ZESZYTY NAUKOWE POLITECHNIKI RZESZOWSKIEJ 298

Mechanika, RUTMech, t. XXXV, z. 1/2018, stycagmarzec, s. 87-100

Tomasz TRZEPIECINSKI?!
Bogdan KRASOWSKI?
Andrzej KUBIT 3

Dawid WYDRZY NSKI|4

POSSIBILITIES OF APPLICATION
OF INCREMENTAL SHEET-FORMING
TECHNIQUE IN AIRCRAFT INDUSTRY

The article includes the characteristics of incnetakforming of the sheet using the
following two methods: Single Point Incremental farg and Two Point Incre-
mental Forming. The factors influencing the podisibof method application and
the phenomena that limit the use of incrementahiiog of the sheet are presented.
Based on the conducted experimental test, the diséalyes and advantages of sin-
gle point incremental forming are specified. Pafisi#s for the use of the presented
incremental forming technique for manufacturingvaats in the aircraft industry
are also included.
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1. Introduction

Sheet metal forming is one of the most populahoed of obtaining finished
products. Conventional methods of sheet formingarged out at different tem-
peratures, using stamping dies, usually on mechhaichydraulic presses. The
forming conditions depend on the temperature ofpitzeess in relation to the
melting temperature of the metal. Cold forminggialized at temperatuiile< 0.35
Tm, Whereas hot forming is realizedTat- 0.55T To avoid high temperatures
and forces, warm forming (0.3% < T < 0.55Ty) is used, which allows recovery
but not recrystallization. In comparison to hotfiimg processes, warm forming
requires higher forces because of the greater rabyexld stress [1]. During deep
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drawing, the yield strength of the sheet matesakeached and the sheet metal is
pulled through the punch into the die opening. iflceease in the strength of the
drawpiece is related to the strain hardening ofstieet material. In the case of
drawing the drawpieces with complex geometry, twall strain and stress state
change during the forming process. Furthermoranduhe sheet metal forming
processes there are areas of the workpiece in wh&hktress state, strain state,
displacement speed, and friction conditions ariedint.

The occurrence of varied strain states is due e@artfluence of tools and
technological factors that change the friction abods. The correct selection of
process parameters results in obtaining produdts thve desired shape and di-
mensional accuracy. The need to produce specialadapted to the shape of the
drawpiece, even in the case of manufacturing @seifielements types, is a dis-
advantage of conventional sheet metal forming mse® The high cost of stamp-
ing tools is related to the high degree of shapeptexity of the dies that require
the usage of precision machine tools and expemnsolenaterials. Therefore, the
use of conventional deep drawing methods is s@itfainlmedium- and large-scale
production (Fig. 1). Incremental sheet forming iISEypically cost-effective for
300-600 pieces [2].

However, the use of incremental forming (IF) methadeconomically jus-
tified in piece and small-lot production [3]. Detgpthe low cost of the tools, in-
cremental forming methods are cost-effective inlslaaproduction owing to
the long forming time with respect to conventioeglrusion time.
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Fig. 1. Effect of batch quantity on cost of onedurct

In this paper the characteristics of the SinglenP@ricremental Forming
(SPIF) and the Two Point Incremental Forming (TRIF)cesses are presented.
Furthermore, the factors influencing the possibsitfor SPIF and TPIF applica-
tion, and phenomena that limit the use of incremefmrming of the sheet are
presented.
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2. Characterization of incremental forming

In order to reduce the set-up time of the elemeantufacturing and reduce
the cost of production in piece and small-lot prctthn, incremental sheet form-
ing (ISF) methods have been developed. Initialg SPIF methodology was
based on conventional spinning, resulting in axisytric products. The wide-
spread introduction of CNC machines allowed thestigyment of spinning meth-
ods for the production of asymmetric elementsT#E basis for the development
of the incremental forming method is the patenetigyed by Leszak [5] in 1967.

SPIF methods have been used to make complex $aeéets with a com-
plex shape [5], and for rapid modelling of protagf6]. Application of the inte-
grated CAD/CAM systems allows efficient design ttvajectories on a CNC ma-
chine, based on a CAD model of the drawpiece.

