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Abstract

Flexible forming technology provides significant pdipation potential in various areas of manufactgyi particularly at a
miniaturized level. Simplicity, versatility of press and feasibility of prototyping makes forminghteiques by using flexible tools
suitable for micro sheet metal forming. This papeorts the results of FE simulation and experilergsearch on micro deep
drawing processes of stainless steel 304 sheditsngfia flexible die. The study presents a noeehhique in which an initial gap
(positive or negative) is adopted between an adjest ring and a blank holder employed in the dguedoforming system. The
blank holder is moveable part and supported byracp&ar spring that provides the required holdfagce. The forming parameters
(anisotropy of SS 304 material, initial gap, fricticonditions at various contact interfaces anibirsheet thickness) related with the
forming process are in details investigated. Thenflels are built using the commercial code Abggpasidard. The numerical
predictions reveal the capability of the proposszhhique on producing micro metallic cups with higlality and large aspect ratio.
To verify these results, number of micro deep dnavéxperiments is conducted using a special sdeuploped for this purpose. As
providing a fundamental understanding is requiredthe commercial development of this novel formieghnique, hence the
optimization of the initial gap in accordance wihch sheet thickness, thickness distribution amdhpéorce/stroke relationship are
detected.
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1. Introduction

Remarkable development in micro forming technolagy relevant industries has been noticed througltest decade,
mainly due to the increasing demand on high quaditytable electronics and other mini/micro devi¢es]. This
demand has remarkably attracted a great attention fesearchers-7]. Owing to provide fundamental understanding
of the micro forming technology, substantial reshaactivities have therefore been published duittieglast decadp,

8]. Several significant potential advantages candiregl from using flexible tools in sheet metal forghprocesses;
such as low-production cost, eliminating alignmeéifficulties, producing complex-shaped parts. Tharkpieces taken
from pre-polished or painted sheet metals can badd without using any protective coating as thHHEyese issues
make flexible forming technology very appropriabe ficro sheet metal formirg, 9, 10}

To clarify the essential fundamental charactesst€ this technology, several research studies lman
conducted. Quadrini et gl1] investigated flexible forming process of thin aloiam alloy sheets to produce simple
shapes. Different rubber materials were used ®ifdhming tools. It was found that the harder ruleed improved the
drawability of the blank material. Peng et[at] presented an experimental and numerical invesiigabn micro sheet
metal forming of stainless steel foil using a safhich. The effects of the process parameters @i gnain size, rubber
hardness and friction coefficients were also ingestd. Dirikolu and Akdemin3] established a 3D finite element (FE)
model for flexible forming process of sheet mefidie rubber hardness and blank material properta® the main
parameters in this work. As a result, it was sholat the FE method was effective tool in processgie Ramezani et
al. [9] optimized theoretical approaches that can be tsesimulate the static and kinetic friction at thlank and its
interfaces in rubber-pad forming process. Theidgtshowed that the use of the static friction madslited in highly
accurate predictions for the punch load while tliwetic friction model provided good results at heghforming
velocities. A novel microscale laser dynamic flégiforming (LLDFF) technique is presented by Wahgela[14].
Numerical simulations and experiments were caroietdto investigate the key process parametersrasdts showed
that the deformation depth of the thin metal shdetseases with the increase in the thicknesseo$dfft punch. Also, it
was found that increasing the laser pulse energpiteal in an increase in the deformation depttonhed workpiece.

Recently, the experience-based knowledge of theroAfi@@ming process parameters is not sufficient,
particularly when flexible tools are utilised, thmsore investigations and improvements on this teldgy are
imperatively needeg2]. In this paper, micro deep drawing of stainlesIsSS304) foil using a polyurethane rubber
flexible forming pad, 63 Shore A hardness, is eatdd through experiments and numerical simulafithe foil work-
pieces used in the experiments were each 10mmameader and with varying thickness as follows: 600 And 150
micron. The numerical simulation was achieved ugini¢ge element analysis (FEA) model, built usitg ttcommercial
code Abaqus/Standard. The main purpose of thig/sttas to demonstrate the influence of blank maltarigsotropy,
initial blank thickness, initial gap, and fricti@oefficient on the forming process. The experimlerasults show a good
correlation with that obtained from the numericahdations, in terms of geometrical aspects of fihal products,
thickness distributions and punch load-travel refethips.



