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Abstract

The present study aimed to explore dual-phase (DP) steels with a good combination of high
strength and reasonable global ductility (i.e., total elongation and general stretch formability) and
local ductility (i.e., sheared edge ductility or hole expansion ratio). Therefore, a series of ultra-high
strength dual-phase steels were designed, melted, rolled, annealed and formed. These steels
contained various aluminum additions and vanadium contents and were processed with different
coiling temperatures and continuous galvanizing line (CGL) thermal path simulations conducted
using a Gleeble 3800 system. The microstructures, tensile properties and hole expansion behaviors
of all candidate DP steels were determined and compared. The microstructural and damage
evolutions in the process of both hole punching and hole expansion were examined. The results
indicated that hole expansion ratios of DP steels could be correlated well with (i) the burnished-
to-fracture zone ratios in shear surfaces after hole punching, (ii) the values of reduction in area of
tensile specimens after fracturing, and (iii) nanohardness difference between soft ferrite and hard
constituents. The micro-voids and micro-cracks introduced by hole punching acted as crack

initiation sites, which severely affected the subsequent hole expansion process. Therefore, better
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sheared edge ductility may benefit from microstructures that retard the crack propagation or void
growth and coalescence during hole expansion.
Keywords: Dual-Phase Steels, Continuous Galvanizing Lines, Hole Expansion, Hole Punching,

Shear Surface, Reduction in Area, Fracture Mechanism, Nanoindentation

1. Introduction

Dual-phase (DP) steels are a good representative of advanced high strength steels (AHSS),
which are widely applied as automotive structural materials [1]. Since the use of these steels can
help improve the safety of vehicles by increasing fracture resistance, as well as increasing the
necessary deformation energy required for failure, which leads to an increase in a vehicle’s power
to weight ratio, thus lowering overall emissions and simultaneously increasing gas mileage. At
room temperature, DP steels are characterized by a mixture of ferrite and martensite with/without
a third phase, i.e., pearlite [2], bainite [3] or tempered martensite [4,5] due to changes in
compositions or processing. The existence of dual-phase structures enables DP steels to obtain low
yield strength (Y'S), high ultimate tensile strength (UTS), high initial strain hardening ratio (n) and
reasonable global ductility (i.e., uniform elongation (UE) and total elongation (TE)) [4-8].

In addition to global ductility, local ductility (i.e., sheared edge ductility) of DP steels also
needs to reach the requirements of automotive applications. Normally, the hole expansion ratio
(HER) is a good indicator of evaluating sheared edge ductility of sheet materials [9]. Many
researchers have attempted to correlate tensile properties, i.e., YS [10], UTS [10,11], yield to
tensile strength ratio (YS/UTS) [12], post uniform elongation (Post UE) [10,11,13], and normal
anisotropy (R) [10,14] with HER. However, these universal trends are only valid for single-phase
steels and mild steels but are of limited use for complex-phase steels or advanced high strength
steels. The effects of microstructural characteristics, i.e., grain size [ 15], martensite island size [11],
martensite volume fraction [9,16], martensite morphology [11], and the amount of retained
austenite [17,18] on HER have also been investigated in the literature. Transformation induced
plasticity (TRIP)-assisted DP steels are expected to have a better sheared edge ductility due to the
existence of retained austenite which can transform into fresh martensite during hole expansion
[19]. Additionally, the stable lath retained austenite can relax the stress or strain concentration
caused by plastic deformation or phase transformation and hence retard the propagation of micro-

cracks or growth of micro-voids during hole expansion [20,21]. Aluminum is often used in TRIP
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or TRIP-assisted steels, since it can suppress the formation of cementite, resulting in carbon
enrichment and stability of remained austenite after the bainitic transformation [22]

Hasegawa et al. [23] reported that hole expansion behaviors of high strength DP steels can
be improved by decreasing the hardness difference between soft ferrite and fresh martensite,
although the hardness of each constituent was calculated by empirical formula. Later, Taylor et al.
applied nanoindentation technology to determine of the nanohardness values of ferrite and hard
constituents of DP 980 steels. They found that reducing hardness in both ferrite and hard
constituents results in an increase in HER values, but with the loss of UTS. So, it is important to
investigate key factors improving hole expansion behaviors of high strength DP steels without a
large sacrifice of UTS.

From the literature [24-27], HER values are dependent on the approaches used in hole
formation and further processing and emphasized the significance of micro-voids or micro-cracks
introduced by hole forming. Hole punching at room temperature is the most cost-effective way of
forming a hole, compared with other methods. So, it is necessary to have a deeper understanding
of the punching process and its effect on subsequent hole expansion behaviors. Punching is a
shearing process which separates hole expansion specimens into two parts and generates initial
hole surfaces in the remaining blank along with shear-affected zones (SAZ) with sheared edges
[28]. Micro-cracks or micro-voids are often observed relevant to martensite cracking, debonding
of ferrite/martensite interfaces, the presence of inclusion particles (i.e., MnS) and decohesion of
ferrite/ferrite grain boundaries [23,27,29]. Also, in Wu et al.’s research [5], it was found that
internal plastic strains caused by hole punching have a high degree of strain localization at the
initial hole-edge region. This results in a deformation gradient where the strain decreases with
increasing distance from the sheared edge. This shearing damage was observed to influence the
subsequent hole expansion process.

