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Abstract: In a variety of modern, multi-phase steels, damage evolves during plastic deformation in
the form of the nucleation, growth and coalescence of voids in the microstructure. These microscopic
sites play a vital role in the evolution of the materials’ mechanical properties, and therefore the
later performance of bent products, even without having yet led to macroscopic cracking. However,
the characterization and quantification of these diminutive sites is complex and time-consuming,
especially when areas large enough to be statistically relevant for a complete bent product are
considered. Here, we propose two possible solutions to this problem: an advanced, SEM-based
method for high-resolution, large-area imaging, and an integral approach for calculating the overall
void volume fraction by means of density measurement. These are applied for two bending processes,
conventional air bending and radial stress superposed bending (RSS bending), to investigate and
compare the strain- and stress-state dependent void evolution. RSS bending reduces the stress
triaxiality during forming, which is found to diminish the overall formation of damage sites and
their growth by the complimentary characterization approaches of high-resolution SEM and global
density measurements.

Keywords: damage; characterization; automated void recognition; density; bending;
stress superposition

1. Introduction

Over the past years, processes of damage formation have yielded tremendous interest in the
field of materials science, due to the rising demand for advanced metallic materials combining high
strength and excellent formability. For many of those materials, damage formation is a point that has
to be addressed due to their intrinsic microstructural heterogeneity [1]. Typically, damage formation
and accumulation take place during plastic deformation and are most commonly observed as the
formation and growth of voids [2]. The interaction of these voids ultimately leads to failure; however,
the mechanisms of damage formation and evolution themselves are not part of the process of material
failure. During plastic deformation, processes of void nucleation, evolution and coalescence take place
and lead to a continuous degradation of mechanical properties, and ultimately, failure.

Before the interaction and coalescence of voids start, void growth is the main mechanism of
damage evolution. This process has been extensively researched, especially in the field of modeling,
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ranging from the fundamental modelling of void growth [3] and also nucleation [4] to advanced,
high-resolution microstructural simulations [5]. As experimental approaches as well as the modelling
of void growth have shown, the growth behavior of microstructural voids is largely dependent not
only on the magnitude of strain, but in a significant way on the applied stress state [6].

For structural parts in the automotive industry, high-strength values combined with good
formability are required; this objective has, recently, mainly been achieved by the usage of
advanced high-strength steels (AHSS). A widely used variety of this class are the dual-phase steels.
These combine low production costs compared to other AHSS with beneficial ductility, high yield
strength values and near-linear strain hardening properties [7]. These properties are realized by
a microstructure made up of ferritic and martensitic constituents. However, the complementary
properties of these constituents typically cause a strong contrast in plastic deformation between
the two phases, leading to a stress and strain partitioning behavior in the local microstructure.
This incompatibility leads to the nucleation of voids, caused by distinct mechanisms [8]; the hard
martensite islands are prone to locally brittle damage initiation, i.e. martensite cracking. These cracks
typically occur at prior austenite grain boundary sites [9]. In addition to this mechanism, decohesion
processes at interfaces such as phase boundaries between martensite and ferrite or at ferrite grain
boundaries can take place [10]. In many cases, the local morphology [11] and heterogeneity of the
microstructure [12] is the main factor determining the dominant damage mechanism, and a wide
variety of intermediate forms or combinations of the above-mentioned mechanisms are observed.
Commercially used dual-phase steels such as the one employed in this work often show a significant
banding of martensite, leading to a pattern of voids often described in the literature as “necklaces” [12].
These agglomerations of voids, typically observed at large strains, are caused by the basic mechanisms
of martensite cracking, phase boundary and grain boundary decohesion, but represent a distinct
pattern of damage sites in their own right.

