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DETERMINATION OF LIMITING HOLE-FLANGING COEFFICIENT
IN AA1050-0 ALUMINUM ALLOY SHEETS USING THE
COCKROFT-LATHAM DUCTILE FRACTURE CRITERION
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ABSTRACT

Hole-flanging is a crucial operation in sheet metal forming technology, where the material around a pre-fabricated hole is deformed by a spherical, conical,
or cylindrical punch to create a flanged hole wall. This study aims to determine the limiting hole-flanging coefficient of AA1050-0 aluminum alloy sheet using
the Cockroft-Latham ductile fracture criterion. Numerical simulations of the hole-flanging process using the Cockroft-Latham ductile fracture criterion were
conducted to identify the limiting hole-flanging coefficient of AA1050-0 aluminum alloy sheet. The limiting hole-flanging coefficient of the material was found
to be 0.61 and was further verified through experiments. Additionally, the effects of the hole-flanging coefficient on the Cockroft-Latham damage value,
minimum thickness, and height of the flanged hole wall were evaluated within the formability region of the material when the coefficient exceeded the limiting
value. The findings from this study provide valuable insights for designing hole-flanging operations for AA1050-0 aluminum alloy sheet.
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TOM TAT

Nong 10 1a nguyén cong quan trong dugc st dung rdng rai trong cdng nghé tao hinh kim loai tam, trong d6 vat liéu xung quanh mét 16 dugc ché tao trudc bi
bién dang bdi chay cd dang cau, con hodc tru dé tao nén thanh 16 nong. Nghién ctu nay nham xac dinh hé s6 nong 16 gidi han ciia tam hop kim nhém AA1050-0
str dung tiéu chuan pha hiy déo Cockroft-Latham. Céc md phong s6 qué trinh nong 16 st dung tiéu chuan pha hay déo Cockroft-Latham dugc thuc hién dé xéc
dinh hé s nong 16 gidi han cda tam hgp kim nhom AA1050-0. Hé s nong 10 gidi han cta vat liéu tim dugc la 0.61, duoc phan tich va xac minh thém théng qua
cac thuc nghiém. Ngoai ra, cac anh hudng cia hé s6 nong 16 dén gié tri thiét hai Cockroft-Latham, chiéu day t6i thi€u va chiéu cao ctia thanh 16 nong da duac
dénh gid trong viing kha nang tao hinh ctia vat liéu khi hé s6 nong I6n han gia tri gidi han. Nhitng phat hién tir nghién ctiu nay cung cap nhiing hiéu biét ¢6 gia
tri cho viéc thiét ké cac nguyén céng nong 16 doi vdi cac tdm hgp kim nhom AA1050-0.
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1. INTRODUCTION fabricated hole by pressing a conical, spherical, or

Hole-flanging is a manufacturing process that cylindrical punch through a die. Initially, a hole is created

involves bending and stretching metal around a pre- by drilling or punching, after which the metal
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surrounding the hole is expanded to form a flanged hole
wall. Throughout this process, the metal portion of the
blank in contact with the die surface remains largely
undeformed, as illustrated in Figure 1. The clearance
between the punch and die can be either narrow or wide,
depending on the desired shape of the flanged hole wall.
Stretching the metal around the initial hole subjects the
material to significant tangential tensile stress, resulting
in substantial tangential tensile strain. This phenomenon
can lead to thinning, necking, and even failure at the
edge of the flanged hole wall. As the ratio of the initial
hole diameter to the flanged hole diameter decreases,
the tangential tensile strain at the flanged hole edge
increases [1, 2]. This ratio, which characterizes the degree
of material deformation during the hole-flanging
process, is referred to as the hole-flanging coefficient
(mue), whileits inverse value is known as the hole-flanging
ratio (Kur) [3-5]:
d
My :%;KHF:mL:d_p (1)
P HF 0

where dy is the diameter of the initial hole (in mm), and
dp is the punch diameter or the inner diameter of the
flanged hole (in mm), as shown in Figure 1.
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Figure 1. Schematic of the hole-flanging process

The part formed after the Hole-flanging process
possesses a flanged hole wall with a height of h and a
minimum thickness at the edge of the flanged hole wall,
denoted as smin, as illustrated in Figure 1. The material's
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ability to undergo hole-flanging is defined by the limiting
hole-flanging coefficient. If the process is carried out with
a coefficient below this limiting value, material failure will
occur.

