Wrinkling in shrink flanging by single point incremental forming
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Abstract:

Conventional flanging processes are commonly used in the automotive and aeronautical industry to
provide stiffness or support for further assembly of thin-walled structures. Incremental flanging has
emerged as a promising flexible and low-cost alternative to conventional processes for small batch
production. This work presents a systematic experimental and numerical analysis of formability and
failure within the forming limit diagram (FLD) of shrink flanges performed on AA2024-T3 sheet by
single point incremental forming (SPIF). A series of tests varying the initial width, length and die
radii of the flange are carried out under different process conditions, stablishing the practical process
window for different flange radii, spindle speed and tool diameter. The results show two modes of
failure for the larger flange radius, failure by wrinkling and failure by incipient wrinkling, and only
failure by incipient wrinkling for the smaller die radius. The deformation mechanism of successful
flanges and the wrinkling initiation are analysed obtaining strain points below the pure compression
line (f = —2) in the FLD and pointing out that this limit does not provide a unique wrinkling limit
curve (WLC) for this process. Finally, the stress evolutions of a set of flanges is analysed using an
explicit finite element model. It is found that wrinkling in shrink flanging by SPIF occurs when the
minor principal stress (compressive stress) reaches a certain critical level. Below this level, flanges
are successfully formed. On that basis, a numerical methodology to predict the onset of wrinkling is
proposed. This allows identifying the winkling limit as the minor principal stress at the edge of the

flange that triggers the wrinkling process.
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1. Introduction

The flanging process is widely established in the automotive and aeronautical industry to provide
stiffness or support for further assembly in sheet metal parts. This consists of bending, usually at 90°,
the perimeter of the part along a given line. Regarding the curvature of the bending line, three
elemental types of flanges can be distinguished, that is, straight, concave, or convex flange,
respectively (see Fig. 1, left). In the first case, the material is locally bent with a given radius along a
straight contour, remaining undeformed the rest of the flange. In the second, also referred to as stretch
flange, the material is subjected to a combination of bending and stretching, being the ductile fracture
the most likely mode of failure. In the last one, also named shrink flange, the material supports
bending and compression. The expected mode of failure is the appearance of wrinkling caused by
local buckling. Different combinations of these elemental flanges, such as reverse flanges, joggled
flanges, and hole flanges are also common in industrial practice. Figure 1 (right) depicts typical

aeronautical ribs showing several of these features.
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Figure 1. Basic type of flanges (left). Typical aeronautical ribs (right) [1].

Conventional flanging used in mass production, e.g. in the automotive industry, is mainly performed
by press working or stamping, using punches and dies. Whereas, for medium or small batch
production, as usual in the aeronautical industry, the use of rubber forming and fluid forming is more
common. Understanding the geometric, material, and process parameters that limit the formability of
the flange (i.e., flangeability) is of primary importance in industrial practice, and has received ongoing
research effort for decades. The pioneering work by Dudra and Shah [2] on stretch flanging of 1008
AK steel sheets analysed the influence of flange radius and length. They pointed out that flanges with
original length versus curvature radius [,/R (see figure 1 (left)) above 0.725 developed splits or
necks. Asnafi [3] performed an exhaustive experimental and numerical study of stretch and shrink

flanging of AA2024-O and AA6061-O sheets by fluid forming, finding that failure appears for length-



to-radius ratio above 0.43 and 0.9 respectively (average)in stretch flanges, whereas for shrink flanging
the conditions were much more demanding, obtaining length-to-radius ratios in the range 0.08 - 0.09
on average. The work by Livatyali et al. [4] pointed out that the [,/R ratio must be below 0.05 for
avoiding wrinkling in AKDQ and BH steel sheets respectively. Similar limits were recently obtained
by Chen et al. [5] for aluminium alloys: [,/R < 0.057 for 2024-0O, [l,/R < 0.04 for AA7075-0, and
lo/R <0.02 for AA2024-T3. For large curvature radii (ranging from 500 to 2000mm), Wang et al.
[6] found critical [,/R ratios ranging from 0.016 to 0.006 forAA6111-T4 and AA6022-T4 sheets
respectively. The low values of limiting [,/R ratio in shrink flanging are often compensated using
methods that control the height and shape of the wrinkles [7] or applying other forming technologies

that increase the material flangeability such as incremental forming.

In the last decades, incremental sheet forming technologies have emerged and developed as promising
flexible forming processes, especially for small batch production, prototypes, and highly customized
parts. Incremental sheet forming (ISF) processes pursue the local and progressive deformation of the
metal sheet until its final shape using a CNC guided forming tool that follows a pre-established
trajectory. The use of dedicated and expensive dies as common in conventional processes is not
needed. Emmens et al. [8] published an overview of SPIF technology, focusing on the origin and
evolution of the different variants of ISF. The simplest version of ISF processes is single-point
incremental forming (SPIF), in which a peripherally clamped blank is formed using a hemispherical
tool. A very complete review describing many technological aspects, advantages, and applications of
ISF was published by Jeswiet et al. [9]. In addition to flexibility, cost savings and the reduction of
forming forces, the most relevant advantage of the SPIF compared with conventional forming is the
apparent improvement of material formability. The factors affecting this formability enhancement are
a matter of discussion today. The different stabilizing mechanisms involved in ISF were reviewed by
Emmens and Van den Boogaard [10], and the influence of the main process parameters were

discussed by Gatea et al. [11].

