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ARTICLE INFO ABSTRACT

Keywords: The mechanical performance of Dual Phase (DP) and Complex Phase (CP) steels was investigated by SEM
Ultra high strength steels analysis, tensile testing, Forming Limit Curve investigation and flange formability testing. The alloys of interest
Formability were Dual Phase (DP) untempered, Dual Phase (DP) tempered and Complex Phase (CP) steels. Phase content
l;;?f;;i o analysis showed that the distribution of the ferrite and martensite phases was the same for the two DP alloys, but

the grain size and condition (tempered/untempered) for the martensite islands was much different in the two
alloys. In the tempered DP steel, the smaller grain size for the martensite and the tempering process resulted in
increased elongation, more formability and ability to form a flange (flangeability). In CP steels the soft ferrite
phase is replaced by harder bainite, yielding a bainitic-martensitic microstructure. Bainite reduced the total
elongation of the alloy during tensile testing, reduced the formability (especially under plane strain conditions)
of the alloy but improved the flangeability of the alloy. Under flanging conditions, CP steels deformed to higher
strains, at tighter radii with minimum springback. Microstructural inspections at the outer radius of the flanged
specimens revealed that in CP steels bainite deforms similarly to martensite, therefore the strain partitioning is
smaller in CP steels in comparison to DP steels. Plastic deformation in CP steels upon flanging occurs with the
formation of strong slip bands in both martensite and bainite. In contrast, the martensite and ferrite grains in DP
steels deform quite differently leading to strong strain localisations. Void nucleation and cracking occurred at the
martensite islands or within the soft ferrite phase next to the martensite islands. In CP steels no voids or damage
was observed within the matrix. A special case study was done with a thicker and stronger alloy, a Martensitic
1400 steel to reveal the flangeability limits for advanced high strength steels. Neither cracks nor damage were
observed visually on the flanged specimens. However SEM observations at the outer radius of the flanged
samples revealed significant void growth at inclusion sites and cracks nucleating within the matrix adjacent to
the inclusions.

Microstructure properties-mechanical
performance correlation

1. Introduction

Ultra-High Strength Steels (UHSSs) have emerged in the automotive
market due to their superior strength and performance in crash in
comparison to low strength steels and other metallic alloys [1-5].
Utilising higher strength alloys allows the design of structural auto-
motive components with decreased thickness, reducing the overall ve-
hicle weight [3-6]. A combination of different phases, such as retained
austenite, martensite, bainite and ferrite are developed in these steels
giving structural components a broad range of strength and formability.
Increasing the percentage of the soft ferrite phase increases the de-
formability but on the other hand reduces the strength of the alloy with
the same chemistry (but different heat treatment). In contrast in-
creasing the percentage of martensite or bainite increases the strength
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of the alloy but decreases the deformation capabilities of the material
[3-5]. Retaining austenite at room temperature can increase both the
strength and total elongation of the alloy in Transformation-Induced
Plasticity (TRIP) steels. Yet TRIP steels have been found to have
weldability issues which restricted their commercial use for car-body
chassis [3].

A series of studies exist, where the formability of various en-
gineering alloys is evaluated both experimentally and numerically. The
final failure in formed parts is estimated by predicting void nucleation
and growth, yield surface curvature and material rate sensitivity in the
following studies [7-10]. These studies were limited to isotropic ma-
terials [7-10]. However, sheet metals display highly anisotropic beha-
viour that is introduced when a cast billet is hot or cold rolled into sheet
material. Anisotropy is frequently modelled by adding a ‘correction’ to
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existing isotropic models. Liao et. al in his study introduced an aniso-
tropic criterion for the failure prediction of sheet metals under plane
stress conditions, based on a modified Gurson yield criterion [8].

Similarly Chien et. al incorporated three additional fitting para-
meters to the modified Gurson anisotropic yield criterion to account for
both the presence of anisotropy and the influence of voids [11]. Chien
et al. in a latter study performed a thorough investigation on the failure
of Aluminium sheets in a Limiting Dome Height (LDH) test and at-
tributed final failure to the effect of shear localisation; both in cases
where the sample showed significant or negligible amount of necking
[12]. Chien et al. considered geometric imperfections within the ma-
terial (such as pores, inclusions, intermetallics etc.) to be responsible for
the onset of necking in sheet metals under plane stress conditions.
While it was stated that it is material imperfections that result in the
shear localisation or the final failure of sheet metals under generalized
plane strain conditions. - However it is known that it is not material
imperfections but crystal structure, crystallographic orientation and
texture that governs the formation of shear bands [13]. - In their FE
model, the necking component was excluded from the analysis and only
the shear band localisation mode was taken into account. A plane strain
formulation was followed where the shear bands form in the through
thickness direction. The failure strains on the stretching sides of the
bended sheets were estimated by using the failure strains for the LDH
samples.

A series of mechanical tests were performed by Bai et al. to obtain
the deformability and fracture locus for a wide range of stress triaxi-
alities and sample geometries [14]. The alloys investigated were an
Al2024 T351 and a TRIP RA-K40/70 alloy. A modified Mohr-Coulomb
(M-C) criterion was employed and showed very good agreement be-
tween the experiment and the model for a wide range of shear dominate
fractures. Only for round bars under tension the correlation did not
match between the experiment and the model. It should be noted
though that the specific M-C criterion assumed only material isotropy,
but predicted well both the location for crack initiation and the crack
directions.