In order to link damage formation and stress state, independent parameters—namely the Lode
angle parameter, θ, and the stress triaxiality η—are used. Both parameters influence the damage
evolution [13]. The stress triaxiality, η, is defined as the ratio of hydrostatic stress, σh, and the von
Mises equivalent stress, σvM:

η =
σh
σvM

(1)

The hydrostatic stress is thought to be responsible for the growth, or if negative, even shrinking
of already nucleated voids in the microstructure. It is therefore expected for stress states with lower
stress triaxialities to cause a delayed void evolution for forming-induced damage. With the deviatoric
stress tensor, σdev, the third normalized invariant, ξ, can be derived:

ξ =
27det

(
σdev)

2 σ3
vM

=
27/2·(σ1 − σh)·(σ2 − σh)·(σ3 − σh)

{[(σ1 − σ2)
2 + (σ2 − σ3)

2 + (σ3 − σ1)
2]/2}

2/3 (2)

This invariant ξ is defined in the range of −1 ≤ ξ ≤ 1. The normalized Lode angle parameter, θ,
is defined as

θ = 1− 2
π

arccos(ξ) (3)

During plane strain plastic forming, the second principal stress is always

σ2 =
σ1 + σ3

2
(4)

In the bending of sheet with a much larger width compared to the thickness, plane strain
deformation conditions can be assumed. This leads to a constant normalized Lode angle parameter,
θ = 0.

Anderson et al. [14] revealed that the strain to fracture for a lower triaxiality is lower compared
to higher triaxialities for a constant Lode angle parameter in DP800 steels. Thus, the stress state is
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important for material failure, but it also influences damage evolution, as failure can be the consequence
of damage. Technologically, the stress state during bending must then be influenced to reduce damage.
Technological solutions are, for instance, bending with a solid counter punch [15], roll bending
with additional rolls [16], bending with an elastomer [17] and radial stress superposed bending [18].
Bending using elastomers is capable of reducing the stress triaxiality during bending by applying a
counter pressure due to the inserted elastomer. This leads to a delayed damage evolution in terms
of void nucleation, which subsequently influences the fatigue lifetime of bent products [19]. Thus,
the accumulation of damage during forming is important for lightweight design and has to be taken
into account as it affects the product performance. For industrial purposes, elastomer-bending is not
feasible for controlling the stress state, as the elastomer does not apply reproducible counter pressures
during forming and is limited in the magnitude of applicable stresses (the maximum pressure is less
than 150 MPa), as well as showing a rapid degradation over its lifetime. Recently, a new bending
process with predetermined stress states was introduced [20]. The so-called radial stress superposed
bending (RSS bending) is capable of reducing the stress triaxiality and applying pressures up to the
flow stress of the material in a reproducible way. It has already been shown to protract damage
nucleation, leading to a reduced number of voids [20].

For the product design or process modeling, the amount of damage can be expressed directly as the
area or volume fractions of voids or indirectly via certain mechanical properties. Lemaitre and Dufailly
(1987) showed eight methods for direct and indirect damage measurement techniques and rated
their suitability [21]. Direct measurements include microscopic analysis, X-ray analysis and density
measurements. Indirect damage measurements are, for example, the decrease in Young’s modulus,
micro hardness or indentation modulus [22]. For damage quantification, direct measurements
are preferable as there is no mathematical model connected to the calculation of damage quantity.
A damage variable, Ds, in surface observations is proposed by Lemaitre and Dufailly as the ratio of the
void area, Sd, and the undamaged area, S [21].

For a DP600, the void volume fraction before failure is usually below 1–2% of the whole
volume [22]. Consequently, the preparation of specimens for direct surface measurements is
challenging. Samuels et al. showed that mechanical polishing might introduce strain hardening
in the material surface [23]. Also, a void smearing effect could be shown due to different polishing
steps [24]. Isik et al. revealed that ion beam slope cutting is capable of analyzing void sizes down
to 0.05 µm2 [25]. Another quantification method is radiography. Using X-ray microtomography,
specimens can be analyzed without metallographic preparation in a non-destructive way; this method
is, however, limited by its spatial resolution [26].

