
proper modelling of cooking vessel. The problenhaatd must deal with multiphysical

behaviour that involves both thermal and mechanmcatiel. Coupled nature of the prob-
lem is solved by the separation of problem into 8equential steps. First step is the
thermal step that gives temperature distributiomtiyhout the cooking vessel. Upon cal-
culation of temperature field, stresses are caltedaThe mechanical phase involves cal-
culation of permanent strains. Upon definition diypical model, constitutive model is
briefly presented. The proposed procedure is \estifin the one geometry of a cooking
vessel.

INTRODUCTION

Almost old as mankind, cooking vessels are indispble part of our lives. So,
one could expect that their design is perfecteduiin the centuries that passed. But,
this is far from true; in every household thererisvas some cooking vessel that is de-
formed due to various reasons. Development of capkessels is mainly based on
experience and empirical techniques. A little d@fftais been done to provide a proper
thermomechanical model of a cooking vessel.

This can be attributed to the rather complex issbhas must be addressed in the
appropriate thermomechanical model. Such probleamsbe rather computationally
intensive, see [1] for example. Problem must sédveemperature distribution that is
used a starting point of mechanical calculatiorerial part of the problem must also
provide suitable boundary conditions. On the otkard, mechanical part will involve
material nonlinearity - plastic deformations.

This paper starts with the presentation of basieslaf continuum mechanics.
These are starting point for the model at handcesthe problem is of coupled nature
and involves both thermal and mechanical modellfagiliarity with these laws is
crucial. After brief introduction to continuum metics laws, discussion about mate-
rials used in cookware follows. Finally, a casedgtpresents the model into details.
Behaviour of a cooking pan made of thin stainldeglds analysed by the finite ele-
ment model. At the end, some conclusions are drawn.

137



Scientific Bulletins of Rzeszow University of Techology No 231 Mechanics 68

ELEMENTS OF CONTINUUM MECHANICS

Temperature distribution is the most significargdmg if cooking vessels are con-
cerned. Therefore, before mechanical quantitiesaleilated, temperature field must
be obtained. As a starting point, we use the kst of thermodynamics or balance of
energy equation in the most general form [4]:

%E+MVQ:%&C+%R (1)

In the above equatida is internal energy per unit mass, is reference mass den-
sity, Q(X,t) is heat flux vectorS is second Piola-Kirchhoff stress tens@r,is right

Cauchy-Green strain tensor, DIV is divergence dpenaith respect to the reference
configuration and?(X,t) is heat input per unit mass. Helmholtz free eneésglefined

as:
W=E-N§ )

where N is entropy andd temperature. Without going into deeper analysis,just
briefly state that this equation can be rephrastmthe following form:

: . 1.
PoON = P805) ~Diear* Po80 4 + 3 5:C | @)

where Do, iS mechanical dissipation. Briefly speaking, ttdem describes heat re-

lease during plastic deformation. Breakage of atiise bonds during plastic strains is
the source of heat. In most cases, 85-95 % of kh&tip power is transformed into
heat; the remaining part remains frozen in thetatyattice.

Some other standard terms can be introduced, namely

c=60%,¥ (3)

specific heat at constant strain, while
1 .
H = —6’66{58: C- Dmech} (4)

term is known as elastic structural heating. Tkisnt describes phenomenon widely
used in thermodynamics of gases — drop in pressugas is accompanied by the de-
crease of the gas temperature; also if the pressiws@me gas in increasing, tempera-
ture rises too. The same effect is present in solktbwever, when solids are con-
cerned, this term is frequently neglected. Paridy] in the case of steels, stress varia-
tion of the order 1 MPa leads toward variationemperature of 1 mK.

After some additional manipulation the temperawelution equation is obtained:
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PoR-DIV Q = pOC9+ PoH ~ Dech (5)

In the cooking vessel analysis, elastic structhedting can be neglected. Also,
mechanical dissipation due to plastic deformat®also very small compared to the
other heat inputs in this problem. Therefore, wtawbthe final form of the tempera-
ture evolution equation:

PoR-DIV Q = p,ch. (6)

Above equation is augmented with the suitable bamndonditions, like convec-
tion and radiation to the environment:

QS =h(g® -6°)+«lo" -69) (7)

where first term corresponds to convection and rsgd¢erm to the heat exchange by

radiation. 8° is given temperature of the environmefit, temperature of surfacé
given temperature of external radiative souttés convection coefficient and is
radiative coefficient.

Mechanical part of the problem is governed by thiafice of momentum:

0oV =DIV P+ p,B (8)

Here P(X,t) is the first Piola-Kirchhoff stress tens@(X,t) are body forces with re-
spect to unit mass andis velocity. It is not purpose of the paper atdhémgo further
into details of continuum mechanics. We will jusiefly note that evolution equations
for plastic flow are obtained from the principlemmximum of plastic dissipation.

CONSTITUTIVE MODEL

Constitutive model for thermal part of the problerbased on the standard Fou-
rier’'s law of heat conduction. Heat input is rer@gd by the electrical cooking plate,
while heat is released into the environment throcghvection and radiation. Station-
ary heat flow is considered.

Mechanical model involves temperature dependencgladtic modulus and flow
properties. Plastic model is based on the von Mysad criterion and mixed harden-
ing rule. Since both change with temperature ire#eauch behaviour is also incorpo-
rated into the model at hand.

MODELLING OF HEAT SOURCE

Modern cookware assumes energy input from thresilplessources: heat released
during burning of gas, through the use of electgistivity or by microwave radiation.
Heat does not flow uniformly through the bottomawmioking vessel. In the case of
burning of gas, flow of heat can be representecibyularly distributed hot spots -
flames. This situation is rather complex to mo&snificantly simpler is the situation
with heat released due to electrical resistivitgui$e of heat is a spiral placed into a
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heating plate. This case also does not producemmiheating field, since there are
areas on the heating plate where spiral is notepteand consequently heat flow is
lower. However, if the steady state heat trangf@oncerned, due to high heat conduc-
tivity of metals, it is reasonable to assume thresttlow is uniform through the heat-
ing plate with satisfactory accuracy.

MATERIALS USED IN COOKING VESSELS

Materials used in cooking vessels have to solversévssues. As explained ear-
lier, heat inflow is often non-uniform. Situatiorrc be alleviated with materials that
are good heat conductors, like metals for exan@fdurther interest is heat capacity
of metals. Higher heat capacity means longer tilmbeat up cooking vessels; there-
fore metals with low heat capacity are preferradctmokware.

Most often used metals for cookware productionséaenless steel, cast iron, cop-
per, aluminium and carbon steel. All of them hawens specific advantages and
drawbacks. From these, copper have the highesticdeat of heat conductivity and
lowest heat capacity, making it an ideal selectidowever, on the other side, it is
very soft material, easily scratched and can beceésgd with health problems. Cop-
per is also rather expensive metal, so its apjpdicatin cooking vessels are limited.

Aluminium also posses advantageous thermal condiycénd low cost compared
to the copper. Although aluminium has highest dpeheat capacity of all mentioned
metals, due to its low mass, cooking vessels canraglate very small amount of
heat. Therefore, aluminium cooking vessels fredyentolve thick structures in order
to reach reasonable heat capacity. However, corbisawith stainless steel can also
lead to high costs. Aluminium can be also assodiaféh health issues.

Cast iron is inexpensive material, but should benexiled. Due to manufacturing
limitations, it is produced thick, what combinedthwhigh density and high specific
heat capacity leads to very high heat capacityesel. This results in uniform heat-
ing, but longer heating and cooling time. Carbaekis also low-cost material and is
produced in thin sheets. Unfavourable thermal bieaveads to non-uniform tem-
perature distribution.

Stainless steel is very popular selection todath@lgh his thermal properties are
rather poor (lowest heat conductivity and high luegaacity), it is reasonably priced. It
can be combined with aluminium and copper whatiBaamtly improve its thermal
properties. Resistance to corrosion and reactauigyvery high, it is easy to clean and
aesthetic appearance is very favourable.

CASE STUDY

Case study involves analysis of cooking pan maduiof sheet of stainless steel
EN 1.4462. Thickness of pan is 2 mm, diameter efltbttom is 18 cm. Behaviour of
cooking pan is investigated in the most criticaliaion — dry pan, without any ingre-
dients. Steady-state heat transfer was considemedhe thermal part of analysis, fol-
lowing material parameters are selected: heat wdimh coefficient is

A =15W/mK, heat flux at the bottom side of pay=47157W/mK (this should

model heat input through the electrical heatingnelet of 1200 W), heat convection
coefficient @ =90 W/m?K for the elements at the pan’s bottom and for &t ele-
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ments a = 28 W/m?K . Emissivity coefficient for all elements was takasis =01 .
Initial and environmental temperature were °®0 Contact with cooking plate is as-
sumed to be ideal.

Problem was numerically solved by the finite eletnemethod. Standard 3D
isoparametric finite elements were used. From tkehanical point of view, problem
was separated into two steps. First step solveaempeature, whereas second one
gives displacements and stresses.

Analysis was carried out for the stationary heatflnd obtained temperature dis-
tribution is given in Fig. 1.Maximal temperatureabtained at the centre of the pan,
while minimal temperature was obtained at the eafgidne pan. It may be concluded
that obtained temperature is distributed as expecte

1923

1629

1334

104,
7454

451

Fig. 1. Temperature distribution fi€; upper side of cooking pan

Obtained temperature distribution was used asdirgdor the mechanical phase.
Pan was loaded by the 10 consequent heating/cotdimgerature cycles. Develop-
ment of permanent deformation was monitored.

Materials properties for stainless steel EN 1.4462levated temperature were
taken from [2]. In particular, Young modulus is:

E(T)= 227(1—T9_—0é2j, [GP4

Poisson’s ratiov =0,3, temperature expansion coefficiem=130I10'7]/ °C.

Used stress-strain curves at different temperaamne@gpresented in Fig. 2.

Obtained results in the mechanical phase are pexbém Figs. 3-6. Deformation
plot indicates forming of the convex bottom, sola@l“belly”. Such deformation is
clearly unwanted in the cookware. Deformation tetmdsicrease with number of cy-
cles. However, it is expected that after certaimber of cycles deformation with start
to converge to certain shape. It should be notatlaesumption of ideal contact be-
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tween pan’s bottom and cooking plate brings som@®in the analysis. In the case of
cooking plate, development of the convex bottoni lwilver heat input in the subse-
guent cycles and therefore lower the amount of peaent deformation. If the source
of heat is burning of the gas, then heat input vathain approximately the same in
subsequent cycles.

500 1 ——550
700 /= e 2 ——1450
600 -—Kf’f"?-’r—-’:; 3 320
s 500 |- 4 —220
S 5 150
g 400 630
300 7 —22
200 -
100 -
0 ; . . . . .
0 2 4 6 8 10 12

Strain %

Fig. 2. Stress-strain curves for EN 1.4462 at déife temperatures{>O00

Fig. 3. Deformed shape of cooking pan after 10ingat cooling cycles

Regarding residual stresses, Fig. 5-6, they tenapfear at the edge connecting
bottom and the side of cooking pan. Maximal valfteralO cycles is about 130 MPa.
Small zone of residual stresses also appear a&thtee of the pan. Principal source of
plastic strains are large temperature gradientisamegion.

It should be noted that this case study involved w&h a thin bottom. Thicker
bottom should alleviate the problem. Further reductof plastic strain should be
achieved if the normal cooking application is cdesed — meaning with thermal
model if food is used.

142



The Sixth International Scientific Conference

MECHANICS 2008

0,13
0,12

0.11 M_A—-—"’
0.1 ’*/‘_,’-'"
0,09 ¥

0,08

0,07 /
' /
/

0,06

0,05

0,04 l

0,03 /

0,02 /
/

0,01

displacement of the pan's centre, mm

5 6
cycle

Fig. 4. Vertical displacement of the pan’s centseaycles

164785760

154619264

-y

4
.
i
“

Y

52854300

42787804

32621308

22454812

12288316,

2121820

Fig. 5. Residual stress in cooking pan after 1deydower side of pan

0.000594

0.000857

0000186
0000148
0000111

00000743

00000371

0
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CONCLUSIONS

Paper presented a model for simulation of thermtaeical behaviour of cooking
vessel. Although cooking vessels are in used faturees, a little effort has been un-
dertaken to develop such model. Paper presentetfaoverview of continuum me-
chanics balance laws upon which the model is b&ech laws are basis for discreti-
zation by the finite elements. Besides physical gemity of the problem at hand,
boundary conditions are also of special importaiites is especially true for thermal
phase where as a heating source electric cookatg plas considered. Implementation
of gas combustion as a heat source brings up sortteef complications which were
not subject of this paper. Beside this, further nowements of the model can be di-
rected to include adequate food model and nonsgtyoheat transfer that occurs dur-
ing rapid immersion into water, for example.

Presented case study clearly demonstrated thatlrhetaves as expected. There-
fore, it can be applied for simulation of thermoimagical behaviour of other cook-
ware.
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DYNAMICS OF THE MOBILE TWO-SKIVING BLOCK
IN THE HOLE'S CUTTING

Because of the mistakes in the technological systetine hole cutting by the mobile two-
skiving block is given a fluctuation in the depthcatting, respectively in the action
forces. In the present work are established theeddpnce between foreesperating
over the mobile block through cutting and mutuaigposition of the block and cutting
hole in the plane of the measure’s formation YOZ.

INTRODUCTION

Holes’ processing with high requirements of dimensiand shape precision is one
of the constantly live problems in the up-to-daychiae building.

In machining deep holes the practical applicati@vehskiving tools with two
blades, which are opposite located in one commaickblvith possibility for free
movement in a plane perpendicular of the machinang axis [2, 3, 6]. By neglecting
friction forces in guides, the mobile two-skivingpbtk will be in ceaseless dynamical
equilibrium with radial direction. This describeyg the equality of the two opposite
operating radial cutting forces [1, 5]. In realctimstances a perfect equilibrium is not
realizable because of the resistance of the frdiwces against the radial movement
of the mobile block and the deflections of the syimy axis’ machining hole toward
the machine turning axis, as well as of the blaxation toward its two axes, a result
of mistakes of the location of the detail and t@old of the tool processing. As a result
of these deflections this is a variation of the magle, direction and proportion of the
active (cutting forces) and reactive (friction fes§ forces, which are caused move-
ments of the block in a radial and tangential dioec[4, 6].

The aim of the present work is to determine the grolead of the mobile two-
skiving block in the hole’s cutting depending om treciprocal location of the block
and the machining hole in the plane YOZ in whioh dimensions are created.

EXPOSE

When deep holes are machined by the skiving rodnawinile two-skiving block it
is an ideal case in which the symmetry axes obthek (C) and detail’'s hole(d3) co-
incide with the machine turning axi®) (Fig. 1). In this case the forces, which cave in
the skiving rod, are absent or slight.
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In the reasons, which are mentioned in the introdacthe symmetry axis of the
cross-section of the hole in each moment from tig #&®ed of the tool doesn’t coin-
cide with the machine turning axis. Let us assuna¢ shape deviations of the hole in
this section is are slight and the turning freqyeotthe detail is a small it is obvi-

ously that through one full turning of the detailind the axis”? of the machine the

hole’s axis of the detaif> will describe a circle with a radius, equal of thensitory
deviation e between the two axes (Fig. 1).