V. Kumar et al. conducted a study that combined both
numerical simulation and experimental approaches to
investigate the hole-flanging ability of 1.6mm thick
AA6061-O aluminum alloy sheets, using the Swift and
Voce strain hardening models [2]. The results
demonstrated that, although both models predicted the
maximum thinning at the edge of the flanged hole in
good agreement with experimental observations, the
limiting hole-flanging ratio predicted by the Swift strain
hardening model exhibited better agreement with
experimental data compared to the Voce strain
hardening model.

F. Stachowicz experimentally determined the hole-
flanging ability of DQ, DDQ, and EDQ steel sheets with a
thickness of 1.0mm using three types of punches: conical,
hemispherical, and cylindrical. The initial holes were
prepared by drilling and punching [4]. The results
revealed that the limiting hole-flanging ratio is influenced
by the punch shape, the method of hole preparation, the
material's anisotropy, and its strain hardening exponent.
Thus, the yield and fracture behavior of the material are
critical factors in predicting its hole-flanging ability. This
finding is consistent with results reported by V. Kumar et
al. [2], D.I. Hyun et al. [6], M. Borrego et al. [7], S. E. Seyyedi
etal. [8].

M. Borrego et al. analyzed the formability of AA7075-
O aluminum alloy sheets during the hole-flanging
process using Single-Point Incremental Forming (SPIF),
evaluated through the limiting hole-flanging ratio and
the Forming Limit Curve (FLC) [7]. The study involved
hole-flanging experiments with three cylindrical punches
of varying fillet radii and one hemispherical punch,
supplemented by numerical simulations of the
deformation process. The results indicated that the
limiting hole-flanging ratio is an effective measure of
formability during hole-flanging by SPIF and s
independent of the punch's fillet radius. In contrast, the
conventional FLC was found to be unsuitable for
analyzing the material's formability along the flanged
hole wall, except at the edge of the flanged hole.
Furthermore, the study revealed that the ductile fracture
behavior, as analyzed using the FLC, was inadequate. The
non-proportionality of strain paths during deformation
and the local bending induced by the punch’s fillet radius
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were identified as critical factors explaining why
successfully formed flanges exceeded the FLC without
failure.

S. E. Seyyedi et al. employed the Modified Mohr-
Coulomb (MMC) ductile fracture criterion, as proposed by
Bai and Wierzbicki [9], to assess the formability of
AA6061-T6 aluminum alloy sheets in both conventional
hole-flanging (CHF) and incremental hole-flanging (IHF)
[8]. The results demonstrated that the ductile fracture
criterion accurately provides predictions for both
processes. Additionally, it was found that the limiting
formability in CHF was greater than that in single-stage
IHF. However, the MMC ductile fracture criterion [9]
depends on dimensionless stress variables, such as stress
triaxiality and the normalized Lode angle parameter, as
well as three material constants and coefficients from the
strain-hardening model. Consequently, identifying these
material constants can be challenging and prone to
errors due to data processing and experimental system
limitations.

Recently, ductile fracture criteria have been
extensively utilized to assess the formability of metals
[10-14]. The critical damage value of AA1050-O aluminum
alloy sheets, determined using the Freudenthal, Cockroft-
Latham, and normalized Cockroft-Latham ductile fracture
criteria, was used to predict failure in the combined
drawing process [10]. The findings demonstrated the
superiority of the Cockroft-Latham criterion over other
criteria in predicting both failure and non-failure
occurrences in the combined deep drawing processes.
Moreover, the Cockroft-Latham criterion showed greater
accuracy in predicting failure positions in the Erichsen
cupping test. The Cockroft-Latham damage critical value
(Ca) was determined using the formula [15]:

g
Co = [o,de (2)
0

where, 1 - the maximum principal stress, MPa; &, -the

equivalent strain when the fracture occurred; & - the
equivalent strain; Cc_ - critical damage values known as
material constants, MJ/m3. According to the Cockroft-
Latham ductile fracture criterion, the damage value is
based on the maximum principal stress and the
equivalent strain, making it particularly suitable for
predicting hole-flanging ability. This is because, during
the hole-flanging process, the tangential tensile stress
reaches its peak value at the edge of the flanged hole,
which is the primary cause of damage. However, to date,
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no comprehensive study has investigated the limiting
hole-flanging ability using the Cockroft-Latham criterion.