SPIF and, by extension, ISF, have been successfully applied to produce flanges in holes in sheet metal
parts using different strategies. The work of Cui and Gao [12] applied different multi-stage SPIF
strategies to control the thinning of the material in circular hole flanging (stretch flanging). Several
multi-stage strategies have been also used efficiently by Movahedinia et al. [13] to perform a flaring
process to thin-walled tubes, showing a significant increase in the maximum semi-apex angle. In an
effort for reducing the time production per part and increasing formability, different strategies and

tools were used. Allwood and Shouler [14] introduced a variant of hole-flanging by ISF using non
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hemispherical tools called paddle forming, which increase the hole expansion ratio achieved by hole
flanging as recently showed by Besong et al. [15]. Chen et al. [16] and Wen et al. [17] analysed
different factors and proposed new tool geometries respectively to increase formability in hole
flanging by SPIF respectively. Martins and co-workers analysed in detail the formability of circular
flanges produced by multi-stage forward SPIF [18,19]. Thus, Centeno et al. [18] used the
conventional forming limit curve (FLC) and the fracture forming limit (FFL) to predict the failure in
conical and cylindrical hole-flanges by SPIF. Likewise, Cristino et al. [19] suggested the use of
critical ductile damage and critical fracture toughness values to establish the formability limits.
Martinez-Donaire et al. [20] and more recently Sayyedi et al. [21] evaluated the formability from a
different approach based on the damage accumulation due to the growth of voids in the material.
Borrego et al. [22] and Morales-Palma et al. [23] explored formability in a less time-consuming but

more demanding strategies, such as hole flanging by single-stage and two-stage SPIF respectively.

The amount of research papers on open flanging by ISF in the literature is scarce compared to hole-
flanging. Voswinckle et al. [24, 25] provided an exhaustive analysis of the influence of geometric
and process parameters on the formability and geometric accuracy for open stretch and shrink
flanging by single and multi-stage SPIF of cold-rolled mild steel grade DC04. They did not observe
any benefit of complex strategies with respect to the single-stage strategy, being the latter also
preferable in terms of surface quality and roughness of the flange. The maximum [, /R ratio obtained
was 0.2 and 1 for die radii of 100 and 20 mm, respectively, for both types of flanges. This represented
a remarkable gain in formability 10 times higher for shrink flanges with respect to convectional
flanging. Zhang et al. [26] conducted an experimental and numerical study of the deformation
mechanics and failure of stretch and shrink flanges in holes produced by double-sided incremental
forming in AA5754-0 sheets. Again, incremental flanging showed a gain of formability in both type
of flanges, but more notable in shrink flanges, reaching a [,/R ration around 0.316, which was about
10 times the expected value in a conventional process. Recently, the work of Lopez-Fernandez et al.
[27] has studied the mechanisms of deformation and failure and the influence of the parameters of
the processes to manufacture open stretch flanges of AA2024-T3 using single-stage SPIF,

highlighting the capability of the incremental process to successfully form low-ductility alloys.

The formability limits by necking and fracture are well established in conventional sheet metal
forming [28], providing the forming limit diagram (FLD) an excellent framework for analyzing the
flangeability in stretch flanges. However, this is not as straightforward in the case of shrink flanges.

The existence of a universal wrinkling limit curve (WLC) in the principal strain diagram, in the same
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way as the FLC for necking and the FFL for the tensile fracture, has been an appealing idea since
decades. Havranek [29] was pioneer in suggesting a WLC in the second quadrant of the principal
strain space for conical cups. Szacinski and Thompson [30] analysed the pressing of sink-bowls of
annealed 301 austenitic stainless-steel 0.9 mm thick. No discernible distinction could be found
between the strains associated with wrinkled and unwrinkled areas in their tests, noting that the onset
of the wrinkling was determined not only by the magnitude of the total deformation (as is roughly the
case in necking or fracture), but also by the geometry of the specimen and the test conditions. They
concluded that a wrinkling limit curve cannot be obtained in a manner similar to that of commonly

used FLC.

Narayanasamy and Sowerby [31] carried out conical cup drawing tests with different punches,
lubricant conditions and two materials (stainless steel 304 grade and dual phase steel type A). The
found that the slope of the curve de; /de, changed suddenly when a wrinkle develops on the blank
and remained constant, with a value depending on the test, when there was no wrinkling. The critical
ratio de&; /de, at the onset of wrinkling was dependent on the material, having a value of -0.65 for the
stainless-steel 304 (corresponding to f = —1.54), and -0.32 for the dual-phase steel (corresponding
to f = —3.12). They suggested the existence of a WLC in the second quadrant of the principal strain

space but depending on the material and the test conditions.

Wang et al. [6] developed analytical solutions for the onset of wrinkling in the shrink flanging of an
elastic-plastic sheet using the energy method. Under the appropriate boundary conditions, they
provided the critical stress condition for wrinkling in terms of geometric dimensions and material
properties. They found that the critical flange length depends largely on the die radius, the sheet

thickness, and material hardening exponent, and is almost unsensitive to the sheet anisotropy.

More recently, Magrinho et al. [32] determined the critical wrinkling condition at the edge of the
flanges of deep-drawing cups performed without blank holder by analyzing rectangular specimens of
different thickness. They provided the WLC in the FLD for this geometry, showing an initial straight
part, coinciding with the pure compression line (i.e. f = —2), followed by a curved shape towards
smaller slopes. The last point in the straight part corresponded to the last admissible pair of critical

strains prior to wrinkling.

The number of studies addressing the onset of wrinkling in the case of incremental processes is very

limited. Most of the work is focused on spinning and related processes. To this regard, Hartel and
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Awiszus [33] conducted a technological and phenomenological research that showed some benefits
of using a convex forming tool instead of a cylindrical one, such as the reduction of wrinkling and a
higher thinning of the sheet. Chen et al. [34] presented a theoretical model for the prediction of
wrinkling in spinning that is based on the critical value in the circumferential stress achieved in the
flange. Despite the number of works focused on the study of the wrinkling appearance in conventional
and, to a lesser extent, in incremental processes, there is no consensus on the existence of a universal
WLC within the FLD, nor a unified methodology to predict the appearance of wrinkles in incremental
processes. This is mainly due to the number of factors that influence the local buckling process of the

sheet, such as material properties, geometric parameters of the part, process conditions, etc.

The current work presents for the first time a systematic analysis of the deformation and failure
mechanisms of shrink flanging by single-stage SPIF in AA2024-T3 sheet. The high strength and good
corrosion resistance of the T3 temper makes this alloy widely used in aircraft parts. However, its low
ductility requires that complex parts be formed after an initial solution heat treatment (W temper) to
increase ductility, subsequently reaching its original strength by natural aging (T4 temper), incurring
substantial extra cost. It is clearly shown that the incremental deformation allows to produce shrink
flanges directly in T3 temper, improving the flange formability, as recently also pointed out by the

authors in stretch flanges [27].