In another study, Hudgins et al. tried to reveal the mechanisms of
failure during forming operations in Advanced High Strength Steels
(AHSSs) [15]. Hudgins et. al suggested that fractures occurred due to
shear dominated mechanisms and led to limited localised necking.
Fracture was observed on alternating 45° planes, in the through-
thickness direction. The strain paths and the fractures occurring during
roller hemming operations in AHSSs are difficult to predict using
Forming Limit Curves (FLC). The presented model incorporated two
components, one to predict instability at die radii, and another to
predict tensile failure in the free ligament. An approach was followed in
order to predict shear-dominated instabilities at die radii, represented
by maximum applied tensile force as a function of die radius. Fig. 1
shows the presence of a transition zone from die instability to tensile
instability with increasing the die radius. Material tensile strength is the
most important parameter at large radii in contrast to the die geometry
for small radii as shown in Fig. 1. A critical radius is introduced (nor-
malized by sheet thickness: R/t.it), above which materials will fail in
tension. The critical R/t value is dependent on the slope of instability
curve at small radii and the material tensile strength at large radii
(Fig. 1). The materials examined showed similar slopes at lower radii,
and thus formability for these steels depends primarily on tensile
strength.

The formability of a 1050 aluminium alloy was investigated under
roller hemming operations in [16]. Muderrisoglu et al. suggested that
the roller hemming deformation mechanisms are more complex with
respect to simple bending and flanging tests as the stress fields become
three dimensional [16]. It was concluded in this study that the flange
height (length of flanged sheet in the direction perpendicular to the
width of the sheet) has a greater effect with respect to the bend radius
on the load necessary to form the part. Pradeau et al. in a latter study
developed a model that predicts final failure of aluminium alloy sheets
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Fig. 1. Theoretical instability curves based on a strain hardening analysis for all studied
materials. Similar slopes are observed in the shear fracture region at low radii, forcing the
critical R/t ratio to be heavily dependent on tensile strength (after [15]).

during hemming operations based on the Hosford-Coulomb rupture
criterion but gave no explanation as to the absence of necking during
such operations [17]. The model included an anisotropic yield function,
a mixed (isotropic and kinematic) hardening law and a fracture cri-
terion. The comparisons were performed for the load evolution, strain
field and prediction of rupture. A very good correlation was obtained
over all the tests. The prediction of the developed fracture criterion
proved to be successful independent of the amount of pre-strain.

Maout et al. used the Gurson-Tvergaard-Needleman (GTN) model to
predict damage nucleation during a hemming process of a 6000 alu-
minium alloy [18]. Tensile testing of flat and notched samples together
with biaxial testing was initially done to optimise the material para-
meters and allow for the consideration of the different strain paths to
damage nucleation and evolution. An FE model of the hemming process
was build incorporating the anisotropy of the material. The hemming
limit criterion was based on the critical void volume fraction. Criteria of
acceptance for the hemming-formed sheets were revealed based on
visual observations of the outer radius. The decision to accept or reject
components was based on crack lengths and densities.

However, Miller has pursued a thorough analysis on the behaviour
of cracks and the safety of engineering components [19,20]. Miller
stated that the physics of crack propagation are governed largely on its
size and on the mechanical conditions applied [19]. Three different
zones can be found in the lifetime of a crack in Fig. 2: the so-called
microstructural short crack growth regime (A-B zone), the physically
small crack growth regime where Elasto-Plastic Fracture Mechanics
concepts can be applied (B-C zone) and the zone where the crack is
large enough for Linear Elastic Fracture Mechanics to be applied (C-D
zone). In zone A-B crack initiation and growth depends on material
microstructure at the grain level. In zone A-B, precipitates or inclusions
act as stress concentration points and therefore facilitate crack initia-
tion. The A, B and C barriers are of increasing strength opposing early
crack growth. These three barriers can be grain boundaries for example.
The microstructure effects have an important role also in the physically
short crack region. Yet Fig. 2 shows that the effect of the grains and
grain boundaries becomes smaller and smaller as the crack grows. The
important zone in Fig. 2 is the microstructurally short crack growth
regime where crack growth speeds are very low, governing the overall
fatigue life. Fig. 2 also shows why surface finish is important: if surface
scratches (or in the case of a formed part surface ripples) are deeper
than C, then the structural integrity of the engineering component is
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Fig. 2. Regimes in the lifetime of a crack, highlighting the effect of grain boundaries upon
crack growth (after [19]).

reduced significantly. The same is true also for the case of scratches and
ripples formed during stamping, forming, roll-forming, flanging and
roller hemming operations. From this analysis it can be understood that
more scientific criteria need to be drawn for the acceptance of cracks in
automotive components. Should the crack in hemming formed parts be
larger than three grains, then the microstructure has a small effect on
the crack growth mechanisms and should the crack be larger than seven
grains, Linear Elastic Fracture Mechanics can be applied for crack
growth and thus cracks can grow even with the application of small
elastic loads. Furthermore, the formation of surface roughness in the
part during any given forming operation can act as crack nucleation and
growth site, so it should be minimised.