Also, Kahziz et al [30] used 3D synchrotron laminographic technology to observe and
interpret damage evolution (i.e., ductile fracture) of sheared edges of DP 600 steels before and
after crack mouth opening displacement (CMOD), which stimulated hole expansion tests.
However, there is doubt that the deformation and fracture of a specimen with one sheared edge is
analogous to those of flat sheet after punching and hole expansion. Also, the deformation
conditions for those DP steels with single crack edges studied by Kahziz et al. are not realistic

deformation condition for high-strength DP steels. Realistic hole punching deformation means
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bending followed by balanced biaxial tension. However, Yoon et al [31] reported that fracture
toughness may exhibit a good correlation with sheared edge ductility of DP steels. One major
problem why the HER test cannot be considered as a true fracture toughness test is because valid
fracture toughness tests are to be conducted according to ASTM E1820 [32], which requires the
specimen thickness to be large enough for valid plane strain conditions. In this case the observed
Kic can be considered a material property, and the fracture in the HER test might indeed be
governed by fracture toughness. However, in a thin sheet, such as used in the current experiments,
the stress state is plane stress, and, therefore, the observed Kjq is neither a material property nor
even known with reasonable accuracy. Since, in the need of automotive lightening, the thickness
of typical cold rolled and annealed DP steels ranges from 1.0 mm to 1.5 mm, the use of fracture
toughness is questionable.

The present study has investigated candidate DP steels with different pre-annealing
conditions (i.e., aluminum levels, vanadium contents and coiling temperatures) and CGL
simulations conducted using a Gleeble 3800 system. The microstructural features, tensile
properties and stretch flangeabilities of these steels were determined. In order to reveal the fracture
mechanism operative during the hole formation and expansion process, the microstructural and
damage evolutions in the shear surfaces and sheared edges during hole punching and hole
expansion were observed via SEM technology. Also, relations between metallographic features of
initial hole internal surfaces, tensile properties or nanohardness difference between soft ferrite and
hard constituents with HER results of all fully annealed candidate DP steels were established to
explore crucial factors that strongly affect hole expansion behaviors of ultra-high strength DP

steels.

2. Experimental procedure
2.1. Materials and processing

A series of lab heats were designed, melted and cast with compositions as listed in Table
1. Fig. 1 shows the schematic illustration of the post-solidification processing, including rough
rolling, finish rolling with water spray cooling to a coiling temperature of 677 °C (labeled by CTH)
or 580 °C (labeled by CTL), the selection of these two coiling temperatures were described and
discussed in the earlier works [33], surface grinding, 60% cold rolling and finally annealing

simulated by CGL thermal paths. As shown in Fig. 1, cast ingots were hot rolled and cold rolled
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to the thickness of 1.2 mm. Concerning the intercritical annealing process, two CGL simulations,

as seen in Fig. 1, were conducted using the Gleeble 3800. After steel specimens were reheated at

+5 °C s ! to different intercritical annealing temperatures (IATs) according to different aluminum

contents and soaked for 60 s, they were separated into two groups. The first group of specimens

were fast cooled at —15 °C s™! to the zinc pot temperature of 460 °C and held for 15 s, followed by

fast cooling to room temperature at —10 °C s™!. Other steel samples were fast cooled at —15 °C s

to a supercooling temperature of 250 °C (near the Moy temperature of the intercritically formed

austenite), held for 20 s, up-quenched at +42 °C s™! to 460 °C, soaked for 15 s, and then fast cooled

to room temperature at —10 °C s™!. The first intercritical annealing path simulating a standard

galvanizing process was designated by GI. The other one was called the supercooling process,

designated by SC.

Table 1

The identifications (IDs) and compositions (wt. %) of the candidate DP steels

IDs C Al Cr Mn Ni Si v N
DP1 0.15 0.04 0.50 2.00 0.001 0.40 0.06 0.005
DP2 0.15 0.04 0.50 2.00 0.010 0.40 0.12 0.005
DP3 0.15 0.40 0.50 2.00 0.010 0.40 0.06 0.005
DP4 0.15 0.40 0.50 2.00 0.010 0.40 0.12 0.005
DP5 0.15 0.80 0.50 2.00 0.014 0.40 0.06 0.005
g TrPC
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Fig. 1 Schematic illustration of processing

2.2. Materials characterization

Steel specimens were sectioned and cut into small pieces with the dimension of 5 mm x 10

mm % 1.2 mm, using a Buehler Isomet 1000 diamond cutting saw and mounted with Bakelite

powder. Then, the mounts were ground with silicon carbide abrasive papers, ranging from 600 to
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1200 grit. Next, the specimens were mechanically polished with the 1-um and 0.3-um diamond
polishing paste to remove the scratches caused by grinding. After that, the samples were polished
with the 0.05-um alumina polishing suspension in a vibrating polisher to eliminate the residual
strain caused by mechanical grinding and polishing. Finally, the surface of each mount was etched
by 2% Nital reagents to reveal the metallographic features of different phases. A FEI Scios Dual
Beam scanning electron microscopy (SEM) was applied to observe the SEM specimens, conducted
at the working distance of 10 mm, the accelerating voltage of 20 KeV, and the current of 13 nA.
The measurement of retained austenite of all candidate DP steels was conducted by a Lakeshore
vibrating sample magnetometer (VSM). The VSM specimens were machined with the dimension
of 5 mm in length X 3 mm in width x 1.2 mm in thickness. The VSM specimen of each steel
condition was measured via VSM at room temperature, soaked in liquid nitrogen at —40 °C and
measured again. The amount of retained austenite was determined by the comparisons in saturation
magnetization of the VSM specimens of the same steel condition with/without austenite.
2.3. Mechanical testing

Tensile testing was performed by a ZwickRoell Z100 material testing machine. The sub-
sized tensile specimens with the gauge length of 10 mm were machined following ASTM ES8 [34]
and oriented transverse (T) to the rolling direction (RD). Two tensile specimens for each steel
condition, due to material limitation, were tested and tensile properties (i.e., ultimate tensile
strength (UTS), uniform elongation (UE), total elongation (TE) and reduction in area (%RA)) were
averaged.

