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ABSTRACT

Stretch-flangeability evaluated using hole-expansion testing represents the
ability of sheet materials to resist edge fracture during complex shape forming.
Despite a property imperative for automotive part applications of advanced
high-strength steels, factors governing stretch-flangeability are not yet well
understood. In this study, the mechanical properties of a selected group of
materials with different microstructures were investigated using tensile, fracture
toughness, and hole-expansion tests to find the factor governing the stretch-
flangeability that is universally applicable to a variety of metallic materials. It
was found that the fracture toughness of materials, measured using the fracture
initiation energy, is a universal factor governing stretch-flangeability. We veri-
fied that fracture toughness is the key factor governing stretch-flangeability,
showing that the hole-expansion ratio could be well predicted using finite ele-
ment analysis associated with a simple ductile damage model, without explicitly
taking into account the microstructural complexity of each specimen. This val-
idates the use of the fracture toughness as a key factor of stretch-flangeability.
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safety, and improving durability [1-4]. Advanced
high-strength steels (AHSS) with excellent tensile
properties such as dual phase (DP), transformation

Introduction

Currently, automotive industries are subjected to

strong pressure to reduce exhaust emission of their
automobiles, which is an important cause of air pol-
lution. To address this imposition, automotive
industries have focused on the development of a
lightweight body-in-white using high-strength sheet
steel. The development of lightweight automobile
bodies has a variety of other goals as well, such as
increasing fuel efficiency, increasing strength and
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induced plasticity (TRIP), twinning induced plastic-
ity (TWIP), quenching and partitioning (Q & P), and
lightweight steels have been developed to meet these
goals [5-11].

However, formability, which is the ability to be
shaped into a desirable structure without fracture,
becomes a problem in high-strength grade steels.
Generally, the formability of these steels is
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insufficient compared with that of conventional low-
strength grade sheet steels [12-14]. In particular,
automotive parts that take advantage of complex
forming processes are greatly challenged by the low
formability of AHSS. Among different formability
indices, stretch-flangeability of sheet materials (the
ability to resist edge fracture during complex shape
forming) is very poor in AHSS, when compared with
conventional low-grade sheet steels. Indeed, the low
stretch-flangeability of AHSS is an impediment to
weight reduction of automotive parts [15-18].

Previous studies on sheet formability have mainly
correlated tensile properties and sheet formability and
focused on forming property analysis using forming
limit diagrams (FLDs) and other numerical models
during the forming process [19-26]. While it is possi-
ble to predict a success or failure of sheet forming
under appointed conditions with high accuracy
[27-29], edge fracture during the edge-stretch process
cannot be accurately predicted using previous mod-
els, which employ FLD and tensile properties in the
finite element method (FEM) [15, 30, 31]. Thus,
stretch-flangeability has become a particularly
important, yet not well understood, sheet forming
property. This makes it hard to predict the edge-
stretch forming process and to develop AHSS having
excellent stretch-flangeability. Therefore, under-
standing the factors that govern stretch-flangeability
has become important for improving stretch-flange-
ability for automotive applications of AHSS sheets.

There were previous studies for investigating the
deformation behavior and governing factors of
stretch-flangeability, which is indicated by the hole-
expansion ratio (HER) measured with a hole-expan-
sion test (HET) [32]. The deformation behavior dur-
ing the HET was reported to be similar to that of
uniaxial tensile deformation [33]. Thus, the correla-
tions between the tensile properties and HER of
specific steel groups were reported [33-43].
Nonetheless, because these correlations were limited
to specific steels, the results were conflicting. In
addition, the relationships between the microstruc-
tural features of materials and the HER were also
investigated in previous studies, but the results
indicated that the influences of microstructure were
only limited to similar steel grades [16, 17, 42, 43].
Therefore, in order to clearly understand the factor
governing stretch-flangeability, a variety of factors as
well as deformation behavior and microstructural
features should be taken into account.
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In previous studies, factors other than deformation
behavior and microstructural features that affect
stretch-flangeability of sheet materials have been
reported. It should be noted that the HER of the same
material strongly depends upon the initial hole pro-
cessing methods and edge surface condition of the
HET specimen. According to the ISO/TS 16630
standard procedure for evaluating HER [32], the
initial central hole of a HET specimen should be
manufactured using a punching process, which
inevitably generates an accumulated shearing dam-
age and initial defects such as micro-voids and micro-
cracks. These initial defects act as crack initiation sites
[16, 41, 42, 44, 45]. Consequently, the evaluation of
stretch-flangeability involves the analysis of material
behavior with many initial defects and accumulated
shear damage. However, conventional formability
measurements, such as drawability and stretchabil-
ity, are based on evaluation of intrinsic material
properties. Therefore, fracture behavior of materials
having initial defects, as well as intrinsic material
properties, should be taken into account in evaluation
of stretch-flangeability. In previous research con-
ducted by the authors, the correlation between frac-
ture toughness and HER of AHSS having various
microstructures and tensile properties was investi-
gated [44].