2. Experimental Methodology
2.1 Characterization of material behaviour

Stainless steel 304 is used widely in various itrthlsapplications, especially in the manufactufenicro device
components. Therefore, the workpieces used ingtoidy are intended from SS304 sheets withu60) 100um and
150 pum in thickness. In order to evaluate the &téthe anisotropic behaviour (due to the rolloyeration), dogbone-
shaped specimens are cut along rolling, diagori)) @nd transverse directions from each thickn€ks. dimensions
for the testing specimens are determined from t8BdM E8 standard as shown in Figure 1b.The tensiéstare
performed using an Instron 5969 machine with 50&&tI cell with velocity of 0.1 m/sec. A non-contagtiadvanced
video extensometer (FOV 200mm) is utilized for meswy the longitudinal and transverse strains o Hheet
specimens during the tensile test. Figure la ptegbe stress-strain relationships obtained oft¢hsile tests for the
SS304 foils with the thicknesses 60, 100 and 158turalling direction. The mechanical propertiesS& 304 sheets are
listed inError! Not a valid bookmark self-reference., which generally agree with the results obtaing@&batomes.

Table 1. Mechanical properties of SS304 foils

Thlcsl;mes Angle to rolling [Young modulu§ Yield point [ Tensile strength K n
direction {) E (GPa) 6o (MPa) our (MPa) (MPa)
t(Lm)
0° 128.6 225.4 545 1252 0.4684
60 45° 192.7 273.2 568 1290 0.4288
90° 179 209.8 554.6 1299.7 0.4413
0° 154.5 277.2 580.5 1350.7 0.4516
100 45° 197 252.3 539 1269.9 0.4340
90° 166 287.3 621.8 1400.2 0.4103
0° 107.5 373 749.8 1698.2 0.4522
150 45° 120.2 327.4 730.7 1585.5 0.4159
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Figure 1. (a) Engineering stress-strain relatigmshilong rolling direction (b) Tensile test sample
2.2 Compression Tests of Rubber Material

In order to define rubber material behaviour in e model, the mechanical properties obtained fumiaxial and
volumetric compression tests are utilized. The hgfastic coefficients of the rubber 63A materiakevebtained via the
uniaxial compression test carried out in accordaiecthe ASTM D575 standard. Sandpaper sheets waoeg at
specimen and machine platens interfaces to resistal slippage of the rubber surfaces, as in Eigs. The
engineering stress-strain relationship obtainechftbe uniaxial compression test can be seen inr&iga. Regarding
the material compressibility factor (J) a volumetric compression test is achieved hsieguthe device illustrated in
Figure 3a. The very small clearance is to ensuaettte rubber specimen used will be restrictedegtlsf and there is
no space for the rubber to extrude through duttiegtéstis]. The relationship between pressure and volume thit
is obtained from the volumetric compression tesHiustrated in Figure 3b. The results of the uméand volumetric
compression tests mentioned above were used ast digai in the code ABAQUS/Standard to obtain thdenml
coefficients of rubber 63A shown Error! Not a valid bookmark self-reference..

Table 2. Mechanical properties of rubber 63 Shorafiness

Poisson’s ratio

Shore A| €10 (MPa) | Co1 (MPa) D1 (MPa) w

63 0.586163925(0.146237297| 7.79341E-04 0.499715
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Figure 2. (a) Engineering stress strain relatignébi the uniaxial compression test (b) Uniaxiainpoession test

80 - b2
i Gl

70 4

60
50 A o

40 ]

40

20

30

Pressure (MPa)

20 A

NG 7

40
e i i)

0 . . . . . . . . $29.01
0.986  0.988 0.99 0992 0994 0996  0.998 1 1.002
Volume ratio
(a) (b)

Figure 3. (a) Volume ratio-pressure relationshiputber 63A (b) Scheme of the volumetric compressievice
3. Material Models Used in FEM Simulation

3.1 Anisotropy of Stainless Steel 304 Foll

As previously mentioned, in this study FE simulat®f the SS304 foil micro deep drawing processevearried out
using the commercial software Abaqus/Standard. lAstie-plastic model was used to define SS304elaviour in
the FEA simulation. In this model, four-node doublyved thin or thick shell, reduced integrationpfglass control
elements (S4R) were used for the foil metal astilthted in Figure 4. The plastic anisotropy isddtrced by using
Hill's criterion.