In this study we are particularly interested in the flange forming
ability of AHSSs in the higher yield strength range. These grades of steel
are difficult to form using traditional press forming technologies, but
are easily shaped by roll forming, with flange forming representing the
key forming process. Most optimisations of metallic alloys are based on
testing the alloys under tension [6]. This is a very simple test but
measures mechanical properties under membrane stress conditions ra-
ther than the more complex bending stress conditions that are found
during flanging. And can therefore be misleading [6,7]. A series of
mechanical testing is done to try and understand the mechanical per-
formance of a series of UHSSs. Two Dual Phase (DP) steels with dif-
ferent thicknesses, 1.2 mm and untempered condition, 1.6 mm and
tempered condition as well as a Complex Phase (CP) steel with 1.3 mm
thickness were evaluated in this study. Both DP and CP steels have
found an increasing use in the automotive industry due to their form-
ability and strength. All three alloys had an Ultimate Tensile Strength
(UTS) of 1000 MPa. Tensile testing, Forming Limit Curve determination
and flanging tests were performed in order to understand the me-
chanical performance of all three alloys. High resolution SEM analysis
was done at the outer radii of the flanged specimens in order to cor-
relate the microstructural performance to the corresponding macro-
scopic mechanical properties. A study was finally done with a Mar-
tensitic 1400 steel to reveal that in some cases visual inspections of
formed parts can be sometimes misleading. In most reported papers,
sophisticated models were developed which were validated against
fairly basic data. The DIC data obtained in this work, combined with the
high resolution SEM inspections of the flanged specimens provide a
more comprehensive view and experimental data of the nature of the
flanging process and the microstructural deformation that takes place.

2. Experimental procedures

Three commercial advanced high strength steel alloys were pro-
vided by Tata Steel: DP1000 1.2 mm in untempered condition, DP1000
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Fig. 3. Microstructural picture of: a) DP1000 steel with 1.2 mm thickness, b) DP1000
Steel with 1.6 mm thickness and c¢) CP1000 steel. The black, red and orange arrows
correspond to the ferritic, martensitic and bainitic regions.

1.6 mm in tempered condition and CP1000 1.2 mm. Samples were ex-
tracted from the sheets and were mechanically polished down to
0.05 um to reveal their corresponding microstructure. Etching was
performed with Nital 0.5% to reveal the phases present in all three
alloys. The corresponding micrographs for the alloys are shown in
Fig. 3. The red, black and orange arrows indicate the presence of
martensite, ferrite and bainite at the respective locations. Fig. 3a shows
the DP1000 untempered steel and the presence of two phases, i.e. fer-
rite and martensite. Fig. 3b shows the presence of ferrite and martensite
in DP1000 tempered steel. The grain size and distribution for the hard
martensite phase is much different, comparing Fig. 3a and b. CP1000
steel in Fig. 3c consists of bainite and martensite phases.

Three types of tests were done in this study: tensile, Forming Limit
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Fig. 4. Experimental set-up for the flanging tests.

Curve (FLC) and flange testing. Tensile testing was carried out with a
speed of 2 mm/min, under displacement control. The gauge length was
100 mm and the width of the samples 12 mm. A 70 mm extensometer
was employed to accurately measure the strains at the centre of the
sample and obtain the stress strain curves for all three alloys. FLC
testing was done with a punch speed of 50 mm/min, at displacement
control mode. The gauge width for the FLC specimens was: 40 (re-
presents the tensile regime), 60, 80, 100, 120, 140 and 178 mm (full
sample; biaxial test). A 5MegaPixel (MP) 3D Digital Image Correlation
(DIC) GOM-Aramis system was employed to obtain the strains at the top
surface of the specimens throughout the test. From the strain analysis, a
post-processing procedure was followed within the GOM-Aramis 6.02
interface to obtain the FLC curve for all sample geometries, for each
alloy. A three layer die cover consisting of polytetrafluorethylene,
polyurethane and polytetrafluorethylene was employed to minimise the
friction between the punch and the specimen during FLC testing.

For flange testing the samples had a geometry of 20 mm width and
100 mm length. Fig. 4 shows the experimental set-up for flange testing.
Testing was carried out at a speed of 30 mm/min, under displacement
control. The strains through thickness during flange testing were
measured by a 12MP 2D DIC GOM-Aramis system. A 25 mm extension
tube was attached on the 100 mm lens of the camera during flange
testing to increase the lens magnification and allow accurate mea-
surements of the through-thickness strains (1.2-1.6 mm thickness). An
additional set of experiments was done for the same flanging set-up.
The specimens were initially ground, polished and etched on one side
(20 x 100 mm) of the specimens to reveal the microstructure. The
specimens were then flanged. The side under tensile regime, where the
maximum tensile strains occur corresponded to the polished and etched
surface. This procedure was followed in order to observe the micro-
structural deformation during flange testing and reveal what is hap-
pening down to the microstructural level at the top highly-strained free
surface upon flanging. Details of this procedure is given later on in
Section 3.3.

3. Experimental results

Phase content analysis was performed for all three alloys: DP un-
tempered, DP tempered and CP alloys. The SEM images obtained for
each alloy were post-processed with ImageJ software [8-10]. The phase
maps were obtained by thresholding the pixel values of the SE micro-
graphs of Fig. 3 with a minimum value of 165 (black pixel) and a
maximum value of 225 (white pixel). Fig. 5a and b shows the SEM and
the ImageJ post-processed micrograph of DP1000 tempered steel
1.6 mm. The white pixels corresponds to martensite and the black
pixels to ferrite in Fig. 5b. The phase content analysis revealed the
presence of 67% martensite and 33% ferrite. Similarly DP1000 un-
tempered steel (1.2 mm thickness) consists of 67% martensite and 33%
ferrite. Even though the phase content was approximately the same for
the two DP alloys, in Sections 3.1 and 3.2 it was found that the re-
spective mechanical properties were very different. This can be attrib-
uted to the distribution and size of the martensite islands. In tempered
DP1000 steel 1.6 mm the martensite islands are rather smaller and
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appear to be at the prior austenite grain boundaries. While for the
1.2 mm untempered steel the martensite islands are larger; similar size
to the grain size of the ferrite grains. The phase content analysis in CP
steel revealed 60% bainite and 40% martensite. The soft ferrite phase in
DP steels is replaced by hard and less deformable bainite in CP alloys.