In this study, we extend the evaluation window to
include diverse materials ranging from AHSS and
low-strength steel to nonferrous material sheets, thus
covering various microstructures and mechanical
properties. Through this, we verify that fracture
toughness is a universal factor governing stretch-
flangeability. Also, for cross-validation of the key
factor of stretch-flangeability, finite element analysis
(FEA) is performed using a simple ductile damage
model.

Materials and experimental procedure
Materials

In this study, eight different materials were used. The
materials were selected to represent different tensile
properties and microstructures. The AHSS samples
(Steel A-D) were fabricated in POSCO, and the low-
strength grade steels and nonferrous materials were
commercial products (purity of pure Cu: 99.99%). All
the specimens were cold-rolled (CR) except for the
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Table 1 Grain size and phase of various sheet specimens
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Specimens Steel A Steel B Steel C Steel D AZ31 Pure Cu HR IF CR IF

information

Phase a+a o+ad o+B+7y o+y o—Mg+few f Cu o o

Average grain dBCC =273 dBCC =5.64 dBCC =474 dm =6.11 dMg =8.55 dCu =37.32 d“ =51.26 dx =41.49
size (um) d, =0.96 d, =0.85

o: ferrite, y: austenite, o: o’-martensite, f: Mg;;Al;, B: bainite

hot-rolled (HR) IF steel. The pure Cu was fully
annealed at 600 °C for 2 h in the Ar gas atmosphere
before the tests. The average grain size and phases
are summarized in Table 1.

Mechanical testing

Uniaxial tensile tests were carried out using a servo-
hydraulic universal testing machine (UTM, model
1361, Instron Co., USA) to determine the tensile
properties of the sheet specimens at room tempera-
ture (298 K). The tensile tests were conducted
according to the ASTM E8/E8M standard procedure
[46] with dog-bone-shaped plate specimens of
50 mm gauge length, 2.5 mm gauge width, and
1.0 mm thickness, at a strain rate of 0.001 s'. Three
specimens were tested in three different directions
(0°, 45°, and 90°) with respect to the rolling direction
(RD). The strain-hardening exponent value (1 value)
was considered at the true strain where necking
onsets under uniaxial tension [47]. The normal ani-
sotropy value (R value) was calculated using the
following equation [48]:

R0+2R:5+R90, (1)
where R, Ry5, and Ry are the plastic strain ratios of
each loading direction. During the tensile tests, the
strains were measured using the digital image cor-
relation (DIC) method in an optical strain gauge
system (ARAMIS 5 M, GOM mbH, Germany) [49].

The strain rate sensitivity (SRS) value (m value) was
measured using a strain rate jump test in RD at dif-
ferent strain rates (0.01 and 0.001 s™'). The strain rate
jump tests were conducted using the sample dimen-
sion identical to that used in the uniaxial tensile test.
The SRS value was calculated from the true stress-
strain curves using the following equation [47]:

B 11’1(0'2/0’1)
"= ja) @

R=
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where o1 and g, are true stresses at true strain rates &
and &, respectively, at a certain strain.

Fracture toughness tests were conducted according
to the ASTM E1820 standard procedure except for the
specimen dimension [50]. While ASTM E1820
requires the specimen thickness to be large enough
for a plane strain condition, the sheet sample’s
thickness in this study could not satisfy the test
conditions. The fracture toughness tests were per-
formed at a strain rate of 0.001 s~ using a single-
edge-notched tensile (SENT) specimen of 60.0 mm
total length, 15.0 mm width, 1.0 mm thickness, and
3.0 mm initial sharp notch in the RD, machined by
electric discharge machining. The SENT specimens
were prepared so that total crack lengths (notch
length + fatigue crack length) were 0.4-0.5 times the
specimen width. Fatigue cracks were introduced
under tension at the frequency of 10 Hz sinusoidal
cyclic loading, between 8 and 39% of the yield
strength (YS) (stress ratio = 0.2) of the specimen.
ASTM E1820 recommends the evaluation of the
minimum specimen thickness for a size-independent
value of fracture toughness, using the following
equation [50]:

B—10/2, 3)
Oy
where B is the specimen thickness and oy is the
effective yield strength (oy = oys + gurs/2). How-
ever, in this study, because the eight different mate-
rials had a wide range of YS, UTS, and limitation of
initial sample thickness, it was hard to directly
compare the fracture toughness of different speci-
mens using J. or Kj, under a non-plane strain condi-
tion. This point will be discussed in detail in a later
section. Thus, for comparing the ability of a material
containing a crack to resist fracture, we defined the
fracture initiation energy (E;) as equivalent to that
used in Charpy impact testing. Figure 1 shows the
defined area of fracture initiation energy. During the
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Figure 1 Schematic diagram of load—displacement curve in
fracture toughness test. The filled area before the P, defines
the fracture initiation energy (E;).

fracture toughness tests, the displacement was also
measured using the DIC method.

The HETs were performed using an Erichsen
hydraulic universal sheet metal testing machine
(model 145-60, Erichsen Co., Germany) with a 60°
conical punch to measure the HER of each specimen.
According to the ISO/TS 16630 standard procedure
[32], 90.0 x 90.0 mm® square specimens with
10.0 mm diameter initial central hole and 1 mm
thickness were used in this test. The initial central
hole was made using a punching process, with a
punch with a diameter of 10.1 mm and a die with an
inside diameter of 10.2 mm. The punching clearance
was 5.0%. The HETs were conducted at a constant
punch speed of 10 mm/min with a constant blank
holder force of 200 kN, to prevent slipping of the
specimen. The tests were stopped when the main
crack of the hole-edge region propagated along the
thickness direction. The final hole diameters were
measured after the tests. The HER was calculated
using the following equation [32]:

—dy
do

where dy and dy are initial and final hole diameters,
respectively. In this study, the HER was decided as
an average value after three tests of each specimen.

d
HER (%) = L—" x 100, (4)

Microstructure characterization

Microstructural features, such as the phase and the
average grain size, of each material were investigated
using field emission scanning electron microscopy
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(FE-SEM, XL-30S FEG, Philips Co., Netherlands)
equipped with electron backscatter diffraction
(EBSD). The EBSD scan on the FE-SEM was operated
at 25 kV. The EBSD data were post-processed using
the orientation imaging microscopy (OIM) analysis
software (TSL OIM analysis 5.2, EDAX Inc., USA).
EBSD specimens of the steel samples were mechani-
cally polished and then electro-polished in a solution
of 8% perchloric acid (60%) + 92% acetic acid (99.5%)
by volume fraction at an operating voltage from 40 to
70 V, depending on the specimens. EBSD specimens
of pure Cu and AZ31 were prepared using mechan-
ical polishing and then final polishing using 0.04 pm
colloidal silica suspension.

Finite element analysis

To verify the governing factor and deformation
behavior of stretch-flangeability, three-dimensional
static elasto-plastic FEM simulations were conducted
in an engineering workstation using the commercial
FEM package ABAQUS version 6.9. Specimen
dimensions for the fracture toughness test simulations
were the same as those for the experimental fracture
toughness tests. Also, the dimensions of the HET
simulation, such as specimen dimension, the form of
the conical punch, and test die shapes, were the same
as those used in the experimental HET setups. In the
HET simulation, the features of the punched hole
surface such as roll over zone and burnished zone were
not taken into account, and its effect will be discussed
later. For the HET simulation, more than 10,000 8 node,
fully integrated hexahedral elements (C3D8) were
used and more elements were used near the hole. The
damage model parameters obtained from fitting the
load displacement curves of fracture toughness simu-
lations to those of the experiments were used. The
schematic diagram of the conical HET tools and mesh
discretization of HET simulation is shown in Fig. 2.
The focus of the present work lies in quantifying
the key mechanical property that governs the HER of
various sheet materials. While initially hole-punched
specimens may not contain sharp-notched crack ini-
tiation sites that are present in fracture toughness
specimens, the punched specimen’s surface has
micro-voids and small defects that act as stress con-
centration sites, leading to fracture. Judging from the
fact that specimens with clear hole-edge surfaces
exhibited a large increase in HER compared with
those with defective hole-edge surfaces [16, 51], one
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Figure 2 Schematic diagram of the conical HET tools and mesh
discretization of HET simulation.

could expect the micro-voids and defects to act as
crack initiation sites. Thus, the qualitative similarity
between crack initiation sites due to micro-voids and
defects, and those due to sharp-notched cracks
(which is quantified by fracture toughness), infers a
clear relation between HER and fracture toughness.