Fig. 1. Scheme of the hole’s mashing with a madhbiteskiving block: 1-detail; 2-skiving rod; 3- skiv
ing block

In Fig. 2 it is presented the one of the three iptsgases, in which the centre of
the block symmetr{ coincide with the turning axis of the machi@e Through one
full revolution of the detail it can describe gedrwl all possible locations of the
hole section of the detail toward to two-skivingdk. On the figure are presented the
four borderline cases through axes Y and Z by thmission that the block with di-

mension L+ = AB is immovable toward the skiving rod and elastifodmations are
zero. It is not difficult to determine that the gims 1 is identical with 3, and the posi-
tion 2 - with 4.

Fig. 2. Borderline positions of the detail's hol@wan immovable two-cutting block
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In these circumstances there will be fluctuatiohshe cutting depth respectively
of the cutting forces which will be depend from 8giee of the work adjusting dimen-
sion of the block i and of the deflection e. And fluctuations will bgger in tangen-
tial directionOz, than in radial directiofy.

If the Fig.2 is considered with mobile cutting tot¢he striving for balancing of

the radial cutting force§v and Fve will lead to its periodic movement toward the po-

2 4
sitions 2 and 4 of the detail’s hole so that thetreeC to coincide With03 and O, )

The movement is realized under action of the fcﬁgé =|FYA_ FYB| and it continues

>F, F

until it is performed the circumstan&@ , Where " - is the friction force be-

tween the guides and the block (Fig. 3). Wik < FTP-, the block stays immovable
toward the skiving rod.

The turning of the detail’s hole from the positidrio 3 or from 4 to 1 leads to in-
crease of the cutting depths, which reflects ower gower loading and the circum-
stance of the block equilibrium.

For determination of the power dependences, whrehrasults from the non-
coincidence of the axes there is made geometniedysis of the forces (Fig.3), which
are acted over the mobile block, for the positidiordn the Fig.2. Besides the already
indicated restrictions it is accepted that the tutiing parts have same geometry and
wear intensity and their apexes lie in a planepg@edicular toward turning axis of the
machine. It is accepted that the cutting depthd®two cutting parts are the same and
the changes of their geometry are slight.

From Fig. 3 it is obviously that as a result of theflection e of the axi§ toward
the symmetry axi?f of the detail’s hole the cutting depthincreases witit . More-
over there increase the cutting forces and it gpta diameteP = L« + 28t | addi-
tion the radial cutting force§va and Fve arouse the origine of cross forcgsH and

Fe. , Which going in direction, opposite to the defiente.

Fig. 3. Scheme of the power loading of the mohdekothrough deflection toward the turning axis in
tangential direction
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The increased cutting forces can calculate by titeevk empirical dependences [7]
_D-D;,

tg =

t, =
if we determine the increased cutting depﬁt 2 whereD is the transi-
tory diameter of the machined hole.

From the geometrical drawing in Fig.3 it has

L, -D

t, =ty =t+At= + At

, )

At:o;”B—L—H
2

and . (2)

3
From the right-angle triangl@?GB

2
03B =,/0G? +BG® = 1/(%‘*) + e’
, 3)

2
A=t 14 (Ej -1
2 L,,
and . (4)

After substitution of (4) in (1) and transformation

2
t, =ty = LH 1+(%J —%
H

®)
With known cutting forces we can write that
b :
F:I =FRasing , Fe' =Py Slngl/’ (6)
5 W= arctgE
where fromAOBGB, Ly

As the position 3 from Fig.2 is a moment from theform turning movement of
the detail in the indicated direction, then fronstposition forward the conventional
equality between the cutting forces will upset. Tetail’'s hole will move to position

4 and the block — to the cutting pBrtunder action of the forcEFv . Moreover the
Ly, - D,

cutting depth decreases and reaches to minimurre valu2 when the detail’s
hole holds a position 4.
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Through the full turning cycle of the detail routik axis© the cutting forces pe-
riodically change its magnitude and in this wayytlheing influence over the friction

forces, which are opposite again the movementebtbck in direction®r . With the
described construction of the guides that ardahses Fre4 and Fres (Fig.3), which
are caused from the tangential cutting for€esand Fz2, as well as the friction force

FTP-X, which is caused from non-marked of the figuressagutting forced xa and
FXB

The total resistance force from the friction betwdélee block and the guides will
be

Fio =Fpa t Frog * Frox (7)
The friction forces can be received through theedeences:
Fros = Fanll: Froo = Feall.
Frox = (Fxa * Fro )t (8)

where# is the coefficient of the friction between thedk and its guides.

For the determination ofrs and Fre - the couple forces, which are balanced the
moment of the action of the tangential cutting é&sr@and the cross forces we use the

circumstances for equilibrium of the forces through axis©z and of the moments
toward the axi€.

[(FZ'A + F:I )+ (FZIB - FBH )]L7H _IE(FRA + FRB): 0

Foat FAH —Fat FBH +Fgg —Fz; =0 (9)

where | is the length of the guides.
According to the proposition for equilibrium of tkatting forces and Fig.3

Fon=Fz =F,cogp. Fy, =F,=F cogp.
F. =F)' =F, siny (10)

As a result of calculating of the system (9) andoading to (10) and (6) we re-
ceive
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L ) L .
Fen :l—” F, cosy + F, sing; Frg :I—H F, cosgy — F, siny 11)

After substitution of (11) and (8) in (7) and rendg the account that

Fia =Fxe =Fx the expression for determination of the totaltivic force gets the
form

L
Fp = Zy[I—H F, cosyy + F, J

CONCLUSIONS

Through machining with mobile two-skiving block then-coincided of the turn-
ing axis of the machine and the symmetry axes @bfithe hole cross-section and the
tool leads to periodical variation of the cuttingpths respectively the cutting forces.
Their maximum values are got when the fluctuatietween the axes is in a plane,
which is perpendicular to the direction of the eddhovement of the block. The aris-
ing in this plane cross forces have one-way ac#ind cause curving skiving rod’s
load. It is proved that they don't exert influermrethe total friction force between the
block and the guides. The sensitiveness of thekdimt¢he difference between the ra-
dial cutting forces depends on the fluctuation a@tbyeflection on the magnitude of

the cutting forcesz and Fx.
With these results can expect that the non-coidcimfethe mentioned axes will
lead to appearance mistake about shape of crossrseghich expressed by increase

of the diameter of the machined surface in direcfi. In the case€®=C the in-
crease will be symmetrically in the two directioirsthe rest cases it is expected non-
coincided with more strong marked of the diametethie direction of the centr@
moving toward the axi®.

(12)
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PARAMETERS OF THE CUTTING LAYERS
WHITH TURNING BY ROUN CUTTING INSERTS

Abstract: In this paper the motives of round cutinsert’s using with machining of tubu-
lar surfaces by cutting are explained. Here worksdependences which present the re-
lation between the area, physical and technologi@abmeters of the cutting layer de-
pending on the inserts’ nose radius. Restrictivewrnstances are showed in and they fix
the mode of the cutting layer’s section.

INTRODUCTION

The using of round cutting inserts for cutting ghiedrical surfaces find compara-
tively diffusion in the machine building practid@ne of the main reasons about this is
a result of the circumstance, that through increélasecutting depth and the insert’s ra-
dius it grows vastly the width of the cutting lagéthe length of the cutting edge’s ac-
tive part). This leads to great cutting forces aimrations’ rise in the technological
system, which make worse the machining conditiard the quality of the receiving
surfaces. In the other side through increase ofatieis decrease the values of the rake
and relief cutting edges. This leads to varioug&f. Through decrease of cutting
edge anglex, the thickness of the separated chigecrease too and their width b in-

crease. With decrease of cutting edge anglehe thickness of the separated chip
decrease too and their width b increase. With deseref end cutting edge angte

decrease the height of the non-cutting of areasthe geometrical and from that the
true roughness of the machining surface. Thesectsffere especially optimum for
deep apertures’ boring, where the main problenuismeunting the low performance
of the process. Its successful decision requireease of the feed. In this way the big
nose radius of the insert ensures receiving ohiasiide chip, which is convenient for
a reliable transportation out off the cutting alsathe cooling fluid, as a compara-
tively small roughness, which is suitable tonext finishing machining or for final
processing according the technical requirements.chimse of a suitable nose radius of
the round cutting insert for the concrete machirgmgumstances requires recognition
of its influence over physical parameters of th#ieg layer [1,4,7], from which de-
pend the specific cutting force respectively théiog forces of the three machine’s
axis.
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The size of the physical parameters depends frarekments of the cutting re-
gime, too — cutting depth t and feed S, which arewkn as technological dimensions
of the cutting layer. In this case the physicabpagters give better notion for the form
of the cutting layer and the occurrence in theingtarea. Here the relation between
the physical parameters and technological dimess®more complicated and the de-
gree of their reciprocal dependence is influencethfnose radius of the round cutting
insert [5,6].

There exist theoretical investigations [1,2,3,5hish in one or other degree dis-
close the indicated relations but in the most céiseie are only partial results. There
the section of the cutting layer is consideredoaséd by cutting edge with rectilinear
and curvilinear cutting elements or the theoretingéstigations are missing of suffi-
cient thoroughness and precision.

EXPOSE

The main prerequisites in the present investigaienthe following:
» The cutting edge of the insert, which go in a conteith the detail’'s mate-
rial, are the part of a circumference;
* The conditional apex of the cutting part lies i tiorizontal plane, which is
contained the mandrel’s axis;
* The cutting edge inclination is 0°;
* The elastic deformations of the cutting and macigrsurfaces are ignored.
With these circumstances the turning passes binguif a layer, which has com-
paratively complicated in the cross-section sh#@meording to the accepted defini-
tions in the cutting theory, this layer is descdbeith the following dimensions:
thicknessa, width b and area f, which are called parametéth® cutting layer. The
occurrences that accompany chip’s separation ateeidirect dependence as from the
values of this parameters as and from the sectsimge of the cutting layer. In the
Fig.1 it is showed with the outlineBCD, which is got from the movin§ of the cut-
ting insert with radiuRk and centreD,, in the direction of the feed, till the position
with centreO in the frame of reference)y. Moreover, the cutting contour of the in-
sert is divided from the conditional apB8xo two sections — cutting edge (the d®)
and end cutting edge (the &¢€).

Fig. 1. Section of the cutting layer with roundtmg inserts
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The thickness of the cutting layer is measuring kkdistance between the inter-
section’s points of the radius with centre painand the contouABCD. Its current
sizea;=MN is changed from 0 in the pointsandC till a,.in the pointD. The sizes
of the cutting edge angles are variable, too.

The current sizes of the cutting edge angiesand the end cutting edge angles

grow up from zero at the ap&x duly to x, and «;, at the pointd andC. These maxi-

mum angles are in the direct relation from the elet®s of the cutting regime and the
nose radius of the insert. They are received bylgmalculations and are accepted as
geometrical parameters, which describe the cuttorglitions.

By the right-angled triangleFO (Fig.1) it cants to determine, thatA\OF =&
and

. FO R-t
K =arccos— =arccos—— (1)
AC R

In the same placelIBOC=00CQ=«, and from the right-angled triangleQC

0OQC=«, = arcsin%. From drawing it is obviously theQ = 0, =§ ,a 0OC=R.

Moreover here receives
o S
k.’ =arcsin— (2)
2R

The knowing of the cutting edge angle% and «° enables to determine the width
of the cutting layer, which is a sum from the arcs

AB = Rk, = EK:’ 3)
18C
and
BC= Rk =R 4o (4)
180

wherek, andk, are in radians.
When

b, = AB+BC = %:\)C(Kf’ +Kr'°) (5)

whereb, is the width of the cutting layer ia, =0°.
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The variable mettle of the width of the cutting daymposes this parameter to be
presented with its average valug. The complicated shape of the cutting layer’s sec-

tion is a reason for its determination to use thgethdence

(6)

av

U|—h

0

where f =f,,, IS the area of the cutting layer’s section.
According to Fig.1, for determination of the afeat can express by areas with the
following symbols: f,ge = f,; foee = Tops = 27 focer = f21 Torco = f4s fosco = fs-
Moreover it is obviously that

f=f -2f, (7)
and

h
2

f, =

- f, (8)

After substitution of (8) in (7) it is receiving
f =2f, 9)
The areaf, with some approximation can calculate from theriala

f, = BF.FG =t§ (10)

and, under what after substitution of (10) in (89 guested area is
f=tS (11)

The final formula is analogous with this, from whits calculated the areas with
rectilinear cutting edges and it can use for pcattlesignation, but without recogniz-
ing the influence of the nose radius over the eatdishape and measurement of the
cutting layer. From this reason the formula givghktly inflated values.

If the formula (11) and formula (5) are substitubedhe formula (6) for the thick-
ness of the cutting layer is got the following appmate dependence

180t S
R (Kf +Kr'°)

= (12)

aav

For an exact determination of the cutting layersaathe ared, can be got by de-
pendence
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f,=f - f, (13)

According to Fig.1
f, = (R-1) (14)

The areaf; is got by integrating the equation of the circurafee with centre

point O in the frame of reference)y. Under this the determination of the integral has
the form [4]

S

2 2 S

f. :J' R? —xzdngxl R* - x? +R7arcsin% 2 (15)
0

o

After substitution of the limits

S $? R?
fo=>
4

R* - = +—arcsini (16)
4 2 2R

If the formula (2) is substituted in (16) and tak&® consideration the fact that in
the determination of the integral the angles rbesin radians it is received

. S IR

f =S
> 4 4 360

R K® (17)

Dependences (14) and (17) are substituted in @) from there in a dependence
2
(9) and as takes no account of the expres%enthe formula of the cutting layer’s

area takes on the appearance of

k° -S(05R-1) (18)

On the bases of formulas (18) and (5), which atestswted in (6), the average
thickness of the cutting layer is

Rk ° —1?;38(0,5R—t)
- | 19
acp K: +Kro ( )
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The expressions (18) and (19) allow exact calcwéthe indicated parameters of
the cutting layer and research of their bearingeddmg on the complex influence of
the insert’s nose radius and the elements of tttenguegime.