Despite the economically unreasonable applicatfate SPIF method for
large-lot production, it is used to manufactureredats which cannot be obtained
using conventional sheet-forming methods. Figupeeents the relationship be-
tween the number of parts and component size savie by ISF for typical in-
dustrial applications. The application of ISF ie thircraft industry is well suited
when the number of parts does not exceed approsiyn&do [2].
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Regardless of the shape of the product, most ahtremental forming pro-
cesses are conducted with a rounded tool, whichdigect contact with the sheet.
The dimensions of the forming tool tip depend anrédius of the edge rounding
of the drawpiece.
Among the many factors influencing the applicapitf the SPIF methods,
and the accuracy of the forming, the most imporéaat
- technological parameters (i.e. tool diameter, deptbe between the two tool
passages, tool rotational speed, friction condifipn

— material properties of the workpiece (ability ftragn hardening, material an-
isotropy, Young's modulus),

— design parameters (sheet thickness, geometry girtitiict).
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3. Methods of incremental forming

Single point incremental forming (Fig. 3a) is atpoint incremental form-
ing, which can be conducted using a partial dig.(8D) [7], or a specific die (Fig.
3c) [8]. The latter increases the geometric acguodahe formed elements. In
TPIF methods (Fig. 3b,c), there is an additionavemeent of the fixing grip of
plate, which increases the accuracy of the obtainaapieces [7].

In incremental forming with counter tool (IFWCT) additional forming
tool located opposite the forming tool moves acowydio the adjusted trajectory
of the main tool (Fig. 3d). Among the mentionedmoels, TPIF using the specific
die is called positive incremental forming (PIFheveas the other methods are
known as negative incremental forming (NIF). Onethed variants of SPIF is
Water Jet Incremental Sheet Metal Forming (WJISNHF)which the frictional
metallic contact of the forming tool with the woikpe is eliminated. In the case
of WISPIF, the available force of the tool (a higiecity water jet) is defined
mainly by the water pressure and the diameter yreldf the nozzle. Petek et al.
[9] concluded that SPIF is more appropriate in sadebigger wall angles and
smaller horizontal steps, whereas WJSPIF perforetietbfor larger horizontal
steps and smaller wall angles.
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Fig. 3. Incremental forming processes: a) singlatgocremental punching, b) two point
incremental punching with specific die, ¢) two gaircremental forming with partial die,
d) two point incremental forming with counter tool
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4. ISF in aerospace applications

The application of lightweight components is a Erae in modern trans-
portation engineering. Mass reduction of aircraftsecessary for ecological and
economic reasons, as well as to improve produgtegsties [10]. Aerospace com-
ponents are composed of lightweight materials ssctitanium magnesium, and
aluminium alloys.

To form hard-to-form materials at ambient tempeamtespecially magne-
sium and titanium alloys, hot incremental formirggtbeen developed [11]. In-
cremental forming can be considered an alternatite hot stamping of light-
weight alloys. Magnesium alloys require a formiamperature higher than room
temperature and are usually worked at a temperatunging between 200 and
300°C. These temperatures permit the activatiomest sliding planes, and
dramatically increase material formability. As shoiwy Ambrogio et al. [12],
maximum formability of AZ31magnesium alloy occuts2&80°C. AZ31 magne-
sium alloy and TiAI2Mn1.5 titanium, having low foahility at room tempera-
ture, were successfully formed by Fan et al. [They found that an increase in
the electric current can increase the temperanud@amability of hard-to-form
sheet metals. In contrast, an increase in feed t@ibdiameter, or step size can
decrease the temperature and formability.

Titanium is utilized extensively in the aircraftdustry owing to its better
strength-to-weight ratio compared to steel and alium, and high strength at
elevated temperatures. The main titanium partgenadt are elements formed in
bending process; i.e. stringers and ribs. Titanisitihe main material used for
manufacturing the engine of the Airbus A330 [13ptHtemperatures in the con-
tact area (up to 700°C for TiAI2Mn1.5 alloy) recesrthe use of forming tool
made of YG8 titanium carbide.