Nanohardness measurements were conducted by a Hysitron TI900 TriboIndenter. A 10 X
10 matrix of nanoindents was performed on the highly polished surface of each steel condition
with a Berkovich indenter tip, the load of 2000 uN, and the indent spacing of 7 um [5]. The
nanohardness values were calculated with the application of Oliver—Pharr method [35]. In the
wake of nanoindentation testing, the surface of each specimen with indents was slightly etched by
2% Nital reagent and observed via SEM. The nanohardness of specific phase or constituent in each
steel condition was determined by averaging all the nanohardness values of indents within the
valid regions. For example, regarding ferrite, the valid region is the center of ferrite, excluding the
vicinity of ferrite grain boundaries and interfaces between ferrite and hard constituents.

Hole expansion testing was implemented by a BAMPRI hole expansion tester

reconditioned and converted from a vintage Tinius Olsen formability tester [36], equipped with
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new dies, conical punch with the cone angle of 60° and video system, following the requirements
of ISO/TS 16630 [37]. Hole expansion specimens were machined with the dimension of 100 mm
x 80 mm x 1.2 mm with a 10-mm diameter punched hole in center, conforming to the maximum
dimension of CGL simulated samples accommodated by the Gleeble 3800. During hole expansion
testing, the initial punched holes were expanded by the conical punch at a constant rate of 30 mm
min~!. Each test was stopped, by definition, as the first through-thickness crack was observed.

Hole expansion ratio (HER) is calculated by applying Eq. (1) [5,37],

D;-D
HER = ——°

x 100% (1)

o)

where, D, is the initial hole diameter and Dr is the final hole diameter. Additionally, in order to
investigate the fracture mechanism of the hole expansion process for ultra-high strength DP steels,
partial hole expansion testes were executed and final hole surfaces of hole expansion specimens

with different percentages of completion of the hole expansion tests were observed via SEM.

3. Results
3.1. Final microstructures after full CGL Simulations

Fig. 2 shows the final microstructures of the DP steel condition of DP1-CTL after full CGL
simulations with GI anneals (Figs. 2 (a) and (b)), and SC anneals (Figs. 2 (¢) and (d)). As shown
in Fig. 2, GI annealed DP steels were characterized by a mixture of recrystallized ferrite, bainite
and fresh martensite. While, the SC annealed DP steels were composed of recrystallized ferrite,
bainite, fresh martensite and tempered martensite.

Table 2 summarizes the microstructural features of all fully annealed DP steel conditions.
The ferrite grain sizes (d«) of all steel conditions varied from 2.6 pm to 5.4 pm. It should be noted
that lower coiling temperatures led to decreases in recrystallized ferrite grain sizes, as expected.
For example, regarding steel conditions of DP3-CTL-GI and DP3-CTH-GI, the change in coiling
temperature from 677 °C to 580 °C caused a 24% reduction in average ferrite grain diameters from
4.5 um to 3.4 pm. The volume fractions of fresh martensite (fvow)) for GI annealed DP steels varied
between 42.8% to 64.2%. However, the values of fresh fvov) for the fully annealed DP steels with

SC anneals were considerably reduced to 19.0% — 28.7%. Meanwhile, the presence of tempered
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martensite, (fvirm)) ranged from 21.5% to 43.2%. So, the change in CGL simulations from GI
anneals to SC anneals results in a large amount of microstructural replacement of fresh martensite
with tempered martensite. The volume percentages of retained austenite of all steel conditions
were very small, well below 1% by volume, so the effect of retained austenite on hole expansion

behaviors would be negligible.

Fig. 2 SEM micrographs of candidate DP steel conditions of (a), (b) DP1-CTL-GI and (¢), (d) DP1-CTL-SC after full
CGL simulations. Ferrite is designated by F, bainite by B, fresh martensite by M and tempered martensite by TM.
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Table 2
Microstructural features of candidate DP steels after full CGL simulations, including ferrite grain size (dr, pm), fresh

martensite volume percentage (fvow), %) and tempered martensite volume fraction (fv(rm), %)

IDs dr (um) fvawy (%) vy (%) IDs dr (um) fvawy (%)  fvermy (%)
DP1-CTL-GI 3.1£1.6 48.8 0 DP1-CTL-SC 33+1.7 19.0 43.2
DP2-CTL-GI 2.8+1.3 64.2 0 DP2-CTL-SC 26+1.5 23.8 41.6
DP3-CTL-GI 34+1.7 50.7 0 DP3-CTL-SC  34=+19 27.5 28.9
DP4-CTL-GI 3.3+1.7 61.8 0 DP4-CTL-SC  3.1+1.6 27.5 37.9
DP5-CTL-GI 5.0+1.9 50.3 0 DP5-CTL-SC  4.7+2.1 28.7 28.6
DPI-CTH-GI 3.7+£2.2 42.8 0 DP1-CTH-SC 40+2.5 25.6 30.1
DP2-CTH-GI 3.5+2.0 60.8 0 DP2-CTH-SC  3.3+2.1 25.3 34.1
DP3-CTH-GI 4.5+24 50.4 0 DP3-CTH-SC 43+3.0 26.1 29.2
DP4-CTH-GI 4.0+2.3 48.2 0 DP4-CTH-SC  3.6+1.8 25.9 27.5
DP5-CTH-GI 54+24 46.3 0 DP5-CTH-SC 52+23 234 21.5