For this study, an experimental campaign is designed to test the flangeability and geometric accuracy
under different shrink flange geometries, such as several initial widths, lengths, and die radii, under
two spindle speeds and two tool diameters. The evolution of the strains along the flanges and the
modes of failure are analysed in the FLD using the Argus® optical strain analysis system. It has been
corroborated that the pure compression line (f = —2) does not define a distinctive WLC for this
incremental flanging process. Finally, a FE-based methodology is proposed to predict the appearance

of wrinkles in incremental shrink flanging by SPIF.

2. Material characterization
This section presents the experimental methodology used to determine the mechanical properties in
terms of elastic-plastic behaviour, mechanical anisotropy and formability limits, of the 1.2 mm

thickness aluminium alloy 2024-T3.

Table 1. Mechanical properties including anisotropy coefficients along rolling directions

Direction oy (MPa) oyrs (MPa) E (GPa) v Ty




0° 336 445 69.4 0.33 0.76
45° 306 427 67.1 0.33 0.95
90° 319 443 68.2 0.33 0.54

2.1. Tensile properties

Tensile tests were carried out along the three characteristic directions of the sheet, the rolling direction
(RD or 0°), the transverse direction (90°) and the diagonal direction (45°). These tests were performed
in a universal INSTRON™ 1196 testing machine following the specifications of the standard ASTM
E8/E8M — 09 [35]. Figure 2a depicts the resulting true stress-strain curves for the three different
directions obtained using an axial extensometer Epsilon® model 3542. The extensometer was
removed just before fracture to prevent damage. The mathematical expression of a Swift’s law fitted
at 0° is also given. Tensile properties are shown in Table 1, including the yield stress oy, the ultimate
tensile strength oyrs and the modulus of elasticity E along the mentioned directions. As a first
approximation, the Poisson ratio v is assumed to be 0.33 along each direction. The Lankford
coefficients 140, 1350 and 199- were obtained according to the standard ASTM E 517 — 00 [36] by
unloading at three different strain levels, equispaced along the plastic regime. The average values 7y

for the three directions are given in Table 1.

2.2. Forming limit diagram (FLD)

The formability limits were obtained via Nakazima tests in a universal testing machine Erichsen®
model 142-20 using a hemispherical punch of 100 mm diameter (see Figure 3a). They were performed
according to the standard ISO 12004-2:2008 [37]. The punch speed was set to 1 mm/s and a
tribological layer of Vaseline - PTFE — Vaseline was placed between the punch and the specimens to
minimize friction. Five specimen geometries reproducing strain states ranging from uniaxial to
equibiaxial strain were tested to obtain the forming limits (see the schema and a picture of the tested
specimens in Figure 2b. Each geometry was tested at least three times in order to provide statistical

meaning to the results.

The strain evolutions were obtained using the 3D Digital Image Correlation (DIC) system Aramis®
version 6.3 with 1.3 megapixel cameras. The frame rate was set to 12 images per second using square
facets of 13 x 13 pixels with 2 pixels of overlapping. The experimental strain paths of the different

Nakazima specimens are depicted in Figure 2b.
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Figure 2. (a) Stress strain curves for different directions respect to the rolling direction. (b) Forming
limit diagram of AA2024-T3 represented by the FFL obtained using five strain paths along with the
strain ratio 3 corresponding to the different testing specimens.

The temporal methodology proposed by Martinez-Donaire et al. [38] and the standard ISO 12004-
2:2008 [37] were used to identify the onset of necking. However, none of them evidenced the
appearance of necking prior to fracture. Such absence of local necking agrees with the studies carried

out by Vallellano et al. [39] and Centeno et al. [40].

The common procedure to obtain the FFL for materials with necking, see, for instance, Silva et al.
[41], Centeno et al. [18] and Borrego et al. [22], is based on the methodology proposed by Silva et al.
[42]. This method assumes that the strain evolution in Nakazima tests exhibits a kink towards vertical
direction (in the FLD) after the neck initiation, which, as detailed by Skjoedt et al. [43], allows
obtaining the major strain at fracture by measuring the thickness reduction at fracture. However,
because this material does not present necking, this method cannot be applied directly, and it is

modified as follows.

As can be seen in Fig. 2b, the experimental strain paths recorded with DIC maintain an almost
constant strain ratio § = &, /&; until close to fracture. It is assumed that this strain ratio also continues
from the last image recorded using DIC to the onset of fracture, providing a relationship between the

major and minor strains at fracture, &y and &, respectively (Eq.1). On the other hand, the thickness

strain at fracture €55 is obtained experimentally by measuring the sheet thickness at fracture tf
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through the equation &3¢ = In(ts/t,), where ¢, is the initial thickness of the sheet. In this work, tf
was estimated as the average thickness at the crack lips in both sides of specimen at the point of
maximum thickness reduction recorded by the DIC system. Each part of the sample was polished
perpendicular to the crack and the thickness of the crack lip was measured using a NICON® SMZ800
microscope and the software KAPPA® Image Base Metreo version 2.7.2. Finally, assuming volume
constancy at fracture (Eq. 2), the major and minor strains, &5 and &,f, at fracture are obtained by
applying Eq. 3. The estimated principal strain at fracture for the different Nakazima specimens and

the resulting FFL are presented in Figure 2b.
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Figure 3. (a) Experimental setup for the flanging experiments corresponding to 45 mm of die radius
with the convex flange. (b) Schematic representation of the elements involved in the flanging process
by SPIF.

3. Shrink-flanging tests

The shrink flanges were performed using an EMCO VMC200 3-axis CNC milling machine. Figure
3a shows the different elements of the experimental set-up, that is, the forming die and sheet holder
for a given convex radius. The bending radius in the forming die was 3 mm.

The SPIF operation was carried out in a single stage using hemispherical tools of different diameters.
The tool path describes a series of alternating horizontal passes in circular arc with a constant step
down (A,) at the end of each pass. To avoid shearing of the sheet, an initial gap between the forming
die and the forming tool of 1.4 mm was set. Therefore, assuming a nominal sheet thickness of 1.2mm,
the functional gap between the forming die and the flange is around 0.2mm, as shown in Figure 3b.
Additionally, the tool is forced to remain always in contact with the flange, particularly at the end of

each arc.