From Fig.1 follow that the maximum thickness of tutting layera,,x can specify
from the formula

a,., =LD=R-0D (20)

From the right-angled triangt@FD

oD =+/(R-t)? + DF? (21)
For determination of the segmeDF it is necessary to find abscise of pdhin
the frame of reference)y. For the aim it is calculated the system, whicbasmpound

from the equation of the circumference with cemqtognt O, and the equation of the
straight line4dF. The system has the form

(x-sf-y*=R?

e (22)

The roots of this quadratic equation are

X, = S£4/t(2R-1) (23)
It is obviously that the demanded abscise of pirg the segment

DF = S-,/t(2R-t (24)

After consecutive substitution of (24) in (21) and(20) and transformation, the
formula for determination af,,,, takes on the appearance of

8, = R—yR? + S - 2St(2R -t (25)

The thickness of the cutting layer in unspecified point from cutting edge&” can

find [5] as difference between the insert’s nogBusand radius-vector r, which in po-
lar coordinates of the frame of referend@y determines the position of the contour
ADC and itsa continuation cross the edge&”. Moreover the orthogonal co-ordinates
of these points are

X=Tr.cos¢ u y=rsing (26)
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where ¢ is the angle, which is located between the plusction of the polar axi®x
and the radius-vectaor

For determination of r in the pafD from indicated contour we use the equation
of straight line
y=R-t (27)

from which, after substitution of in the formula (26), we receive

R-t
r=

== - 28
sing (28)
According to the exhibited approach
a =OM -ON=R-r (29)
through this, after substitution of (28) in (29)
a =R-~t (30)
sing
If the angle parametef express the cutting edge angle
¢ =90+«k, (31)

the formula for determination of the current thieka of the cutting layer in the section
AL of the cutting edge takes on the appearance of

a=R-—_ (32)
COSK

WhereK:max <Kroi <Kro

For the determination ok; . we can use the right-angled triangléD, from

where

DF

K. o = arctg— . 33

r max gOF ( )

From Fig.10F = R —t andDF is define from formula (24),after it is substitdte
(33), but before this it multiplies with -1, to ems positive size of the segment.
Moreover the formula for determination of the auftiedge angle corresponding
amaxtakes on the appearance of

1/tiZR—ti—S (34)

K, . =arctg =

r max
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For determination of the radius-vector r in thetisecDC we use the equation of
the circle with centre poir®, in the frame of referencey:

(x-S)+y* =R’ (35)

from where after substitution of (26) in (35) aradving the final quadratic equation
we receive

r = Scosg ++R* - S?sin’ ¢ (36)

When, according to (29) and (36), the determinatibg; in the sectiorLC of the
cutting edge can define through the dependence

a, =R-S.cosp —/R* —S*sin’ ¢ (37)

Similarly, in this case the final formula for tharcent size of the cutting layer’s
thickness is received after substitution of thelamarameter in formula (37), but
for the particular segments of the cutting edgexjpresses through different cutting
edge angles:

» For the segmeritB from the cutting edge angle is took from (31), with which

a, = R+ Ssink; —\/R2 -S*cos K, (38)

where0<«; <k, ;

 For the segmemC from the end cutting edge angle= 90— «,", with which

n

a, =R-Ssink; —\/R2 - S*cos k; (39)

where0<«; <k
It is obviouslye, that withk; =«; =0 from last both dependence we receive a
thickness of the cutting lay®P at the conditional apeX

a, = R-JR?-&? (40)

Besides, formula (38) takes one more opportunitydietermination ofzpay, if in
it's the current value of the cutting edge anglsubstituted with this one from formula
(34).

Up to here, the presented dependence for detelioninat the cutting layer’'s di-
mensions are worked out with the premise that tigded, = 0°. With round cutting

inserts its change is implementing by inclininghe axis plane, at that the cutting and
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end cutting parts of the cutting edge take on seahges A, # 0" — Fig.2. This affects
to thickness of the cutting layer through the dejeece

Fig. 2. Situation of the round cutting insert withitting edge inclinatiordg # 0

b
b=—2 41
COSAg (41)
at this according to formula (6)
2, = (42)
0
In this case, after substitution of (5) and (18}48)
Rk, COSAq —@(O,S—t)cos/]S
8, = R (43)
K +K

r r

CONCLUSIONS

Turning with round cutting inserts is describedhadomplicated section shape of
the cutting layer. Important precondition for areat choice of the regime parameters
and nose radius of the inserts is the knowing thesigal volumes and especially the
thickness of the cutting layer.

Here are deduced dependences which allow with icgcito determine the pa-
rameters of the cutting layer and in particulathiskness for each point of the cutting
edge. This is allows to analyze the possibility ¢bips separation along the all its ac-
tive part.

Here are analyzed the circumstances for the riseoohal and opposite section
shapes of the cutting layer and are determinedirthies of their existence in depend-
ence on feeding as a factor from which depend tbéyztivity of the machining.

On the basis of the receiving dependences it isgsary to accomplish theoretical
and experimental researches, which to lead to ipedcpplicable results. These re-
sults must allow prognostication of the technigad aconomic parameters by the turn-
ing with round cutting inserts.
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EVALUATIONS OF PROPERTIES OF CLINCHING
AND RESISTANCE SPOT WELDING

The paper deals with evaluation of properties d@fitomade by clinching and resistance
spot welding. Clinching method is a relatively newhnique of material joining which is

beginning to find its place in the automotive indyss an alternative to resistance spot
welding, especially in joining materials of diffetethicknesses and qualities and with
various surface treatments. The advantages andldea#ages of clinching and the pos-
sibilities of its usage in the automotive indusarg described in the paper. Deep drawn
steel sheets of various thicknesses, qualitiesvandus surface treatments produced for
the automotive industry by U.S.Steel Ltd. were deedhe experiments. Samples with
single clinch joints, double clinch joints and sdespwith single resistance spot welded
joints were prepared, whereby various combinatiafsthicknesses and qualities of
joined materials were used. The influence of theegh position in clinching of materials

of various thickness considering the active paftshe tool i.e. punch and die was ob-
served. Consequently the carrying capacities aifctlijoints and spot welded joints were
evaluated and compared.

INTRODUCTION

Material joining technologies influenced by devetemt of automotive industry in
recent years have experienced new tendencies lapeng new joining techniques
and modifications of existing joining techniqueseiids of material saving and energy
saving are applied in car body production. Car pobdn with lower weight and con-
sequently with lower fuel consumption is followiegological demands of emission
reduction in the environment. Due to the demanesetlis a new need of joining of
materials of various thickness and quality (welbwm project UltraLight Steel Auto
Body — ULSAB), coated or uncoated and also ferraod non-ferrous materials [2].
Their application in automotive industry opens tieav possibilities for the designers
in optimal using of properties of various sortssbeets which can be combined to the
one unit and possibilities of influence of strengthughness or corrosion resistance in
various parts of pressed material. The cheapestsican be situated in the common
parts of pressing, quality sheets can be situateitie critical places of deformation
and high-strength sheets can be used in the expguaeds due to demands of con-
struction [3].
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The above mentioned demands lead to the need thiefuresearch in the area of
material joining with the accent mainly on carryiogpacity of joints, their lifetime,
eventually corrosion resistance.

One of the joining methods used in automotive itryus clinching. This method
should be used as an alternative to resistancevegding, especially in joining of
galvanized sheets and in the situation where dalsatelding cannot be used.

The contribution deals with evaluation of jointsdaaby clinching and resistance
spot welding.

MATERIAL AND EXPERIMENT

For particular joining methods deep-drawn steeeshE&N FePO4, EN FePO3, EN
FePO2 and galvanized steel sheet EN FePO5G of tgeb.RoSice Ltd. production
were used. Their mechanical properties and chemsmalposition given by the pro-
ducer are shown in table 1 and table 2. Thicknesksased sheets werg 2 0,62; 0,7;
0,76; 0,8; 0,9 and 0,98 mm. Average thickness ¢ zoating of EN FePO5G was
22 pm.

Table 1. Basic mechanical properties of used steels

Material R 2 max. Rm Agg min.

EN FePO4 180 270 - 330 40

EN FePO3 200 270 - 350 38

EN FePO2 240 270 - 370 34

Material Re Rm Ago min.

EN FePO5G 140 - 260 270 - 380 30

Table 2. Chemical composition of used steel sheets

Material (thickness) C[%] |Mn[%]|Si[%]|P[%]| S[%] | Al [%] [;2] V [%] [’;l/(t:i
EN FePO4 (0,62 mm) | 0,05 0,27 0,01 | 0,013 0,014 0,039

EN FePO4 (0,7 mm) |0,05 0,20 0,01 | 0,01| 0,015 0,040

EN FePO4 (0,80 mm) | 0,04 0,162 | 0,06 | 0,008 0,0065 0,043

EN FePO4 (0,90 mm) | 0,04 0,18 0,06 | 0,008 0,006 0,043

EN FePO3 (0,7 mm) |0,03 0,2 0,006/ 0,008 0,008 0,048

EN FePO3 (0,8 mm) |0,03 0,15 0,006/ 0,008 0,008 0,042

EN FePO3 (0,9mm) |0,04 0,3 0,005/ 0,008 0,01 0,042

EN FePO3 (1,00 mm) | 0,083 0,332 | 0,005 0,009 0,0126 0,043

EN FePO2 (0,76 mm) | 0,037 0,13 0,005 0,012 0,0086 0,045

EN FePO5G (0,98 mm)0,07 1,54 0,4 0,01| 0,0032 0,052 0,013 0,07 0,051

Following combinations of steel sheets for bothhods of joining were used:
EN FePO3 (@= 0,90 mm) and EN FePO3&0,70 mm) - samplé
EN FePO4 (&= 0,90 mm) and EN FePO4&0,62 mm) - samplB
EN FePO3 (@= 0,80 mm) and EN FePO2%&&0,76 mm) - sampl€
EN FePO4 (@= 0,70 mm) and EN FeP0O4 0,80 mm) - samplP
EN FePO5G (@ 0,98 mm) and EN FePO3,&0,80 mm) - samplE
EN FePO5G (@ 0,98 mm) and EN FePO4,@0,62 mm) - samplE
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The samples of 40 x 90 mm dimensions with the lemjtlapping 30 mm were
used for the experiments. Five samples were prdgaresvery combination of sheets.
Surfaces of samples were cleaned with acetonededsrstance spot welding, but be-
fore clinching no surfaces cleaning was necessary.

Clinching was performed on the tension machine ZDo#t Werkotoffrufmaschi-
nen Leipzig company with the loading range of 4Q KiNe force needed for joining
was in the range of 14 — 19 kN in dependence ohtgaad thicknesses of joined ma-
terials. The force for blankholder was 8 kN. Thigpes of samples were made by
clinching: samples with single clinch joint, sangplgith double clinch joints and sam-
ples with single clinch joint in combination of gte B and F, where orientation of
joined material was being changed considering tepwand die.

For resistance spot welding, spot welding machifRe1B.27 of BEZ Bratislava
and welding electrodes of CuCr material with diaanetf working surfacegd= 5 mm
were used.

The following welding parameters for resistancet spelding were chosen:

1. For combination of samples consisting of unabateets:
Compressive force: Fz = 2,0 kN
Welding time: t = 8 periods (1 period = 0,02 sets)n
Welding current: |1 =8 kA
2. For combination of samples consisting of unabated coated sheets:
Compressive force: Fz = 2,2 kN or 2,0 kN (for lp&es)
Welding time: t = 9 periods or 8 periods (for Frgdes)
Welding current: 1 =9 KA
Carrying capacities of joints made by resistana® syelding and clinching were
compared due to standard STN 05 1122 — Tensileofegiot welded joints. This test
was used for discovering the maximal carrying cascof spot welds and clinch
joints in tensile stress. After tensile test, vioia coefficient y, which represents
regularity of ripping of welding nugget was obsatv&he test was carried out on the

testing machine for determination of strength otateeTIRAtest 2300 made by VEB
TIW Rauenstein in loading speed 8 mm / min.

RESULTS AND DISCUSSION

In resistance spot welding, two types of joints @avebserved: fusion welded joint
and cold welded joint (Fig.1 a,b). Diameters of geig of fusion welded joints did not

fall under the minimal allowed limi#t./a, , where a is thickness of the sheet. The

variation coefficient y did not exceed the maximal allowed limit 7%. Caldlded
joints were observed in samples C and D. Loweryaagrcapacities of these samples
were measured too.

Concerning the clinch joints, various values ofrgiaig capacities of B and F sam-
ples with single clinch joint were measured. Instheamples, the position of materials
towards the punch and die was altered (table 3.sEmples where the thinner of the
two joined sheets was on the side of the die @himigher carrying capacity in com-
parison with the samples, where thinner sheet wab® side of the punch (Fig.1 c,d).
It was caused by unequal thinning of sheets ircthieal area of clinch joint (Fig. 2).
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Table 3. Percentage comparison of carrying capasif thinner sheet on the die side)

Average values of carrying capacities

D%

- samples| samples| samples| samples| samples !
Type of joint A B c D E samples F
Spot weld 3225,54 2903,56 3267,28 2954/62 4100,0303,82
Single clinch joint 894,1 772,3 983,4 885,7 998,2 548
Single clinch jointx | - 1277,22 -— 1334,70
Double clinch joint 2097,4| 2453,26 2131,00 2239/5@728,10| 2698,30
Percentage carrying capac-
ity of single clinch jointto | 27,72% | 43,99%| 30,109 29,98% 24,35% 40,4
spot weld
Percentage carrying capac-
ity of double clinch joints to 65,02% | 84,49%| 65,229 75,80% 66,54% 81,7
spot weld

D%

1

Lower sheet

i)

(-

-

Upper sheet

Lower

[

sheet

-

Upper

sheet

Samples after tensile test: a) fusion spot weldad,jb) diffusive spot welded joint, ¢) press join
thinner sheet on the die side (0,62mm), d) prass jahicker sheet on the die side (0,98mm)
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As shown on Fig.3, the highest carrying capacitiese measured in spot welded
samples with the exception of cold joints (sam@eand D on Fig.4), where carrying
capacities were lower than carrying capacitiesaafiges with double clinch joints.

Concerning F samples, carrying capacities of speitdsvin two cases were ap-
proximately on the same level. The single clindhtjachieved about 33% of carrying
capacity of the spot weld and double clinch joichiaved about 73% of carrying ca-
pacity of the spot weld.

Average values of carrying capacities

g 4500 A

X 4000 -

E
3500  Spot Weld
3000 - - M Clinch joint
2500 A . 2 Clinch joints

2000 7 ® Clinch joint *
1500 -
1000 A

500 A

A B C L = F
Samples

Fig. 3. Average values of carrying capacities (fich joint with the thinner sheet on the die side)

Carrying capacities of C samples Carrying capacities of D samples
Fmax [N] Fmax [N]
4000 — 3500 " — >
3500 = < /h N 3000 — = \ /
3000 N/ 2500 ; = —S
2500 2000 = N
2000 *r—-g*—_}?;—‘_‘ 1500
o 00 - »—————§ |
1000 +—™ — —— i i 500
500
) : : : : 0
1 2 3 4 5 1 2 3 4 5
Number of sample Number of sample
—e+—Spotweld —®—Clinch joint =—#—2Clinch joints ‘ ‘ —+—Spotweld —8—Clinchjoint —3—2 Clinch joints

Fig. 4. Carrying capacities of C and D samples

CONCLUSIONS

The highest carrying capacities were measureddrsémples with resistance spot
welds, followed by samples with double clinch jsinThe lowest carrying capacities
were measured in the samples with a single cliogtt.jHowever, in the samples with
cold welded joints, carrying capacities were lowecomparison to the samples with
double clinch joints.
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When clinching materials of various thicknessess lietter to put joined materials
so that thinner of the joined materials is on tleeside and thicker one is on the punch
side. In the case of opposite orientation the aagrgapacity is reduced by 40% (sam-
ple B) or 59% (sample F).