Among aluminium alloys, AA2024-T3 alloy is typicalused in the aircraft
industry owing to its high formability and high igie. AA2024-T3 is difficult to
weld by fusion techniques, but some investigatieng., 14] indicated that fric-
tion stir welding can be used successfully for tyafeelding. Hussain et al. [15]
investigated the formability of annealed and predafyA2024 alloy in the SPIF
process. They found that the interaction of fe@chpand tool radius is very sig-
nificant for the formability. It was also noticelat a variation in the forming
speed does not affect the formability of the arewalA-2024 sheet. Further-
more, an increase in forming speed decreases thealidity of a pre-aged
AA-2024 alloy sheet. Three lightweight alloys, tyglly utilized in the aircraft
sector —i.e. aluminium AA2024-T3, magnesium AZ3DE&nd titanium Ti6AI4V
alloy — were studied using SPIF, by supplying atiooious current in order to
generate local heating [10]. It was found that Idezating of the sheet and in-
duced strain lead to changes in the microstruciline. different grain distribu-
tions are directly dependent on the material prigmer[10]. However, the
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AA7075-TO aluminium alloy can be successfully fodmesing SPIF at room tem-
perature [16].

5. Technological parameters of SPIF

In the single point incremental forming processfoaming tool with
a rounded shape gradually forms the sheet by peirigran integrated movement
around the blocked edge of the shaped object. Atsbiplaced in the tooling, and
is clamped at the edges. Then a tool moves follgwhe required shape in space
under CNC control, using a succession of ,planaritours or a single ,spiral”
contour, so that the part is obtained as the re$altcumulated, localized, plastic
deformations [17]. In the next stage, these movesnare repeated until the de-
sired shape of the element is obtained (Fig. 4).
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Fig. 4. Schematic of single point incremental farqni

The essence of the process is to form the elemetitebintegration of two
tool movements: the horizontal one along the cldssjéctory; and the inward
transition to the next horizontal forming path. éfere it is necessary to use
a CNC machine controlled on at least three axe§RAF and TPIF processes
there is local contact of the forming tool with thieeet. So, the degree of sheet
deformation in the areas exposed to excessive hgyhimit strains can be con-
trolled. The rotational speed of the tool can ragzto 20,000 rpm [18]. However,
in most SPIF methods, the rotational speed ofdhaifg tool with a rounded tip
IS in the range of 200 to 800 rpm. The rotatiopaksi, as well as the linear motion
of the forming tool, depend on the geometry ofdhewnpiece and the technolog-
ical characteristics of the process, and are usualithe range of 300-2000
mm-mirtt [11, 19]. Parallel investigations have also beendacted on the use
of a free-rotating [19] or non-rotatable tool [18].

Lubricants used in SPIF correspond to those useahinentional sheet form-
ing and are adjusted mainly according to the presgalues, the material of the
friction pair and the speed of the forming tool.eTghenomenon that limits the
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formation of titanium sheets used in the aerospaaastry by SPIF is the adhe-
sion of titanium particles to the tool surface, gthintensifies the worsening of
the sheet metal’s surface qualiforming commercially pure titanium sheets re-
quires the use of Molybdenum Disulphide (MpBowder and white petroleum
jelly mixed in proportion of 4:1, and a high-spestdel tool with a hardness of
62-65 HRC [20].The results of investigations by De Bruyn and Tingairt [21]
show that Mogexhibits favourable characteristics for the SPiGcpss, as the
mean surface roughness for this lubrication stgateghe lowest. In the case of
forming aluminium alloy sheets, the optimum coratitfor achieving high defor-
mation levels of the sheet and high-quality drawpigurfaces is the use of a high-
speed steel mandrel without lubrication [22].

Higher tool rotational speeds allow increased madéformations of the
sheet and are used to form thin sheets or foils kimtited ability to plastic defor-
mation. The size of the tool tip is determined by shape and minimum radius
of the rounding of the drawpiece edge. An increaghe size of the tool tip in-
creases the contact area between the tool anthdie¢ [49].