3.2. Microstructural and damage evolutions during hole punching and hole expansion

The complete hole expansion testing consists of hole punching followed by hole expansion.
Prior to hold punching, microstructures were fully intercritically annealed and undeformed. After
hole punching, the microstructures near the initial hole regions, including initial hole surface (or
shear surface) and sheared edge, seen in Fig. 3 (a), were highly deformed. In the wake of hole
expansion, the microstructures near the final hole areas were further deformed.

Fig. 3 shows the SEM micrographs of the initial hole internal surface of steel condition
DPI1-CTL-GI. After hole punching, the initial hole surface was characterized by a rollover zone, a
burnished zone, a fracture zone and a shear burr, as observed in Fig. 3 (b). Also, many defects, i.e.,
micro-voids (Figs. 3 (c¢) and (d)) and shearing dimples (Fig. 3 (e)), were observed in the initial hole
internal surface. These defects may be expected to act as crack initiation sites, and will severely
affect the subsequent hole expansion results.

Additionally, Table 3 lists the metallographic characteristics (i.e., area fractions of rollover
zone (fv(r)), burnished zone (fv(s)) and fracture zone (fv(rx))) of the initial punched hole surfaces
of fully annealed DP steel conditions. It is interesting and important to note that the area fractions
of the different zones varied with initial processing conditions, and, therefore, initial

microstructure. The results of fv(rx) ranged from 70.2% to 80.0%, accounting for most of the initial
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hole surfaces. Also, the data of fvr) and fv) varied from 4.5% to 9.2% and 12.7% to 22.2%,
respectively.

Fig. 4 displays SEM micrographs of the initial, punched hole sheared edge of candidate
DP steel condition of DP1-CTL-GI as viewed in the C (circumference) — Z (thickness) plane. In
the wake of hole punching, both ferrite grains and hard constituents (i.e., bainite and fresh
martensite) were deformed and elongated along the punching direction with high aspect ratios. In
addition, micro-voids or micro-cracks were observed in the shear-affected zone near the burnished-
and-fracture transition zone boundary (Fig. 4 (b)), fracture zone boundary (Figs. 4 (c¢) and (d)), and
shear burr boundary (Fig. 4 (e)), which intersected the initial hole surface. These defects
predominantly occurred by martensite cracking (Figs. 4 (c) and (e)) and decohesion of the
ferrite/hard constituent interfaces (Figs. 4 (b)—(d)). Also, certain tiny micro-voids were found at
ferrite/ferrite grain boundaries in the area close to the sheared edge (Fig. 4 (b)).

After hole expansion, with further plasticity, microstructures in the area near the sheared
edge were further deformed and elongated along the conical punch displacement lines, seen in Fig.
5. Enhanced strain led to crack growth from the shear-affected zone to the sheared edge, and thus
caused edge fracture, as observed in Fig. 5 (¢). Also, an irregular edge crack path along with newly

nucleated voids nearby resulted from micro-voids nucleation, propagation and coalescence, seen

in Fig. 5 (d).
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263  Fig. 3 SEM micrographs of the initial hole surface of candidate DP steel condition of DP1-CTL-GI with (a)
264  observation direction of hole expansion specimens, (b) overview of through-thickness initial hole surface, and closer
265  observation of (¢) burnished zone and (d), (e) fracture zone.
266
267  Table3
268  The fractions of different zones (rollover zone (fvr)), burnished zone (fv(s)) and fracture zone (fv(ex)) in initial hole
269  surfaces of candidate DP steels after full CGL simulations.

IDs fvr) (%) v (%) V(s (%) IDs vy (%) fve) (%) vy (%)
DP1-CTL-GI 6.5 153 78.2 DP1-CTL-SC 8.0 21.8 70.2
DP2-CTL-GI 8.5 16.8 74.7 DP2-CTL-SC 7.8 21.9 70.3
DP3-CTL-GI 5.8 14.3 79.9 DP3-CTL-SC 6.7 22.2 71.1
DP4-CTL-GI 8.3 16.2 75.5 DP4-CTL-SC 6.2 19.7 74.0
DP1-CTH-GI 5.9 14.4 79.7 DP1-CTH-SC 4.5 20.9 74.6
DP2-CTH-GI 5.1 15.8 79.1 DP2-CTH-SC 9.2 18.7 72.1
DP3-CTH-GI 7.3 12.7 80.0 DP3-CTH-SC 7.4 19.9 72.7
DP4-CTH-GI 8.4 15.0 76.6 DP4-CTH-SC 9.2 20.1 70.7
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Fig. 4 SEM micrographs of the initial hole sheared edge of candidate DP steel condition of DP1-CTL-GI with (a)
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Fig. 5 SEM micrographs of the final hole sheared edge of candidate DP steel condition of DP1-CTL-GI with (a)

overview and closer observations of (b), (¢) and (d) different positions of sheared edge.