3.1. Tensile testing

Tensile testing was carried out on all three alloys and the corre-
sponding stress-strain curves are shown in Fig. 6a. CP steel has a rela-
tively high yield point (945 MPa), low UTS point (1011 MPa) and
limited elongation capabilities (total strain: 0.082) in comparison to DP
steels; as shown in Table 1. The DP1000 untempered and DP1000
tempered steel had a low yield point, high UTS and total elongation
which were: 718 MPa and 736 MPa, 1066 MPa and 1059 MPa, and fi-
nally 0.117 and 0.123 respectively. The curve for the CP steels have a
plateau in the plastic region with minimum work hardening (n
0.044) in comparison to DP steels which had approximately 0.13 n-
value. This is due to the presence of the hard bainite phase which in-
creases the yield point and stresses in the elastic region; in comparison
to the soft and deformable ferrite phase which decreases the yield point
however allows for higher work hardening rate. The DP1000 1.6 mm
has slightly lower work hardening rate (n = 0.124) in comparison to
untempered DP1000 which had a value of (n 0.144). Tempered
DP1000 has also higher UTS point and slightly larger total elongation
(30 MPa and 0.04 stress and strain difference). FLC testing revealed that
CP steels have lower deformation capabilities in comparison to DP
steels, especially under plane strain condition (Fig. 6b). The major
strain under plane-strain conditions is on average 0.08 for the CP steels.
While for the DP untempered and tempered alloys was 0.12 and 0.13
respectively. Under uniaxial loading conditions, the major strain was
0.16, 0.23 and 0.26 for the CP, DP untempered and DP tempered. Only
under biaxial testing conditions both DP and CP alloys had similar
deformation capabilities.

3.2. Flange testing

3.2.1. Load-displacement results

Flanging was performed with the set-up outlined in Fig. 4. The
corresponding load-displacement curves for all three alloys are shown
in Fig. 7. The load decreases linearly with extension after an extension
of 8.5 mm, following an inclination of —74.2° for DP1000 untempered
and CP1000 and —77.4° for DP1000 tempered alloy. DP1000 tempered
steel had higher load capabilities with respect to DP1000 untempered
and CP1000. This is due to the increased thickness; i.e. 1.6 mm. The
lowest load capacity corresponds to DP1000 untempered, which was
1100 N. In CP alloys, work hardening occurs upon further extension
between the initial load peak at 2.5 mm and up to 8.5 mm extension.
This can be related to the presence of bainite in the matrix which re-
quires higher loads upon further plastic deformation with respect to the
soft ferrite phase in DP steels. The load-extension curve for CP1000 lies
in between the two DP steels, for flanging extension larger than
8.5 mm. This suggests that CP steels require higher loading conditions
during flanging operations in comparison to DP alloys. After flanging,
CP steels can withstand higher loads in a structural component subject
to flanging and bending moments.

The springback during flanging was also measured for the three
alloys and is shown in Table 2. The amount of springback was calcu-
lated as follows. The angle of the flanged and deformed specimen was
measured from the image captured via GOM-Aramis software for two
sample conditions: for the fully displaced and fully loaded configuration
and for the full deformed but unloaded configuration. This way the
elastic recovery of the sample was measured. The results are shown in
Table 2. The lowest springback was measured for CP steels with an
average value of 8.1°. DP tempered and untempered steels had a
springback value of 10.0° and 10.8°.
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Fig. 5. a) Microstructural picture taken with a FEG-SEM Zeiss Sigma and b) the corresponding processed image with ImageJ software of the SEM image of Fig. 5a.
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Fig. 6. a) Tensile curves for all materials, b) FLC curves obtained.
Table 1

Data obtained from tensile testing and flange testing for the three alloys: DP1000 1.2 mm,
DP1000 1.6 mm and CP1000 1.3 mm.
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Fig. 7. Load-displacement curves for three alloys DP1000 untempered, DP1000 tempered
and CP1000 alloys.

Table 2
Springback effect for the three alloys.

Sample Before After Springback®  Average®  Yield
springback® springback® Ratio

CP1000 65 57.2 7.8
(1.3 mm)

CP1000 65.6 57.2 8.4 8.1 ~0.95
(1.3 mm)

DP1000 66.9 56 10.9
(1.2 mm)

DP1000 66.7 56 10.7 10.8 ~0.7
(1.2 mm)

DP1000 66 56 10
(1.6 mm)

DP1000 66 56 10 10 ~0.7
(1.6 mm)

Material Yield Point / 0.2% offset ~ UTS point Total elongation
(MPa) (MPa)

DP1000 (1.2mm) 718 1066 0.117

DP1000 (1.6 mm) 736 1059 0.123

CP1000 (1.3 mm) 945 1011 0.082

3.2.2. Strain analysis

A 12 Megapixel (MP) 2 Dimensional (2D) Digital Image Correlation
(DIC) system was employed to measure the through-thickness strains
during flange operation. The major strains were measured at the outer
radius of the specimen during flanging to obtain the highest strains for
all three alloys: DP untempered, DP tempered and CP steel. Fig. 8a
shows an image captured with the DIC camera during the flanging
operation. The image was DIC post-processed and the strains were
measured through the thickness. Fig. 8a shows the location where the

highest strains were observed and the major strain development during
flange testing. The highest strains correspond to the top surface of the
flanged specimens and were 0.201 for CP steels, 0.198 for the thicker
DP tempered steel and 0.158 for the thinner DP untempered alloy. The
major strain development at the top surface (arrowed location of
Fig. 8a) throughout the test for all three alloys is shown in Fig. 8b. At
the first stages of plastic deformation during flanging, CP steels appear
to have the lowest strains, however after a certain point (15s), sig-
nificant strain development occurs with respect to the other two alloys.