f[ﬂ'}:JF[Uﬂ-UH]Z +G(o,-0.,)* +H(0o,,-0,,)* +2Lo;3* + 2Moy;* + 2Nogp?

where F, G, H, L, M and N are material constantsioled from test tensile in different orientati@mcij refers to the
stress componentss]. These constants are defined as:
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where Ri, Ros, Ras Ry, Riz and Rs are anisotropic yield stress ratios. In sheet infetaning, the plane stress
conditions are adopted, and then just four straissr (R1, Ry», Rz and R,) are taken into accouqtr]. Within the FE
code Abaqus, the anisotropic yield stress ratiesapressed in terms of width to thickness stratios.

"RT 7220 =" 1."'ll,[ll,['r' J90T T e 0T "1 ST C0T T T e T 1) D ="R® ,"33" " =" v’({'r" L
where §, r;5 and gy are width strain to thickness strain ratios of tnark-piece material along the rolling, diagonal

(6=45") and transvers@=£90°) directions respectively. The above equatiares adopted to calculate the (r) and (R)
values for the SS 304 sheets employed in the duwerk, as shown in Error! Not a valid bookmarkfseference..

Table 3. Anisotropic plastic strain ratios

th (C]
r R R R R
w®m | O 11 22 33 13

0.975608271
60 45 [ 1.076671656| 1 0.97129434 0.97700096 0.94738359
90 | 0.891692687
0 0.717189264
100 | 45 1.00371091 | 1 0.945329304| 1.02365591 0.9441621
90 0.77824151
0 0.759571919
150 | 45 0.92150833 | 1 0.98879011 1.06229064 1.01572242
90 | 0.949827615

w

3.2 Hyper-elastic Model for Rubber Pad Material

The rubber material used for the flexible die iareltterised by a nonlinear stress-strain relatiorafrge deformation,
as well as it is nearly incompressible through tbRimetric compression test. Therefore, the MooR@gin hyper-
elastic model can be presented to describe thisvi@lr. Since, the total strain energy of any hoemmys and
isotropic material is composed from three strairaimants, the strain energy form of Mooney-Rivhn i

W=Cy (I;-3) + Gy (I-3) + (3-1)/0

where W is the strain energy per unit of voluheand], are the strain invariants, J is volume changg.a@d G,
describe hyperelastic rubber deformation, anéhBicates the material compressibiljdy.

Fixing ring
Blank

Figure 4. Simulation model of micro deep drawinggass

For the rubber pad, eight-node linear brick, camspaessure, reduced integration, hourglass eles{&@8D8RH)
were utilized and the other parts were defined igsl hodies as presented in Figure 4. The processmgtry
dimensions adopted in this study are punch diam&ten; punch nose radius 0.8mm, blank diameter 10mbher
pad diameter and height 12 and 10mm respectivdgo,Ahe holding spring used in the current techaigg modelled
with 300N/mm stiffness and it is compressed to e\an initial holder force of initial 2000N. Moreer, the friction
coefficients at the contact interfaces are definatie FE simulations utilizing the coulomb friationodel.

4. Experimental Setup

The special experimental set up shown in Figureas developed to conduct micro deep drawing expeiisndn
general, this device consists of two main composetg. The first set, which represents the uppesatrie part of the



device, is composed of two groups of componentsfitise group involves upper plate, three springseé spring
guiders, three guide posts, solid punch and lodatepThe second one involves the main tools resptandirectly of
the micro deep drawing operation, which are blaokiér, blank holder house, fixing ring and holdsmying. This set
is driven by the movable grip of the Instron 395&ciine, where the load and displacement can bdradadirectly
from the Bluehill software provided with this macai
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Figure 5. The experimental apparatus

The second set is constructed of a solid base erutdntainer and rubber pad. The main functiothefthree
springs is to keep the flange portion of the bldokder in direct contact with rubber container aagf during the
drawing stroke. Therefore, these springs haveadively high stiffness of 300 N/mm, which is enougtovercome any
possible movement of the middle plate upward. Ther8nic 3P Taylor-Hobson roughness tester is usetieasure
the surface roughness of the components employdbeirexperiments. The forming rigid tools are egeaib with
surface roughness degrees of 1.41um and 2.97uthefdiiank holders and the punch respectively, vdwetee SS 304
sheets were finished with approximately 0.64pum.