In order to investigate the fracture mechanism of the hole expansion process for ultra-high
strength DP steels, partial hole expansion tests were performed for one selected steel condition due
to material limitation. In this case the punched holes in the selected condition were expanded, with
increasing HER values ranging from zero to the final HER value. Fig. 6 shows SEM micrographs
of final hole surfaces of steel condition of DP4-CTL-SC in the wake of incomplete hole expansion

tests. After hole punching and prior to hole expansion (HER = 0%), micro-voids or micro-cracks

12



286  introduced by hole punching were observed in both burnished and fracture zones of the initial inner
287  hole surface, Fig. 6 (a). At the early stage of hole expansion (HER = 5%), micro-voids started to
288  grow by void enlargement or micro-cracks began to propagate in the fracture zone, Figs. (b) and
289  (c). As the partial HER increased to 10%, the cracks continued propagating in a zigzagging crack
290  path, indicating ductile fracture, to the upper edge of hole surface and caused a sheared edge crack,
291  Figs. 6 (d) and (e). With further plasticity (HER = 15%), the crack propagated towards the rollover
292 and burnished zones, Figs. 6 (f) and (g). Also, enlarged cracks crossing the shearing dimples can
293  be observed in the fracture zone, Fig. 6 (h). Finally, as the HER value reached to 25%, a through-
294  thickness crack was found in the final hole surface with continuously nucleated micro-cracks or
295  micro-voids, Figs. 6 (i) and (j). At this point the test was discontinued, since the failure criterion

296  had been met.
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299  Fig. 6 SEM micrographs of final hole surfaces of candidate DP steel condition of DP4-CTL-SC after different

300  percentages of completion of hole expansion tests.
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301

3.3. Mechanical properties

302 Tensile properties, including UTS, UE, TE and RA are listed in Table 4. From Table 4, the
303  UTS data of GI annealed and SC annealed DP steels ranged from 1005.9 MPa to 1181.4 MPa and
304  from 936.5 MPa to 1046.0 MPa, respectively. In particular, the steel condition of DP2-CTL-GI
305 (0.04 wt.% aluminum, 0.12 wt.% vanadium, low coiling temperature of 580 °C and standard
306  galvanizing process) possessed the highest UTS observed in this study of 1181. 4 MPa, which was
307  ascribed to a large amount of fresh martensite and refined ferrite grains with fine VC precipitates,
308  Tables 2 and 4. Also, the steel condition of DP2-CTL-SC had the highest UTS of 1046.0 MPa
309 among all the SC annealed DP steels, Table 4. The combination of a low coiling temperature of
310 580 °C and 60% cold reduction led to high stored energy, providing more driving force for ferrite
311  recrystallization and austenite formation during subsequent intercritical annealing, which was
312  discussed earlier in Wu et al.’s work [38]. As mentioned earlier, the loss of UTS was due to the
313 replacement of a large amount of fresh martensite with tempered martensite caused by the change
314  in annealing path from GI anneals to SC anneals.
315
316  Table 4
317 Mechanical properties of candidate DP steels after full CGL simulations
o UTS UE TE RA  Hr Hu  HER o UTS UE TE RA Hf Hmy HER
S S
(MPa) (%) (%) (%) (GPa) (GPa) (%) (MPa) (%) (%) (%) (GPa) (GPa) (%)
DPI-CTL-GI 10928 123 208 275 3.1 80 170 DPI-CTL-SC 9747 119 222 366 26 41 275
DP2-CTL-GI 11814 11.0 19.1 22,6 43 90 145 DP2-CTL-SC  1046.0 10.1 190 334 29 44 229
DP3-CTL-GI 10860 11.6 195 296 33 67 176 DP3-CTL-SC ~ 973.7 117 223 295 24 40 266
DP4-CTL-GI 11682 102 178 246 4.1 90 170 DP4-CTL-SC 10407 10.1 17.6 260 3.1 48 232
DP5-CTL-GI 10614 134 220 256 33 71 190 DP5-CTL-SC ~ 983.9 141 242 333 27 52 212
DPI-CTH-GI  1039.1 126 179 166 2.7 78 146 DPI-CTH-SC 9365 112 196 27.1 3.8 43 243
DP2-CTH-GI  1099.8 11.1 162 13.6 33 92 115 DP2-CTH-SC 9727 109 192 340 2.6 44 221
DP3-CTH-GI  1059.0 11.0 149 241 24 67 173 DP3-CTH-SC  950.5 120 19.0 268 2.8 57 220
DP4-CTH-GI 10969 109 16.6 185 3.1 88 132 DP4-CTH-SC 9759 121 200 294 3.1 48 235
DP5-CTH-GI 10059 14.8 253 229 25 67 176 DP5-CTH-SC ~ 961.6 153 250 23.6 2.4 48 176
318
319 Fig. 7 shows the SEM micrographs of steel condition DP1-CTL after full CGL simulations
320  with both GI and SC anneals revealing the nanoindents circuled and highlighted, since a part of
321 indents, especially the nanoindentations performed on hard constituents, were hardly visible after
322 etching. Figs. 7 (b) and (d) present the magnified and selected area of GI and SC DP steel,
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324
325
326
327
328
329
330
331
332

respectively, illustrating the valid nanoindents or nanohardness values of ferrite and hard
constituents (fresh martensite for GI anneals and tempered martensite for SC anneals). Only the
indents within the center of phases or constituents were accepted and others were rejected.