For an integral approach to measuring void volume fractions, density measurements can be
applied. Ratcliffe presented a method for measuring small density changes in solids using the
Archimedean principle [27]. Schmitt et al. showed that different strain paths lead to different relative
density changes [28]. Bompard proved the possibility of measuring density changes in a tensile
specimen and correlated this to damage [29]. The method has equally been applied by Lemaitre and
Dufailly to quantify damage evolution [21].

Lapovok et al. measured the density of specimens in a continuously cast aluminum alloy
formed in an equal channel angular drawing process with the help of the Archimedean principle [30].
Tetrachloroethylene with a density of 1.62 g/cm3 was used instead of distilled water for higher accuracy.
They correlated the change in density to the stress and strain state that is responsible for different paths
of damage evolution. Tasan et al. stated that tactile density measurements are not capable of analyzing
damage for specimens with a volume of as low as 1 mm3 for spatially resolved measurements [22] as
the scatter observed for small volumes dominates the measurements.

Thus, in the current state of the art, it is shown that stress superposition during bending leads
to delayed fracture. Despite this, it is not clear what influence the lowered stress triaxiality has on
the void evolution and damage mechanisms. To quantify and characterize damage in bent samples,
the methods for automated void recognition and density measurements have to be adopted to the
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requirements set by bending samples. With these characterization tools, the influence of the alteration
in stress state on damage evolution can be quantified and subsequently used for the modelling or
prediction of the expected service life time.

2. Materials and Methods

The DP steel applied in this study is of DP800 grade, which usually indicates that it has a
guaranteed tensile strength of more than 800 MPa and its microstructure consists mainly of ferritic and
martensitic constituents. However, a very small fraction of remaining austenite and bainite might still
be present in the microstructure in small volume percentages. The as-received DP800 sheet material
was subjected to a hot-dip galvanizing process using a zinc bath, which provides the rolled sheets with
corrosion protection. The average grain size ranges from 2 µm to 20 µm, with martensite particles of
approx. 2 µm in diameter embedded in the matrix. The characterized microstructure material shows a
strong banding of the martensite phase along the rolling direction (Figure 1).

Metals 2019, 9, x FOR PEER REVIEW 4 of 17 

 

in stress state on damage evolution can be quantified and subsequently used for the modelling or 

prediction of the expected service life time. 

2. Materials and Methods 

The DP steel applied in this study is of DP800 grade, which usually indicates that it has a 

guaranteed tensile strength of more than 800 MPa and its microstructure consists mainly of ferritic 

and martensitic constituents. However, a very small fraction of remaining austenite and bainite might 

still be present in the microstructure in small volume percentages. The as-received DP800 sheet 

material was subjected to a hot-dip galvanizing process using a zinc bath, which provides the rolled 

sheets with corrosion protection. The average grain size ranges from 2 µm to 20 µm, with martensite 

particles of approx. 2 µm in diameter embedded in the matrix. The characterized microstructure 

material shows a strong banding of the martensite phase along the rolling direction (Figure 1).  

 

Figure 1. (a) Microstructure of the used dual-phase DP800 steel imaged by SEM, with visible 

deformation-induced voids. (b) Electron-backscatter-diffraction mapping of ferrite grains; martensite 

bands are visible as black areas. 

The flow curve at room temperature (obtained by a Zwick Z250 universal testing machine, 

ZwickRoell GmbH & Co. KG, Ulm, Germany) is given by experimental data from uniaxial tensile 

tests and extrapolated according to Gosh (Figure 2). 

 

Figure 2. Flow curve of the investigated DP800 steel with experimental data and extrapolation 

according to Gosh. 

Figure 1. (a) Microstructure of the used dual-phase DP800 steel imaged by SEM, with visible
deformation-induced voids. (b) Electron-backscatter-diffraction mapping of ferrite grains; martensite
bands are visible as black areas.