5. Experimental Procedure

The blanks used in the micro deep drawing processes cut from the SS 304 foils using a blankingghudie tool. In
order to obtain good cutting quality a clearanceuald2-24% of the initial sheet thickness was aglddietween the
male-female blanking toolgs]. Before the actual forming stroke; the three sywiare initially compressed provide
sufficient supporting force for the middle platdeTeafter, this force increases simultaneously thighdrawing stroke.
The forming procedure, shown in Figure 6a, is edrmut with a positive initial gap and can be sumea in the
following steps:Stepl: The rigid punch is moved downward just to cohthe blank surfaceStep2: In this step the
punch deform both the blank and rubber pad justuiin the initial gap adopted. As a result of incogspibility of the
rubber material, a hydrostatic pressure will beegated in the rubber pad keeping the formed pathefblank in
continuous contact with the rigid punch. Sincertitgber pad is restrained inside a closed cylintigpace the resulting
pressure pushes both the blank flange and blardehaipwards through the gap against the holdingppgpimhrough
this step the contact area between the blank flangethe holder decreases causing the holding fordecrease. As a
result, the compromise between the decreasing coataa and the increasing rubber pressure is ya ingyortant
aspect in this techniqu&tep3: The final step of the drawing operation stgutt when the blank holder reaches the
fixing plate. At this moment the rubber containeicompletely closed a high forming load is needetesist the high
reaction pressure of the rubber pad. Afterwardsritid punch is kept moving down to finish drawstgoke.
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Figure 6. Forming techniques with (a) positiveialigap and (b) negative initial gap

In some cases where an initial compression is requd be established the experimental procediusrited
in Figureeb is utilized.Stepl: The rigid punch is moved downward just to conthe blank surfaceStep2: All of the
rigid punch, blank holder and fixing plate are mibwmwnward for the required initial compressiontalice (negative
gap). This technique generates an initial pres@nebulging pressure) in the rubber p&tep3: In this step both the
blank and the rubber are formed by the rigid pumrbducing a complete cup. An important note her¢hat the
incremental increase in the forming load in thisht@que is higher than that obtained in the step tBie previous one
because the rubber pad here is initially compressed

6. Results and Discussion

Figure 7 shows cups obtained from FE simulatiorseperiments with blanks of 100 um in thickness famal depth
4 mm for no initial gap adopted. The physical ceppose well correlation with that acquired from themerical
models in terms of final geometrical profile. Dgithe drawing process, the blank being formed id hethe flange
region and the bottom as seen in Figure 6a, andecpently the cup shoulder and the upper portiothefide wall
would undergo excessive tension conditions. Theegfio can be observed from Figure 7b that the mari tensile
stresses are concentrated at these critical regiotie formed cup, while the flange region expeees high frictional
shear stresses.

5, Mises
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+5.890e+01
+0.000e+00

(b)
Figure 7. Drawn cups obtained from (a) experimbhs{mulation

Moreover, the effect of the anisotropic behaviolthe SS304 sheet material of 108 in thickness is shown
in Figure 8. In this figure, the thickness disttibns of drawn cup along the rolling, diagonal 46id transverse
directions are presented. The first finding is ttie bottom wall almost remains without changehitkness. The
forming pressure is initially applied on the blgmértion underneath the punch nose, and since itt@fr coefficient
punch surface is relatively high, hence the friztibforces excited at this region will overcome grogsible relative



sliding. This action implies no increasing tensdeces would generate at the bottom at which tloeesho significant
thinning occurs. The current technique allows far blank to form as a shallow cup in the next sl therefore the
cup undergoes nearly the same reduction in thickaésng the three different directions. Thereafsémce the cup
becomes in direct contact with the punch nose sadhe same scenario mentioned above for the battgian can be
adopted thus the wall thickness remains withouteable change at this region.
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This activity results in the cup wall goes up tgher thickness relatively at shoulder radius agdicantly in flange
region. The curves show that the maximum thinngngliserved at the transverse direction (90° tadHieg direction)
at the upper part of the cup side wall, which iatcary to the conventional deep drawing processreviie maximum
thickness reduction is usually observed at the purese radius. In order to compare the numericalli® with that
obtained from the experiments, Figure 9a shows ysipal cup cut at rolling and transverse directiofigure 9b
presents a comparison between the simulation piedscand experimental results in terms of thickndstribution
along directions aforementioned. It can be noted e tendency of change in thickness predictedungerical model
match well with that given by experiments, wher¢hb@sults detect that the maximum thinning ishat¢up side wall
along the transverse direction. Thus, the thickukstsibution along just this direction will be &k into account in the
next sections. However, little differences in thieks between the numerical and experimental resatde observed,
which could be due to the difficulty in manufachgithe physical tools with surface roughness reisulfriction
coefficients equalling exactly to that adoptedhie humerical models which are 0.1 and 0.25 at thekkholder and
blank-punch interfaces, respectively.
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Figure 9. (a) Thickness distribution along rolliswgd transverse directions (b) Two sections of ajslycup
6.1 Initial Gap