The anisotropy of each specimen was captured
using the quadratic yield function proposed by Hill
[52]:

f=
\/F(azz - 033)2+G(0'33 — 011)2+H(o'11 — 022)2+2La§3 + 2Mo%; + 2No?,,

(5)
where the f is equivalent stress for Hill’s yield crite-

rion and the parameters F, G, H, L, M, and N are
defined as follows:

1 1 1
F=05|——4+—— — — 6
(Raz TR R%l) ©)
1 1 1
G0.5<—+——) (7)
/TR R,
1 1 1
H:0.5(—+———> (8)
R VR, R,

Table 2 Experimental results of Lankford’s r values of the specimens
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L=05 (R%) 9)
M=05 (%3) (10)
N:O.S(R%), (11)

where the R;; can be calculated from the experimen-
tally obtained Lankford’s r values [53].

Ri1t =Rz =Rp =1 (12)
Roo(Rp + 1)

Ry = 4|2~ 7 13

2 Ro(Rop + 1) (13)

~ [Rop(Ro +1)
R3z = Ro+ Rog). (14)

. 3(R0 —+ 1)R90
Riz = \/(2R45 +1)(Ro + Rop) (13)

Lankford’s r values of the specimens are summa-
rized in Table 2. The fully annealed pure Cu
was assumed to be an isotropic material (R
value = 1.00).

A simple ductile damage model was used to sim-
ulate the load-displacement curve of each specimen
during the fracture toughness test. The fracture
toughness test simulations were conducted with
C3D8 hexagonal elements. More than 40,000 elements
were used with a bias near the crack tip where the
elements retained a characteristic length of
0.01-0.15 mm, which is within the range of element
sizes typically used for ductile failure modeling
[54-56]. Larger sized elements were used for IF steels
and Cu, with or without damage model, to avoid a
steep drop in load bearing capacity due to strain
localization before reaching the maximum load
values.

The ductile damage model first requires a damage

onset strain (s’g) and a damage indicator (wp). The
damage indicator is defined as follows:

Lankford’s r values Steel A Steel B Steel C Steel D AZ31 Pure Cu HR IF CR IF
Ry 0.74 0.63 0.74 0.51 1.77 - 1.52 1.84
Rys 0.96 0.98 0.90 0.79 2.15 - 1.04 1.33
Ry 0.95 0.80 0.97 0.67 2.98 — 1.36 2.09

@ Springer



J Mater Sci (2017) 52:7808-7823

w = [ (16)

&
where damage starts when wp = 1 and the equivalent
plastic strain is defined as follows [53]:

e =
Jp(dgqg)2+G(dg;;)2+H(dggg)2 2(a) 2(a) 2(ach)’
FG + FH + GH Tttt wM TN o
(17)

Once the damage starts, the material softens until
its stiffness (E) degrades to ‘0, that is, when the
material fractures. After the onset of damage, a
damage variable D will represent the degradation of
the material stiffness. With increasing D, the load
bearing capacity of the initially undamaged materials
(¢) will resort to (1-D)o with stiffness (E) degrading to
(1-D)E, assuming a linear relation between material
stiffness and damage variable. Once D of an element
reaches the value of 1, the element is eliminated.
Linear softening behavior was assumed in describing
the evolution of the damage variable. In this
assumption, the damage variable increases according
to Eq. (18) [53].

. L
i
f

if p<O0, (18)

where L, &', and p are characteristic element length,
plastic strain rate, and pressure, respectively. u)’fl is

the equivalent plastic displacement at failure, which
is computed as

!
u;’ = 2Gy/oy, (19)

where Gy and ¢, are fracture energy per unit area and
equivalent stress at the time the failure criterion is
met (damage onset strain), respectively. The plastic
dissipation from damage initiation to material frac-
ture is used as input for linear softening behavior.
Hill’s yield criterion was used to define the plastic
flow of each specimen.

In modeling the damage behavior, the strain at

which damage initiates (s%l) and the fracture energy
(Gy), or the energy required from the onset of the
damage to complete fracture, need to be determined.
This is accomplished by comparing the experimen-
tally observed load-displacement curve with the
simulated one, without any damage criteria up to the
fracture initiation point, which is the maximum load
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point in the experiment curve. The first appearance of
discrepancy between the two curves signifies the
onset of damage, and the strain value of the elements
in front of the crack tip is used as a’g.