The flow curve at room temperature (obtained by a Zwick Z250 universal testing machine,
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Figure 2. Flow curve of the investigated DP800 steel with experimental data and extrapolation
according to Gosh.
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The tensile tests were conducted with a specimen geometry (DIN 50125—H 20 × 80) according to
DIN EN ISO 6892-1 with a velocity of 0.0067 s−1 to ensure a constant strain rate. The measurement of
the elongation was done directly on the test sample with a tactile macro-extensometer (Gauge length
of 80 mm, ZwickRoell GmbH & Co. KG, Ulm, Germany). The flow curve is derived up to the uniform
elongation experimentally and then extrapolated. The extrapolation parameters (εa: strain at yielding,
n: hardening exponent, C and p: fitting parameters) according to Gosh are derived with the least
square fitting method. The Young’s modulus E and Poisson’s ratio ν are given in Figure 2.

2.1. SEM Panoramic Imaging, Void Recognition and Area Determination

Deformation-induced damage in these grades of dual-phase steels typically occurs in the form
of microscopic voids with sizes in the range of several hundred nm [8] to a few µm [26]. To reliably
quantify voids at such small scales, high-resolution measurements of large micrographs in the order of
mm2 are required. This was achieved in the present work by employing advanced scanning electron
microscopy (LEO 1530, Carl Zeiss Microscopy GmbH, Jena, Germany) combined with panoramic
imaging and an image stitching algorithm based on the VLFeat Matlab toolbox [31]. All panoramic
images have been obtained at the tip of the bending sample (Figure 3) at a resolution of 32 nm/px
using secondary electrons (SE) and a 20% area overlap. The field width of a single image was
100 µm, resulting in a total panoramic image size of 1000 µm × 500 µm. Respective specimens were
mechanically polished to 0.25 µm and subsequently etched in 1% Nital for 10 s. A consistent, light
etching is critical for this method, as shadowing effects of the protruding martensite phase have to be
minimized for a reliable automated image recognition. The panoramic images are subsequently split
into 5 slices that follow a radial direction. This approach is chosen to ensure an accurate measurement
of the respective distance to the outer radius, which would be altered as, in bending samples, the upper
edge cannot be straight. A binning of 3000 pixels in a radial direction was applied, and each data point
was attributed to the middle of this bin, resulting in the outermost value for the distance to the outer
radius being calculated as 48 µm from the edge.
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Figure 3. Schematic representation of void area measurements from panoramic SEM imaging.
Individual images are stitched and voids recognized via a grayscale threshold. The identified voids are
then individually processed using a watershed algorithm to measure their size.

Voids are identified using a grayscale threshold and the located sites from the original image
processed further by the use of a watershed algorithm [32]. Here, by altering the grayscale threshold
around the individual void, the optimum value for measuring the entire void area, but none of the
surrounding microstructure, is determined. The calculation of the pixel areas results in a separate
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measurement for each individual void. This approach makes it possible to collect data not only for
overall void area fractions, but for any type of measurement where information about each individual
damage site is required. To calculate area fractions over one spatial coordinate, a moving bin is applied
to smooth out peaks in the area fraction generated by single, larger voids, made possible by the
individual identification and localization of damage sites.