In terms of carrying capacities of the joints, séance spot welding method is bet-
ter; however, it should be taken into considerati@t in clinching there is no need for
surface cleaning, no cold joints occur, and clinghis an energy saving method in
comparison to resistance spot welding. The eneogisf clinching amount to as lit-
tle as 10% of the energy costs of resistance splating.

This work was supported by the Slovak Researchzewklopment Agency under the con-
tract No. APVV-0629-06 and by the grant project \Ac®. 1/0206/08.
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CHOICE OF DESIGN DECISIONS DURING MODELLING
TRANSFER OF PARAMETERS OF QUALITY
OF DETAILS OF MACHINES

It is shown, that computer support of life cyclgaiducts with use of CALS-technologies
demands development of through mathematical modéheritance of a complex of pa-

rameters of quality of products. At the automatezbighing intensive methods of
processing of details of machines it is offeredde domination of properties of relations
of technological decisions. On a basis synergdte dpproach models of loss of servi-
ceability of units of friction are considered.

INTRODUCTION

When in mathematical modelling, engineering anthinietogical design, manufac-
turing and running of complex technical systems, brtability of decisions is based
on principles of transfer of properties in life &yof products. Application of synergis-
tic concept makes it possible to generate a mattiemhanodel of technological and
operational inheritance of quality indexes, whi@saribes various modes of behavior
when in manufacturing and applying of technicaleyss.

Definition and estimation of changes in technolagend operational processes of
quality indexes of machines with a glance theirumatinfluence are complicated with
multiply connected character of interactions ohiorg properties of products. To de-
velop a mathematical apparatus of transfer of gualdexes at technological and op-
erational inheritance it is necessary to decreasertsion of description problem of
property transformation [1] in a correct way.

Replacement of set of the objects, cooperating wiginoduct, by one objeetthe
technological or operational environment at idgnit results of such a replacement
favours the correct decrease of dimension of dasen problem of property trans-
formation. Definition of manifold characteristics allows, ifsposing of cooperation
results with a product, to find out rational legelality indexes and to carry oile di-
rected formation of the technological and operatianvironment. These manifolds
should favorable development of useful propertied suppression of development of
the properties, which lower quality of products,agans of use of technological and
operational barriers [2].
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As a result, the method of processing is undersésoa set of energy and informa-
tion processes directed on change of a form, sipuealjty of a surface and physical
and chemical properties of a constructional matgtie?].

1. ALGORITHM OF CHOICE OF TECHNOLOGICAL SOLUTIONS

For the purpose of formalization of conditions bé tpurposeful creation of new
methods of treatment, each aggregate of homogeredements of the system is de-
scribed as some set of technological solutions.(¥8¢h approach [2, 3] allows pre-
senting any method of treatment as a cortege, eatiponent of which is an element
of the TS set.

Let us suppose that any two elements of the tredtmethod possess even only
one common property. Then there is a link betwdentivo on the community of
properties. The gives an opportunity to organize ¢hoice of TS according to the
equivalence and preference [3]. The equivalencmipeto choose heterogeneous so-
lutions, which, according to the aggregate of tipeaperties, must correspond to each
other. The preference allows to choose solution®buof the number of the homoge-
neous ones that possess the best values of theiaspeoperties.

Such an approach makes it possible to formalizéitons of TS choice according
to a certain level of the established selectiotexdan and enables to choose a solution
according to several criteria corresponding toousiTS properties.

1.1 The analysis of relation propertiesMaking TS in the systems of the automatized
projecting is traditionally based on the analydithe equivalence &y) and the prefe-
rence (non-strick< y or strict x<y) of the solutions, which are inseéria the know-
ledge base. This presupposes the use of propgthes

1) reflexivity (x=x, x<x — true;x<x - false);

2) symmetry (By—=y=x true; x<y and y<x—=x=y - anti-symmetrical;x<y and
y<x= mutual exclusion - non- symmetrical);

3) transitivity x=y andy=z=x=z, x<y and £zZ= X<z, X<y and y<z>x<z — true).

In the result, using the property of transitivithe most preferable of all the pre-
vious solutions is compared with a new offered lmosen out of the knowledge base
on the basis of properties of quality indexes.

However, in the general case different non-equitaléS are the most preferable
for different quality parameters from the whole gdex of properties. In this it is ne-
cessary to use the dominating TS (x<<y), charadrby the following properties :

1) anti-reflexivity (x<<x - false);
2) non-symmetry (x<<y and y<<¢ mutual exclusion);
3) non-transitivity (x<<z does not go out of x<<y).

1.2. Synergetic approachTo determine the parameter prevalence, when tisere i
no transitivity or symmetry, it is rational to agph synergetic concept that uses a
mode of analog random quantity, which is such amater value, when the density of
its distribution has a maximum [5].

Distributions of random variables on which backgmumodes are shown, are de-
scribed by laws [6]:

1) even/AX) =1/(tn—1b) at to <X fa;

2) exponentialAx) = (1/u) exp /) at >0, x >0;
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3) normalf(x) = (1/ (0 J2m))exp(—& —1)* | (26%)), atg>0, -0 < f1< 00, 00 <X <
o or other, wherg/ — mathematical expectation andy, — imitations;o” — a disper-
sion of random variables
To judge on the degree of correlation of stat@dtotata to the law of distribution al-
lows the ratio of Romanovsky:

R= (2 -k)/+/2k

where A7 — Pirson'scriterion; k - number of degrees of freedom, i.e. quantity of

groups in the investigated line, designgddj, etc.) and used at calculation of theoreti-
cal distribution of statistical characteristics.

Statistical analysis of production characteristitshe frames of wide nomencla-
ture of the technologies tools and equipment aggbermits to limit the subsequent
growth of the nomenclature of objects and procesSasosing a quantity of imita-
tions for objects and processes it is rationaloiesader interdependence of inconsistent
requirements on reliability and flexibility of mafacturing system. As a result, the re-
liability- stability and flexibility-adaptability relations naserve as a criterion for ac-
cepting of TS about rational structure of manufaogusystem.

1.3. Self-organizing systemdn self-organizing systems reliability and adagtab
ty can be governed by changing the number of stdsgs[7]. Each subsysteithas
outlets:q; — strictly determined ang — fluctuating with dissipated characteristics.

Full outlet of a subsystem as a first approximatath a glance on additivity of
material and information flows ig" =g +q’.

Considering, that in conditions of manufacturfijis an independent random va-

riable, the full size of an output is the following =>"q® .
i=1

The full output, according to the limiting centtakeorem, grows in proportion to
the number of subsystemswhile the size of dispersion grows onlyvas. These es-
timations are based on the analysis of linear digeee, in truth a feedback coupling,
inherent in manufacturing systems, results in awene significant suppression of pa-
rameter dispersion [7].

Thus, in computer-aided design the acceptancecbhtdogical solutions on per-
fection of manufacturing systems are to be camwigidon a basis of synergetic analysis
of technological and operational processes ancctshj8].

2. THERMODYNAMIC MODEL OF PROCESSES OF PROCESSING

According to the synergetic conception of the syeambde adjusted to the domi-
nating unsteady mode and can be excluded. This lathe abrupt reduction of the
number of the controlled parameters - degreeseddivm. The remaining unsteady
mode can be the parameters of sequence, whichedEdr{7].

2.1. The equations of unstable processeBhe equations in the process of such
reduction of parameters group up into several usaleclasses of the following type

[7]:
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%Uﬁ* = é(ﬁ * Duﬁ*j +DO%U *+ F(7),

where U* — controlled parameter; — current timeG - nonlinear function ob* and
probably of a gradienﬁ* ; D — a coefficient, describing diffusion when itduais va-

lid, or describing distribution of waves, at imagip value; F — fluctuating forces
caused by interaction with an environment and leydissipation within the system.

The equations of such type are similar to the deiscy elements of phase transi-
tions of the first and the second type, which a&ned by the criteria of transfer.

2.2. Phase transitions According to the synergetic conception phase itians
take place in the result of self-organization ff process of which is described by
three degrees of freedom, which correspond to #nenpeter of sequence (S), the field
conjugated to it (C), and governing parameter &) [

It is possible to use the only degree of the freeg@rameter of sequence - for de-
scribing only the quasi-static phase transformatiorthe systems considerably moved
away from the state of thermodynamic balance, e&the pointed degrees of freedom
obtains its own value [7]. Therefore, besides tleegss of relaxation to the balanced
state during the time® - with the participation of two degrees of freedan auto-
oscillatory condition can be realized. If three s of freedom participate, transition
to the chaotic state is possible [8]s a result, the overall state of the technologic
system is characterized by several conditions;

1) relaxational - realized when the time of relaxatmfnthe sequence parameter
much surpasses the times of relaxation of otheregsgof freedomi2 >>+2 and
15>>10) 5

2) auto-oscillation - requires commensurability of tiipical times of changing in
the sequence parameter and in the governing paggnoetin conjugated field? 2 <2

or i§ 2 19),

3) stochastic - characterized by a strange attraatdr ia possible through the
commensurability of all the three degrees of freedg > 2 2 <2);

4) remembering - defined by the 'frozen' disorderat transition point from the
disorderly state and is realized when the relaratime of the sequence parameter
turns out to be much less than other tim@s<<:? and 2<<t).

Thus, at modelling of technological and operatiomdleritance, the decrease of
dimension of a description task of transfer of gquahdexes up to three degrees of
freedom of environment is possible during procegssind wear process of a product.
Modelling of transfer processes on a basis of gyeter approach allows to take into

account stability of formation of quality indexesdato consider mechanisms of man-
agement of stability of technological and operatigrocesses using feedback [1].

3. THE ANALYSIS OF PROCESSES OF WEAR PROCESS OF SURACES

At the analysis wear process of machine detailsthed interfaces it is expedient
to consider a vector [9]:
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X D=[¢, (X1, ....& (XD, ... & (X 9]

where g, (X, t) — speed of wear processd#taili (interface) at the moment of tinte

while loading influenceX on a unit of a machine.

Then it is accepted, that the wear process possessensequence, if the module
and a direction of vecta# (X, 1) at the moment of timedepends not only on the module
and a direction of a vectot at present time, but also on the module and &ttreof a
vector X at the moment of time <t, and also on the size of deterioratidrof rubbed
surfaces for geriod [0,t] (hereU — a n-dimensional vectod = (uy, ..., U, ..., {); at
which u; - size of deterioratioof detaili) [9]:

u (t)= ,[Eui (t)dr.

0

It is typical for wear process without consequethed the module and the direction of
vector@(X, 1) at the moment of timedepend on the module and a direction of a vector
X only at present.

Depending on time,, when the loss of the serviceability, connectedaokiground
of operation of a product, is kept, there are twal& of consequences: the first and
second sort. The consequence of the first sorhasacterized by the changes during
loss of serviceability of the products caused bgkigeound of loading influenc,
remains during all service life of produgt i.e.7, > 1,. If 7,< 1, it is a process with
«fading memory» or a consequence of the second sort

Dependences of intensity of wear process of umitsation of machines on opera-
tion timet differ from each other with a kind of connectidrtween managing para-
meter — loading influenck and the wear process connected to it by intedsity

The choice of ordering parametdrin each concrete case depends on research
problems (definition of durability, comparison otar resistance, an estimation of dy-
namic properties of system in view of wear proaesss elements, etc.). It is possible,
that for the same detail, but for various paransgtprocess of loss of serviceability
can have or not have consequence at constant iigteisvear process of rubbed
surfaces. It is caused by a kind of connectiore@imor nonlinear) between the order-
ing parametef! on which the estimation of a resource of servigiwalof a researched
product and by saved up deterioratldil].

Let's consider various connections between extenflalences and parameters of
systemy, and also between characteristics of processssfdbserviceabilityy,.

3.1. Model of loss of serviceability process of fitional units without conse-
guence.In a case when connected to ordering paraniéiatensity of wear procesk
depends only on size of loading influer<e

I(t) =, (X(1):
H(t) =g, (X(1)U(1) ).
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If process of wear process is considered as camigstochastic process [18] it is
possible to receive a condition of wear procestout consequence. Under constant
conditions of friction the increment of deteriogatiu(4t) = U(t + 4t) — U(t) does not
depend on time (process with independent incrememesice, speed of wear process
& =dU/dris stationary during time [9]. Therefore such a wear process is described
by a mode with storingip < > u ) < 1f).

However processes of loss of serviceability of iketduring the periods extra
earnings and catastrophic destruction of supelfigjeers cannot be described with the
help of the resulted equations as intensity of vipeacess] during these periods is not
a constant, and depends on sizes of saved upatatern U of rubbed surfaces.

3.2. Models of loss of serviceability processes foictional units with the con-
sequence of the first sortn cases when intensity of wear procdstepends both on
size of loading influenc& and on size of saved up deterioratidnby the considered
moment of timd:

3(t) = iy (X(1), U(1). 9);
H(t) =gy (X(1), U(1),1).

And at the account of a feedback of loading infe=ki* with deterioratioriJ:

I(t)= (x (1),U(1), t)
H(t) =gy (X (1, V(1) 1);
X" (8) = (X(9 U(9 9.

Changes during timeof intensity of wear proceskof rubbed interfaces at constant
loading influence on an input of technical systémwan be caused by two groups of rea-
sons [9]:

- not taking into account a feedback of loadiigith deteriorationJ, such as dis-
tinction of physic and mechanical properties of aterial on depth of a superficial
layer of the product, caused by manufacturing tegles; the ageing of lubricants re-
sulting in their deterioration of frictional propies, to change of a thermal operating
mode of interface, and in some cases and to chafnigads of wear process of rubbed
surfaces; increase while in service concentratioaboasive particles, products of de-
terioration, etc.;

- taking into account changes of dependeay)deading influenceX* on a detail of
unit of friction as a result of deterioration ofterfaceU which are connected to in-
crease in backlashes in rubbed interfaces; withstommation of macrogeometry of
surfaces of friction at wear process atwgho6nennn details; with change of contact
rigidity of mobile joints, etc.

Considered processes of loss of serviceability witéneneiicreuem the first sort
concern to processes with strong correlation wihiate certain connection between
sizes of parameter abai{4t) andH;. 1(4t) even at rather big = t;,; — t. HereH;(4t) =
H(ti+ 4t) —H(t); Hir2(4t) = H(tis 1+ 4t) — H(tir 1), i< ts1.
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Thereof processes of loss of the serviceabilitysed by the first and second groups
of the reasons, are characterized self-oscillatefyz 5 or < 2 %) and stochastic

(rﬁ; 22 rg) by modes with two and three degrees of freedotedafnical system.