Because G for model input is the fracture energy
for single element, the fracture energy density should
be determined. Direct assessment of the fracture
energy is possible by simply finding the area below
the experimental curve after identifying the damage
initiation point assuming that crack initiates at the
maximum load point. However, in order to calculate
the fracture energy for each element, the fracture
energy needs to be divided by all the elements that
contribute to load bearing capacity. On the other
hand, if the fracture energy is indirectly addressed by
the difference between the areas under the curves,
which is the energy loss due to the evolution of the
damage variable, only the elements that are damaged
need to be evaluated. Thus, the number of elements
with accumulated plastic strain above s’,’}l was calcu-
lated, and the volume of the damaged region was
estimated by adding up the characteristic volume of
each element (V,;) multiplied by its respective nor-

malized strain value (&”/ sﬂﬂx). Afterward, the energy
loss is divided by the volume of the damaged region
to calculate the energy density lost due to damage,
and total plastic dissipation energy density after
damage onset is subtracted by the calculated energy
density lost due to damage to determine G;. Of
course, the unit of the fracture energy is fracture
energy per unit area, so the characteristic length of
the element is multiplied before input.

Because the micro-voids and defects that cause
changes in deformation mode are not individually
resolvable at FEM scale, the fracture strain is
assumed to be independent of stress triaxiality. This
assumption entails that the damage evolution of
finite elements in front of the crack tip will be iden-
tical to the damage evolution of the finite elements of
the hole-edge surface of the punched specimen.

Results and discussion
Microstructural features

Figure 3 shows various microstructures of the sheet
specimens. The average grain size and phases are
summarized in Table 1. To find the factor governing
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Figure 3 EBSD phase maps of diverse testing specimens (for interpretation of the references to color in this figure, the reader is referred to

the Web version of this article).

stretch-flangeability over a wide range of
microstructures, we selected eight different materials
with different microstructural features. For ferrous
materials, two different IF steels, which were the
ferrite single phase having different rolling condi-
tions and grain sizes, were chosen. In addition, Steel
A and Steel B with different martensite volume
fractions and ferrite grain sizes, Steel C with a com-
plex phase (e.g., ferrite, retained austenite, and bai-
nite), and Steel D with ferrite matrix and austenite
band structure were investigated. For nonferrous

@ Springer

materials, pure Cu with coarse grains and initial
annealing twins and AZ31 magnesium alloy with a
hexagonal close packed (HCP) structure were chosen
for examination. Stretch-flangeability can be funda-
mentally understood by analyzing materials with
various microstructural features.

Stretch-flangeability

Figure 4 exhibits the strain and stress triaxiality
trends in the hole-edge region during the HET as a
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function of HER. The outer region (i.e., fracture ini-
tiation site) experiences a tensile-strain-dominant
state during the HET. The stress triaxiality of the
outer region was close to 0.35, meaning that the stress
state was similar to the stress state during uniaxial
tensile testing [57]. Thus, the deformation behavior
during the HET can be defined as a tension-like
deformation. Of course, during the early stage of
deformation (HER < 20%), the stress triaxiality of the
inner hole-edge region is negative. This means that
the inner part of the hole-edge region is under com-
pressive deformation because of the contact between
the punch and the specimen. However, the initial
compressive deformation of the inner region does not
affect the overall fracture behavior because the frac-
ture initiation sites during the HET are located in the
outer region, and the deformation behavior in this
region is tension like. Furthermore, the middle and
inner regions also exhibited tension-like deformation
at HER > 20%, where most of the materials fractured.

The HET results of the eight different materials are
summarized in Table 3. Some of the mechanical
properties of AHSS were already published in a
previous study [44]. Although HET results have
deviations because the values rely on the eyes of
operators to observe crack initiation and propagation
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along the thickness direction, these deviations did not
affect the overall tendency. Thus, the HER values
with a standard deviation were used in analyzing the
factors governing the stretch-flangeability of materi-
als. The various sheet materials tested in this study
had a wide range of HER values from very low
(AZ31: 10.1%) to very high (CR IF: 176.4%). By
investigating these materials, we were able to pro-
pose factors governing stretch-flangeability that
could not have been included using materials with
limited range of HER. The mechanical properties of
materials that control the stretch-flangeability will be
discussed in the next section.

Tensile properties

Figure 5 shows tensile engineering stress—strain
curves and tensile true stress—strain curves along the
RD of various specimens. Tensile tests of each spec-
imen were performed three times, and the test results
exhibit good reproducibility. Tensile properties of the
specimens are summarized in Table 3, and Lank-
ford’s r values of the specimens are summarized in
Table 2. The fully annealed pure Cu was assumed to
be an isotropic material (R value = 1.00). The analy-
sis of these specimens involved a wide range of