A considerable error in the void area measurements of deformation-induced damage voids is
generated by inclusions. These, in commercial DP steel, typically being TiN, can be caused to fall
out of the polished surface during preparation, leaving voids of a similar, slightly larger diameter in
the observed images. Examples of this type of voids as well as the above-mentioned fundamental
mechanisms of damage nucleation and formation are shown in Figure 4. These voids at the sites of
inclusions have a very different morphology from martensite cracks or interface decohesion sites,
making them an ideal subject for recognition by deep learning [33]. In this work, neural networks
have been trained using an initial data set, with the goal of automatically detecting voids that have
been caused by inclusions in the microstructure. A system for recognizing these inclusions from SEM
pictures has been developed and tested to an accuracy of over 95% and is applicable to the SEM
panoramas used in this study [33]; here, it is used for inclusion void recognition only. With smaller
plastic equivalent strains towards the sheet center, voids caused by inclusions become increasingly
dominant, as this type of observed void is in the majority of cases an artefact of metallographic
preparation by mechanical polishing. Non-metallic inclusions leave the surface during this process,
and therefore cause surface voids that did not develop during plastic deformation and are therefore
not to be measured simultaneously with plasticity-induced damage. The error normally introduced by
measuring these inclusions as part of the void fraction is avoided by the recognition and exclusion of
these particular voids.
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Figure 4. (a) Examples of fundamental damage mechanisms of martensite/ferrite interface decohesion,
martensite cracking, ferrite grain boundary (GB) decohesion and “necklace” type voids between
two adjacent martensite particles; (b) void observed due to (partly) removed inclusions from the
surface, recognized by a deep learning algorithm; (c) void coalescence near the outer surface of an air
bending sample.
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The panoramic imaging method was carried out in the x–y plane (“in-plane”) of a bending sample.
To analyze all spatial directions, a second measurement was taken on a plane in the middle of the
bending zone, parallel to the bending axis in z direction (“cross-section”) (Figure 5).Metals 2019, 9, x FOR PEER REVIEW 7 of 17 
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Figure 5. Evaluated planes in the bending samples (illustration): (a) cutting plane parallel to the
bending plane (“in-plane”, x–y plane); (b) cutting plane parallel to the bending axis (“cross-section”,
y–z plane). RD represents the rolling direction of the sheet.

The results were taken from these two perpendicular planes as the evolution and growth of voids
are expected to be highly anisotropic due to the tensile stresses perpendicular to the bending radius,
which will affect the morphology of voids.

2.2. Density Measurement Method

Density measurements of heavy metals for damage quantification require a high resolution in
the order of 0.002 g/cm3 as void volume fractions as low as 0.2% are investigated. The measurement
principle is based on hydrostatic weighing. A solid immersed in liquid apparently reduces its weight
by the liquid volume weight. It is necessary to know the density of the liquid to measure the density of
the submerged solid. In contrast to the classical Archimedean density measurement, the volume of the
displaced liquid is not measured by an overflow, but the weight differences are measured. Therefore,
this method is strongly dependent on the volume of the specimen, as higher volumina lead to higher
precision. The IMETERV6 device (IMETER/MSB Breitwieser MessSysteme, Augsburg, Germany) is
used for the measurements in this work. The measuring process consists of taring the specimen holder
in the measuring liquid at the predefined immersion depth, then withdrawing and connecting to the
specimen (Figure 6).
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Figure 6. Buoyancy principle for density measurement: (a) calibration of the suspension in ambient air;
(b) weighing of the specimen in ambient air; (c) weighing of the specimen in the measuring liquid.

Subsequently, the weighing of the specimen takes place in ambient air. Afterwards, specimens
are immersed to exactly the same immersion depth with the same contact angle of the attached wire
likewise at taring and weighing the buoyancy after the same predefined diving time. The same contact
angle of the wire and liquid as well as the predefined immersion time are important for the measuring
accuracy. Withdrawing and immersional weighing is repeated several times (15 to 25 times for 10
to 15 min) until the buoyancy values are constant. Thus, finally, all air bubbles from the surface are
washed away and differences in the temperature of specimen and liquid have been compensated.
The specimen is connected to a load cell (Sartorius AG, Göttingen, Germany) with a thin tungsten
wire (D = 40 µm). The higher the density of the liquid, the higher the lifting force and therefore the
measuring accuracy. Diiodmethane (CH2I2) is used as the immersion liquid, which is a so-called heavy
liquid [34]. The measured density is 3.3027 g/cm3 at 25 ◦C [35]. The density of a solid ρs can thus be
determined according to physical relationships [35]. This calculation requires the density of the liquid
ρL, the density of the ambient air ρA, the resulting force on the specimen outside the measuring liquid
W1 and that immersed in the measuring liquid, W2.