The average nanohardness results of ferrite (Hr) and hard constituents (i.e., fresh martensite
(Hwm) or tempered martensite (Htwm)) of each steel condition were recorded in Table 4. The data of
Hr for all steel conditions ranged from 2.4 GPa to 4.3 GPa. For GI annealed DP steels, the results
of Hv ranged from 6.7 GPa to 9.2 GPa. While, in terms of fully annealed DP steel with SC anneals,
the values of the hard constituents were remarkably reduced to 4.0 GPa — 5.7 GPa, as a result of

the tempering.
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Fig. 7 SEM micrographs of candidate DP steel conditions of (a) DP1-CTL-GI and (¢) DP1-CTL-SC after full CGL
simulations with a 10 x 10 matrix of indents, and (b) and (d) illustrating the magnified and selected area of (a) and

(¢), respectively.

The measurements of the HER of GI annealed and SC annealed candidate DP steel
conditions ranged from 11.5% to 19.0% and from 17.6% to 27.5%, respectively, also recorded in
Table 4. The conspicuous differences in HER values varied with CGL simulations. The change in
annealing paths from GI anneals to SC anneals considerably improved hole expansion
performances. For instance, the HER value of DP2-CTH-SC was improved by 92.2% from 11.5%
and 22.1%, compared with that of DP2-CTH-GI, Table 4.
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4. Discussion

The relationships between microstructural features of the initial inner hole surface (i.e.,
fvr), fv(s) and fv(rx)) and HER were plotted in Fig. 8. From Fig. 8, the changes in HER values are
not relevant to fvr). However, the HER data increased with increasing fvg) or reducing fv(ey),
showing that fvs) and fv(rx) can be utilized as two critical indicators to evaluate the sheared edge
ductility or suggesting a route to improvement. A new index named the burnished to fracture ratio
(fvey/fvx)), which was applied to the assessment for quality of sheared edges in the press shop
[39], was also correlated to the results of HER and the plot was shown in Fig. 8. A positive linear
relationship between fvs)/fvrx and HER, can be expressed by Eq. (2), with a coefficient of
determination (R?) of 0.75.

HER = 81.19 x fV(B)/fV(FX) +0.15 (2)

The vertical and smooth burnished zone is formed, as the punch continued penetrating
materials further, in the wake of forming the rollover zone. The formation of the fracture zone
starts with the increase in shear stress reaching to a maximum value, at the bottom of the burnished
zone, and ends up with the separation of materials. Nakata et al. [40] and Konieczny et al. [41]
reported that both fv(g) and fv(rx) are dependent on UTS, since increasing the values of UTS leads
to the reduction in fv(g) or the increase in fv(ex). Additionally, from the literature [28,39,42,43], fv(s)
and fvrx) are controlled by cutting clearance. The increase in cutting clearance causes more
material to be deformed, resulting in the enlargement of the shear-affected zone (SAZ) and the
reduction in the depth of the burnished zone [28,42,43]. In Chintamani et al.’s research [39], fv(ry)
increases as the cutting clearance increases. Thus, from Eq. (2), increasing cutting clearance results
in the reduction in fv(g)/fv(rx) ratio, hence, decreasing the hole expansion behaviors. This is because
more micro-voids and shearing dimples are located in the initial hole surface with a higher
percentage of rough fracture zone [44], and these defects may act as crack initiation sites, causing
crack propagation with further plasticity during hole expansion. Chang et al. [43] investigated the
effect of cutting clearance on hole expansion performances of medium-Mn steels and they found
smaller cutting clearance contribute to higher HER values. This is due, under smaller cutting
clearance, to fewer defects observed near sheared edges and smaller stress or strain concentration

regions near sheared edges with less area of deformed microstructures. Additionally, Choi et al.
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[45] reported that the height of the shear burr increases with increasing cutting clearance, which is
detrimental to hole expansion performances. These indicate that sheared edge ductility is not only
influenced by chemical, processing, microstructural characteristics and mechanical properties, but

also by the punching operation parameters themselves (i.e., cutting clearance).
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Fig. 8 Correlations of metallographic characteristics of initial hole surfaces and HER values

Since studies of mechanisms of HER or sheared edge ductility are relatively new, obtaining
a significant overview is important before studies of detailed micro-mechanisms can be attempted.
While the fracture events that terminate the multi-stage deformation, HER tests are ductile in
nature, and the HER test results are not controlled by simple ductile fracture in a way similar to a
sheet tensile test. It is important to realize that the HER test is in fact the sequence of two
deformations: the first caused by punching, nearly pure shear on the Z-theta plane in the Z direction,
and the second caused by the hole expansion, i.e., sheet bending followed by balanced biaxial
tension, where the plane of biaxial tension is in the sheet plane and normal to the shear direction.
The tensile test is quite different in that there is one single deformation passing from yielding
through uniform strain to the UTS, triaxial strain from the UTS to the occurrence of the second
neck, followed by biaxial strain from the UTS to fracture. Hence, our type of study is very different
from those very elegant studies performed by Kahziz et al [30], which consisted of furthering the

knowledge base of ductile fracture in simple tension of sheet tensile specimens, or from the tensile
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deformation of a straight sheared edge, with differences in both geometry and applied strain. In
the latter case, it is not clear what the failure criteria are, other than the reduction of ductility
properties, as measured in the rolling plane. On the other hand, in a hole expansion test, the failure
event has a rather strict definition, i.e., when a crack is found that runs the thickness of the sheet,
the test is terminated, and the final hole diameter is measured. It is important to note that at the end
of a successful HER test, there is little if any evidence of cracking in the rolling plane even though
a crack or cracks can be observed and measured in the sheet thickness direction, even with a length
of 1.2 mm or the sheet thickness.