Of the most crucial parameters in the proposedanieep drawing technique is the initial gap alledabetween the
blank holder and the adjustment ring. In orderttm the influence of this parameter, differentialigaps of -100, -
50,0, 50 and 100 um) are adopted under the samegga@onditions. The numerical simulation reswgieeal some
variations in the geometrical profiles of the ob&a cups, where increasing the initial gap resalts larger radius for
the shoulder corner of the formed cups. Anotheenlzgion is that the heights of the final cups slightly different

where the cup height increases by the same valubeofnitial gap adopted. The thickness distritngialong the



transverse direction, which predicted by the sitiofes with the different gaps aforementioned amspnted in Figure
10. It can be seen that reducing the initial gapsses an increase in thickness reduction espeaiathe side wall of
the formed cup. The results detect that the maximeduction in the side wall thickness decreasem fid%.8% to
11.9% by increasing the initial gap from 0 to 108, as well as increases from 15.8% to 28% by redypitie gap from
0 to -100um. The interesting attention is that the locatibthe maximum thinning changes from the nose rattiuke
upper part of the side wall of the final cups wiglducing the initial gaps. This action can be latitied that reducing the
initial gap exacerbates restriction on the rubksd material. As a result of rubber compressibiliyaller gap causes
the pressure applied by the rubber die, which fadéh regarded blank holding pressure in the ctiteshnique, on the
blank to significantly increase. Thereby, highersite stresses therefore generate at the sideawdlshoulder radius of
the cup being formed during the drawing operatieaulting in an increase in thickness reductionciii¢ads to failure
by fracture. Therefore, it can say that formabilifythe workpiece can be improved by adopting highdial gaps.
However, it should be realized that the gap vahredimited; i.e. it cannot be increased as muclveasvant, where the
results reveal that adopting gap>dfLOum for the current case produces wrinkled parts.
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Figure 10. Thickness distribution at transversedtion for different gaps

On the other side, the punch load-travels resel®nt that the punch load increases throughoutitheing
stroke until reach the maximum value when a corepleup is obtained. Another observation is thatpivech load
value at any particular forming stage decreaseh mitreasing the initial gap as shown in Figure TBe results
showed that the maximum load decreases from 3682HNthe negative gap -10@m to 2320.7 N with no initial gap,
and then to 2007.5 N with the initial gap 40®. On explanation of these results, it can be 8@t as the initial gap
increases, blank and the rubber pad will have fasgace to deform against just the supporting gpfliis situation
allows drawing as much as possible of the blanken@tinto the rubber die cavity before the holdeaches the
stationary adjustment ring. Since the area of thege region reduces increasingly during the drgvstroke, the
friction forces at the blank/holder and blank/rubbed interfaces will therefore decrease leadingettuction in the
maximum tensile stresses generated in the blan&riaktConsequently, the thinning and the maximwmgh load will
decrease. Figure 11 presents three physical cagsiped with the initial gaps -100, 0 and 100 pnealt be seen how
the different initial gaps affect the final cup fites in particular at the shoulder corner radius.

higher gaps: larger shoulder radius Gap=-100pum

Figure 11. Cups formea witn aimerent initial gaps

Figure 12reveals a comparison between thickness distribsitimlong the transverse direction obtained from FE
simulations and experiments for cups formed wittséhgaps. Although there are little variationshiokness values at
some locations, however the general trend of thengé in predicted thickness distribution well mattwith the
experimental results.