3.3. The model of loss of serviceability process &ictional units with conse-
guence of the second sorConsequence of the second sort is shown at cludngad-
ing influence as special transitional in wear psscef rubbed surfaces [9]. In a transi-
tion period {o, t1] intensity of wear proces$ differs from those values which it ac-
cepted at the previous level of loading influeAgg and from the value corresponding
to new levelX;:

[ (XX ) ks & 8
J(t)_{fH(xi 1), t> 1.

Occurrence of transition periods speaks the sevesaslons [9]: an operational he-
redity of the materials deformable during frictia superficial layers of details;
change diagram specific pressure in a zone of coofadetails at transition from one
level of loading influence on another and connedtedt «secondary aging» rubbed
surfaces; gradual restoration of conformity betwsiege of loading influence and dis-
tribution of greasing and products of deterioratornrubbed surfaces.

Proceeding from representations about the nature tleé phenomena
nocineaciicteus the second sort it is possible to conclude, thatnfa position
BepositHocTHOTO the analysis processes of wear process in trangeriods f, t;] are
characterized by strong correlation connection betwincrements of deterioratith
(4t) andU;, (4t) [9].

In this connection they should be consideredpasikcanuonnsie (5 > % and
> ) with the characteristic perioth]t,].

Thus, downturn of dimension of a task of the desiomn of transfer of properties
of products in technological and operational preesss made by allocation of para-
meters of the order and definition of modes of adtiion of system. After that on
each of modes it is expedient to consider inteticela of the basic parameters of qual-
ity of a product with the determining parameterttté order and a condition of their
steady formation.

3.4. Parameters of quality of surfaces of product®arameters of quality of products
of the mechanical engineering, being the basicestia two categories [1]: what are cha-
racterized by the hereditary phenomena connectguaojperties of materials of prod-
ucts concern to the first; to the second - conmkttiegeometrical parameters of their
surfaces.

Parameters of both categories in multicoherentnigolgical and operational envi-
ronments mutually influence against each other.n@ocal parameters of products,
such as their configurations and the sizes canentie the voltage distributed in a ma-
terial of a basis and superficial layers. And, lba tontrary, the voltage formed during
technological operations and stages of operatian,lead eventually to to changes of
geometrical parameters of precision details. liftes to mutual connection and condi-
tionality of the phenomena accompanying technold@od operational processes.
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Inheritance of the basic parameters of qualithémost full is opened by consid-
eration of sequence of processes with synergetositions of joint action of tech-
nology factors at mutual influence of parametengidl parameters of quality of de-
tails of the machine at various scale levels chavigige in service [1].

Exception is made with residual voltage and stmectf the basic material which
can be kept before full destruction of rubbed ste$aof details. In most cases already
during the period extra earnings the roughnesssamdture of a superficial relief es-
sentially varies, the sinuosity and structure giesticial layers of a detail change at
the established wear process, and the geometoical ¢f a surface of friction remains
within the limits of the admitted values acceptédr@nufacturing, practically up to
the end of service of unit of friction if the esttion of its serviceability is made on
parameters of accuracy.

CONCLUSION

As a result of the analysis of processes of weacgss of surfaces and loss of ser-
viceability of units of friction, studying of feates of management by processes of
processing the expediency of application synerghgcapproach to technical systems
is shown. On a basis synergetic the approach thieematical model of technological
and operational inheritance of parameters of quaiitlife cycle of products of the
mechanical engineering, describing various moddsebfviour is generated by manu-
facture and application of technical systems. Matdecal modelling and algorithmi-
zation of decision-making, by definition of a kind the equations have shown, that
the system analysis at the automated designingaaetbf processing, besides equiva-
lence and preference, should be based on dominatiproperties of relations of de-
sign decisions.
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A METHOD OF EVALUATING ENVIRONMENTAL ASPECTS
IN THE 1SO 14001 ENVIRONMENTAL MANAGEMENT
SYSTEMS

The article suggests a way of evaluating environalegispect importance in the Envi-
ronmental Management Systems which comply withiSiie 14001 standard. An ap-
praisal is required by the ISO 1401 modal standavbich means the necessity of evalu-
ating environmental aspects in order to point dwé significant ones. However, the stan-
dard does not say how to do it. This arises sonoblpms for the organisations imple-
menting the 1ISO 14001 requirements and this artiale help to solve them.

INTRODUCTION

The Environmental Management Systems which areceordance with the 1SO
14001 standard are actually not as popular as [(BXQ Systems, but their popularity is
growing steadily. Most organisations that have adyeimplemented 1SO 9001 sys-
tems aim at creating Integrated Management Sysamaghen, most often, to achieve
this, they cannot ignore Environmental Managemestedns. In Europe there are two
groups of available models of environmental systeimsse based on the ISO 14001
standard and the others whose basis is the Deéréee cEuropean Council of 9
March, 2001 EMAS. Since EMAC, including the 1ISO 040horm requirements, is a
sort of extension of the norms, the organizati@mltto implement the ISO 140001
based systems more often. For instance, in Potagll organizations are registered in
the EMAS system, whereas about 15000 organizatoasolders of the ISO 14001
standard. As the Environmental Management systesedban the latter standard is
becoming so natural a way of management developemewrganizations, it is
worthwhile joining in the discussion about the sswf its implementation. Quite a
number of instructions, courses, postgraduate essudi other forms of education are
focused on how to implement ISO 14001 based systant first of all, on how to
solve the implementation related problems. Onéhefrt is the evaluation of environ-
mental aspects. It is just this problem that thielaris on.

ENVIRONMENTAL ASPECTS

The ISO 14001 standard, point 3.6, defines therenmental aspect as an element
of an organization’s activities or its products asalvices which can interact with the
environment. A significant environmental aspecthis one which has or may have a
marked effect on the environment. [1]
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While trying to meet the point 4.3.1 requiremenkgse who want to effect the
implementation face the problem of introducing amaintaining the procedure of:

1) identifying environmental aspects

2) determining those environmental aspects whiate lte may have an important
effect(s) on the environment (i.e. finding sigcdint environmental aspects).

In the first case, the ISO 1400 standard itselegitnints where and how such as-
pects may be searched for. Namely, it recommédraisehviromental aspects be iden-
tified considering their input and output dataatetl to activities, products and ser-
vices.

Although there is no one approach to the identibcaof environmental aspects,
we stand a good chance of pinpointing them alléfagnsider:

a) emissions into the air,

b) discharges into the water,

¢) dumping into the saill,

d) consumption of raw materials and natural resegjrc

e) consumption of energy,

f) emitted energy, e. g. heat, radiation, vibragion

g) waste and by-products,

h) physical characteristics, e. g. size, shap@ucplook [1].

Some problem, in the case of environmental aspadses when an organization,
being in the possession of a list of the identifegdviromental aspects, makes an at-
tempt at meeting the other requirement, i. e. sielgthe significant ones. Here, three
procedures may be possible:

1) choice of the simplest method — e. g. the eng#dpr a team of experts) that is
the most experienced at environmental protectiokesarbitrary decisions to select
significant aspects. The model is not recommendbbtmuse of its subjectivity and
low degree of evaluation precision.

2) choice of the method that is used the most #atly — e. g. the score method
consisting in assigning the previously decidedearim values to particular aspects, e.
g. within the 1-5 bracket, which is followed by &ugl (or multiplying) criterion values
for a given aspect. In the last resort, the sumdipct) of the points obtained deter-
mines the validity of the criteria — significantpasts are those with the highest sum
(product). The model, though more correct thanpievious one, may turn out to be
unsufficiently precise in some cases as it doesmake allowance for the importance
of the criteria considered.

3) choice of a method fitting a particular orgati@ma — most often the model is
based on the score method modified to fit the dagaion. The model is the most rec-
ommendable, but it takes fuller involvment in thvaleiation process at its initial stage.

It is a difficult decision to choose the third nebavith regard to the fact that peo-
ple responsible for the implementation do not ofteme either enough knowledge or,
most importantly, lack experience in implementingls systems. However, it seems
worthwhile setting oneself the task, then descgbirwithin the required procedure in
order to successfully apply it later on. Such ahmoétwill first of all point out the
really essential aspects in a more adequate, olgemntd mathematical way. Based on
such significant, priority aspects it will be pdssito create the appropriate Environ-
mental Policy — foundations and the most compraliersimmary of the system real-
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ized, since the ISO 14001 standard requires tlptifEiant environmental aspects
should be taken into consideration while foundimgplementing and maintaining a
system of environmental protection.

EVALUATION OF ENVIRONMENTAL ASPECTS

The proposed evaluation of selected environmegpécts takes into account the
following, often practically applied criteria:

1) time of affecting the environment ( durationtbé environmental effect, repair
time of possible damage and whether the effedci@fispect is of cumulative nature),

2) extent of the effect of the aspects, extenhefdffect compared to the quantities
allowed by law and licences),

3) effect on the environment (whether the aspegses noise, odour or landscape
degradation, which might be undesirable for the gamny’'s neighbourhood and badly
affect its image),

4) environmental risk (a possible occurance of ptioaally great threat to the en-
vironment) and

5) possible occurrance of environmental damage ffoardamage related to envi-
ronmental risk be significant).

Of course, the criteria presented are of a modeireaUnder other, concrete con-
ditions they may be replaced by more relevant ofbs.criteria of the assessment of
the identified environmental aspects together wiflve- step marking scale are shown
in Table 1.

In accordance with the popular practice the fiviepsgrading of the criterion
evaluation was adopted and the 1-5 scale was dpplie

Table 1. Criteria of identified environmental aspecaluation

Evaluation
L asis for aspec = o =
Criterion P [T - T © > >
assessment c 2 ] T o ) Q
§° | 8 | 85| 8 |
o s o © =
E c g
Environmental effect
1 ) 1 2 3 4 5
duration
2 Legal requirements 1 2 3 4 5
3 Effect on the envi- 1 5 3 4 5
ronment
4 Environmental risk 1 2 3 4 5
5 Environmental dam- 1 5 3 4 5
age
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Since criterion significance appraisal is an eleintdéra precise environmental as-
pect evaluation, the criteria shown in Tablel wassigned (here purely hypotheti-
cally) the significances presented in Table 2.

Table 2. Criterion significances from Table 1

Criterion Basis for aspect evaluation Criteriomgiigance
1 Environmental effect duration 2.0
2 Legal requirements 3.0
3 Effect on the environment 1.0
4 Environmental risk 15
5 Environmental damage 2.5

The evaluation of the aspect could be expresséallaws:
EA= (2[C)[@IC,)[AIC)[@A5IC,)[(25[C))

where:EA— value of the assessed environmental as@eetevaluated criterion

The next step would be assigning the identified evraluated aspects to one of the
three groups:

| — significant aspects — aspects related to veyative effects on the environ-
ment, reflected in the Programme, Environmental Aand Tasks accepted by an or-
ganoization.

Il — moderate aspects — aspects which require wramgf, without a direct negative
effect on the environment.

lIl — negligible aspects — aspects of slightly negaeffect on the environment.

The criteria that may be used to classify enviromialeaspects are shown in Table

3.
Table 3. Criteria to classify environmentak aspects
L Aspect evaluation
Group Group classification .
(EA according to formula 1)

I Significant above 2000 pts

Il Moderate above 1000 pts up to 2000 pts

Il Negligible up to 1000 pts

It is obvious that the values listed in Table 3dbdbe selected after the aspect
evaluation has been made. The selection shouldabbge@ out in such a way so the
presented methodology may point out at most a fgwifcant aspects (best 2-4) an
organization’s priority activities will focus on the nearest future. Lack or too great a
number of significant aspects will render the difecfunctioning of an environmental
management system impossible.
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An example of how to use an evaluation of environtaleaspects together with
importance criteria is shown in Table 4. The tradil (product) method of calculat-
ing the “aspect value” is in the frame and thatgasged in this article is on the right.

It is obvious that the doubts that may arise wattpard to the assumed values clas-
sifying particular aspects into one of the threeugs are partially justified, but they
should not discourage us from applying importanbased methods of calculating the
value of environmental aspects because their evatusvith traditional methods (i. e.
without grading criteria with respect to their siggzance) follows the same procedure.

Table 4. An example of the application of a cho&eaditional” method of environmental aspect
evaluation and that described in the article

Identified Criterion Evaluation ,
No Comments | Evaluation | Comments

aspect | A |B|C|D|E| AxBXCxDxE
1 Air 21114 1|1 8 negligible 180 negligible
2 Water 4 2| 3 1 ¢4 96 moderate 2160 significant
3 Ele(;trré(;En- 4151 2| 2 80 moderate 1800 moderate
4 Thegg;' BNyl al 1| 2| 4 128 significant 2880 significant
5 | Lubricants| 4/ 1 4 2 R 64 moderate 1440 moderate
6 Paint 4 1 3 1 14 24 negligible 540 negligible
7 Solvents 4 1 3 4 96 moderate 2160 significant
8 Batteries | 20 2 1 2 P 16 negligible 360 negligible
9 Cleansers| 1 1 1 1 |n 1 negligible 22,5 negligible
10 Steel 1 14 1 1 1 1 negligible 22,5 negligible

CONCLUSIONS

The implementation of environmental managemertesys involves the necessity
to meet the ISO 14001 standard requirements. Orikeonh is the identification and
evaluation of environmental aspects. The above iowed standard does not specify
how an aspect evaluation should be carried outcelethere are a few approaches in
practice. Actually, each of them is up to the staddequirements. Generally, the pro-
cedure boils down to the choice of some aspecuatiah criteria and assigning them
values, most often those from the 1-5 bracket &mhadentified aspect. The values of
the criteria for the given aspect are often mubgbland the quotient determines
whether the aspect is significant, moderate origig. Such an approach gives rise
to the question: Are all the criteria really equalinportant for every organization?
Most answers are, unfortunately, in the negativetTs just the reason why the article
proposes a methodology of environmental aspecuatiah which takes into account
the significance of the criteria. This is only agastion and not a finished algorithm.
In a specific organization attention must be paithe selection of the criteria and next
to their significance interrelations. A later chmiof the significant ones based on the
results obtained is no problem if the principlepointing out some priority aspects is
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followed. A possible incovenience of the suggeseldition may be the necessity of
making not so much painstaking as a little bit tmach time consuming calculations.
However, in the JT area it is a minor problem siitcenly takes using a Microsoft

Exel sheet as a register of environmental aspextseatering the appropriate formu-
las. An unquestionable benefit from the presenmataach to the environmental as-
pect evaluation is a possibility of a precise s&acof significant aspects which will

be a foundation of an Environmental Managemente®ystomplying with the ISO

14001 standard.
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PROCESSING OF THE GROOVES THROUGH SURFACE
PLASTIC DEFORMATION

The processing of the grooves for a putting gasketise hydraulic holes is embarrassed
because the high requirements for their precisiom aoughness. In this case like a
method for finish processing it is suitable usingface plastic deformation. This method
ensures as the quality of the machining surfackigiser productivity.

