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Challenging fuel economy and safety standards in the automotive industry
have led to the need for materials with higher strength while maintaining
levels of formability that meet component manufacturing requirements. Ad-
vanced high-strength steels, such as dual-phase steels with tensile strengths
of 980 MPa and 1180 MPa, are of interest to address this need. Increasing the
strength of these materials typically comes at the expense of ductility, which
may result in problems when stamping parts with trimmed or sheared edges,
as cracking at the sheared edge may occur at lower strains. Here, hole
expansion tests were performed with different punch geometries (conical and
flat-bottom) and different edge conditions (sheared and machined) to under-
stand the effects of testing conditions on performance, and these results are
discussed in terms of mechanical properties and microstructures.

INTRODUCTION

Challenging fuel economy and safety standards1,2

in the automotive industry have led to the need for
materials with higher strength while maintaining
levels of formability that meet component manufac-
turing requirements. Advanced high-strength steels
(AHSS), which include dual-phase (DP) steels, are of
interest due to their excellent mechanical properties
(for example, high initial work hardening rate and
high tensile strength to yield strength ratio). DP
steels typically consist of a relatively soft ferrite
matrix and islands of hard martensite,3 with
strength increasing with increasing volume fractions
of martensite. Lower-strength DP steels have been
implemented in a number of vehicles, though higher-
strength levels are desired and require further
investigation.2 Higher strength generally comes at
the expense of ductility, which becomes a particular
challenge when stamping parts with trimmed or
sheared edges, as the parts may experience cracking
at the sheared edge even at relatively small strains.
Stretch-flangeability, measured by hole expansion
testing (HET), is a measure of formability that has
been used to characterize the performance of mate-
rials during forming of sheets with holes.4–17

HET can be performed with conical4–8 and flat-
bottom punches,4,9–13 as well as different hole
preparation methods (for example, sheared or
machined).4,14–16 Studies have shown that materi-
als tested with a conical punch generally have a
higher hole expansion ratio (HER) than the same
material tested with a flat-bottom punch.4,12,18–20

This difference has been attributed to the bending
component introduced by the conical punch creating
a material constraint that delays failure.20 Edge
conditions have also been shown to affect HER, with
machined edges having a higher HER than sheared
edges.14 This effect is because shearing creates a
work-hardened zone at the edge of the material,
which acts as a stress concentrator, and may result
in pre-initiated damage—voids or cracks—at the
sheared edge.4 Further investigation is needed of
HER obtained with a flat-bottom punch and differ-
ent edge conditions, since limited results have been
presented in the literature to date.4,9,12,13

Microstructural characteristics such as marten-
site volume fraction (MVF) and martensite mor-
phology in the DP steels have an effect on stretch-
flangeability.4–7,17,21 Many studies have reported
that the difference in hardness between ferrite and
martensite in a DP microstructure was a dominant

JOM, Vol. 70, No. 6, 2018

https://doi.org/10.1007/s11837-018-2852-x
� 2018 The Minerals, Metals & Materials Society

918 (Published online April 10, 2018)

http://orcid.org/0000-0002-3270-346X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-018-2852-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-018-2852-x&amp;domain=pdf


factor in stretch-flangeability.5,6,9 HER tends to
increase as the relative strength difference between
the ferrite and martensite decreases or as the
microstructural homogeneity increases. Hasegawa
et al.5 reported that increasing MVF resulted in a
higher HER and that single-phase martensitic
sheets showed the highest HER. Other reports have
shown the opposite trend, though the materials in
one report6 had different mechanical properties and
morphologies for the same steel grade, while the
other report10 focused more on the growth of
epitaxial ferrite and its effect on HER.