Table 3 shows a comparison between the Ultimate Tensile Strength
(UTS) and total strains obtained from tensile testing to the major strains
obtained at the outer radius upon flange testing. During flange testing,
the maximum strain was higher than the UTS and final failure strain
from the tensile test for all three alloys. Visual inspections in all alloys
after flanging revealed no indication of cracks at the top surface. DIC
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Fig. 8. a) Major strains measured at the top surface of the specimens. Red arrow shows
the location where the highest strains occur during flanging. The specimen thickness is
1.2 mm. b) Plot of the major strains during flanging for: DP1000 untempered (1.2 mm),
DP1000 tempered (1.6 mm) and CP1000 steel (1.3 mm).

Table 3
Data obtained from tensile testing and flange testing for the three alloys: DP1000 1.2 mm,
DP1000 1.6 mm and CP1000 1.3 mm.

Material Tensile strain (at UTS)  Total strain  Peak bending strain
DP1000 (1.2mm)  0.09 0.12 0.158
DP1000 (1.6 mm) 0.07 0.125 0.198
CP1000 (1.3 mm)  0.045 0.08 0.201

measurements showed there is significant strain variation through the
thickness of the sheets, however there are no strong strain variations at
the arrowed location of Fig. 8a which can indicate the formation of
cracks at the top surface (arrowed location). The highest strains were
measured for the CP steel (strain of 0.201) which had the minimum
elongation capabilities during tensile testing (strain of 0.08).

3.3. Microstructure-properties relationship during flanging operations

The specimens were ground, polished and etched at one side of the
specimens (20 X 100 mm). The undeformed and deformed (flanged)
specimens are shown in Fig. 9a and b. Four alloys have been flanged;
the CP1000, DP1000 untempered, DP1000 tempered steel and Mar-
tensitic1400 steel. The last alloy was added in this part of the study, in
order to signify the importance of doing SEM microstructural ob-
servations in formed parts. Inspections were performed with a FEG-SEM
at the top surface, at the arrowed location of Fig. 8a, on the highly
deformed region of the flanged samples. The next four sections present
the results for the four alloys. Prior to SEM inspection the samples were
visually and optically inspected without any evidence of damage.
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3.3.1. Flanging of DP1000 untempered steel

High resolution SEM inspections at the top surface (arrowed loca-
tion of Fig. 8a) of the DP1000 untempered steel revealed the highly
non-homogeneous strain fields at the microstructural level upon flan-
ging operations. It has been reported in other studies that during tensile
testing, the strain fields are also highly non-homogeneous for multi-
phase steels due to the deformation mismatch between the different
phases [12-15]. This mismatch results in higher strains concentrating
in the softer matrix. Upon flanging, as it occurs during tensile testing,
most of the plastic deformation is taken by the soft ferrite matrix. Slip
bands were observed to have formed within the individual ferrite grains
as shown with the red arrows in Fig. 10a, b, ¢ and d. The slip bands
cross through several grains as shown in Fig. 10c and d, forming shear
bands close to 45° with respect to the loading direction (horizontal
axis). The direction and width of the slip bands can be approximately
the same within the individual grains as shown with the black arrow in
Fig. 10b, but in most cases such as in the red arrowed locations in
Fig. 10 is not constant for both the width and the orientation/direction.
This is due to the irregular morphology of the neighbouring martensite
islands and local misorientations within the ferrite grains. In most cases
the slip bands cannot travel through the hard martensite islands, which
leads to two mechanisms for damage nucleation: fracture of the mar-
tensite islands (at the yellow-arrowed locations in Fig. 10a and b) and
more frequently void nucleation in the soft ferrite phase next to the
ferrite-martensite interfaces (yellow-arrowed locations in Fig. 10c-e).
Low magnification SEM imaging of Fig. 10f also revealed that the strain
fields can highly localise at a soft ferrite path where several neigh-
bouring ferrite grains lie perpendicular to the loading direction. Such
ferritic regions can be related to the solidification processes and the
formation of dendrites in cast steel slab prior to the steel sheet rolling
process. Deformation in DP1000 untempered steel takes place in the
soft phases and is obstructed by the hard phases, thus limiting the
formability of the alloy. This is in accordance to numerous other studies
[12-15].