6. Experimental tests of SPIF

Pilot-phase experimental investigations to formical drawpieces (Fig. 5)
were carried out on a 3-axis HAAS TM1P milling maxeh The slope angle of
a truncated cone was 45°, and drawpiece heightegaal to 20 mm. 2024-T3
precipitation hardenable aluminium alloy sheetdwaithickness of 0.4 mm were
used for the fabrication of drawpieces. The meatamniroperties of the used
sheets determined in the uniaxial tensile tesaaifellow: yield stress fz>= 302
MPa, ultimate tensile strengthnR 449 MPa, Young's modulus 72.85 GPa and
Poisson ratio = 0.33. The edge of the workpieces was fixed uaibtankholder.
The tests were conducted on hard-to-form matendéucold forming conditions.
The tool with a rounded tip with a radius r = 3.5n(see Fig. 6) was made of
high-speed steel. The clamping of the tool in adtefahe machine was realized
through the ,ER” collet system, developed and pagkiy Rego-Fix in 1973,
which allowed the tools to be mounted with a cylical shank.

Fig. 5. Profile of drawpiece Fig. 6. Forming taslked in SPIF

The extruded model was designed using the INVENB@$tem, as well as
the processing technology and EDGECAM program basedhe geometric
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model. The result of the processing stage of th€ €Cbde evaluation is shown in
Fig. 7. After the control program was created, fivening device and the tool
(Fig. 8) were mounted on the HAAS TM1P 3-axis mglimachine. Then, the
control program created in the simulation mode wal&lated in the test mode.
During machining, the following processing condisowere applied: feed
rate f = 800 mm-min, the tool rotational speed n = 37 rpm and the faigzh
a, = 0.3 mm.

b |

ER collet
spindle
workpiece
holding ring
body

Fig. 7. Generated tool paths performed Fig. 8. SPIF device
in EdgeCAM software for 3D milling

During forming, machine oil lubricant was appligdwing to the conical
shape of the formed drawpiece, the oil accumulatatie lowest surface of the
drawpiece, allowing continuous treatment in thespnee of a lubricant. The trials
to form a 1 mm thick AA2024-T3 aluminium alloy sheeetal were unsuccesful
under different feed rates and feed pitches. Craak® observed at a forming
tool depth of about 5 mm. Although limit strainstbe AA2024-T3 sheet are
not higher, trials of forming the stiffening rib&ig. 9) in the 0.4-mm-thick
AA2024-T3 Alclad aluminium alloy sheets were coniac The aim of the
investigations was the determination of influené¢he forming parameters on
the quality of stiffened ribs and compression sitenThis material has been
extensively used for highly loaded constructioriaheents in aircraft structural
components. The incremental sheet metal forminggg®was performed on the
CNC HAAS TM1P 3-axis milling machine. The profiledl-path trajectory was
generated using the EDGECAM software. The experisn@rere carried out
using a tool rotation speed of n = 36 rpm. The fegel was f = 800 mm/min. The
vertical pitch was equal of 0.5 mm. The forming ipguent is shown in Fig. 10.
Longitudinal U-shaped stiffening ribs of 20 mm wialed 120 mm long (Fig. 10).
The forming of the stiffening ribs is stopped aptiheof crack occurring.
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Fig. 9. Rib-stiffened sample Fig. 10. Incrementieet forming
equipment

The tool path plays also a vital role in the hommugmis thickness
distribution and geometric accuracy of the partthBoutward and inward
strategies were studied. In the outward strategytabl travel outward without
moving down and forms another loop of the undefarmaterial to the specified
incremental depth, thus causing the previously &trshape to be displaced by
rigid body motion in the direction normal to theglane motion of the tools [23].
In the inward strategy the forming tool moves axbthe edge of the rib, from the
top to the bottom. It covers the component levdelrgl, in the predefined vertical
increment and incrementally deforming the blankluthe desired shape has
been formed.