0.125 —e— Simulation (Gap=0)

O Experiment (Gap=0)
—a— Simulation (Gap=100pm)
A Experiment (Gap=100um)
—a=m— Simulation (Gap=-100pm)
o Experiment (Gap=-100pm)

0.12
0.115

Shoulder
radius

0.11

0.105
0.1

Side wall

0.095 A

0.09 A

Thickness (mm)

Flange

0.085 A
0.08 A

0.075 A

Nose radius p p

0.07 A

0.065

Curvilinear Distance (mm)
Figure 12. Thickness distributions along transvelisection with different initial gaps

Regarding the drawing load, Figure 13 illustratesnparisons between the punch load-travel relatipssh
obtained from simulation and experimental work thoe different gaps aforementioned. It is found ti@ maximum
punch loads required for experiments are highen thase in the simulations. The differences betwiendrawing
load-stroke curves could be due to the difficultysetting friction coefficients for the experimemtsactly equal to that
adopted in the numerical models. In addition, tbeetbped set up consists of various parts thatradirect contact
with each other and hence the friction between thelich is not taken into account in the FE modetssibly leads to
increasing in total load measured by the experimeathine used. The results detect that the puradisloneasured
through experiments are 9.5%, 10% and 8.1% hidier humerical results with the initial gaps 10&n@ -100um,
respectively.
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Figure 13. Comparison of Punch load-travel relaiops with different initial gaps

The initial gap therefore significantly influences the production quality of the final cups in termof thickness
distributions and thing values, as well as on ttaximum forming load. In accordance with these itasutl is found

that owing to produce cups of similar profiles wilr5, 1 and 1.25 aspect ratio (i.e. final depth3,@ and 5mm), the
initial gaps of -100 um, -50 um and O respectivedn be adopted as shown in Figure 14. In factptagimum aspect
ratio which can be achieved for the blank diamefekOmm used in the current investigation is 1\@bere no enough
material remaining at the flange region to prodac&ee-earing cup. It is reported in a previouskyoo] that it cannot
produce SS 304 cups at micro scale with high aspdict that is >1, through a conventional deepnilig process by
using a single forming die. Thus, the aspect ratid.25 achieved by adopting the proposed techniigueeigh a single
deep drawing process using a rubber die indicatasthis technique is noticeably more efficientrtiae conventional
deep drawing in terms of manufacture cost and pribotutime.

Figure 15 reveals the thickness distributions alttregtransverse direction for the two groups ofdhps illustrated in
Figure 14, which are obtained from FE models amukgments. It can be seen that the maximum thinaooyrs at the
side wall along the transverse direction even lier cup drawn to 3mm depth. Unlike to the conveutionicro deep
drawing processes, the results indicate that thedb maximum thinning is observed for the cup ohbiimal depth

whereas the highest thinning occurs for the cu@rofn depth. This strange action is in fact due ® itfitial gaps
adopted with each case, where the where the singlipsresults in the highest thinning and the Isirgrap results in
lowest thinning regardless the final depth targdtedthe cups formed in the current investigatidhis observation
refers to the significant role of the initial gap the formability of the sheet metal and on theliguaf the produced
parts. It can be deduced that the initial gap igemeffective than the drawing stroke. The resuttews that the



variations in the maximum thinning between the dation and experimental results are 2.6%, 1.89% 24 with

the aspect ratios 0.75, 1 and 1.25, respectively.

3, Misas

SMEG, (fraction =

(Avg: 759%)
+7.018e+02

-1.0)

+5.848e+01
+0,000e+00

(b)

Figure 14. (a) Physical cups and (b) VonMises stdéstributions for cup models with different firggpths
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The punch load-travel relationships presente#figure 16 demonstrates that higher incrementseénptimch
load values throughout the entire drawing stroleeabviously observed for the curve of punch tré8raim, in return



the lowest increments are for the curve of punabelr 5mm. However, the highest value of the maxinpumch load is
reported for the case of 5mm cup depth whereasrttadlest one is for the case of 3mm stroke. Thidifig indicates
that the incremental increase in the punch loadamly affected by initial gap value and however thaximum load is
affected by the forming stroke targeted in a paldic case. The last action is attributed that ddrigirawing stroke
results in a higher hydrostatic pressure in thdeualdie material which necessitates higher punatl to keep forming
both the blank and the rubber material. The readltates that the numerical predictions for abes of punch strokes
match well with the experimental results, althotigd experimental curves are slightly higher thanrihmerical ones.