This paper presents a study aimed at determining the
hole-flanging ability of AA1050-O aluminum alloy sheets
with a thickness of 2.0mm through the limiting hole-
flanging coefficient. Numerical simulations of the hole-
flanging process, utilizing the Cockroft-Latham ductile
fracture criterion, were performed to establish the value
of the limiting hole-flanging coefficient. Experiments of
the hole-flanging process were conducted according to
the simulations to evaluate the accuracy of the predicted
results. Additionally, the dependence of the Cockroft-
Latham damage value, the minimum thickness, and the
height of the flanged hole wall on the hole-flanging
coefficient was identified. The findings provide valuable
insights for engineers in designing the technological
process of the hole-flanging operation.

2. MATERIAL AND METHODOLOGY

Numerical simulations of the hole-flanging process
were conducted based on the finite element method
implemented in Deform 2D software using the Cockroft-
Latham ductile fracture criterion for an AA1050-O
aluminum alloy blank with a thickness of 2.0mm, an outer
diameter of 92mm, and variable initial hole diameters of
12mm, 13mm, 14mm, 15mm, and 16mm, as shown in
Figure 2. The geometric model used in the simulations
was axisymmetric, consisting of a hemispherical punch
with a diameter of 20mm, a die with an inner diameter of
27mm, a die edge fillet radius of 0.75mm, and an outer
diameter of 55mm. The blank holder had an inner
diameter of 33 mm and an outer diameter of 55mm. The
punch movement speed was set to 4.0mm/s, and the
blank holder force was 10,000N. The simulation consisted
of 501 steps, with each step moving the punch by
0.05mm. The clearance between the punch and die was
3.5mm, which exceeded the blank thickness of 2.0mm.
The coefficient of friction between the blank and the tool
was set at 0.12, using VBC Fine Punch-150N lubricant.

The flow curve of blank material was described using

the Swift model 0=K(£O +£)n , Where o is the true stress

(MPa), € is the true strain, K is the strength coefficient
(K=132MPa), & is the pre-strain (go = 0.0005), and n is the
strain hardening exponent (n = 0.285) [16]. The elastic
property of the material was determined by a Young’s
modulus of 69GPa and a Poisson’s ratio of 0.33 [17]. The
workpiece was meshed with 2D elements in equal
squares, each with dimensions of 0.Tmm x 0.Tmm.
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A Cockroft-Latham critical damage value of 61.49MJ/m3,
as determined from the reported study [10], was used.
Through numerous numerical simulations, the minimum
initial hole diameter do required to ensure that the
product remains undamaged was identified. The failure
condition of the material was assessed using the
Cockroft-Latham ductile fracture criterion.
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Figure 2. Numerical simulation model for the hole-flanging process

The experiments corresponding to the numerical
simulations were conducted using an Erichsen Model 111
at the Metal Forming Laboratory of Le Quy Don Technical
University. The experimental toolset and the AA1050-O
aluminum alloy blanks were prepared with the same
dimensions as those used in the simulation model. The
holes in the blanks were created by drilling. The analysis
of both experimental and simulation results facilitated
the evaluation of the hole-flanging ability of the material
and the effectiveness of the Cockroft-Latham criterion.
Additionally, the influence of the hole-flanging
coefficient on the Cockroft-Latham damage value,
minimum thickness, and height of the flanged hole wall
was also assessed Surface observations of the openings
of the flanged hole walls after the hole-flanging process
were conducted using a ZEISS Axio Imager A2m
microscope at the Materials Laboratory of Le Quy Don
Technical University. The captured images were used to
evaluate crack formation.
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3. RESULTS AND DISCUSSION
3.1. Simulation results

The simulation results are shown in Figure 3. The color
scale represents the Cockroft-Latham damage values,
corresponding to the color distribution on the formed
part. A higher Cockroft-Latham damage value indicates
an increased risk of material failure. The material fails at
the position where this value reaches the critical value,
Ca = 61.49MJ/m3. In the simulations, the highest
Cockroft-Latham damage value was identified at the
edge of the flanged hole wall, where the tensile stress and
tensile strain in the tangential direction are greatest. The
elements at the edge of the flanged hole wall of the initial
blank with diameter do were stretched to match the
diameter of the 20mm punch.