Table 2. Process parameters analysed in the flanging tests

Rgie (mm) W (mm) ly (mm) S (rpm)  Pypo (mm) A, (mm)
45 36/45/54/63/72
10/15/20/25 20/1000 12120 04
20 20/24/28/32/36

A series of shrink flanges with different die radii (Ry;,), width (wy) and length () were tested. Two
die radii of 45 mm and 20 mm, representatives of small flanges in the industrial practice, were
selected. The effect of different tool diameters (¢¢,,;) and spindle speeds (S) in the forming process
was analysed. Table 2 summarizes the overall plan of experiments and the different parameters

studied.

The feed rate was set constant to 1000 mm/min, and the tool rotation was set to either 20 rpm or 1000
rpm depending on the experiment. With the aim of minimizing the friction between the tool and the
flange, Castrol Iloform TDN 81 was continuously spread over the tool using an air-oil mixing device
that also had a cooling effect. The duration of the test varied depending on the die radius, width, and

length of the flange, being ranged from 3 minutes to 20 minutes.
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Figure 4. (a) Description of the different parts of the flange. (b) Elements of the CGA system Argus®.

The aluminium sheet was cut into rectangles and polished to remove imperfections that might
nucleate early cracks during the flanging process. Then, the specimens were electro-etched obtaining
the points pattern shown in figure 4a used to perform the strain measurement. The circular grid was
positioned towards the non-contact surface of the specimen, otherwise contact with the forming tool

would erase the pattern.

After the experiments, the specimens were analysed using the circle grid analysis (CGA) commercial
system Argus®, obtaining the principal strains distribution of the non-contact surfaces of the blanks.
The elements of the Argus® system (camera, coded points and positioning of the deformed specimen)
are shown in Figure 4b. It should be noticed that this system needs of four grid points to interpolate
the strains in between. Consequently, the strains at the very edge of the flange cannot be measured.
For the flanges analysed, the typical distance from the last point measured by Argus® to the flange tip

was approximately 0.5 mm.
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Figure S. Finite Elements model: (a) undeformed mesh and (b) major strain distribution on the
deformed flange and (c) the corresponding flange obtained from experiments.

4. Numerical modelling

A numerical model of the incremental shrink flanging process was used to analyse the stress/strain
evolution in the flange and to perform the prediction of wrinkling described in section 6. To this
purpose, a Finite Element (FE) model based on an explicit dynamic integration scheme was developed

using the commercial software Ansys LS-Dyna®.

The simplified geometry of the model (blank holder, forming die, forming tool and undeformed
specimen) is shown in Figure 5. The specimens were meshed using the 4-nodes SHELL 163 element
from the Ansys LS-Dyna®. The element formulation was Berlytschko-Tsay with stiffness hourglass
control. An hourglass control coefficient of 0.1 was set according to the Ansys User’s Guide
recommendations. To select the element size, a sensitivity analysis was performed by reducing the
characteristic element length from 1.5 to 0.2mm. It was concluded that sizes below 0.5 mm did not
show a significant improvement in the results. Consequently, regular and uniform meshes of 0.5 mm
element size were used to model the sheet specimens. The die, the blank holder and the forming tool

were considered as rigid bodies.
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The anisotropic yield criterion proposed by Barlat and Lian [44] for the modelling of the sheet under

plane stress conditions was selected. The yield function is shown in Eq. (4) and (5)

f(0) = alky + ko|™ + alky = ko|™ + c[2k,|™ = 26™ 4

_oxx+hoyy . _ oxx+hoyy 2 2
hy =220y = | 202 (5)

where & is the yield stress and the parameters m, a, ¢, h and p are material constants. The exponent

m is set 8 as suggested for FCC materials such as the aluminium alloys [45]. The constants a, ¢ and

-7 _ /& . — 9 _ . — /7‘0(1"‘7”90)
a=2-2 (1+79) (1+790) c=2-a =~ h (1+79)790 (6)

and p implicitly obtained by solving the Eq. (7),

h are given by

2mam

Tys = ( of + af )
aO'xx aO'yy 045

-1 (7

where 1y, 145 and 1y are the Lankford coefficients, and o,5 is the yield stress of 45° to the rolling
direction given in Table 1. The yield stress ¢ is obtained by fitting a Swift-type law to the stress-
strain curve at rolling direction (Fig. 2a). An isotropic hardening behaviour was assumed. A more
detailed assessment of the Barlat-Lian yield criterion for the AA2024-T3 sheet used in the tests can
be found in [27].

In ISF, the bending effects induced by the tools are of primary importance in understanding the sheet
behaviour. The shelll63 elements include bending capabilities and allow to define multiple
integration points through the thickness. Five integration points were defined equally weighted and
regularly spaced through the thickness of the sheet. This allows extracting the local variables (strains,
stresses, etc.) in the layer of interest. In particular, in terms of strains, the most requested layer in the
sheet during the forming process is the one that is opposite to the contact with the tool, hereafter
named the outer surface. These numerical strains were compared with their experimental counterparts

to validate the numerical model (see Section 6.1).
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Modeling of clamping and contact conditions is also critical; see, for instance, Benedetti et al. [46].
As shown in Figure 3a, in the experimental set up, the sheet is fixed using a screwed blankholder.
Before the forming step, a clamping step was introduced that simulates the positioning of the
specimen where the blankholder moves vertically around 0.1 mm to apply the holding pressure to the

sheet. This fairly well reproduces the experimental observation.

A master-slave surface-to-surface contact formulation with the Coulomb friction model was assumed
between the sheet and the tool and dies. The friction coefficient was set to p = 0.01. This value was
adjusted following an iterative procedure carried out in a previous work on incremental stretch flanges
with identical experimental set up [27]. Briefly, an initial value of 0.05 was assumed, as suggested in
the literature for regular lubrication [47], and it was progressively varied until reach the best
concordance between the numerical and experimental results in terms of strains in the flange and tool
force. Notice that a friction coefficient well below the 0.05 is quite consistent with the use of a

continuous and local lubrication system, such as the one used.

Finally, to reduce the computational time, both a mass scaling factor of 5 and a time scaling factor of
1000 were employed. Depending on the initial length and width of the flange to test, the simulation
time took from one to three hours in a workstation with an Intel® Xeon® CPU E3-1230 v6 (3.50 GHz)

processor.