6.2 Friction Coefficient

One of the most crucial parameters in micro degwihg processes is the friction coefficient betwéxdenk and
forming tools. The friction conditions at the cacttanterfaces in sheet metal forming processes lmagegnificant
influence on the sheet formability and productiomlgy of the formed parts. Due to the so callede®ffects” friction
coefficients play more effective role on forminguéis at micro scale much more than conventionalesg20-22]. In
the current work, the influence of friction condits are studied through numerical simulations bgguthe Coulomb
friction model with different values separately feach friction coefficient at the blank/holder, fik&ubber and
blank/punch contact interfaces. In regard of tHeatfof the friction coefficient (§4) at the blank/holder interface, the
values 0 and 0.25 are defined for the friction ioieits at the blank/rubber and blank/punch irstees respectively.
Figure 17a shows the thickness distribution aldmgttansverse direction of the formed cups acquivigd different
Msn Values. As seen the curves have almost the sasiefeatures. Also, no remarkable change can beredd in the
thickness of the cup bottom portion for all cases] however the differences in thinning become rd@stnct starting
at the cup nose corner. It can be noticed thatntagimum thinning of the products increases withréasing the
friction coefficient |gy. The maximum reduction in thickness of the cupried with |54=0 is 10% at the cup nose
corner region in return of 33% withy=0.2 at the cup side wall. The mechanism behirgl likehaviour is that as the
friction coefficient increases, the obstructionstioé frictional forces to the relative motion beemethe blank and its
holder increases, resulting in excessive tengitsses in the sheet material. These maximum testsileses resulted of
Men=0.25 exceed the ultimate tensile stress of thel &® 304 sheet metal, which cause the formed cupeak at
drawing stroke of 2.6 mm. In addition, the resulétect that the gy slightly influence on the maximum punch load
required where the maximum load 2088 N ai30 increased to 2236 N agy+0.2 which means just 6.6% increase.
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Figure 17. Thickness distribution along transvelisection with different values for the friction efficients (a) @n and (b) e

On the other side, It is found that varying thetfdn coefficient at the blank/rubber die has ndicgable
effect on the maximum reduction in thickness of final parts and also on the maximum punch loac fidason of
these findings is that the rubber material defoinsantaneously along with the sheet metal durlmg drawing
operation, this activity causes the relative motdrthe blank/rubber interface to be very smallolhimplies no high
friction forces would be excited there. Thus, inhdse deduced that the influence of the frictionditbons at the
blank/rubber die interface on the micro drawinggess can be neglected. In order to reveal theteffeihe friction
coefficient (p) at blank/punch interface, the friction coeffidieney and kg are defined with 0.1 and O respectively.
Figure 17b shows that the very affected regionthisyparameter are the bottom and the nose cofribe dormed cup.
The strange finding in this figure is that higheaximum reduction in thickness is obtained with lovigction
coefficient (p=0.05). Nevertheless, the results reveal that tige formed with |gs=0 is broken at nearly its nose
corner portion. The reason of this behaviour i$ #sathe friction coefficient g decreases the relative motion between
the blank and the punch increases, causing thé& blkaing formed to experience excessive tensilsstewhich result
in fracture with |gs=0. It is detected that the maximum reductionsiokiness 13.6%, 3.7% and 1.7% at the cup bottom



and 20.6%, 8.9%, and 6.8% at the most affected qfaitte nose corner are observed wit0.05, 0.15and 0.25
respectively.

6.3 Blank Thickness

Stainless steel 304 sheets with different thickeess 60 um, 100 um and 150 pm are in this stutjclwimplies that
the punch diameter to blank thickness ratios ar®%640 and 26.7, respectively. In fact, this ratignificantly
influence on the drawability of this metal sheptg. At the beginning, Owing to investigate the effettthe initial
sheet thickness on the drawing process=.1 and gr=0 with initial gap of 50 um are adopted. The resubveals
that the cup formed from the sheet of 100 um iokinéss is successful and however the one with Hb@npthickness
is just shallow at the shoulder radius, while nocgssful cup can be produced with 60pum sheet tegkminder the
given conditions due to fracture, as shown in Fégli8. In order to obtain a reasonable comparisdwesn cups
formed from the aforementioned sheets, the finafilps of the cups should be the same and the psocenditions
therefore are changed so tha};#0.05 and Hgz=0, and the initial gaps of 60, -100 and -550 um adopted for the
sheet thicknesses 60 um, 100 um and 150 pum, resgect