INTRODUCTION

The processing of the grooves for a putting gaskettse hydraulic holes is embar-
rassed because the high requirements for theirspvaand roughness.

The using of the grinding like a method for machgof the groove cylindrical
surface leads to the necessity of special shafdinigeogrinder and made more expen-
sive the technological process. The execution isf dperation is embarrassed or im-
possible through machining of cast iron, non-fesrmetals and other.

In this case the using of the surface plastic de&tion (SPD) like a method for
finish processing is suitable. SPD as the qualitthe machining surface and its ex-
ploitation features as higher productivity [1, 2].

There are known one-roll tools for SPD which hasenaple construction but their
application is limited because some failings [3, 5]

« over the technological system machine - appliant®ol— detail MATD) there

are applied one-way deformation force, which creakeformation circumstances

in MATD. In its turn this is a cause for appearancprotessing mistakes [3, 4];

 availability compulsory two movements (axis andia$ through start and end

work of the tool.

Fig. 1. Detail set

In the production program of a company "Hydrauliergents and Systems" —
Yambol there are details from type ,Obturator” (Fig. To the grooves of this type
details laid down requirements of precision andylmess.
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EXPERIMENTAL DETAILS

The suggested tool is designed for grooves madhimirdetails from GS20. These
grooves are intended for putting rubber packs, Wwhitust ensure hermetical with
wide range fluid pressures. It follows that compigedy high requirements for the
roughness of the cylindrical surface of the groavieich are impossibly to be reach by
using of the extant technological process - dodibtaing, this can't ensure the de-
manded roughness from plan Ra = y25

For removing mention shortcomings of the one-midli$ for SPD it is developed a
tool which is shown on Fig. 2 in start positionidttwo-rolls, without separator, with
hard action, adjusted and it has following maintgdvody 4, in which are assembled
the carriers 23, with fitted in deformation roll®,2y the stems pivots 22 and the in-
sertions 21, bearing cotter 13, pegs 15 and 18sthrearing 19, cup 1, stop 2, nuts 7
and 9, stopper 5, washer 6, springs 17 and 25itimise 10 and 12, screw special 24,
cup 14, tail-end 16, screws 3, 8 and 11.

This tool hasn’'t mentioned disadvantages and itusenwith a different machines.
Through its design the following requirements arektaccount of: possibilities for
exploration as in horizontal as and vertical posititechnological of the design;
possibilities for hand applying of the deformatidorce; possibilities works like
immovable and turning tool.

The reciprocal corner location of the body 4 arelahp 14 toward the bearing cot-
ter (it is cut through because the peg 18) is fwath the cylindrical pegs 18 and 15.
The carriers look like prismatic devices with pbdigy for radial moving in corre-
sponding guides of the body 4 and they are corgtpréssed to the bearing cotter 13
through springs 25 and the special screws 24. Shpport the cylindrical deformation
rolls 20, which bear over the bronze insertionstBgy are immovable toward pivots
22. The distance between the detall joint to treoge is adjusted by the nut 7, which
with the thrust bearing 19 determines the axistlonaof the stopper 5. The work ad-
justing dimension of the tool (the radial positiohthe rolls) is determined from the
position of a nut 9, which is fixed with a screworFprotecting from contamination
there are ensure the cup 1 and insertions 10 and 12

The two-roll tool works in the following sequence.

In a non-work position under the action of the sgri7, the cup 14 and the bear-
ing cotter 13 hold right end position toward thelypd, and the carriers 23 are located
over most narrow part of the cotter. It is realizeturning moving of the spindle and
through axis feed the tool is free get in the alfiical hole of the detail. In the moment
when the joint of the stopper 5 touches the dgtaik the stopper 5 stops its turning
because the availability of the thrust bearing @8 the deformation rolls are locates
opposite the groove, which has to machining. Wahtimuous feed moving the bear-
ing cotter is moved toward the body 4 while the &édpbending the spring 17, reaches
to the nut 9. Besides the rolls are moved radidllyo adjusting dimension of the tool
and they are pressed to the bottom of the groodarathis way the rolls machine the
groove. The deformation forces are got mainly atoaat of the elastic deformations,
which are due to the difference of the groove dimmand adjusting dimension (tight-
ness).
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The going out of the tool is made in
posite turn, as under the action of
springds 17danhd 25,”the bearing cl?tter ] 16
moved and the rolls 20 are took into
body 4. In this way it is accomplished \
machining on the vertical position with
work on the scheme ,immovable deta
turning tool”, through the tool settle do
with its tail end 16 into the machine spinc

When it is worked in a horizontal pc 15
tion the scheme is ,movable detail — 14
movable tool”. Through this scheme the 1
tail is made only the turning movement %
the tool only axis feeding movement. 12

The groove parameters are: diame
D; = 70 mm and D= 60 mm; a width b :\
10 mm. The dimensions limits are resj 4\
tively T, = T, = 0,190 mm andr, = 0,z
mm.

For checking the technological po:
bilities of the tool and determination of —

work regime with the tool is held the apg 9
priate experiment. 30 pieces patterns p 8
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\
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)

the examination. They are received from ; B : | Sl 45
factory-producer with cut through groov —/é S / SN
Because of this that the groove dimens 6 U e —— (1

N 19

chining precision and roughness, the 5
terns are separated in two groups by
pieces. The patterns of the one of the gr

are made additional cut through and in -
way it is ensured free access to the cylitr 4 _—| / s
cal surface of the groove. / Z ‘

For controlling the mention paramet
are used two measurement devices — MA/L'_,
versal length-measures and profilomet:
profilograph TALYSURF-6. /

In this way it is accomplished the me
uring of the receiving in the facto
producer roughness respectively Ra = Z
3,4 um and fringing field of the diameterp Fig. 2. Two-roll tool for groove machining
= 0,153 mm.

The patterns from the second group are machinedighr SPD with the help of a
vertical drilling machine BK-32. The adjusting dingon is ensured through hand

don’t allow directly controlled of the m /]

NN N NN
/[Ndo

N
[@)]
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pressing with the flywheel of the drilling machird, the putted into the spindle tool
toward to the detail joint. As lubricant is usedanbination from engine oils110D,
LT-2T and naphtha in proportion 1:1:5. It is feed thtoulge cooling system of the
drilling machine and at the same time helps addking out the chipa as for lubrica-
tion of the deformation rolls and the machiningface. The measuring of the machin-
ing surfaces after cut through of the patterns shihvat the fringing field of the diame-
ter op don’t change materially and it has a valye= 0,142 mm. The roughness is de-
creased to Ra = 0,64+0,8/ depending on the magnitude of the adjusting dgicen
(tightness) and numbers of passages (numbers guohitme tool m).

It is determined that the minimum roughness isiv@tewith maximum tightness
C = 0,16 mm) and numbers turning m = 5. The increpsif the numbers turning m
over five don’t influence materially on the rougkae

With advisable regime: tightne§s= 0,1 — 0,16 mm, numbers turning of the tool
m = 5 and frequency of turning n = 180 mMjrthe single time for machining is 0,2
min.

The hydraulic tests, which are took over the prodvuth build-in details and ma-
chining with the described tool, are get very goesllts in relation of the hermetically
of the observed compounds.

CONCLUSIONS

From the accomplished experimental examinatioaritao following conclusions:

» the accomplished technological research provewtking capacity of the
creating tool.

» the roughness measuring on the parameter Ra isaksxt approximately
1,5 parts in comparison with the advisable afiae.

» the dispersing of the roughness parameter Ra@REris due to as the fluc-
tuation of the deformation force (because of tizalde limit of the diame-
ter) and the hard action of the tool as the dispersf the initial roughness.
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COMBINED TOOLS FOR SURFACE PLASTIC
DEFORMATION WITH RADIAL FEED

Like a method for a finishing processing, the stefalastic deformation improves the
exploitation characteristics of the machining seda and increases their qualities.
Moreover — it achieves sizable decrease of the mexhtimes in comparison with the
other finishing methods. The using of combinedstootates circumstances for simulta-
neously processing with the prior machining, wHegds to augmentation of the machin-
ing productivity.

INTRODUCTION

As a method for the finishing processing the usihthe surface plastic deforma-
tion (SPD) increases the machining surface qualiy improves their expiation cha-
racteristics. Moreover it achieves sizable decrefthe machining times in compari-
son with the other finishing methods [1, 4].

The combining of the prior and finishing machinifgptting and SPD) leads to us-
ing of the combined tools for SPD. They createwistances for augmentation of the
machining productivity of the finishing processitigough preservation of the method
SPD.

There are known combined tools, compounded froringu¢(CM) and deformation
(DM) modulus. The deformation module looks like a tmolsurface plastic deforma-
tion with axis feeding of the deformation elemefits 2]. Despite comparatively its
wild application there are presences of some fgslirwhich is due to the machining
scheme and kind of the deformation module [3, 5]:

- the combined of the two process lead to considerdifficulties through de-
termination of optimum, for each of them, regimeneénts when they machining si-
multaneously with realization of the finishimgorocessing.

EXPERIMENTAL DETAILS

The combined tool, which satisfies mentioned abocveumstances, is shown on
Fig. 1. It consists of cutting and deformation miodueach of them is formed accord-
ing to the circumstances of the combined machining.
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Fig. 1. Tool for combined machining with
radial feed

machining hole.

For ensuring productivity of the cut-
ting process and as envisage kind of the
machining materials, into the deformation
module 1 there are used carbide cutting
insert 5 with big nose radius. The insert is
laid in special socket, machined in the cut-
ting module 1. Its fixture is made through
a pressed cotter 3 and the screw 2. The
dimension adjusting is made through a
screw 4, after the vacation of the cotter 3
and unwinds of a screw 2. After the di-
mension adjusting of the necessary posi-
tion its invariability establishes through
the screw 2 and the pressed cotter 3. The
cutting module is assembled toward the
deformation module through thread.

The deformation module looks like a
tool for SPD with radial feeding of the de-
formation elements. These elements are
long conical rolls with a length longer
than the length of the machining hole.

The deformation module consists of:
conical deformation rolls 9, laid in the
slots of the separator 11, fulcrum cap 12
fixed through screws, thrust bearings 14,
spring 19, adjusting nut 20 and back nut
21, located over the bearing shaft 22, quil
bearings 16, laid in a bush 15, which by
the pins 13 is made as a whole with a se-
parator 11, bearing cone 10, cap 6, balls 7,
separator 8 for balls 7.

On the free end of the bearing shaft 22
there is step, toward which through thread
Is assembled tail-end with necessary joint
dimensions for the relevant machine.

The tool shown in Fig. 1 is on non-
work situation. The dimension of the de-
formation module (the diameter of the de-
scribed circumference around the rolls) is
smaller than the finish diameter of the

Advantage of the suggested combined tool is theamt work as in horizontal as
and in vertical position. Furthermore it will bettiturning or immovable bearing
shaft (respectively cutting module). In all thesses the cutting module is adjusted on
dimension in advance through the help of an appéaif need be it does precise ad-

justment through the screw 4.
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When it works over the machines from the grouphef lathes the detail does the
main turning movement and the tool — axis feeding.

The tool action is the following:

Through entering into beforehand turned hole, tlwé works like ordinary skiving
rod for finishing cutting. This allows the choosiofjoptimum cutting regime. It is rea-
lized through bigger feed, because of the using cdrbide cutting insert with big nose
radius. The continuing feeding leads to movemerthefbearing shaft 22 toward the
separator 11 and this cause of the spring 19 whefoint end of the fulcrum cap 12
reaches to the joint end of the detail. The beacmige 10 push out the deformation
conical rolls 9 in radial between the conical scefaf the bearing shaft 22 and the de-
tail, it creates a possibility for relative turninfithe separator toward the bearing shaft
22 and the rolls do planetary movement as in tlag machining the surface simulta-
neously through the all length. The process SPPbstakdinarily 2 — 3 full revolution
of the separator, which is too small in comparisath the single time for accom-
plishment of the transition.

The deformation process continues till the fulkiten of the spring 19 and touch-
ing of the adjusting nut 20 the joint surface o @xis bearing 14. What dimension
will receive after proceeding depend as from thaettision of the prior machining as
from the adjusting dimension for SPD. It is achewerough moving of the adjusting
nut 20, which limits the motion of the bearing $H22 and increases or decreases the
tightness (the tightness is an element of the mawpiregime by SPD).

When the machining is stopped, the tool is retuimedapid traverse and under ac-
tion of the spring 19 the separator 11 with theodwehtion rolls 9 are in a starting posi-
tion for a new proceeding. When it works over thid dhachines the combined tool
does as a main movement as and feeding movement.

For determination the technologic possibilitieghd tool it is accomplished an ex-
perimental examination with cast-iron details, reeé from factory-producer with in
advance drilled holes. The machined hole has aet=mn@6®17.

The preliminary cutting and the combined machinamg realized on the turning
latheC11MB. The tool is located into a device which is asdechbver the cross lathe
carriage.

With the cutting module it is useRiLlO (T15K6) with nose radius R = 18 mm and
geometryo, = 8°, A = 8°, A = 0°.

It is used the following regime of cutting: speed=V126 m/min; feed f =
1,25+1,5mm/tr and depth= 0,2+0,3 mm.

Because of the tool for SPD is with hard actioe, deformation force is due to the
negative difference between its work diameter ¢liaeneter of the described circumfe-
rence around the rolls) and the hole diameter. tigigness fluctuation is due to the
dispersing of the dimension of the prior machinifige revolution number of the se-
parator (m) is chooses according to effectivenésiseorate frequency the deformation
act applying.

As deformation rolls are used conical deformatiollsrwith a length | = 90mm,
large diameter to the joint surface of the rolls 8,98 mm and angle in the vertex of
the rollsao, = 3°4".

It is used the following regime of SPD: tightnes®33-0,08 mm; frequency of
turning 1000mift and numbers turning of the separator m = 3.
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As lubricant is used a combination from engine MIBEOD, LT-2T and naphtha in
proportion 1:1:5. It is feed through the coolingt®yn of the turning lathe and at the
same time helps as for taking out the chips asutaication of the deformation rolls
and the machining surface.

Through described circumstances a consignment B6ndetails are machined.
They are cut consecutively with the same adjustimyension of the tool and after
control of the roughness and the diameter it issd®RD and after that it is controlled
again the mentioned quality characteristics.

The measuring of the precision of the hole diamistelone with indicating cali-
pers and the control of the roughness by the patem with profilometer — profilo-
graph ,TALYSURF-6".

CONCLUSIONS

The measuring results are done statistical thrabghhelp of PC and program
,BBSTAT”. There are got the following numerical ¢chateristics:
cutting SPD

- spreadR 0,059 0,0578
- average arithmeticX 0,031 0,0256
- mean square deviatioB[X] 0,013 0,011
- dispersionS’[ X] 1,44 1,26

- asymmetryy4[ X] -0,17 -0,795

- excessy;[ A] -323,33 -270,08

In keeping with got numerical characteristics bg firson criteria it is proved
normal or logarithmic-normal distribution.