Rgie = 20 mm

Figure 6. Resulting flanges for a selected case of process parameters (¢;oo; = 12 mm and S = 20 mm) and
die radii of 45 mm (above) and 20 mm (below), respectively.

S. Experimental results. Process window
This section aims to present the results obtained in the experimental campaign of shrink flanges by

SPIF, including (i) a classification of their principal modes of failure and (ii) the assessment of the
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influence of the main process parameters in their formality, establishing the practical process

windows.

The flange series of different initial widths (w,) and lengths (l,) described in section 3 were tested.
Figure 6 shows different examples of manufactured flanges of Rz, = 45 mm and Ry, = 20 mm.
In tables 3 and 4 the flanges are classified attending to the defect observed after the SPIF operation.

Four sub-tables are presented which corresponds to the combination of ¢;0; = 20 mm, ¢pp; =
12mm, S = 20 rpm and S = 1000 rpm respectively. To provide statistical meaning, at least two

replicates were performed for each experiment.

(a) Successful  (b) Wrinkling  (c) %ﬁﬁ;

—

Figure 7. Three modes of failure observed in shrink flanging by SPIF: (a) Successful flange (S), (b)
Flange with failure by wrinkling (W) and (c) flange failed by incipient wrinkling (IW).

Two modes of failure were observed: (1) Failure by wrinkling, labelled as ‘W’ and coloured in red,
and (2) Failure by incipient wrinkling, labelled as ‘IW’ and coloured in yellow. The former refers to
flanges that presented an edge clearly wrinkled after the forming operation, being useless flanges.
The latter represent flanges that exhibited a polygonal edge that did not develop into an obvious
wrinkle at the end of the forming process, so they are still functional flanges. This mode is named
incipient wrinkling hereafter. Finally, the label S (successful) is used for flanges processed
successfully (green colour). Figure 7 shows examples of a successful flange (a), a wrinkled flange
(b) and a flange with incipient wrinkling (c) corresponding to the 45 mm radius die. The practical
process window in each case is defined by the combination of parameters that yield successful

flanges, that is, the green zone.

In view of Tables 3 and 4, it is pointed out that the results are substantially different depending on the

die radius (Rgie). Thus, flanges formed using R ., = 45 mm were susceptible to fail either by
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wrinkling, ‘“W”, or by incipient wrinkling, ‘IW’, whereas for R;;, = 20 mm only incipient wrinkling
was observed. Slight differences in formability were found varying ¢;0;. For Ry = 45 mm,
reducing the tool diameter from ¢y, = 20 mm to ¢;; = 12 mm produced a slight increase the
formability, as can be observed in Table 3. This fact, commonly accepted in SPIF [41], was though
not observed for R;;, = 20 mm (see Table 4). On the other hand, no effect in terms of formability

was observed in flanges processed either at S = 20 rpm or at S = 1000 rpm for both die radii.

Table 3. Experiments corresponding to Rgic =45 mm. S (Successful), W (failure by wrinkling) and
IW (failure by incipient wrinkling).

Flange radius (Radic) of 45 mm

Drool S L wo [mm]
[mm] [rpm] [mm] 36 45 54 63 72
10 S S
20 15 S S W W
20 S 1w IW
25  IW IW
12 10 S S
15 S S S W W
1000 20 S W IwW
25 W IW
10 S W W
20 15 S W W W
20 S IW
25  IW IW
20 10 S W W
15 S W W W
1000 20 S 1w
25 1w IW

Table 4. Experiments corresponding to Rgie = 20 mm. S (Successful), W (failure by wrinkling) and
IW (failure by incipient wrinkling).

Flange radius (Radic) of 20 mm

Drool S A wo [mm]
[mm] [rpm] [mm] 36 45 54 63 72
15 S S S IW 1w
20 20 S S IwW IwW IW
25 W

12 15 S S S Iw IW
1000 20 S S W Iw IwW

25 W

15 S S S Iw IW

20 20 S S W Iw IwW

20 25 W

15 S S S Iw 1w
1000 20 S S Iw 1w IWwW
25 W
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According to the experimental results, it can be established that, for both dies radii analysed, a slightly
higher formability was obtained using the forming tool of 12 mm diameter, regardless the spindle
speed used. Generally speaking, it is pointed out that short and narrow flanges, i.e. flanges with both
small [, and w, were successfully processed, whereas long and wide ones, i.e. flanges with large [,
and wy, failed systematically by wrinkling or incipient wrinkling. In the former case, the flanges are
so narrow that their edges are not able to shrink enough to produce wrinkles, being the process similar
to a conventional folding operation. In the latter one, the edge shrinkage is always high enough to
produce wrinkling. In the intermediate range, the failure for each die radius is controlled by a
combination of initial length and width of the flanges. Thus, for R;;, = 45 mm, focusing for instance
on Table 3 (¢p¢o0; = 12 mm and S = 20 rpm), flanges with w, below 54 mm and [, values up to 15
mm were successfully formed, and for w, above 54 mm the maximum [, allowed was 10 mm. In the
case of Ry = 20 mm, see as reference Table 4 (¢;po; = 12 mm and S = 20 rpm), flanges with wy
below 24 mm were successfully formed for all the [, values tested, extending to 28 mm for [, up to
15 mm. These general rules establish the practical process window for the SPIFed flanges analysed

in this study.

Finally, it is worth noticing that the maximum [, /R ratio obtained for 45 mm die radius is ranging
from 0.222 to 0.444 with w, varying from 20 to 72 mm, and for 20 mm die radius is ranging from 1
to 0.536 with w, varying from 20 to 28 mm. These values are compatible with the results obtained
by Zhang et al. [26] for closed shrink flanges in AA5754-O sheets deformed by double-sided
incremental forming as mentioned in the introduction. Furthermore, the [y/R ratios achieved are
above 10 times higher than the one obtained by Chen et al. [5] using rubber forming for this alloy.
This highlights again the ability of the incremental deformation to improve the flangeability of the

material.