Step 501 Step 501
Damage CL Damu%e Gl
61.64 55353
41.09 37.02
d,=12mm d, =13 mm I
20.55 1851
0.00
O.UUO ‘S{?m 0.00 Min
61.64 Max 55.53 Max
Max v Max Y
{ X
Step 501
Damage CL
48.26
321 7|
d,=14mm '
P 16.09
ooo'
0.00 Min
48.26 Max
Max y
X
Step 501 Step 501
Damage CL Damage CL
3753 25.96
25.02 I 19.97 |
d,=15mm I d, =16mm '
: 1251 F 9.99
0.00 oI
0.00 Min OOOO g]in
37.53 Max 29.96 Max
: = :
X X

Figure 3. Cocroft-Latham damage value

It can be observed that as the hole diameter
decreases, the damage value increases, corresponding to
a reduction in the hole-flanging coefficient. When the
initial hole diameter is 12mm, the maximum Cockroft-
Latham damage value reaches 61.64MJ/m3, exceeding
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the critical damage value Cq. This indicates that failure
has occurred at the edge of the flanged hole wall,
specifically at the inner edge where it contacts the punch.
This result is consistent with the expected outcomes of
the hole-flanging process and aligns with previously
published findings [2, 4-8]. For hole diameters of 13mm,
14mm, 15mm, and 16mm, no failure was predicted by the
Cockroft-Latham criterion.

Figure 4 illustrates the relationship between the
maximum Cockroft-Latham damage value and the hole-
flanging coefficient. The maximum Cockroft-Latham
damage value was approximated by a first-order
function. The intersection of this function with the
Cockroft-Latham critical damage curve (Cc. = 61.49) was
used to determine the limiting hole-flanging coefficient.
The expression for the maximum Cockroft-Latham
damage value is given by the following formula:

CI™ —160.488 —162.72m, (3)

where my is the hole-flanging coefficient.

As the hole-flanging coefficient increases, the
maximum Cockroft-Latham damage value decreases. The
results demonstrated that the limiting hole-flanging
coefficient for the AA1050-O aluminum alloy sheet was
determined to be 0.61, corresponding to an initial hole
diameter of 12.2mm.
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Figure 4. Dependence of the maximum Cockroft-Latham damage value
on the hole-flanging coefficient

The simulation results also illustrate the distribution of
material thickness and the height of the flanged hole,
specifically for an initial hole diameter of 12mm, as shown
in Figure 5. The initial blank thickness gradually decreases
from the radius of the die edge to the edge of the flanged
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hole wall. The minimum thickness occurs at the edge of
the flanged hole wall, where, for an initial hole diameter
of 12mm, the minimum thickness was identified to be
1.37mm. The material thickness distribution of the part
after the hole-flanging process is consistent with
previously published results [18, 19]. The height of the
flanged hole wall for an initial hole diameter of 12mm was
determined to be 7.56mm, as shown in Figure 5.
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Figure 5. Height and Thickness Distribution of the Flanged Hole Wall

3.2. Experimental results

Figure 6 shows the specimens before and after the
experiment. Direct observation of the appearance of
damage is challenging, but closer examination under a
ZEISS Axio Imager A2m microscope at 50x magnification
revealed the onset of cracking in the flanged hole of the
specimen with an initial diameter of do = 12mm. Figure 7
displays the image of the edge of flanged hole wall for the
blank with a diameter of do= 12mm.

Workpieces
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Flanged parts

Figure 6. Blank Specimens and Hole-flanging Parts

Inside diameter

during hole-flanging, even surpassing its predictive
capability in the combined deep drawing process.
Observation of the part obtained from the blank with an
initial hole diameter of 13mm in Figure 8 revealed no
cracks, aligning perfectly with the simulation results.

i||w\n.wullwm
920

i u|||unl|m1mmu

Figure 8. The edge of the flanged hole wall for the blank with an initial
hole diameter of 13mm

The experimental results of the hole-flanging process
for blanks with initial hole diameters do corresponding to
the simulations are presented in Table 1.