It is obvious that after SPD the dispersing fieddniarrowed approximately 1,2
times. The roughness is improved from Ra=3,8a50 Ra = 0,5 + 04m, this can'’t
ensure with till now the applied reaming
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AUTOMATED TECHNOLOGICAL EQUIPMENT LAYOUT
IN INDUSTRIAL ROBOTS’ WORKING AREA
HAVING COMPLICATED SHAPE

The conception and methods of computer-aided soluif flexible manufacturing cells
technological equipment layout relative to industriobot (IR) with optimization by a set
of accepted criteria are presented. The softwarization of this task for IR having
working area (WA) of complicated shape is preseritée idea of surface analytical de-
scription of IR WA having complicated shape aneérmttive editor for its computer-
aided forming are presented.

1. INTRODUCTION

One of the directions of machine-building and imstent-making automation
based on robotic technologies usage is FlexibleUsauring Systems (FMS) intro-
duction. At other side, designing FMS and their ponents is the complicated, multi-
variant and laborious task that demands the takittyaccount a substantial quantity
of technical and economical demands, criteria amddtions [1, 2, 9]. At the same
time the especial significance lies in that thedmehical makeup of FMS, containing
flexible manufacturing modules and flexible mantfaing cells (FMC) in various
combinations, and the presence of the set of tdgbival, transport, geometrical,
energy and other ties between components deterthend-MS as the complicated
technical systems [9]. All of this points to theveability and urgency of the comput-
er-aided design means development of the FMS agid ¢cbmponents, that allows to
decrease the designing laboriousness significamitlyat the same time to increase the
guality of assumed decisions.

While designing new flexible mechanoprocessing potions and robotization of
the existing productions, one of the important $ask the technological equipment
(TE) layout within FMC serviced by industrial robaR) [1, 2, 8]. At the same time
layout optimizationcan be fulfilled on such parameters as: totaladist between TE
units or IR manipulation trajectory reference psjiR cycle manipulation trajectory
length considering TE servicing sequence; proditgtiadices; IR working cycle total
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power inputs indices; square occupied by FMC et®[1This task feature is the ne-
cessity of taking into accoutiie sets of technical and technological demandd o
operation,_geometrical limitatiorfer some or all TE units layout, and also techhica
and technological tiebetween individual equipment units while TE platinition
(i.e. at layout realization). For the last onesohgl for example, workpiece processing
technological route (WPTR) and accepted strategyotervicing that determines IR
movements makeup (IR actions sequence at TE trarsgwicing) and cycle trajecto-
ry [4]. At that time, just as while solving manyhet applied tasks of layout (for ex-
ample “close packing” tasks type), the efficienéythe obtained solution depends on
the sequence of the objects (TE units at this caseplaced. All of that determines the
task of TE layout as discrete optimization taskpenmutations with limitations pres-
ence[7, 9, 10].

Thus, the ainof this work is the presentation of the proposedceptual approach,
methods and software realization of computer-aidstC TE layout with taking into
account the set of criteria, factors and limitasiotiat reflect problem domain features.

2. THE PROBLEM STATE AND LAST PUBLICATIONS ANALYSIS

In the most of literature sources about mechanoasdyeand mechanoprocessing
FMS [2, 8, 13] the conceptions of FMS and their ponents are given, reviews of
structures, schemes and descriptions of their komicig are given also, but the atten-
tion to the problems of designing, especially cotapaided, is not given enough.

In some literature on problems of mechanoprocesBM& and FMC designing
and work organization [1, 7, 9] the important plasegiven to the problem of TE
layout relative to IR, that fulfills TE transporrsicing — the moving of object of pro-
duction (workpiece) between TE units: taking framput storage or previous mecha-
noprocessing position, moving to the next TE adogrdo WPTR, setting the work-
piece for the next operation fulfilment and funthtaking it for moving to the next
processing position or into output storage.

In particular the contents and task statement sigdéng robotic technological
complexes (RTC) are covered in [1], and in conteftthis task the place is shown
and the task statement is formulated for equipneydut plan building (further it's
named TE planning Taking into account that RTC are similar for FMdt@ucture units
of FMS, further only FMC are spoken about, considgthat all regarding to RTC is
right for FMC. In [1] the TE arrangement variaftigear, polar; with common or sep-
arate inputs/outputs; one/two line etc) are comsimllethe organization of transport-
accumulating system of FMS, able to cooperate WNIC servicing IR, is discussed.
Two types of FMC basic arrangements are presefitesly determine two possible TE
layout criteriaconcerning IR cycle trajectory: the arrangemerthwminimal quantity
of positioning point{MQPT) on every IR degree of freedom — for IR waffcle con-
trol systems, and the arrangement with minimal moesmt trajectory lengtiMMTL),
that is determined as minimum of the sum of distarnmetween adjacent IR trajectory
movement reference points: IR gripping device (@Djrance/exit points to/from TE
work area (WA) relatively to adjacent TE, and adsal points of workpiece set/taking
moves in TE. The question of presence of severahIRMC and TE orientation va-
riants regard to trajectory of IR movement betwadjacent TE units, i.e. trajectory of
inter-aggregate movement (IAM), is considered. Bkrguences, schemes and algo-
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rithms of FMC designing and TE layout in FMC witheoIR are proposed. At that
time it is mentioned about layout sequence infl@eos result indicegarticularly on
IR trajectory length. Generally to the task of FM@nning such stages are included:
TE layout sequence choice, TE orientation regalé&tohoice, building of IR trajecto-
ry parts near every TE unit, linear or polar plasigning, assembling the FMC with
separate parts, each of that contains one TEalds marked that geometrical agree-
ment of TE unitsand IR includes two demands: compatibility of Gvwas with
set/taking direction in TE and the absence of IRstons with TE. However the ques-
tion of IR accessibility of necessary trajectorynpon TE is not covered.e. the task
of ensuring of TE hit to IR WA, that is enough ungguestion if the IR WA is not rec-
tangular in vertical profile (normal to movementtween TE). Further let name such
WA as _complicated shape WAor such WA TE placing height and deffthstance
from IR IAM to TE in horizontal plane) are intera¢dd The variation of one of these
values can determine different summary length ofréiectory parts on height and to
TE depth.

In [7] the question of TE layout in FMC in generskovered, also two variants of
this task classification at the mathematical pohview are given: as linear or qua-
dratic task on assignmerilthough a number of comments and recommendations
this task are given, the methods of its solutianrast covered.

In [9] the question of TE layout is covered on #MS workshop layout level, at
that time the tasks of TE transport servicing dse aovered not on IR level, but on
the level of FMS workshop transport system inteoactvith individual production di-
visions. So the question of TE layout regard toiriBide certain division is not cov-
ered. However a number of allied tasks are constihrat mathematically are combi-
natorial tasks of discrete optimizatidn [9] the task of TE layout is put to the tasis
FMS organization-technical structures synthesikstdisat in general include building
arrangements structures, TE layouts and organizafidransport servicing. A number
of criteria and limitations at the solution of giveasks are marked.

The tasks of TE layout automation are considerea mumber of works [3, 6, 10,
11, 12]. Particularly in [10] among others the &gk optimal layout of robotic divi-
sions (similar to FMC) inside workshop FMS on theimum of transport move-
ments’ criterion are solved. The task is classisddiscrete optimization one on per-
mutations. In the works [3, 6, 11, 12] the taskcomputer-aided TE layout regard to
IR having either Cartesian rectangular or polarrdmate system (CS) in horizontal
plane is solved, i.e. in any case the verticaligalf IR WA is either a rectangular or
aring.

Thus, the task of computer-aided TE layout regariRthaving complicated shape
WA, for example, portal-type IR with horizontal axicylindrical or angular CS (the
profile is limited by the curves of second degrespherical CS etc, is urgerAt the
same time it is necessary for definite layout seqado place TE as close as possible,
and also to get minimal possible sum of moves gt height and in horizontal to-
wards TE. It's advisable to search the optimal @folut sequeng¢ebut not on mini-
mum of IR cycle trajectory length, but on final guetivity indices For this, in pre-
vious works [4, 5] the FMC model for the tasks @& Tayout, servicing organization
and simulation (for the aim of determining produityi indices of FMC variants being
synthesized) was presented.
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3. THE CONCEPTION OF TE LAYOUT AND ITS COMPUTER-AID ED
REALIZATION

The solution of TE layout task (Fig. 1) supposeterining the position and
orientation of every equipment unit in regard totHat are servicing them, and also
coordinated of IR manipulation trajectory referemments coordinates inside equip-
ment units WA and near them (points of entrance W start and WA exit end). At
the same time_manipulation trajectasyfirst approximation of the way, gone by every
workpiece from the entrance to FMC in state of dillgexit from FMC in state of
processed part and is the union of IR GD movemarispnside TE WA (local and
regional IR moves), entrance and exit in/out of WWB parts (regional moves) and IR
inter-aggregate movements (global moves). In castitre_layout taskays in determi-
nating the FMC arrangement scheme (i.e. deternmseédf geometrical places for TE
units and their orientation), TE layout sequenagi@nt of correspondence of TE units
to reserved places for them), coordinates of THattaristic (tying) points in IR CS
and coordinates of IR manipulation trajectory refee points.

Yir
TE 1 - Input TE 2 TE j (A, TE j+1 TE N-1 TE N - Output
storage position Center of chuck butt dx " Gu D storage position
Ox . D.
X2 Oz D. D \ 7 q+1 i+1
| e ] o \_/ 18C
NHeA - \_1|_ o | A
N | i g
161 :I |:|9 e ) | ¥ | | %Z 170y
| 1 1 s o 4
2 . . 7 ] 3 |
|A1 > . ,AZ 14 Arj 71Ai Atl'j+1 1C IAi+1 AN—l:lE o) Ay 115
201 \1 IR manipulation trajectory /
I-IR min XIR
Ca
ZR IR

Fig.1. Conception of TE layout

The FMC arrangements schemealetermined by the IR WA form and its kinemat-
ics, particularly by the possibilities of geomedilicealization of TE servicing when its
layout in individual IR WA points. TE arrangememtheme defines the demands to
relative mutual TE layout and TE units’ orientatiagards to IR. Different TE layout
sequencdy coordinate X near IR (variant of assignmenéwéry TE unit on reserved
places) determines different length of IR IAM ti&d@ry parts, different length of the
total cycle IR GD movement trajectory (considerthg sequence of TE servicing by
IR), and that’s why influences on FMC work cyclaation. This is resulting from dif-
ferent geometrical sizes of individual TE units athifferent demands to minimal dis-
tances between adjacent equipment units. The egistef TE layout sequenaehen
either the minimum of IR movement trajectory lengthwork cycle, or minimum of
work cycle duration, or energy costs minimum ete egached, creates the research
area for optimal layout sequence.

At the Fig. 1 are marked: poinés — IR IAM trajectory on the start of the entrance
to TE WA; D; — points of the end of the entrance to TE WA dmddnes of start of the
setting moveC; — points of the end of workpiece setting moves kvident that three

192



The Sixth International Scientific Conference MECHANICS 2008

coordinates describe every poid:(Ax; Ay;; Az). The positions of TE units are de-
fined by the coordinates of chuck butt center (CB@int in the IR CS (X, Y, 2). It's
worth to mark that while TE placing it's necess&ryensure minimal needed spaces
between different TE units (in Fig. 1[4]; ;+1), and also between TE units and IR GD
movement trajectorytr; (in consideration of making possible to servicet&&hnical-

ly and absence of the risk of IR GD collisions wiitle equipment during movements).
Coordinates X of the pointare interrelated. If it's defined the previous t&ordi-
nates, then the IR trajectory reference pointsthadext TE coordinates are defined:

Cx; =X, +P; Dx; =Cx; +W; Ax; =Dx;; X, = X; +(dx; =Ox;) +4, ,; +Ox,,,

where P — distance between workpiece point of gigppy IR GD to its left butt-
end; W — space between workpiece left butt-endTdhadhuck butt before setting the
workpiece;dx — the TE length by XOx — distance from the left end of TE to the cen-
ter of its chuck butt.

The determination of Y and Z coordinatase much more complicated and de-
pends on IR WA vertical profile shape. For analgéscription of WA of any shape
the next statements are adoptddA surfaces, near and far relatively to OZ axes@

Y axes, are described separately (the first is ©Wafmear facg the second — “far
face), the faces are approximated either by planebyocycle cylinders; if the de-
scription of the faces by the vertical line is agumus then all the WA is separated
along Z axes into layers (zones), inside ones he#r and far faces are described un-
ambiguously. It's necessary to mark that thereniy one near face and only one far
face allowed to be at some horizontal plane.

The realization of geometrical layout on coordisateand Z, i.e. determination of
TE geometrical coordinates relatively to IR by treaght and in horizontal plane from
IR towards TE, inseparably linked with the demafatsmanipulation trajectory, that,
as was said above, come to two criteria — MM$ee Fig. 1) and MQPaf IR GD. At
the proposed work the MMTL is realized that supgoke IR WA of complicated
shape the preliminary finding on accepted heightlatemeniAz the Y-coordinate of
IAM trajectory pass, that is determined by the dawaite of the edge of crossing the
IR WA near face on the heighiz by horizontal plane. From the coordin&tgit is ne-
cessary to indent the minimal allowed distarttg and to add the distance by Y from
the point of TE CBC towards front edge of the TRhk got coordinate TE; comes
out of WA far face, then the equipment must be rdowp or down till hit to WA if
such is possible. If there is such TE unit thathcaibe put into WA at any start height
Azit means that this equipment cannot be placed.

It's adopted that vertical profile of IR WA doeswary along X axedn such case
the tasks of placement by coordinates X and Y-Zlmaifully separatecdbecause they
are not interrelated geometrically and there affer@dint optimization criteria used at
them. So it is possible to make optimal placeménit units in Y-Z plane by crite-
rion of minimal total distance between IR movemeajectory reference points, and
optimal placement by X (on the set of layout orflaccording to criteria of best prod-
uctivity indices.

4. COMPUTER-AIDED PREPARATION OF SOURCE DATA
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Because the computer-aided TE layout supposeséisence of analytical descrip-
tion of IR WA surfaces (near and far faces), sortteans of computer-aided forming
surfaces equatiorsre necessary, that is realized in the designadalviR WA editor
(Fig. 2) in limits of proposed software product.eTéurfaces are described in general
case by algebraic equations of second degree ingwariables Y and Z.
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Fig.2. Visual editor of IR WA

The editor allows to create/delete zones, setaoteely (by computer mouse or
by number entering) the limits of zones at the hieiy and depth Y, then specifying
reference points of straight lines (two ones) assdthree) of the profile, to form the
face equations automatically and to save them iddRbase (DB). The editor allows
creating, editing and viewing at various scalesIBRaVNA profiles practically of any
shape. The profile of IR WA can be drawn filledwdolors or not. When running edi-
tor the proposed reference points of faces arailedézl according to zones’ equations
and can be edited. The changes, made while ediingoe saved in DB or canceled.