6. Formability and wrinkling analysis.

In the following section a systematic analysis of the formability in terms of the winkle formation is
presented. This includes: (i) the analysis of the formed flanges in the principal strain space, (ii) the
assessment of the geometry of the flanges related to its mode of failure and (iv) the proposal of a

methodology for wrinkling prediction in operations of shrink flanging by SPIF.

6.1. Analysis in the principal strain space
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The analysis focused on some representative specimens highlighted in bold in Tables 3 and 4,
including successful and failed flanges of each die radius formed with the 12 mm tool diameter at 20
rpm of spindle speed. These flanges represent the transition from the successful region to the failure
region. The strain distribution of these flanges was evaluated experimentally using the Argus® system,
following the methodology detailed in section 3. The strain results were also used to validate the FE

model developed.

For the die radius R;;, = 45 mm, the following flanges were analysed: (i) the successful flange of
Wy = 63 mm and [, = 10 mm, (ii) the flange of wy, = 63 mm and [/, = 15 mm failed by wrinkling

and (ii1) the one of wy = 54 mm and [, = 20 mm failed by incipient wrinkling.
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Figure 8. Successful flange for R;;, = 45 mm: (a) Major and minor principal strain contours, and (b) principal
strain map in the FLD showing the strain evolution along the central and the lateral sections (CS and LS).
Wo = 63,1o=10mm, ¢;,,; = 12 mm and S=20 mm. Notice that the color scale in the FFD refer to the contour
of minor strain.
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Figure 9. Flange failed by wrinkling for R;;, = 45 mm: (a) Major and minor principal strain contours, and
(b) principal strain map in the FLD showing the strain evolution along the central and the lateral sections (CS
and LS). wg = 63, o =15 mm, ¢¢yo; = 12 mm and S=20 mm.
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Figure 10. Flange failed by incipient wrinkling for R;;, = 45 mm: (a) Major and minor principal strain
contours, and (b) principal strain map in the FLD showing the strain evolution along the central and the lateral
sections (CS and LS). wy = 54, 1o =20 mm, ¢;,,; = 12 mm and S=20 mm.

Figures 8, 9 and 10 depict the principal strains in these specimens after forming. On the left-hand side
(8a, 9a and 10a), the major and minor principal strain contours measured on the non-contact surfaces
of each flange are shown. A picture of the contact surface is also provided. On the right-hand side
(8b, 9b and 10b), the major and minor strains are represented in the FLD with the points coloured
according to the minor strain values. The evolutions of the strain in two representative sections are
also shown. The first one is the central section ‘CS’ (round dots), that is, the most compressed region
at the flange wall, and therefore where wrinkles are most likely to begin. The second one, the lateral
section ‘LS’ (square dots), is a section crossing the location of the highest value of major strain,

located a few millimetres far from the central section. Both sections are indicated in black and blue
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dots, respectively, in the strain colour maps on left-hand side (8a, 9a and 10a). In addition, to facilitate
the analysis in the FLD, the strain paths for pure tension (f = —0.43) and pure compression (ff =
—0.43) obtained using the Barlat 89 plasticity criterion for the AA2024-T3 sheet are also depicted.

As can be seen, either the central or lateral sections begin with a significant compression in the minor
principal strain associated to the flange folding over the die. After that, the mayor strain increases up
to reaching a maximum, ending in near pure compression state at the flange edge. It should be
remembered that when using the Argus® system, the measured strains are limited to the inspected
surface of the sheet (non-contact surface in this case) and that the physical sheet edge can neither be

evaluated.

It is interesting to note that, in the successful flange (Figure 8), the last points measured near the edge
flange in both sections present strain values above the line of pure compression (f = —2.33). In fact,
all the points measured on the flange are clearly above this line, as shown in the figures. On the
contrary, both the flange failed by wrinkling (Figure 9) and by incipient wrinkling (Figure 10) exhibit
points well below the pure compression line. It should note that, in these flanges, wrinkles or incipient
wrinkles are fully developed at the end of the forming process, so the strain values measured in the
central or lateral section will depend on the wrinkle side inspected. That is, the concave face of the
wrinkle offers smaller circumferential strains (minor principal strains) than in the case of the convex
face. In particular, the lateral section in Figure 9 runs along the concave face of a wrinkle, whereas
the central one does along a convex face. The same, although more attenuated, occurs in Figure 10.

This will be better understood in the geometric analysis presented in the next section.
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Figure 11. Successful flange for R4, = 20 mm: (a) Major and minor principal strain contours, and (b)
principal strain map in the FLD showing the strain evolution along the central section (CS). wy = 28, 1o =15
mm, @¢po; = 12 mm and S=20 mm.
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A similar analysis was carried out for die radius Ry;, = 20 mm and the tests highlighted in bold in
Table 4. They correspond to a successful flange of wy = 28 mm and [, = 15 mm (Figure 11) and a
flange of wy = 32 mm and [, = 15 mm with incipient wrinkling (Figure 12). As can be seen in the
contour map of principal strains (Figures 11a and 12a), the highest values of maj/or and minor strain
occur in the central section about the middle and at the edge of the flange respectively. For clarity

only the central section is depicted in Figures 11b and 12b.
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Figure 12. Flange failed by incipient wrinkling for R;;, = 20 mm: (a) Major and minor principal strain
contours, and (b) principal strain map in the FLD showing the strain evolution along the central section (CS).
wo = 32, lo= 15 mm, ¢;,; = 12 mm and S=20 mm.

Focusing on the FLD (Figures 11b and 12b), two main differences with respect to the previous flanges
are noticed. On the one hand, these flanges exhibit lower levels of major strains than the ones formed
with Ry;, = 45 mm, indicating that they are exposed to a greater stretching during the flanging
operation mainly due to the smaller die radius. On the other hand, either in the successful flange or
the failed one, both present points at the flange edge well below the pure compression line. This points
out that the pure compression line is not an effective wrinkling limit for incremental flanging in the
FLD. As suggested in conventional processes [30, 31, 6], the wrinkling process in incremental
forming should depend not only on the level of local strain/stress in the sheet but also on the specimen
geometry, the material, and the test conditions. In this sense, the numerical model presented in section

4 will be used to analyse in depth the wrinkling phenomenon in shrink flanging by SPIF.
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Figure 13. Experimental and numerical strains of the central section corresponding to successful flanges for

(a) Rgie = 45 mm and (b) R;;. = 20 mm highlighted in Table 3 and Table 4 respectively.