3.3.2. Flanging of DP1000 tempered steel

The top surface of the flanged DP1000 tempered alloy revealed the
presence of slip bands within the ferrite matrix. Most deformation is
accumulated within the soft ferrite matrix. However it can be seen in
Fig. 11a that the slip bands cross through the hard and tempered
martensite without creating any voids within the matrix. The voids in
the DP tempered alloy were smaller with respect to the DP1000 un-
tempered alloy and their occurrence was much less observed. In a
scanned area of 500 um X 500 pum, the DP tempered steel had just 7
voids of size smaller than 1 um, with two voids reaching a size of
1.5 pm, while in the case of untempered DP, the voids were 25, with the
average size being approximately 1.5 um with five voids having a size
of 3 um. Typical voids that nucleated within the matrix of DP tempered
alloy are yellow arrowed in Fig. 11b-f. Voids formed more frequently
within the soft ferrite phase as shown in Fig. 11b, but also within the
tempered martensite as indicated in Fig. 11c, at the ferrite-martensite
interface as found in Fig. 11d or close to the ferrite-martensite interface
within the ferrite matrix as seen in Fig. 11e and f. The thickness of the
tempered alloy was also larger which suggests that more voids should
be expected during bending and flanging operations. However the op-
posite trend has been observed suggesting that DP1000 tempered steel
has higher flangeability. Furthermore, as shown in Fig. 11a, the slip
bands are able to go through the hard martensite phase without any
observed damage in most cases. While the deformation mismatch be-
tween the soft ferrite phase and the deformation resistant martensite in
the case of untempered DP1000, leads to damage nucleation either by
martensite fracture (breaking the island in two pieces) or void nuclea-
tion within the ferrite next to the ferrite-martensite interfaces. The
voids in DP1000 tempered steel were more globular and formed in a
small part of the martensite island - such as in Fig. 11c - without
cracking or breaking the martensite island in two pieces. As the size of
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the martensite islands was smaller in DP1000 tempered steel, the voids
that formed within or next to the martensite islands were also smaller in
comparison to DP1000 untempered steel. This improves further the
deformability of the alloy.

3.3.3. Flanging of CP1000 steel

The top surface of the CP1000 steel revealed the highly anisotropic
and non-homogeneous strain fields at the microstructural level upon
flanging operations. This is indicated in both micrographs of Fig. 12a
and b. The strain fields appear highly localised due to the formation of
strong slip bands in Fig. 12a. The slip bands appear to have a well-
defined step which appeared to be macroscopically perpendicular to the
loading direction and through the thickness; in the direction of out-of-
plane cutting (as shown by the black arrow head in Fig. 12a). The slip
bands are wider and also appear to have a well-defined step in the di-
rection of the black arrow of Fig. 12a. These steps at the microstructural
level form due to the dislocations that exit the material as the specimen
is deformed upon flanging. The direction of out of plane cutting is the
through-thickness direction and these steps form due to the through
thickness stresses acting upon flange operations. The presence of high
local crystallographic misorientations for the individual platelets in the
bainitic regions, affects strongly the path and direction of the formed
slip bands. The red-broken line in Fig. 12b shows the path of the slip
bands. The slip bands are the results of dislocations that have exited the
material. There needs to be a large density of dislocations traveling
along the same slip system and exiting the material in the out-of-plane
direction to form these well-defined surface steps (along the strong slip
bands). The most important parameter that defines which slip system is
activated is the local crystallographic orientation. So depending on the
local crystal orientation, different slip systems are activated within the
corresponding grains/crystals which strongly influences the direction of
the formed slip bands. The misorientations for the path of the slip
bands, are also related to the misorientations in the underlying bainitic
matrix and to the crystallographic mismatch between the neighbouring
grains. Extensive observations were carried out on the top sheet, but no
damage was observed within the matrix. This can be related to the fact
that CP steels, containing bainite and martensite, behave almost like a
single phase alloy, with slip bands forming within the two phases at
orientations depending on the local crystal orientation. Fig. 12c shows a
slip band going through a martensite island at the arrowed location
without causing any local failure. In the DP steels the strain mismatch
between ferrite and martensite is higher in comparison to bainite and
martensite, which leads to damage nucleation in the neighbourhood of
the martensite islands. Void growth was found to occur at inclusion
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Fig. 9. a) Undeformed samples and b) test pieces
after flanging. The width of the samples is 20 mm.

sites, but that was also observed in DP steels as well. However in all
three cases void growth was contained at the inclusion site without any
propagation in the surrounding steel matrix. The two micrographs of
Fig. 12e and f, show the occurrence of grain boundary sliding. A mar-
tensite grain is present at the yellow-arrowed triple point and has slid
along the red-arrowed interface. No failure has occurred at the corre-
sponding site. Grain boundary sliding has mainly been observed at high
homologous temperatures in metallic alloys, but can also occur at room
temperature; such observations were also made for Aluminium alloy
Al2024 upon cyclic testing at room temperature [21].

No local failures were observed for CP1000 steel in contrast to the
two DP alloys, which is related to the deformation behaviour of the two
phases of the alloy; i.e. bainite and martensite. Both phases deform in
similar manner, by the formation of strong slip bands. While in the two
DP alloys, slip bands formed in the soft ferrite phase, which in some
cases could not go through the hard martensite phase and lead to void
nucleation at the neighbourhood of the martensite islands.

3.3.4. Flanging of martensitic1400 steel

A special case study was investigated with flanging martensitic steel
with 1400 MPa UTS and 2 mm thickness. This was done in order to
emphasize the importance of performing SEM observations at the top
surface of the flanged specimen. In most cases engineers access the
quality of the formed part visually which can be in some cases mis-
leading. A less formable Martensitic steel was flanged and then visual
inspections were carried out similar to the previous Section 3.3. No
evidence of damage was observed.