The highest depth of rib (about 6 mm) at the monaémtrack indication is
found for the outward strategy. The height of dbthe inward stategy was about
5 mm. The corner of the rib is the most strainegiom of the sheet due to the
complex stress state. The region of crack inittatsh the sheet (region of local
sheet thinning) in the rib region depends on tieépath strategy used. The crack
initiation was observed in the vicinity of rib both and propagates along the
bottom of the rib (Fig. 11a). The main paramet8uencing the surface finish of
the sheet during the ISF process is the vertitah@nd friction phenomena. In
the ISF the sheet is deformed locally and as theacbarea is small, high pressure
contact and consequently high frictional resistasm®ir. This may result in poor
surface finish (Fig. 11b). The localized plasti¢admations in the sheet deform
the workpiece with higher formability than comparedconventional forming
techniques.
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Fig. 11. Fracture at bottom of the rib (a) andtstrdbands on the rib surface (b)

In the future research of SPIF for AA2024-T3 aluimin alloys, electric
static heating in the forming process should barass Consideration should also
be given to the possibility of using high rotatibspeeds of the tool. The combi-
nation of heating by both electric bands and higtl totation speed has been
revealed to be a feasible solution for manufactuhiard-to-form lightweight ma-
terials such as Ti alloys [24].

In SPIF methods, the outer edge of the workpielmclsed, which introduces
tensile stresses in the plane of the sheet whichirglte the wrinkling of the
drawpiece walls. Correction of the tool path corslinvith reverse engineering
allows the almost completely elimination of shgeirggback. The changes in the
final element shape only require a 3D model chaage the generation of a new
control program. By using SPIF processes, we caela@te the prototype time
and reduce the cost of the forming process instnt@tien. It is also possible to
use formed parts in piece and small-lot productvihout incurring a significant
cost for tools.

7. Forming limit diagram

Excessive drawpiece wall thinning leading to chaglkand wrinkling is the
major defect in cold sheet metal forming processes;deep drawing, spinning,
and related methods. The possibility of a certamitihg phenomenon occurring
depends on the sheet-forming method, the formimglitions and the mechanical
properties of the sheet. Realizing the sheet deftiom process at different strain
states allows the determination of the forming fimirve. The Forming Limit
Curve (FLC) is generally governed by localized riegkwhich eventually leads
to ductile fracture. FLC can be represented asneecof the major straire() at
the onset of localized necking for all values @ thinor straingz), and the full
graph is called the forming limit diagram (FLD) |25

The suppression of localized necking in single pwiaremental forming is
due to the inability of necks to grow [26]. If aakavas to form at the small plastic
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deformation zone in contact with the forming tabilyould have to grow around
the circumferential bend path that circumventsttdm. If the conditions for lo-
calized necking are met in the small plastic defdiom zone, growth is inhi-
bited by the surrounding material, which experianogver stresses [26]. Stress-
strain states existing in conventional deep drayrgch cause the conditions
for the suppression of localized necking mentioaledve, do not occur owing to
uniform loading and deformation conditions. Thdatiénces between neighbour-
ing plastically deforming regions in SPIF are miaiger than in conventional
deep drawing. So, the stress-strain states in &&iBe easy growth of necking.
The FLD determined for conventional deep drawingpisappropriate to describe
failure in single point incremental forming. Accord to Martins et al. [26], the
fracture forming limit diagram (FFLD) better des®s the limiting strains in
SPIF, rather than FLD.