Table 1. Experimental and Simulation Results of the Hole-Flanging
Process

Figure 7. Hole-Flanging Part for the Blank with an Initial Diameter of
12mm

It can be observed that a very small crack, originating
from the inner edge of the flanged hole wall (shown in
Figure 3), is consistent with the simulation results. This
crack has approximately 0.789mm in length and the
thickness of the edge of the flanged hole wall is 1.35mm.
This observation aligns with the maximum Cockroft-
Latham damage value obtained from the simulation,
61.64MJ/m>. The value only slightly exceeds the critical
damage value of 61.49MJ/m®. These findings
demonstrated that the Cockroft-Latham ductile fracture
criterion accurately predicted the occurrence of failure
during the hole-flanging process, particularly at the
location where the tangential tensile stress at the edge of
the flanged hole wall is at its highest. This result is
consistent with our previous study on the Erichsen
cupping test and the combined deep drawing process
[10]. The Cockroft-Latham ductile fracture criterion,
therefore, proves to be a reliable predictor of failure

Vol. 60 - No. 11 (Nov 2024)

do, mm 12 12.2 13 14 15 16

My 0.6 0.61 0.65 0.7 0.75 0.8
Experiment | Failure Good | Good | Good | Good
Limitting
Simulation | Failure Good | Good | Good | Good

The height and minimum thickness of the flanged
hole wall, as identified in both experiments and
simulations, are presented in Figure 9. The numerical
simulation results align closely with the experimental
data. However, the simulations predicted a slightly lower
height for the flanged hole wall and a greater minimum
thickness compared to the experimental results. Despite
these differences, the discrepancies between the
simulations and experiments for both the height and the
minimum thickness of the flanged hole wall are within
3%. It is observed that as the hole-flanging coefficient
increases, the height of the flanged hole wall decreases,
while the minimum thickness increases. Theoretical
calculations for the thickness at the edge of the flanged
hole wall can be determined using the formula [20]:

Smin = S0\ Mur (4)

Figure 9b shows that the theoretically calculated
minimum thickness of the flanged hole wall is greater
than that observed in both simulations and experiments.
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This observation can be attributed to the theoretical
calculations not accounting for material hardening, the
bending of the material around the die edge, and the
coefficient of friction between the blank and the tool.
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Figure 9. Dependence of the minimum thickness (a) and the height (b) of
the flanged hole wall on the hole-flanging coefficient

The approximate models for the height and minimum

thickness of the flanged hole wall are given by the
following equations:

h=13.06—9.2m,; (5)
Smin = 0.776 + My (6)

The consistency between the simulation and
experimental results supports the use of equations (5)
and (6) for determining the height and minimum
thickness of the flanged hole wall in cases of hole-
flanging with wide clearance.

4. CONCLUSION

This study investigated the hole-flanging process with
wide clearance, revealing that cracks initiated from the
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inner edge of the flanged hole wall where it contacts the
punch. The hole-flanging ability of AA1050-O aluminum
alloy sheet was characterized by a limiting hole-flanging
coefficient of 0.61, as determined through both
numerical simulations and experimental validation. The
Cockroft-Latham ductile fracture criterion proved highly
effective in predicting failure during the Hole-flanging
process.

Equations were developed to relate the Cockroft-
Latham damage value, minimum thickness, and height of
the flanged hole wall to the hole-flanging coefficient.
These equations provided valuable tools for engineers in
designing hole-flanging operations for AA1050-O
aluminum alloy sheets. In certain hole-flanging scenarios,
the theoretical formula for determining the minimum
thickness may yield inaccurate results, as it fails to
account for critical factors such as material hardening,
bending of the material around the die edge, and the
coefficient of friction between the blank and the tool. For
instance, materials that exhibit significant strain
hardening, such as aluminum alloys and high-strength
steels, undergo localized strengthening during cold
deformation, which causes deviations from the
theoretical formula. Moreover, small die edge radii
exacerbate bending stresses, leading to additional
thinning of the material that is not reflected in the
theoretical model. Increased friction coefficients, often
caused by inadequate lubrication or surface roughness,
elevate tensile stress at the edge of the flanged hole,
which further intensifies the thinning of the material.
These limitations underscore the need to incorporate
numerical simulations and experimental validation to
address these complexities and improve the accuracy
and relevance of thickness predictions in practical
manufacturing processes.
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THONG TIN TACGIA

Tran Diic Hoan', T6 Thanh Loan?, Ta Ditc Canh?
'Khoa Co khi, Trudng Dai hoc K§j thudt L& Quy Don
TruGng Vat liéu, Dai hoc Bach khoa Ha Noi

3Coing ty TNHH Co khi 83 (Nha mdy 2183)
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