Martensite morphology also has an effect on
formability. Kim et al.,17 examined the morpholog-
ical differences between the DP steels studied by
Hasegawa et al. and concluded that, in the higher
MVF steel which showed a martensite network
surrounding ferrite, the martensite takes on more of
the plastic deformation than the ferrite, delaying
failure. The martensite network surrounding the
ferrite has been shown to prevent crack propagation
at the martensite–ferrite interface, which improves
stretch-flangeability.21 Terrazas et al. took a differ-
ent approach and characterized the martensite
dispersion through the area density of martensite
colonies.6 They concluded that HER increases with
the increasing number of evenly dispersed marten-
site colonies per unit area, an indication of the
homogeneity in the microstructure, since fine and
evenly dispersed martensite colonies provide more
obstacles for crack propagation.6

Generally, there have been few studies on HER of
DP steels with tensile strengths of 1180 MPa,6 and
none have reported results from 1180 alloys with
microstructures consisting of more than 50%
martensite, or across a range of testing conditions.
This report focuses on the effects of the HET type
and how microstructure may affect the HER of DP
980/1180 steel grades.

PROCEDURE

The nominally 1.4-mm-thick uncoated sheet DP
980 (0.09C-2.1Mn wt.%) and DP 1180 (0.13C-
2.24Mn wt.%) materials were used in this experi-
ment. Standard light optical and scanning electron
microscope (SEM) techniques were used to charac-
terize the microstructures. The MVF for the DP
steels was calculated using the point counting
method, with concentric circles on SEM images of
the samples in the planar orientation.22 A total of 10
SEM micrographs at 93000 magnification were
used for analysis. The martensite carbon content
was calculated assuming that all bulk carbon is in
the martensite:

Ca0 ¼ Cbulk=MVF ð1Þ

where Ca¢ is the martensite carbon content in wt.%
and Cbulk is the carbon content of the steel in wt.%.6

Mechanical properties were determined by uni-
axial tensile testing according to ASTM E8. The
average of four samples tested along the rolling
direction are reported. The strain-hardening expo-
nent, n, was calculated from a true strain of 0.02 up
to the strain at ultimate tensile stress. The normal
anisotropy coefficient, Rm, was determined for sam-
ples pre-strained to 4.5% engineering strain.

HET was performed according to ISO 16630 and
the configuration is shown in Refs. 23 and 24. Two
types of edge conditions (sheared and machined)
and punch geometries (conical and 25.4 mm flat-
bottom) were tested. The nomenclature for the
testing conditions is conical punch/machined edge
(CM), conical punch/sheared edge (CS), flat
punch/machined edge (FM), and flat punch/sheared
edge (FS). Sheared edges were created using a
punch and die set with a clearance of 11% of the
material thickness, and all samples were tested
with the burr away from the punch side of the sheet.
Blanks of 101.6 9 101.6 mm and 177.8 9 177.8 mm
in size with a 10-mm hole were tested at a punch
speed of 0.5 mm/s and with a camera system
capturing visual data during the test. Once a
through-thickness crack was observed by the user,
the test was stopped and post-processing was per-
formed in ImageJ.25 The HER is calculated as
follows,

HER ¼ Df �Do

Do
� 100 ð2Þ

where Do is the initial hole diameter and Df is the
hole diameter at the time a crack is first observed.
To determine whether the crack initiated along the
rolling direction, crosshairs were placed through the
center of the test sample in ImageJ, and cracks
oriented less than or equal to 30� from the center in
either direction, were considered to have initiated
along the rolling direction.

RESULTS

Microstructures

Figure 1 shows secondary electron images for DP
980 (1a) and DP 1180 (1b) showing microstructures
consisting of martensite (lighter regions) and ferrite
(darker regions). The DP 980 shows equiaxed ferrite
grains with a martensite network along the ferrite
grain boundaries, along with some martensite
islands within the ferrite grains. The microstruc-
ture of the DP 1180 shows a martensite matrix with
ferrite islands similar to Kim et al.17 The MVF’s
were measured to be 52 ± 6% and 66 ± 5% for DP
980 and DP 1180, respectively. Figure 2 shows light
optical images of the microstructural banding in
both steel grades. Microstructural banding has been
shown to effect mechanical properties and fracture
characteristics by creating void nucleation sites.26
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Mechanical Properties

Table I details the measured mechanical proper-
ties of the DP steels. The yield strength (YS) and the
ultimate tensile strength (UTS) correlate as
expected with increasing MVF.27 The elongation of
the DP 1180 is somewhat lower than the DP 980,
and the strain-hardening exponent (n), normal
anisotropy coefficient (Rm), and YS to UTS ratio
(YS:UTS) are similar. The reduction of area (ROA)
in the DP 980 is slightly higher than the DP 1180.