Fig. 9 schematically illustrates the fracture process that occurs during the hole expansion
testing. Fig. 9 (a) shows the initial hole surface in the wake of hole punching. Micro-voids or
micro-cracks were observed in the burnished zone (Fig. 3 (¢)) and fracture zone (Fig. 3 (d)) of the
initial hole internal surface. Concerning the damages caused by punching located at the sheared
edge and shear-affected zone (SAZ), micro-voids or micro-cracks nucleation were associated with
martensite cracking (Figs. 4 (¢) and (e)) and debonding at ferrite/martensite interfaces (Figs. 4 (b)-
(d)), which is in agreement with the literature [23,27,29,31,46,47]. As the plastic strain increases,
these defects acted as crack initiation sites. Micro-cracks started to propagate, and micro-voids
began to grow by void enlargement. Also, some of cracks propagated to the upper side of the shear
surface, causing a sheared edge crack. With further increasing plastic strain, the crack propagated
towards the rollover and burnished zones, with continuously nucleated micro-voids or micro-
cracks. When a through-thickness crack was observed in the shear surface, the hole expansion

testing was stopped, by definition.
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Fig. 9 Schematic illustration of fracture process during hole expansion testing

Fig. 10 presents relations of tensile properties (i.e., UTS, UE, post uniform elongation (Post
UE), TE and RA) and HER values from Table 4. However, a general trend for UTS, UE, Post UE
or TE with HER was not observed in Fig. 10, which is in contrast to some previous works
[10,11,13,14]. This indicates that those general trends obtained from previous studies are only
appropriate for monolithic-phase steels and mild steels, and are not necessarily valid for complex-
phase steels or advanced high strength steels. However, a reasonable correlation of RA and HER
was observed in Fig. 10 (e). This correlation can be expressed by Eq. (3), with a coefficient of

determination (R?) of 0.82.

HER = 0.67 x RA + 1.66 3)

The data of RA were determined by the cross-section area difference between initial tensile
specimen and the same specimen at the fracture point after fracture. The results of HER were
measured by the inner hole diameter difference between original hole expansion specimen and the
same specimen with first through-thickness crack observed in the hole surface. During uniaxial
tensile testing, the tensile specimens were uniformly deformed prior to necking. Concerning
necking, diffuse necking was observed first, followed by localized necking. Paul [48] applied
digital image correlation (DIC) technology to measuring local strains at the necked region of

tensile specimens and he found that during post uniform deformation, the maximum diffuse strains,
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at which localized necking initiated, were fairly close to the HER values of the hole expansion
specimens with the same materials. According to Fig. 5 (a), extensive uniform thinning was present
in the specimen at the point of final fracture. Additionally, during hole expansion testing, strain
gradients were observed and simulated by several researchers [10,24,27,49,50], and they found
that plastic strains vary with the distance from sheared edges. The amount of strain decreases with
increasing distance from the sheared edges. Regarding deformation during the hole expansion
process, only localized necking occurred in the inner hole surface [48], intersecting the sheared
edge, especially for ultra-high strength DP steels. So, the necking phenomena occurring during
both uniaxial tensile testing and hole expansion testing might explain the good correction between

RA and HER.

30 30 30

B Gl Anneals
s{(@) o 284 (b) ° © SC Anneals 28{(C) °
26 ° 26 © 26 ©
4] © 24 ° 4 o
—_ o ® — 8 N 2 0% o
§22- (o] OO §22- [0} (c] ° o\\0’22- [c] °
20 20 20
E a ﬁ a 5 a
T 18 o ® 8 G a T 181 g B8 g B o I8 g Py © O
16 16 16
14 a8 a 14 a a 14 a a
B Gl Anneals 8 12 @ 12 @ B Gl Anneals
12 © SCAnneals a a ] ] © SC Anneals
10 T T T T T 10 T T T T T T 10 T T T T T T T T
900 950 1000 1050 1100 1150 1200 9 10 1 12 13 14 15 16 3 4 5 6 7 8 9 10 11 12
UTS (MPa) UE (%) Post UE (%)
30 30
281 (d) o 21 (e) °
26 ° 26 ©
24+ 1) 24
— o g © —_ HER=0.67xRA+1.66 (%)® ©
8221 ® ° K221 r=082 ©
o 20 o 204
o 18 @ w 184
= a B %@ @ T
16 16
14 o B e 14
12] B Gl Anneals 121 B Gl Anneals
a © SC Anneals| © SC Anneals
10 . : . . . . 10 . . . . -
14 16 18 20 22 24 26 28 10 15 20 25 30 35 40
TE (%) RA (%)

Fig. 10 Correlations of tensile properties and HER results: (a) UTS vs HER, (b) UE vs HER, (c¢) Post UE vs HER, (d)
TE vs HER and (e) RA vs HER.

Fig. 11 correlated nanohardness difference (Haifr) between soft ferrite (Hr) and hard
constituents (fresh martensite (Hm) for GI anneals and tempered martensite (Hrm) for SC anneals)
with HER results in Table 4. This correlation can be given by Eq. (4) with a coefficient of
determination (R?) of 0.78.
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HER =-2.4 x Hdiff +27.0 (4)

This correlation indicates that HER increases as Hairr between ferrite and hard constituents
decreases.