High resolution SEM inspections at the top surface of the
Martensitic 1400 steel revealed the highly non-homogeneous strain
fields at the microstructural level upon flanging operations. The strains
appear highly localised perpendicular to the loading direction. In most
cases, these highly deformed regions such as in Fig. 13a-c, did not have
any damage but were actually the result of shear deformation in the out
of plane cutting direction. The influence of the inclusions was found to
be significant for this alloy, the red arrows in Fig. 13a indicate the in-
crease in the width of these bands of out of plane sheared matrix. The
red arrows in Fig. 13b indicate the presence of microcracks that have
nucleated along two heavily deformed shear bands. Both bands formed
due to the presence of inclusions. Fig. 13c shows that the width of the
out-of-plane shear band is significantly larger with respect to the shear
and formed in the surrounding matrix. Excessive void growth has oc-
curred at the inclusion site which lead to increased elongation in the
surrounding martensitic matrix and propagation of the high straining to
the surrounding matrix at an angle perpendicular to the loading
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Fig. 10. SE images showing damage nucleation and evolution after flanging for DP1000 1.2 mm thick. a-b) Fracture of the martensite islands occurs at the yellow arrowed locations, c-e)
void formation at the yellow-arrowed locations within the soft ferrite grains next to the interface with the hard martensite islands and f) a soft ferritic path localising deformation and
damage. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

direction; maximum normal stresses. Cracks were found to form along
these out of plane shear bands, as shown in Fig. 13e and f. Further
investigation and surface inspections revealed that these cracks can
both nucleate from the inclusion site such as in Fig. 14a, but also far
from the inclusion site and along the same heavily deformed shear
band. The mechanisms of the formation of these cracks is a cooperation
of two load mechanisms, namely out of plane cutting and normal to the
horizontal direction load direction, leading to the microcracks shown in
Fig. 14c. Cracks sheared in the out-of-plane direction and opened per-
pendicular to the loading direction.

These bands of shear localisation in the out-of-plane direction were
found to propagate in distances more than 200 um away from the

inclusion site as shown by the red arrow of Fig. 15a. The size of the
inclusions was found to be of great importance as well. Relatively small
inclusions (smaller than 15 pm) were not large enough to highly loca-
lise the stresses and strains. Fig. 15b shows an inclusion of less than
10 um which is present adjacent to the heavily deformed shear band
indicated with a black arrow. The shear band is the same band as in
Fig. 15a. All strain localisation occurred along the heavily deformed
shear band shown with black arrow in Fig. 15b and no significant strain
localisation occurs adjacent to the small inclusion shown with red
arrow.
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Fig. 11. SEM micrographs after flanging the DP1000 tempered (1.6 mm) steel a) Strain localisations occur within the soft ferrite matrix, b) Strain localisation in the soft ferrite phase leads
to void nucleation within the ferrite, c-d) Void nucleation within tempered martensite, e-f) void nucleation within the ferrite phase next to the martensite island. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this article.)

4. Discussion

Phase content analysis was done with ImageJ software on the DP
and CP steels to reveal the percentage of the corresponding phases, i.e.
ferrite, martensite and bainite [22-24]. The two DP alloys have similar
phase content, however the size, condition (tempered or untempered)
and distribution of the hard martensite islands is much different for the
two alloys and therefore the two steel series yield much different me-
chanical performance.

A detailed analysis was carried out to reveal the differences in type
of formability between the three alloys, including performance under
flanging operations. The different mechanical performance for the three
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alloys (DP untempered, tempered and CP) can be attributed to the
distribution of the phases, to the grain size and to the condition of the
hard phases: tempered or untempered. For the two DP steels, the phase
content was approximately the same, however the grain size for the
hard martensite islands is much smaller in DP tempered steel.
Furthermore, the martensite islands are tougher in the tempered con-
dition, reducing the potency for crack nucleation within the hard
martensite islands. In CP steel the soft ferrite phase is replaced by
stronger and less deformable bainite which suggests that the total
elongation is reduced. The observations made in Fig. 3 are in agreement
with the stress-strain curves of Fig. 5, where the CP alloy has the lowest
elongation but highest yield point. So replacing ferrite with bainite,
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Fig. 12. Strain localisation after flanging for CP1000 steel, a-b) surface inspections showing the formation of slip bands within the bainitic matrix (such as the one shown by red arrow and
red broken line, c) slip band formed at the red arrowed location within the hard martensite phase, d) void growth at inclusion site and e-f) plastic slip at the interface shown with red
arrows. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

increases the yield point but reduces significantly the total elongation
by 33%, comparing the DP 1.2 mm thick with the CP 1.3 mm thick
alloys. The DP tempered alloy had the highest total elongation.
Flanging tests were done with a 3 mm internal radius to reveal the
load-displacement curves. All alloys had the same slope for the curves
after 9 mm of displacement. Unlike tensile, CP steels after an initial
4 mm displacement show significant hardening with respect to the DP
alloys, raising the load capacity, necessary for further flanging opera-
tion. The load displacement curves for the CP alloy lies in between the
thin DP and the thick and tempered DP alloys. The higher load for the
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CP steel can be related to the presence of bainite instead of the soft
ferrite phase in DP steels, increasing the local bending stiffness of the
sheet under flanging operations.

The major strains were measured at the top radius of the sheets to
measure the maximum strains reached for all three alloys. The highest
strains were measured for the CP steel, 22% peak bending strain in
comparison to 19% and 15% for DP tempered and untempered. This
suggests that tighter radius is formed when using CP steels in com-
parison to DP steels. The amount of springback was also significantly
lower for CP1000 steel, even though the yield point was much higher
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Fig. 13. a, c and e) Deformation and damage localisation at an inclusion site, b, d and f) cracks nucleated along the heavily-deformed regions within the matrix. (For interpretation of the

references to color in this figure, the reader is referred to the web version of this article.)