In order to validate the FE model, Figure 13 shown the numerical versus experimental evolution of

the major and minor principal strains along the central section of the successful flanges analysed in

Figures 8 and 11, respectively. As can be seen, the numerical curves are in good agreement with their

experimental counterpart, indicating a good accuracy of the FE model in terms of strains. Geometric

accuracy is discussed in the next section.
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Figure 14. (a) Central and edge profiles considered in the geometric analysis. (b) Schematic springback
angles measured at the root () and at the end (a,) of the flange.

6.2. Geometric analysis

This section analyses the final geometry attained for the reference flanges presented in Figures 8 and

9 for Ryi, = 45 mm and Figures 11 and 12 for R;;, = 20 mm. Two representative sections in the
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final specimen were considered to (i) discuss the geometry deviations with respect to the desired

shape and (ii) assess the capability of the FE model to predict the final shape of the flanges. These

were the profile of the central section, depicted in Figure 14a, and the edge profile separated 0,5 mm

from the tip of the flange, both obtained by the Argus® system.
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Figure 15. Experimental and numerical profiles for the successful (S) flange and the flange failed by wrinkling
(W) highlighted, respectively, in Table 3 (R4, = 45 mm): (a) and (b) at the central section, and (¢) and (d) at
the edge of the flange. The die profile is depicted in dashed line.
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Figure 16. Experimental and numerical profiles for the successful (S) flange and the flange with incipient
wrinkling (IW) highlighted, respectively, in Table 4 (R4, = 20 mm): (a) and (b) at the central section, and
(c) and (d) at the edge of the flange. The die profile is depicted in dashed line.
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Figure 15 and 16 show the profiles measured in the successful (S) flanges for 45 mm and 20 mm die
radii, highlighted, respectively, in Table 3 and Table 4. The central profiles are depicted in (a), and
the edge profiles are in (¢). The die profile is also depicted in dashed line.

A noticeable springback was observed in both flanges. For the large die (R;;. = 45 mm), the central
edge had a recovery angle of 3° at the root of the flange, which increased to 7.2° at its end (see schema
in Figure 14b). The edge profile showed a slighted increase of the final flange radius. Similar
behaviour was observed in the small die (Ry;, = 20 mm). In this case, the central edge showed a
recovery angle of 3.8° at the base and 5.4° at the end of flange. In contrast, the edge profile seemed
to retain the final radius of the die much better. The numerical profiles obtained from the FE model
are also shown in Figure 15 and 16. As can be seen, there was a good agreement with the experimental

profiles in both the central and the edge sections.

Figure 15 and 16 depicts the experimental and numerical profiles in the flange failed by wrinkling
and incipient wrinkling in Table 3 (R;;, = 45 mm) and Table 4 (R4, = 20 mm), respectively. The
central profiles are depicted in (b), and the edge profiles are in (d). As expected, there were a sizeable
mismatch between the desirable and the actual shape due to both the wrinkling progression and the
elastic recovery. For 45 mm of die radius (Figure 15), the numerical simulation was able to capture
the initiation and development of the wrinkles. Although, they appeared toward the opposite side of
the experimental ones. This numerical fact, usual when modelling unstable processes such as
wrinkling by local buckling, is not relevant for our purposes since the aim was predicting the instant
of the appearance of wrinkles and not their development. For the flange of 20mm die radius (Figure
16), the numerical and experimental profiles are again in good agreement, reproducing successfully

the springback and the polygonization of the flange edge.

In summary, the analysis carried out indicates that elastic recovery is a factor of primary importance
in shrink flanging by single-stage SPIF. The final geometric precision of the flange may be improved
by designing different forming strategies other than the single pass scheme analysed in this work.
Thus, forming strategies that include over-bending and/or multiple passes may greatly reduce the

springback of the flange. This analysis is though beyond the aim of the present work.

Finally, the FE model has been shown as an effective tool to reproduce the final shape in successful
flanges and flanges with incipient wrinkling. In wrinkled flanges, although it does not always ensure
the direction of the wrinkles, which is highly affected by local flaws in the sheet, it is a useful tool

for predicting the onset of wrinkling.
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6.3. Wrinkling prediction

The appearance of wrinkles is the result of an unstable local buckling process caused by compressive
stresses in the plane of the sheet. The following section aims to develop a general methodology to
determine the critical stress conditions that activate the onset of wrinkling in incremental flanging

processes as those analysed in this work.

The following two-steps approach is carried out: (1) Establishing the onset of wrinkling in failed
specimens, and (2) determining the stress conditions that trigger the wrinkling process (critical or

limit stress of winkling).
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Figure 17. Numerical edge profile evolution at different stages of the forming process for R4, = 45 mm
corresponding to (a) the flange failed by wrinkling of wy = 63 mm and [, = 15 mm, (b) and (c) the flanges
failed by incipient wrinkling of wy = 54 mm and [, = 20 mm (b) and wy = 45 mm and [, = 20 mm,
respectively.
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Focusing on the incremental flanging for 45 mm in die radius, Figure 17 shows the numerical
evolution of the edge profile of a series of failed flanges at several stages in the forming process,
represented by the position in depth of the forming tool (z;,,;) With respect to the original position of
the blank surface. The flanges depicted are: one failed by wrinkling, Figure 17a (wy = 63 mm, [, =
15 mm), and two failed by incipient wrinkling, Figure 17 b (wy = 54 mm, [, = 20 mm) and Figure

17¢ (wy = 63 mm, [, = 15 mm) respectively.

The onset of wrinkling is defined as the instant (tool depth) at which the flange profile deviates from
a convex shape to show a polygonal profile. Notice that this definition does not conflict with the
distinction between failure by wrinkling or by incipient wrinkling proposed in section 5, that analysed

exclusively the flange edge profile at the end of the process.

As can be seen in Figure 17a, the onset of wrinkling for that flange begins at value of z;,,; between
12 mm and 14 mm. A critical tool depth (z¢") of 12 mm is selected as last instant before triggering
crit

wrinkles (highlighted in bold) for this flange. In a similar way, a z""* of 13 mm and 19 mm are

observed for flanges in Figures 17b and 17c, respectively.