Figure 4 During the HET (a) 04 ; ; . . (b) 0.45 ; ; . ; :
simulation: a the strain and 03 0.30 Maa 3
b stress triaxiality trend in the 02 >
hole-edge region according to 04 = 0157
£ X 0.00}
HERs for CR IF steel. & 00 8
b = o015t -
m .
-0.1 o
0.2 9 030 D, =50 mm 4
-U. a —&— Inner
0.3+ Tensile strain -u-, e, -4 -0.45 —e— Middle|]
Shear strain -, o, [—A—Outer
-0.4 L L -0.60 L L L L n
5 10 15 25 30 0 20 40 60 80 100 120
HER (%) HER (%)
Table 3 Tensile properties, fracture initiation energy, and HER of each specimen
Specimens YS (MPa) UTS (MPa) U.EL (%) T.EL (%) PEL (%) n value m value R E; HER (%)
Steel A 694 + 29 1021 + 12 92 +0.3 240 £ 04 148 0.1 0.09 0.0064 + 0.0012 090 1.12 £0.18 30.0 £ 24
Steel B 500 £ 10 884 £ 5 13.5 £ 0.7 29.7 £ 0.6 162 £ 1.2 0.13 0.0055 £ 0.0011 0.85 097 £0.12 279 £ 0.5
Steel C 521 £9 909 £+ 6 16.7 £ 0.7 314 £ 0.2 147 £ 0.8 0.15 0.0044 + 0.0005 0.88 0.77 &+ 0.05 240 £ 1.5
Steel D 504 £ 7 724 £ 16 365+ 1.9 42.8 £ 2.1 6.3 +23 031 0.0043 + 0.0004 0.69 0.36 = 0.10 163 £0.9
AZ31 182 £5 275 £1 149 £ 1.5 30.5 £ 1.7 155+ 1.0 0.14 0.0127 £ 0.0027 2.26 0.21 + 0.01 10.1 £ 0.2
Pure Cu 136 £ 3 232 £2 325+ 1.5 53.8 £ 1.1 213+£23 028 0.0042 £+ 0.0004 1.00 2.93 £ 0.54 922 +£34
HR IF 134 £1 265 £ 2 29.6 + 0.1 719 +£1.0 423 +£09 0.26 0.0179 £ 0.0015 1.24 257 £ 042 81.7 + 8.9
CR IF 135 £ 10 290 £ 7 27.0 £ 04 66.6 3.0 39.6+33 024 0.0095 £ 0.0009 1.65 490+ 020 1764 £59
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Figure 5 a, b Tensile
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(a) (b)
engineering stress—strain = 1200 T T T - 300 T
curves and ¢, d tensile true % 1000 % 250 ]
stress—strain curves of a, o Y
¢ AHSS, and b, d low-strength g 800 @ 200 )
. v 5
steels and nonferrous materials i 600 g 150 M .
with respect to rolling £ A £
. 5 400} { 7§ 100 1
direction. b - Steel A @
£ -~ Steel B £ Pure C
5 200 Cseercl] D SOM TR | ]
o 3 ~}- Steel D w —'~CR IF
0 1 1 1 1 1 1 1 1 0 T I 1 1 L
0 5 10 15 20 25 30 35 40 45 0 10 20 30 40 50 60 70
Engineering Strain (%) Engineering Strain (%)
(©) 1500 . . . . : (@ 400 ; ; . . .
@: Necking onset @: Necking onset 8
—~ 1200 - E =
©
g o 300 B
= =
z; 900 B z;
0 i 3 200 1
& 600 i &
o o
= -/ Steel A = —=AZ31 i
= 300 =~ Steel B | = 100 F -o-Pure Cu
-~ -Steel C ~<~HRIF
h <}~ Steel D ~~CRIF
O 1 1 1 1 1 0 1 1 1 1 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30

True Strain (%)

tensile properties (e.g., YS, ultimate tensile strength
(UTS), uniform elongation (U.EL), total elongation
(T.EL), post-uniform elongation (P.EL), n value, m
value, and R value). If the tensile properties and HER
of sheet materials are correlated, a universal trend
should be observed between HER and each tensile
property of the sheet materials.

Figure 6 demonstrates the correlation between
individual tensile property and HER of materials.
Deformation behavior during the HET is similar to
the uniaxial tensile deformation behavior, however,
individual tensile properties are not correlated with
the HER of various materials. This result supports the
report that correlations between HER and tensile
properties in previous studies are only valid for
specific steel groups having similar microstructure or
strength grade. Thus, these correlations cannot be
generalized. It is especially important to note that the
n value, m value, and R value, which are considered
governing factors during various forming processes
(e.g., deep drawing, and stretch forming [21, 22, 24]),
do not seem to affect the HER of materials. This
demonstrates that the key factors affecting stretch-
flangeability are different from those affecting con-
ventional formability. Moreover, Lee et al. [16] and
Yoon et al. [51] reported that the HER of the same

@ Springer
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material strongly relied on the initial hole processing
methods and the edge surface status of the HET
sample. In particular, removing the initial defects of
the hole-edge region using the milling process nota-
bly improved the HERs. Therefore, this point should
be considered for an accurate understanding of
stretch-flangeability, and we should investigate not
only deformation behavior during the stretch-flang-
ing processing, but also other extrinsic factors that
may affect stretch-flangeability.