(~200 MPa) in CP steels with respect to the two DP alloys. This was
related to the microstructural differences and the different deformation
mechanisms between CP and DP steels. Flanging was done in the same
alloys, for samples polished and etched prior to flanging operation to
reveal the deformation mechanisms at the microstructural level.

Fig. 10 revealed the presence of local failure in DP untempered steel
by two mechanisms: a) void nucleation in the soft ferrite phase next to
the martensite islands due to the deformation mismatch between the
two phases and b) fracture of the hard martensite islands [26-29]. Most
of the deformation appeared to be within the soft ferrite phase, with the
formation of slip bands, with macroscopic shear bands running through
several grains by the adjoin of slip bands within the individual grains
[21,26,27]. Fig. 10f reveals a deteriorating material condition where
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several soft ferrite grains are aligned perpendicular to the loading di-
rection and a soft ferrite path localises the strains at a very small region.
These features are damage prone and can lead to the formation of large
macroscopic crack in the sample upon further flanging operation.

In comparison to the DP untempered alloy, the tempered DP steel
had much smaller void occurrences, in most cases in the soft ferrite
phase next to the martensite islands, but also within the martensite
islands. Yet the voids were much smaller in comparison to the DP un-
tempered alloy. The average void size was 65% smaller and the number
of occurrences 3-4 times less in the DP tempered alloy.

For the CP steel, strong slip bands in the form of well-defined steps
which correspond to individual slip systems activated within the in-
dividual bainitic regions were found in Fig. 12a and b. No voids or
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Fig. 14. Deformation and damage localisation along the heavily-deformed regions.

evidence of damage was observed within the matrix. Only some void
growth at inclusion sites, which can be expected to occur also in the DP
alloys. So CP steels require higher loads upon flanging operations and
thus it provides a better strength and bending stiffness for automotive
chassis components where flanging operations are used such as in Roll
Forming. Furthermore, the component is better formed around the ra-
dius as tighter radii can be achieved with less springback. The benefits
of replacing ferrite by bainite were also found in the microstructural
images of Figs. 10-12, where no damage was observed for CP steel. This
behaviour can be attributed to the considerably high deformation
mismatch between ferrite and martensite in DP steels. The two phases
deform very differently leading to large stress and strain localisations.
In comparison, the CP steels behave like a single phase alloy, where the
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hard phase composes of bainite and martensite. Both phases deform
similarly and the strain gradients at the interfaces between the different
phases are much smaller in comparison to DP steels [25].

Flanging in the martensitic steel revealed the deleterious effect of
inclusions which highly localised the plastic deformation around their
neighbourhood. This lead to significant void growth, shear deformation
mechanisms in the adjacent matrix and potentially crack formation
within the matrix. The highly shear-strained regions were aligned
perpendicular to the loading direction and initiate at the matrix ad-
jacent to the inclusions. Strains are initially localised within and ad-
jacent to the inclusion. Considerable plastic deformation takes place,
which results to increased void growth, which in turn initiates shear
bands next to the inclusions. Upon further plastic deformation cracks
can form along these heavily-deformed shear bands. Within these re-
gions microcracks as large as 50 um were found as far as 300 um away
from the inclusions. Even though these cracks were not visually seen, it
should be expected that in highly stressed components such micro-
cracks may lead to final failure [19,20]. These cracks can also lead to
oxidation and corrosion problems within the interior of the sheet [30].
Furthermore, Fig. 13f shows that these cracks are no longer micro-
structural cracks as they extend over several grains and behave like
macroscopic cracks which can propagate even when the specimens/
components are elastically loaded [19-21]. No evidence of plastic de-
formation can be seen by the red arrows shown in Fig. 13f. Fig. 15
shows the inclusion size effect. Larger inclusions have a detrimental and
crucial impact on the formation of cracks in comparison to smaller
inclusions which avoid to highly localise the strains.

5. Conclusions

Tensile, Forming Limit and Flanging tests were performed on Dual
Phase, Complex Phase and Martensitic steels to correlate the different
microstructures and phases with the resulting mechanical performance.
DP steels showed increased elongation but lower yield point in com-
parison to CP steels upon tensile testing. Similarly the formability tests
revealed that DP steels are more formable, especially for the plane
strain condition. Yet upon flanging operations, CP steels, showed less
springback, formed better around the radius of the tool and also showed
no signs of local failure at the microstructural level. It is concluded that
using a simple tensile test can be a misleading predictor for the mate-
rial's performance. Multiscale experimental procedures, both in-situ
and ex-situ as in this study can reveal a better understanding about the
macroscopic mechanical performance. In this case the deformation
mismatch between ferrite and martensite leads to micro voids and small
cracks formed within individual grains. In contrast the CP steel de-
formed like a single phase alloy, as the strain partitioning between the
bainite and martensite is much smaller in comparison to ferrite and
martensite.

Flanging of martensitic steels revealed that the presence of inclu-
sions in such alloys is detrimental for damage nucleation as excessive
void growth at the inclusion sites led to microcrack formation towards
the neighbouring matrix. In contrast damage was constrained at the
inclusion sites by the neighbouring deformable matrix in the case of DP
and CP steels.
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Fig. 15. Inclusion size effect. a) A large inclusion localising the strains perpendicular to the tensile loading direction, b) a smaller inclusion with no strain localisations after flange testing.
(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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