For the polar CS the polar angle can be interpretedsimilar manner as coordinate
X.

5. THE SOFTWARE REALIZATION OF TE LAYOUT

The work with software starts with forming the cawsjion of TE in FMC (from
the primary and auxiliary TE DB), forming orders DE units’ succession along X
axes (all possibla! orders can be formed farTE units, also any orders can be added
or deleted) and the choice of IR from the corresipuyn DB (Fig. 3). The DB files
used by the software are: IR DB, IR WA descript@B, primary and auxiliary TE
DB, TE orders DB, and DB where results of layow saved (DB with placement by
Y-Z and DB with placement by X according to TE aje
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Fig.3. Screen forms for setting source data

The layout is fulfilled after pressing the buttd®ace TE” or “Look over all or-
ders”. At the last case the layout task is sohadafl formed layout order#\s a result
we have the DB with TE coordinates for all propoketghtsAz of IR IAM, the cho-
sen variant that has minimal sum of the moves bgnd Z and also the results of
placement by Xaxes for the best variant of placement by Y-Z (B)g When some TE
has too high CBC point then all other TE and IRIdied for necessary height.
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Fig.4. Screen forms with results of layout
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6. RESUME

At this moment the software allows to fulfill theeToptimal layout for linear ar-
rangement. For the polar arrangement the deteriomat polar angle calculation pro-
cedure is necessary. Early developed methods godtaimic basis of forming service
routes and simulation [4, 5], that are also impleteé in the developed software
product, allow to fulfill FMC work simulation andeterminate productivity indices for
the aim of choice the satisfactory or the bestayoult variants.
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INFLUENCE OF POLYPYRROLE ON CURING
OF POLY (AMIC ACID)

Polyimides are widely used in industry becauseheirtexcellent resistance to heat and
very good mechanical properties. Electrically coaiilte polyimide composites are under
focus of the research for application in electraiaircraft and automobile industry. To
prepare electrically conductive polyimides we usedjugated polymer: polypyrrole. The
presence of conjugated double bonds in the congoagulted in intermolecular com-
plexes with charge transfer. The presence of polgfge/ also affected an imidization

temperature: the temperature of poly(amic acid)wagion to polyimide. In this paper
imidization of poly(amic acid) was investigated Hgurier transform infrared spectro-

scopy, and differential scanning calorimetry. Moofbgical changes in polypyrro-

le/polyimide composite were studied by scanningteda microscopy. Results were
explained by conformational changes in poly(amic)ander the influence of polypyr-

role.

INTRODUCTION

Polyimides (PIs) attract a lot of attention nowaglagecause of excellent
perspectives of their application in nanotechnolo&'s with non linear optic
chromophore groups find application in optical dettarage [1], Pls with dopants, such
as azo-dye, are suggested for holographic recoif@pdls have shown to enhance
quantum dot luminescence properties [3]. Their aosiips with intrinsically
conducting polymers (ICPs), such as polypyrrole yjPRBhow considerably high
electrical conductivity [4]. Composites of Pls al€Ps, obtained electrochemically,
show the interpenetration of the components of dbmposite on molecular level.
From the electrochemical behavior of the PPy/PI posiie follows the appearance of
charge transfer complexes between ICP and its xitatit allowed to discuss “doping”
of PPy by PI, resulting in interesting impedancéawor as a function of applied
potential [5]. Besides, Pls possess excellentntbkistability, very good chemical
resistance, and excellent mechanical propertieg][61igh applied significance of the
PPy/Pl composite generated interest to the inflaen€ PPy on Pl processing
parameters.

Pls processing involves so-called imidizationg(FL), conversion of poly(amic
acid) (PAACc) to PI by either chemical or therma&atment.

Reduced activation energy results in lower tempeeatof imidization and affects
morphology of the resulting composite.
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Figure 1. Schematic representation of imidization

Reducing the temperature and duration of imidizatibe cost of manufacturing
can be decreased. For these purposes low tempgei@iting agents were suggested
[8]. In this paper we characterize the influence Ry on activation energy of
conversion of imidization by differential scannimglorimetry (DSC) and Fourier
transformed infrared spectroscopy (FTIR).

EXPERIMENTAL

Chemicals
PAAc of Pyromellitic Dianhydride 4,4° -
9 H oxydianiline was obtained from Dupont Chemi-

c G | Company as a 13.8% solution in n-methyl-
PAEN AN ca pany y
“ N\C/©[ /N@@)n 2pyrrolidone. All other chemicals were purcha-
I

<‘3 sed from Aldrich Chemical Company and used

0 as received without further purification.

Pyrromellitic Dianhydride 4,4 -oxydianiline

Apparatus

Potentiostat-Galvanostat Princeton 273A was usedhi® electrochemical depo-
sition. The reaction was monitored by Princeton liggbResearch Electrochemistry
Software version 250.

FTIR was carried out by Perkin-Elmer FTIR specteten. All thespectra were
taken at a resolution of 4 ¢hfrom 4000 crit to 400 crit at a 50 scans for each sam-
ple in dry nitrogen atmosphere.

Scanning electron microscopy (SEM) was carriedoyuitlitachi S-4000 scanning
electron microscope. SEM microphotographs wererdszb on gold sputtered sam-
ples.

DSC was performed by 2010 DSC TA Instruments caleti. Analytical Instru-
ments software was used for data acquisition aatysis. Samples for DSC were se-
aled in aluminum pans and equilibrated &t@%or 10 min before each scan.

Samples preparation
Preparation of the PPy/PI composite
Pl coating

PAAc additionally diluted with dimethylacetamide NIAc) to 15% Vol (balance
stock solution ) was subsequently cast and driethersurface of stainless steel (SS)
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working electrode. The solid contents of PAAc whesen to form coatings of 20 - 25
pum thickness. Samples were air-dried atG0and imidized either thermally or
chemically after the completion of drying. A scheéimaepresentation of imidization is
shown in Fig. 1. Chemical imidization was performgg immersing PAAc coated
electrodes into a mixture containing pyridine, acenhydride, triethylamine (TEA)
and benzene in molar percent (N) composition: NNZQA20/1.5N at room
temperature [9]. In this mixture, pyridine perforinan oxidizing function, acetic
anhydride accepted proton. TEA suppressed isoifoiaeation to avoid brittleness of
the film. Imidization was interrupted by takingngales out of mixture and placing
them to benzene. Imidization was FTIR controlldthe desirable percent of
imidization was achieved by interrupting the reactat different time.

PPy deposition

Electrodeposition of PPy was carried out galvarimstily in a solution containing
0.01 M Py and 0.1 M KRFin acetonitrile (AN). A single-compartment eleachemi-
cal cell was used for the deposition. It was coseatiof the SS working electrode co-
ated with PI film and the SS counter electrodeu@aed Calomel Electrode (SCE)
was used as the reference electrode. Current desfsit mA/cnt was applied until
the desired amount of charge passed. After thdéretlposition films were rinsed in
AN for 10 min and air dried.

Composite preparation

To obtain the PPy/PlI composite PPy was electrootediyi deposited on bare
stainless steel (SS) surface followed by cast agdidposition of PAAc top coating.
Samples were subsequently imidized thermally nerldhan 24 hours after the
completion of PAAc drying. Thermal imidization waarried out by air heating to
35C°C for 4 hours.

Characterization

Percent of imidizationo() was determined from FTIR data as:

[ I1780
| X%
a = | 1015
[ 1780]
| 100%
1015
Where:

l 1780yl (1015) - ratio of the intensity of imide peak to the ims&ty of standard peak,
with subscriptx related to studied sample, with subscip0% related to a sample
where imidization was assumed to be completed. ¢t in the phenyl ring peak
(1015 cnt) was chosen as a standard.

An activation energy of imidization was determirfeain the shift of DSC peaks
made at different scan rates, as described for pbeam [10, 11] on the basis of the

! All the potentials were applied vs. SCE.
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assumption that the thermal treatment during DS@eement causes imidization.
Although applied heating rate was rather fast ($00? higher), imidization created
well-resolved peaks on a thermogram. Heat flow @tHs6 proportional to the reaction
rate, di/dt [12]. The relationship between the rate of imation di/dt and the
reaction rate constaktthat is given by the equation:

da
—=kf(a
ot (a) (1)

Coefficientk is assumed to be in Arrhenius form:

E

— L e kT
k =k,e 2)

where: ky - reaction factorfE - activation energy, T- absolute temperaturd,, -
Boltsman constanf(a) - functional form ofa that depends on the reaction mechanism
and for the T order reaction can be taken asu(1F11].

By integrating Eqg. 1 we obtain:

In(1 - ) = kt 3)

By interrupting thermal imidization at differentrte coefficient k can be determin-
ed from the dependence of FTIR determineds. time of thermal imidization

RESULTS AND DISCUSSION

The morphology of the composite films dependedt@ntime of PPy deposition
and the time of chemical imidization. Pure Pl pesed smooth and uniform structure
(Fig. 2). The structure depended on imidizationetirtt roughened at 100 s of PPy
deposition in both cases of 1 h (80 %) and 4 hr{pd®0 %) imidization (Fig. 3) and
3(a)). The structure also depended on the timeRyf dReposition proportional to the
PPy amount. The increased time of PPy depositiosethan increased roughness of
the surface (Fig. 3) and 4b).

FTIR spectra of PAAc with 20 % conversion witholryPand after different time
of PPy deposition are shown in (Fig. 5). The PPgogition bands in the PPy/PI
spectra are mostly screened by the stronger Patams. However, Pl spectra attain
some changes due to PPy. Spectra show that:

1) presence of PPy forced the appearance of ingedk at 1780 cih

2) PAAc shoulder at 1550 — 1580 Crdisappears.

3) Intensity of central peak at 500 ¢m 620 cnf triplet increases significantly.

(1) and (2) of the above indicated that the preseasi PPy affected conversion to
P1, shifting PAAc— PI equilibrium to the side of PI, (3) indicatedaraction.
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Figure 2. SEM image of lly Figure 3. SEM image of the PPy/P| composite
imidized PI film [PPy deposition 100 s, chemical imidization 1 ]

Figure 4. SEM image of the PPy/PI composite: ay BBposition 500 s, chemical imidization 1 h, |b)
PPy deposition 500 s, chemical imidization 24 h

In Figure 5 wavelength shift for two different psak plotted as a function of an
electric charge passes through unit area during d&ppsition. A wavenumber shift
was observed for the absorption of C=C and C=Otfonal groups of Pl molecule in
the presence of PPy, (Table 1). The shift to shas@venumber (3520-3490 €
(Fig. 6), was possibly related to intermoleculadtogen bonding between PPy and PI
moieties. This effect was related to the polar@atf 1t electrons because of their high
mobility along a polymer chain. In the case of lopgkn bonding, the whole molecular
system gains resonance energy, which results igthening of the original double
bonds [13].

Table 1. FTIR wavenumber shift observed in the PPgmposite at different amounts of PPy

PPy amount, mg/ch Band, cni [14]
3 CH=CH|v C=0 in aromatipv C=0lv C=0lv C-N
0 1350 1748 17121653| 1088
3.6 1349 1748 171p1653| 1088
7.2 1354 1742 171B1660| 1093
11 1357 1743 17201667| 1094
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Figure 5. FTIR spectra of the PPy/PI compositeifietent times of PPy deposition at 1 mAfcm
current density. PAAc with imidization 20% was taks a matrix: (a) without PPy, (b) PPy
deposition 60 s, (c) PPy deposition 180 s
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Figure 6. FTIR wavelength shift as a function ot eharge for peaks 3520 ¢hand 3490 ci

Imidization activation energy was determined byaté#nt independent techniques:
DSC and FTIR.

PAAc to PI conversion is an exothermic reactione TDSC thermogram for
imidization in Figure 7 showed two distinct peaksaeound 100°C and 180°C. The
100°C peak was possibly related to the evaporatiosolvent while the 180°C peak
was due to imidization. The second scan showedliteppearance of both of these
peaks proving that both solvent evaporation andlization were completed during
the forward temperature sweep. At the presencd’gftRe imidization peak shifted to
lower temperatures (156°C at the same heating matgyesting that in the presence of
PPy imidization started at lower temperatures.(8)g

Imidization activation energy was DSC determinedédi@ctrochemically obtained
and chemically imidized samples with the amounPBfy varied from 0 to 60 %It
was found to depend linearly on the amount of Py as

Em=Eo—km 4)

where: Ei,, — imidization activation energy, kJ/mdk, — activation energy without
PPy, kJ/molm— amount of PPy, % — coefficient, kJ.

Based on FTIR obtained experimental data coeffisiam Eq. 4 were determined
as 72.8 kd/mol for the activation energy and 0.F fokk.

% here and further in the text mass percentage wes.u
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Same coefficients were FTIR determined on sampleaireed electrochemically
and imidized thermally. Amount of PPy in this casgied from O to 6 %E, was
found to be equal to 60.8 kJ/mol akdavas 0.72 kJ that was relatively close to DSC
values. Therefore, PPy promoted the imidizatioespectively to samples preparation
method.

DISCUSSION

Kinetic nonequivalence of amic acid moieties duringdization could be the
result of

1) hydrogen bonding between carboxyl and amidegg¢L5, 16],

2) rotational isomerism of amic acid groups [19]

3) influence of adjacent groups [20] and

4) variation of molecular mobility [21-24].

Imidization likely occurs from para PAAc molecul@$]. PPy acts as a catalyst to
imidization, possibly because it can perform as gpamt for Pl [4], therefore
redistributing electron density along Pl backbamna way that an activation energy for
imidization reaction decreases.

The activation energy of imidizatiort{;) measured experimentally in this paper
and by others [11] is (60 — 75) kJ/mol. The preseanicPPy lowers PAAe> PI transi-
tion (imidization) by 25-30 kJ/mol that was shownSC measurements.

CONCLUSIONS

In the PPy/PIl nanocomposite, PPy significantly loedethe temperature of PAAC
imidization by lowering down the activation energlyPAAc conversion to Pl. As a
result of PPy addition, morphological properties tbé composite also changed.
Obtained results suggest using PPy as a low temyperauring additive for PAAc,
and open an avenue to creating new type of eladliriconducting composites based
on polyimide, where conjugated double-bonded stinecof PPy is superimposed with
delocalizedTt electron polyimide system, resulting in new amgzaiectrical and
mechanical properties.
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THE SUGGESTION OF NEW MANUFACTURING
TECHNOLOGY FOR HAND-MADE SCREW BLADE
FOR WIND-POWER PLANT

The contribution deals by the suggestion of new ufamuring technology for hand-
made screw blade for wind-power plamth complicated topology that exists without the
drawing documentation. To obtain the dimensionsuwth undefined real part is often
very difficult, especially, if the accurac