The critical stress of winkling (o.,;;) in the incremental process is defined as the in-plane compressive
stress at the onset of wrinkling at the central point of the flange edge. As seen in section 6.1, the
central point of the edge is the most compressed location of the flange and, therefore, where wrinkles

are most likely to initiate.
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Figure 18. In-plane minor principal stress (0;) of the central point at the edge of the flange versus tool depth
(Ztoo1) corresponding to the successful flange of wy = 63 mm and [, = 15 mm for R4;, = 45 mm.
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Figure 18 shows the in-plane minor principal stress evolution ( ;) versus z;,,; at the central point of
the edge for the flange in Figure 17a. The typical cyclic pattern due to the incremental deformation
process is evidenced. In addition, the envelope of local minima of o, is depicted in dashed line.
According to the definition above, the critical stress of winkling (o,,;;) corresponds to the value of

crit

0, at the z"** previously estimated in 12 mm, giving a value about -530 MPa. This process was

repeated for the other two flanges.

Figure 19a depicts the o, envelopes for the three flanges analysed, showing the critical stress of
winkling corresponding to each case. As can be seen, these values are very similar, which is not
surprising considering that the die radius, material, and test conditions remain constant. The average
critical stress of wrinkling for R;;, = 45 mm is about g.,.;; = —530 MPa. This value represents an
estimation of the wrinkling limit in term of stress for this flanging process. This means that any other
tests with an evolution of o, below this limit should initiate wrinkling at some point of the edge. In

contrast, any test with a level of g, above this limit should yield successful flanges.

@ o . .
| —w=63,1=15S @ Z
| —— wp=54,1,=20S
-200 \ wy=45,1,=20 S 1

Zcrit
-800 . .
0 10 20 30
Ztool [mm]
() o . —
- wy=63,1,=10S H !
- = W=54,1=158S ! i
-200 wp=45,1,=15 S ' 1 ]
—_ \. ! {
5 R P
S -400 S | [ ]
- 530 Mpa " S==tiiossdeenn _
600 | -
Wrinkling
-800 : :
0 10 20 30
Ztool [mm]

Figure 19. Evolution of the g, envelopes of the central point at the edge of the flange versus tool
depth (Z;00;)- (2) Three flanges with wrinkles presented in Figure 17. (b) Three successful flanges for
R4ie = 45 mm near the boundary of failure. The average critical stress of wrinkling for R;;, = 45 mm
is shown in dashed line (o,-; = —530 MPa).
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To verify this assumption, three successful tests were numerically simulated. These are the tests for
Wo =63 mm - [, =10 mm, wy =54 mm - [; =15 mm, and wy =45 mm - [, =15 mm
corresponding to successful flanges near the boundary of failure (see Table 3). Figure 19b shows the

evolution of the o, envelopes for these three flanges. As expected, all of them are slightly above the

level of 6,,-;; = —530 MPa, without intersecting this limit during the forming process.
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Figure 20. Evolution of the g, envelopes of the central point at the edge of the flange versus tool
depth (z;001)- (2) Three flanges with wrinkles for Ry;, = 20 mm. (b) Three successful flanges near the
boundary of failure. The average critical stress of wrinkling for Rz, = 20 mm is shown in dashed
line (o4ri = —520 MPa).

Following the same methodology, the critical stress for wrinkling for the incremental flanging over
Rgie = 20 mm was estimated. Figure 20a shows the o, envelopes of the three failed flanged
analyzed. Again, the critical stresses were very similar, having an average value of o,,;; = —520
MPa. This value, although close, is different for the one obtained for R;;, = 45 mm, pointing out the
influence of the die radius on the wrinkling limit. However, it also shows that this influence is
considerably less than that observed in the conventional shrink flanging process. Figure 20b depicts
the evolution of three successful flanges for R;;, = 20 mm near the boundary of failure (see Table
4). As before, they evolve above the wrinkling limit of o,,.;; = —520 MPa, corroborating again the

proposed methodology for wrinkling prediction.
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6. Conclusions

This work presents a critical experimental and numerical study of the shrink flanging process by SPIF

of AA2024-T3 sheets. Two die radii of 45 mm and 20 mm and different process conditions were

investigated to establish the process window, failure modes and geometric capability of this

incremental flanging operation. The following conclusions have been drawn:

The limiting event of sheet formability was the wrinkling formation by two modes of failure: (1)
failure by wrinkling, referring to flanges with obvious wrinkles by local buckling, and (2) failure
by incipient wrinkling, referring to flanges exhibiting a polygonal edge but without developing
wrinkles. The former are clearly useless flanges whereas the latter are still functional.

The failure by wrinkling was observed for R;;, = 45 mm of large initial width, typically w,
above 54 mm. Failure by incipient wrinkling predominated for short width as the initial length
increased, being also the unique mode of failure observed for R;;, = 45 mm.

Reducing the tool diameter enhances notably the formability for Ry;, = 45 mm, whereas it did
not cause any effect on the process for R;;, = 20 mm. An increase in spindle speed from did not
produce appreciable effects on formability in any of the flanges tested.

The analysis in the principal strain space pointed out that the pure compression line is not an
effective wrinkling limit curve for incremental flanging in the FLD. In both successful and failed
flanges for both die radii, it was observed that the points on the edge of the flange were located
indistinctly above and below this line.

The geometric analysis revealed that the shrink flanging process by single-stage SPIF induces a
significant springback in the final part. Different forming strategies, involving over-bending
and/or multiple passes, are needed to reduce this geometric deviation.

A numerical methodology to predict the onset of wrinkling in incremental flanging processes is
presented. This establishes the winkling limit as the value of in-plane minor (compressive) stress
of the central point at the edge of the flange (limit stress of winkling) that trigger the wrinkling
process. Thus, for a given test, a successful flange is predicted when the minor stress at this point
is always above the critical stress during the forming process.

A wrinkling limit of —530 MPa and —520 MPa was obtained for 45 mm and 20 mm die radius
flanges respectively, leading to predictions in very good agreement with the experimental results

in AA2024-T3 sheets.
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