Hole Expansion Ratio

Figure 3 shows the HER of the DP steels as a
function of edge condition and punch geometry, and
relates HER with martensite carbon content. Over-
all, DP 980 has a higher HER than DP 1180
independent of edge condition or punch geometry.
Between the two test geometry conditions, results
show that the conical punch has a higher HER than
a flat-bottom punch for the same edge conditions.
The machined edge also has a higher HER than the

Fig. 1. Secondary electron images of (a) DP 980 and (b) DP 1180. Longitudinal sections with the rolling direction horizontal. The samples were
etched with 2% Nital.

Fig. 2. Light optical images of (a) DP 980 and (b) DP 1180. Longitudinal sections with the rolling direction horizontal showing microstructural
banding. The samples were etched with 2% Nital.
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sheared edge for the conical punch, though this
trend is not seen with the flat-bottom punch. The
ratios shown in Fig. 3 were calculated between the
two materials for a given test condition.

DISCUSSION

Effects of Edge Conditions and Punch
Geometry on HER

The hole preparation method has shown to play a
significant role on the HER.4,14–16 Generally,
sheared holes lead to a lower HER than machined
holes due to the reduced ductility of the work-
hardened shear-affected zone and the possibility of
pre-initiated voids or cracks at the sheared edge.4 A
machined hole removes the shear-affected zone,
generally resulting in improved HER.14 In this
study, the CM samples showed a higher HER than
the CS samples for a given material in agreement
with the literature. However, the HER of the FM
samples were nearly identical to the FS samples
despite edge condition differences, which is in
agreement with work carried out by Pathak et al.,
which concluded that samples (DP 600 and complex
phase 590 steel) run with a flat-bottom punch were
not sensitive to edge conditions, and this was
attributed to the fact that stress state is different,
causing failure to occur away from the hole edge.4

The punch geometry also has an effect on the
HER. Stanton et al.12 performed HET on various
aluminum alloys using both a flat-bottom and
conical punch with different edge conditions, con-
cluding that the conical punch generally produced
higher HER than the flat-bottom punch.4,12,18,19 In
HET, the flat-bottom punch causes the sheet edge to
undergo stretching, while the conical punch causes
both stretching and bending, and Neuhauser et al.20

explained that bending in a stretch bend test
creates a material constraint that delays failure.
The bending component creates a strain gradient in
the material with the highest strains at the outer
surface (at the burr). In this study, the CM samples
had a higher HER than the FM samples and the CS
samples performed better than the FS samples for a
given material.

HER results show that the testing conditions
follow common trends seen in the literature. The
FM condition differs from the other testing condi-
tions in that there is no strain gradient in the
material induced by the punch geometry and no
strain hardening at the edge of the sample hole due
to the hole preparation method. There is limited

literature published for HET with a flat-bottom
punch with varying edge conditions, and, specifi-
cally, on AHSS4,9–11,13 that have similar mechanical
properties as the steels in this study.

It is interesting to note that the ratios of HET for
DP 980 and DP 1180 shown in Fig. 3 are indepen-
dent of test conditions (i.e., punch geometry and
edge condition) with the exception of the FM
samples. Based on these results, it is suggested
that HET performed with the CS, CM, and FS test
conditions result in similar relative HER values for
two sheets with similar n, Rm, and YS:UTS (see
Table I).

DP 1180 grades are fairly new and still being
evaluated for specific applications in structures,
but, in this case, the material tested seems to have a
HER performance that might be expected relative to
the tested DP 980 sheets (i.e., somewhat lower HER
due to decreased tensile ductility as a function of the
increased strength). HER performance of DP 1180
grades does not increase with MVF relative to DP
980 in this case, suggesting that the reported
correlation between MVF and HER does not apply
at these strength levels.5 The present results also
specifically suggest that the FM test condition may
result in different relative HER results for materi-
als that have similar HER values under CS, CM,
and FS test conditions.