Predicting sheet deformation based on the FLD $&dhan the assumption
of a plain stress state in the sheet; i.e. shdetrdation corresponds to the crack
moment, and only depends on the value of the nwijams in the sheet plane.
The FLC at SPIF represents a straight line falim¢he direction of increasing
values ofe; (Fig. 12). The measure of the limiting straingtod sheet is the ap-
pearance of localized deformation in the form gf@ove, directly preceding the
crack. Below the line of limit strains for SPIFn@ 1, Fig. 12) there is a safe area
with respect to the cracking of the sheet matefibbve line 1 there is a loss of
sheet metal stability, which leads to fracture. Taties of limit strains in the
incremental forming are higher than in the caseooiventional forming (line 2,
Fig. 12). So, in SPIF larger plastic deformatioas be induced without the risk
of fracture. Typical values of indicator r/g (wheris the tool tip radius, and g is
sheet thickness) in SPIF are in the range of 2St).according to the formula
developed by Martins et al. [26], the slope of B.D line (Fig. 12) varies be-
tween —0.7 and —1.3. However, in the case of aertional deep drawing FFLD
diagram the slope is often about —1 [26]. The trecforming limit in single point
incremental forming can be expressedas 2 = m (Fig. 12), where m =gris
the thickness strain at the onset of the fractui@ane strain conditions.

At the corners of rectangular drawpieces formeddByF there is a strain
state which corresponds approximately to biaxiafoum stretching, and defor-
mations in the sheet plane are equakto=(¢2). Along the flat walls of the rec-
tangular drawpiece there is a state correspondistyétching in the plane strain
state €1 # 0,&2 = 0). An increase in the diameter of the formiogl and the feed
speed reduces the formability of the sheet [22].

The phenomenon which particularly limits the forimatof drawpieces in
SPIF with the required geometric tolerance is irengback phenomenon, which
IS observed particularly in the case of stainlésel427]. The values of elastic
sheet deformation depend mainly on the shape afrdngpiece and the mechan-
ical properties of the sheet material. The heattnent of the element to eliminate
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internal stresses [27] is one of technological mésfor eliminating sheet metal
springback.
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8. Summary and conclusions

The aim of presented experimental results wasribtae basic parameters
that are to be used in forming of thin-walled stowes with complex shapes likes
isogrid systems. The ISF becomes very attractiv@dke stiffening ribs in air-
craft structures made of hard-deformable aluminalioys. The formability of
the sheet in ISF is defined in terms of five partarge a radius of a tip of forming
tool, a sheet thickness, a size of the verticgl davn, a tool rotation speed, and
a feed rate. The rotational speed of the formingjdoect influences the frictional
conditions at the tool-sheet interface. It was tbtimat the tool path strategy has
a direct influence on the surface quality and awowh of limit strains prior to
fracture. The depth of the stiffened rib is highethe case of using the outward
strategy compared to the inward strategy.

The main advantages of single point incrementahiiog are: (i) no need to
manufacture the dies, (ii) the ability to shaparedats on a conventional CNC
milling machine, (iii) much less forming force coarpd to conventional deep
drawing, (iv) higher value of the sheet deformatiorrelation to die forming,
(v) constructional changes in formed elements a@guickly and easily taken
into consideration. However, the SPIF has a nurobelisadvantages, that is:
(i) longer duration of forming times compared taneentional sheet-forming
methods, (i) only economically justified for usegiece and small-lot production,
(i) low geometric accuracy of elements, espegiailareas with small rounding
radii, (iv) significant springback of the drawpiscehich can be minimized using
appropriate tool path correcting algorithms.
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MO ZLIWO SCI ZASTOSOWANIA METOD KSZTALTOWANIA
PRZYROSTOWEGO BLACH W PRZEMY SLE LOTNICZYM

Streszczenie

Artykut zawiera charakterystgkmetod ksztalttowania przyrostowego blach z wykaezys
niem dwdch odmian: ksztattowania jedno- i dwupumidgo. Zaprezentowano czynniki wptywa-
jace na maliwos¢ zastosowania omawianej metody oraz zjawiska ogzapce zastosowanie
ksztaltowania przyrostowego blach. Na podstawiegmawadzonych eksperymentalnych hiada
pilotazowych przedstawiono réwniewady i zalety jednopunktowego ksztaltowania prsjoe
wego. Zawarto rowniewybrane przyktady zastosowania technik ksztattawanzyrostowego do
wytwarzania wyrobow dla przemystu lotniczego.

Stowa kluczowe:przemyst lotniczy, ksztaltowanie przyrostowe, ktmwanie blach
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