R &

tg =60 pum . tg=100 um ts =150 pm

'a,

Figure 18. Stress distribution predicted by simatatvith blank thickness £}

Figure 19 demonstrates the thickness distributadosg the transverse direction, obtained from Fluttions
and experiments for cups formed with differentiaithicknesses. The curves show that the bottagions remain
without remarkable change in thickness while th&imam thinning is found at the cup side wall foe ttinree different
thickness cases. It can be observed that the cometbfrom the sheet of 60 um in thickness has g bniform wall
thickness along the adopted path exception thegdlgmortion that experience noticeable thickeninbengas clear
thinning is detected at the side wall and alsdattose corner of the cups with 100 um and 150rptiickness.
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The maximum thinning occurred for the cup with ialitsheet thickness of 150 um is the highest aljho is the
thickest one used in this study, which could be tuehe high negative gap -550 pm adopted for tlaise. An
important finding is that the variation between thénning values observed for the cup wall with 56 initial
thickness of is very slight compared with the otteses, which indicates that the anisotropy naifislheet materials is
affected by the initial thickness of the utilizetkst. The maximum reductions in thickness obtafrmu the numerical
simulations are 11%, 11.48% and 16.4% in returi46%, 15% and 17.9% obtained from experimentsirfivial
blank thickness of 60, 100 and 150 um respectivBlggarding the maximum punch load required to ptedu
successful cups, the results indicate that the maxi load value increases significantly with ther@ase in initial
blank thickness as seen in Figure 20. The numengsallts reveal that the maximum punch loads redquio produce
cups with 60, 100 and 150 um blank thickness ag® B 2878 and 5158.8 N respectively.
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Figure 20. Comparison of punch load-travel relatfop obtained for different initial blank thickness

The important finding in this figure is that tharees referring to the initial thicknesses 100 460 pum start
with particular load values 332 N and 1367 N, refigely. In addition to the influence of the initialank thickness
itself, the reason of this action is the negativgal gaps adopted for these cases, which caeseutiber die material to
be compressed with an initial hydrostatic pressiia require an initial punch load to overcome. &ber, Figure 20
indicates that the punch load curves obtained fiteenexperiments are slightly higher than the sitmutapredictions.
The results show that the maximum loads given Ipedrments are 2056.1 N, 3024.6 N and 5356.8 NHercases of
the different initial blank thicknesses 60, 100 486 um, respectively.

7. Conclusion

This paper presents an experimental and FE nunhstiody on forming micro stainless steel 304 cupsiilizing the
technology of flexible tools. A novel techniquepsoposed in this work through adopting an initiabgpositive or
negative) between the adjustment ring and the blaoiker involved in the developed deep drawing esystThe
hydrostatic pressure, which is excited in the fidxidie material due to the punch action, causesthank holder to
move up against the spring force. It was obserliatithe anisotropic behaviour of the SS 304 shestsan important
role on the quality of the formed parts in termsaail thickness distribution along different pathigh respect to the



rolling direction. It was found that the maximuninthing occurs at cup side wall along the transvelisection. Also,
the results showed that reducing the initial gapsea an increase in the maximum thinning of thal fproducts.
Therefore, it is recommended for the thin shee@dmpt relatively big initial gaps but not morerthe particular limit
as may leads to excessive wrinkles at the shoulolerer and the flange region. Larger friction cmédht between the
blank and the holder results in higher cup thinnatgthe side wall and the shoulder corner that esesas the
formability, whereas the friction coefficient betevethe blank and the flexible die dose not playnaportant role. In
addition, smaller friction coefficient between thiank and the rigid punch make the obtained cupngi at the bottom
and the nose corner. Thus, it is strongly recomredrd fabricate the rigid punch with rough surfacel the blank
holder with smooth surface. As proven by this stglginless steel 304 cups with large aspect catiobe obtained by
the proposed process, through a single micro despinlg stage using flexible die. This action canpetachieved by
the conventional deep drawing technology unlesstinsthge micro deep drawing is adopted which nézdes
different forming punch and die sets. As a reghis proposed technique will make the productionmidro metallic
cups of significantly lower overall cost and higlmadjty.
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