Microstructure and HER

The mechanical properties that have been
reported7,28,29 to contribute to HER (n, Rm, and
YS:UTS) are approximately equal for the two steels
tested; however, the ROAs are slightly different.
Pathak et al. concluded that increasing ROA results
in higher HER, which is in agreement with this
study. The effects of microstructure on HER
between the two steels tested, particularly MVF,
martensite carbon content, and martensite mor-
phology, are considered. As previously mentioned,
the literature has shown opposing trends for MVF
and HER.4–6,10 However, most current studies only
report results for MVFs up to 50%, or for a fully
martensitic alloy.5–7,10,17 The MVFs for the two
sheets tested here lie between those values, and the
results showed that, as the MVF increased, the
HER decreased.

The difference in hardness between martensite
and ferrite has also been shown to correlate well
with HER,5,6,9 because strain localization to the
ferrite by the surrounding martensite is reduced as
martensite hardness decreases. The results of this

Table I. Mechanical properties for DP 980 and DP 1180

Material YS (MPa) UTS (MPa) TE (MPa) n Rm YS:UTS ROA Martensite carbon content (wt.%)

DP 980 716 ± 33 1043 ± 15 13.8 ± 0.3 0.11 0.89 0.69 36.5 ± 0.8 0.17
DP 1180 827 ± 5 1256 ± 3 9.9 ± 0.7 0.10 0.88 0.66 32.5 ± 2.3 0.20
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study show that the HER decreases as martensite
carbon content increases from the DP 980 to the DP
1180, as shown in Fig. 3.

Martensite morphologies such as interconnected
martensite have been shown to have an effect on
HER.17,21 Interconnected martensite has been shown
to result in improved HER as the martensite takes on
most of the plastic deformation shielding the ferrite
and delaying failure.17,21 Here, the DP 980
microstructure consists of an equiaxed microstruc-
ture with martensite networks along the ferrite grain
boundaries, while the DP 1180 has sufficiently high
MVF that the microstructure is more aptly described
as ferrite islands in a martensite matrix.

In this study, the HER decreased as the MVF
increased and the martensite carbon content
increased. There are limited HER results that have
been reported for alloys at the strength levels and
martensite volume fractions of the materials exam-
ined here, but increasing MVF appears to result in a
decrease in HER. In order to quantify the effect that
MVF has on HER, a broader range of DP steels with
MVFs between 70% and 100% and microstructure
morphologies need to be tested. Based on our results
and data from other studies,5,7,17 there may be a
peak in the HER at MVF values around 50%,
suggesting that martensite morphology may affect
HER more at higher MVFs.

The morphology and MVF are dependent on one
another, and it would be useful to perform further
experiments in the areas where morphology may be
the driving force for HER to better understand
crack initiation and propagation, which would help
to design microstructures for increased AHSS
formability.

CONCLUSION

The test factors affecting HER in a DP 980 and a
DP 1180 sheet of the same thickness including
punch geometry and the hole edge condition were
analyzed through HET. It was found that machined
edges have a higher HER than sheared edges for the
conical punch, but the trend is not seen with the
flat-bottom punch. The conical punch geometry
showed a higher HER than the flat-bottom punch
for all testing conditions. It is interesting to note
that the relative HER for the CS, CM, and FS test
configurations result in the same ratio for both
materials, even though the strength levels and
microstructure vary significantly. For the FM con-
dition, however, the HER results did not follow the
relative trends observed in other geometries, sug-
gesting the factors controlling HER in this test
geometry are different, at least for the steels tested.

The effect of microstructure on stretch-flangeabil-
ity was also analyzed through microstructural anal-
ysis and HET. Two DP steels with similar
mechanical properties, different MVF, martensite
carbon contents, and morphologies were analyzed
for their effect on HER and overall formability.
Increasing MVF and martensite carbon content was
found to decrease HER, which may be expected
based solely on strength level and tensile ductility.
The microstructural morphology that appears to
improve formability consisted of a martensite net-
work along ferrite grain boundaries, although
higher-strength DP alloys will require martensite
fractions that may preclude this morphology. It was
concluded that the martensite carbon content, vol-
ume fraction, and morphology all play a role in

Fig. 3. Hole expansion ratios for DP 980 and DP 1180 as a function of punch geometry and edge conditions and the hole expansion ratio as a
function of martensite carbon content.
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formability up to a given value of MVF, above which
the martensite morphology may have the greatest
effect.
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