The process of producing DP steels, especially the transformation from intercritically
formed austenite to fresh martensite, introduces a high dislocation density or more sub-grain
structures within both the ferrite and the martensite, and more internal plastic stresses will be
expected at ferrite/martensite interfaces or within martensite themself during plastic deformation.
Micro-voids or micro-cracks are more likely to be observed associated with debonding of
ferrite/martensite interfaces and martensite cracking even at small strains. However, this problem
can be resolved by tempering. In current research, tempering fresh martensite resulted in the
change in nanohardness data from fresh martensite to tempered martensite, which is ascribed to
the reduction in solid solution strengthening due to the formation of cementite and the reduction
in dislocation density within martensite [51]. Jardim et al. [52] observed that dual-phase structures
with a higher Hgisr between ferrite and martensite may have a higher possibility of micro-voids
nucleation, growth and coalescence associated with decohesion of ferrite/martensite interfaces
even at lower strains. In Rosenberg et al.’s investigation [53], a higher degree of strain localization
could occur in the low carbon DP steels with a higher Hgisr between ferrite and hard constituents.
Azuma et al. [51] reported that tempering of fresh martensite can increase the critical strain for
void nucleation within martensite, which is also beneficial to both global ductility and local
ductility of DP steels. Wu et al. [5] reported that a higher strain partitioning to the soft ferrite at
the initial hole sheared edge, after hole punching, can be observed for the high strength DP steels
characterized by the microstructures with a higher Haitr. In the previous study [5], the goal of
reducing Hairrbetween soft ferrite and the hard constituents was also achieved via softening fresh
martensite by tempering. Before punching, Hr, Hu and Haisr between ferrite and fresh martensite
were 3.1 GPa, 8.0 GPa and 4.9 GPa, respectively, after the GI anneals, and Hr, Hrm and Haitr
between ferrite and tempered martensite were 2.6 GPa, 4.1 GPa and 1.5 GPa, respectively, after
the SC anneals. In the wake of hole punching, all the microstructures in the shear edges were
deformed in both GI and SC annealed DP steels. Hr, Hv and Haifr between deformed ferrite and
deformed fresh martensite in the shear edge near the burnished-and-fracture transition zone with

the highest plastic strains causing the initiation of fracture during hole punching, were 5.4 GPa,
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11.2 GPa and 5.8 GPa, respectively. Concerning the DP steels with a lower initial Haifr after SC
anneals, Hr, Hrm and Hairr between deformed ferrite and deformed tempered martensite in the same
relative areas were 3.8 GPa, 5.4 GPa and 1.6 GPa, respectively. The effect of hole punching on
the microstructures of steels with a higher Haifr is more pronounced. For example, the ferrite and
fresh martensite were hardened by 74.2% and 40%, respectively, after the hole punching of the
steels given the GI anneal. However, the hardness values of the ferrite and tempered martensite
found after the punching of the SC annealed sheets were increased by 46.2% and 31.7%,
respectively. These findings indicate that strain partitioning might cause more damage to the
matrix, severely affecting subsequent hole expansion performances. So, these studies indicate that
one method of improving HER via reducing Haitr can be achieved by strengthening ferrite and/or
softening martensite.

However, the coefficient of determination of this correlation is not high enough to show a
very strong linear relation like the one reported in Hasegawa et al.’s study [23], although in their
research, the hardness values of ferrite and martensite were calculated by empirical formulas. This
is due to the measurements of nanohardness were performed on the undeformed phases and hard
constituents only after full CGL simulations in this study. In the wake of hole punching, the pre-
strains caused by punching hardened both ferrite and hard constituents, especially those close to
the initial hole sheared edges, as shown in this current study. The plastic strains introduced are not

uniform; they decrease as the distance from the sheared edge increases [5,54].
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Fig. 11 Correlation of nanohardness difference (Haitr) vs HER
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5. Conclusions

This paper set out to explore key factors dominating sheared edge ductility of ultra-high

strength DP steels. A series of candidate DP steels varying with different pre-annealing conditions

and CGL simulations were designed, melted, rolled, annealed and formed. The microstructural

and damage evolutions during hole punching and hole expansion were examined via SEM.

Correlations of microstructural features of initial hole surfaces, tensile properties and

nanohardness difference between ferrite and hardness constituents versus HER results were also

constructed. The following findings were concluded.

1.

The burnished-to-fracture ratio (fv(sy/fv(rx)) is strongly correlated with hole expansion
performance. Since both burnished and fracture zones are influenced by both
microstructures and cutting clearance, HER values can be increased by choosing
appropriate microstructures and cutting clearance.

Hole punching can introduce numerous defects, i.e., micro-voids and micro-cracks.
The growth of micro-voids and propagation of micro-cracks result in a through-
thickness crack in the shear surface with further plasticity during hole expansion.

A good, positive, linear relationship between RA and HER is established, since
localized necking occurs during both tensile testing and hole expansion testing with a
high degree of strain localization in the ultra-high strength DP steels.

The SC annealed DP steels with lower nanohardness differences possess higher HER
results, compared with GI annealed DP steels. Hence, the purpose of improving hole
expansion behaviors of ultra-high strength DP steels via reducing hardness difference

can be achieved by strengthening ferrite and/or softening martensite.
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