Stretch-flangeability from the fracture
mechanics point of view

Figure 7 is an example of the initial hole-edge region
of the HET specimen made using the punching pro-
cess and it shows that many defects were generated
in the initial hole-edge region during the punching
process [44], when following the ISO/TS 16630
standard procedure. A few defects were observed in
a burnished zone shown in Fig. 7c, and many defects
(e.g., micro-voids and shearing dimples) were
observed in a fracture zone shown in Fig. 7d, e. This
result is in good agreement with the previous reports
of hole-edge region observations. These defects act as
strong crack initiation sites and significantly affect
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Figure 6 Correlations
between individual tensile
property and HER of
specimens.

the HER of materials [16, 41, 42, 44, 45]. In fact, even
in the same materials, the HER considerably increa-
ses if the process for making the initial hole is chan-
ged or the defects are removed in the hole-edge
region before the HET [16, 51]. Therefore, it is almost
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impossible to relate the HER to uniaxial tensile
properties even if the stress state in the hole-edge
region is similar to that in the tension region because
stretch-flangeability of materials is evaluated using
specimens with many initial defects and accumulated

Springer



7818
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Micro voids

Figure 7 SEM micrographs of the initial hole-edge region of the
HET specimen made using a punching process [44]. The defects
(e.g., micro-cracks and micro-voids) act as a strong crack initiation

shear damage. This constitutes a primary difference
between HET for stretch-flangeability and the other
sheet formability tests such as deep drawability,
stretchability, and bendability testing. Consequently,
for an accurate understanding of stretch-flangeabil-
ity, the fracture resistance of a material containing
initial defects should be taken into accounted.
Fracture toughness can well represent the fracture
resistance of materials having initial defects. If the
fracture resistance of materials containing initial
defects is an important factor in stretch-flangeability,
the HER can be correlated with the fracture tough-
ness of materials. In this study, fracture toughness
tests were performed according to the ASTM E1820
standard procedure. However, the fracture tough-
ness of sheet materials was evaluated using the
fracture initiation energy instead of the conventional
fracture toughness index, J. or Kj,, because these
sheet materials were too thin. It should be noted that
Jc or Kj, depends upon the sample thickness. If the
specimen is not thick enough to satisfy the plane
strain condition, J. or Kj, is overestimated. Also,
according to Eq. (3), the standard thickness for sat-
isfying the plane strain condition is quite different
for each material. Although specimens with a wide
range of YS and UTS might have the same thickness,
the deformation conditions would be different. For
example, a material with a high YS and UTS (e.g.,

@ Springer
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Micro voids
&

<5 W

)

site during the HET. c is inner, d is middle, and e is outer region in
Fig. 4, respectively.

Steel A) satisfies the plane strain condition even with
a thickness of only 3 mm, but a material with a low
YS and UTS (e.g., pure Cu) must be thicker to satisfy
the plane strain condition. Thus, in materials with a
wide range of YS and UTS, J. or K], cannot be based
upon the same evaluation standard even for speci-
mens of the same thickness. Therefore, to compare
the resistance of materials containing a crack to
fracture, we defined fracture initiation energy (E),
equivalent to that used in Charpy impact testing.
Note that the ductile materials, such as pure Cu, HR
IF, and CR IF, were not easy to identify the maxi-
mum load in the fracture toughness tests, which is a
critical factor for the definition of the fracture initi-
ation energy. In this case, the maximum load point
should be carefully chosen while tracking the load
value in the load—displacement curves at fracture
toughness tests.

Figure 8 indicates the correlation between the
fracture toughness evaluated using fracture initiation
energy, and the stretch-flangeability evaluated using
HER. In this figure, as the fracture initiation energy of
materials increases, HER increases linearly because of
the similarity in the deformation mechanics between
fracture toughness and HER. In other words, in the
materials with higher fracture initiation energy, more
energy is required to initiate a crack in the hole-edge
region during the HET. Thus, we know that fracture
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Figure 8 Correlation between fracture initiation energy and HER
of various specimens.

toughness is a key factor affecting the stretch-
flangeability of materials.

Finite element analysis of fracture
toughness and hole-expansion test

The simulated load-displacement curves in the frac-
ture toughness tests in Fig. 9 are in good agreement
with the experimental results. Figure 10 shows the
FEA and experimental results in the hole-edge region
of a specimen at the moment of failure. During the
HET simulations, the failure moments were chosen
so that all the elements along the thickness direction
of the hole-edge region were deleted due to the
accumulated damage there. The comparison of the
HERs in Table 4 indicates that both the simulated
HER values and the trend are in good agreement
with the experimental results, verifying the hypoth-
esis of this work. One can see that while the simu-
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lated results based on the ductile damage model were
overestimated, the overall results were well matched.
Likely, the overestimations stem from the fact that
direct transfer of parameters from the ductile damage
model disregards the effect of the shear damaged
zone, condition of the damaged surface, and the
distribution of micro-voids and defects, which would
have occurred during an actual punching process.

The size and morphology of the shear damaged zone
differ from microstructure to microstructure, indicat-
ing that identical hole-punching processes manifest
different damage or defect distributions for different
materials. Hasegawa et al. [42] reported the shape of
shear damaged zones and the morphology of micro-
defects of AHSS sheets. The shape of initial defects and
initial strain of HET specimens are not identical com-
pared with a fracture toughness specimen with extre-
mely sharp notch created by fatigue cracks. In
addition, the distributions of micro-voids and defects
should alter the local triaxiality during the HET, but
the simulation assumed that fractures were triaxiality
independent so that the damage evolution due to for-
mation of a sharp notch during a fracture toughness
test would be identical to the damage evolution of the
hole-edge surface during the HET.

Nevertheless, the difference between the experi-
mentally observed and predicted HERs was roughly
10% at best, and the trend in how specimens of high
fracture toughness exhibit high HER is well repro-
duced. This indicates the validity of our approach in
identifying fracture toughness as a key parameter of
the HER of specimens with punched holes, without
explicitly taking into account the microstructural
complexity of each specimen [58].

Figure 9 Comparison (a) 5000 T T (b) 2000
between experimental and A
fitted load—displacement 4000 1 1600
curves for the fracture
= 3000 © 4 3z 1200
toughness tests of a AHSS and = <
. ° ©
b other materials. 8 2000} 1 8 s00f
- -
Steel A —— Simulation, A Experiment AZ31 —— Simulation, [> Experiment
1000 Steel B —— Simulation, 7 Experiment | - 400 Pure Cu— Simulation, 0 Experiment | 4
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Figure 10 a HET simulation and b experimental results at the moment of failure of each specimen.
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Table 4 Experimental and simulation results on the HER of each specimen

HER (%) Steel A Steel B Steel C Steel D AZ31 Pure Cu HR IF CR IF
Experiment 30.0 27.9 24.0 16.3 10.1 92.2 81.7 176.4
Simulation 38.8 38.3 34.0 23.4 20.0 96.2 84.1 195.8
Conclusions 5. From the above results, development of the next

In summary, to find a universal factor governing the
stretch-flangeability of sheet materials, we investi-
gated a variety of materials with different
microstructures and mechanical properties. The fol-
lowing conclusions were obtained.

1. During the HET, the deformation behavior in the
hole-edge region where the failure took place is
comparable with that related to uniaxial tension.
However, individual tensile properties are not
correlated with the HER of various materials.

2. The HER of the same material considerably
increases if the process for making the initial
hole is changed or the defects are removed in the
hole-edge region before the HET. Therefore, it is
extremely difficult to directly correlate HER to
uniaxial tensile properties without considering
the condition of the hole-edge region.

3. Many defects are generated in the initial hole-
edge region during the punching process when
following the ISO/TS 16630 standard procedure.
These defects act as strong crack initiation sites
and significantly affect the HER of materials. That
is, the stretch-flangeability of materials is evalu-
ated using specimens with many initial defects.
Therefore, the fracture resistance of material
containing initial defects should be accounted
for when evaluating stretch-flangeability.

4. The fracture toughness, measured using the
fracture initiation energy, is a universal factor
governing stretch-flangeability. This was verified
by comparing the stretch-flangeability and
mechanical properties of a variety of materials
having different microstructural features and
initial processing conditions. Also, HERs can be
successfully predicted using a ductile damage
model in FEA without explicitly taking into
account the microstructural complexity of each
specimen. This signifies the validity of our
approach in identifying fracture toughness as a
key factor of stretch-flangeability.

generation AHSS with excellent stretch-flange-
ability should take into account its fracture
toughness.
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