ρs =
ρL − ρA

1− W2
W1

+ ρA (5)

To calculate the void volume fraction in the bent product, specimens are cut out of the bending
zone and the bending leg of the samples. Since the properties of a bent part deviate at the edge of
the sheet (the assumption of plane strain is invalid), only the constant area of the bending zone is
examined (5 mm apart from the outer edges) (Figure 7).
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Comparative samples from the bending leg are examined. To further increase the measurement
accuracy, three bent samples are simultaneously measured to increase the total volume to ~1 cm3.

2.3. Air and Stress Superposed Bending Processes

The investigated air-bending process is defined by the geometrical parameters: die width wd,
punch radius rp and die radius rd (Figure 8). The sheet is laser cut (100 mm × 50 mm × 1.5 mm) and
bent parallel to the rolling direction to an unloaded bending angle of 66◦.
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During air bending, the outer fibers are formed under a tensile stress state, whereas the inner
fibers are contracted. The plastic strains increase towards the outer fiber. Therefore, forming-induced
voids and the final failure occur at the outer fiber [36]. To delay the void evolution, radial stress
superposed bending can be used [20]. In this process, defined compressive stresses are superposed
during bending. A normal force Nr rotates around the outer bending fiber and superposes stresses.
The technological implementation of the process is done by rotating tools in bearing shells driven by a
hydraulic cylinder (Figure 9). The hydraulic cylinder is connected to the lower moveable bearing shell
and is capable of applying a given, constant pressure.
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The applied process parameters lead to a comparable geometry of the bent products. For the
validation of the identical strain at the outer fiber, optical measurements and hardness measurements
are used. Stress triaxiality values and the strain distribution over the sheet thickness is investigated
numerically according to the model presented in previous work [37]. The FEM-modeling was
carried out with the elastic-plastic modelling with ABAQUS2016/Implicit2D (Dassault Systèmes,
Vélizy-Villacoublay Cedex, France). Plane strain conditions and a planar symmetry were assumed to
reduce computational effort. The sheet is modelled with the flow curve given in Figure 2. The rotating
tools are modelled to be purely elastic, and all other components are rigid. The smallest element size
in the bending zone is 0.05 mm and in the bending leg is 0.3 mm. The friction between the tools is
modelled by the Coulomb friction law (µ = 0.02 between the lower rotating tools and the sheet/lower
bearing shell, since it is lubricated; µ = 0.1 between the upper rotating tool and the sheet/upper bearing
shell; µ = 0.1 in air bending). The maximum force deviation between the numerical and experimental
punch force was lower than 10% [37].

Corresponding to Meya et al. [37], the stress triaxiality in air bending is ηmin = 0.57, while the
minimum stress triaxiality during RSS bending in this set-up is calculated as ηmin = −0.06 at the outer
fiber due to the superposed stresses.

3. Results

3.1. SEM-Based Damage Characterisation and Quantification

The measurements obtained by SEM observation yielded results for the global quantification
of deformation-induced voids in the bent samples in the form of area fraction calculations, as well
as achieving magnifications high enough to gain microstructural information about the individual
mechanisms of damage nucleation and evolution, which have, however, not been considered in
this work.

Firstly, the dominance of voids originating from inclusions in the steel microstructure becomes
obvious when regarding the panoramic images; with greater distances from the outer radius, larger
voids can almost exclusively be recognized as being caused by inclusions being removed from the
polished surface during the preparation of the sample.

Secondly, regarding deformation-induced damage, both the absolute number of voids (Figure 10)
and the mean size (Figure 11) of the voids are observed to increase towards the outer radius—the zone
of the highest plastic equivalent strain. These observations are true for both applied bending methods
and both observation planes. Representative examples of typical voids at the outer radius, at a distance
of approx. 80 µm below the surface and at 400 µm below the outer radius, are given in Figure 11.
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Figure 11. (a) Mean void size in the in-plane samples for air-bent and RSS-bent samples; representative
void morphologies at various distances from the outer radius for (b) RSS bending and (c) air bending.

For each data point, an area of 33,379 µm2 was evaluated. The error for the measurements is
calculated via the error for the watershed algorithm value for each single void, and summarized over
all voids in the field of observation.

Comparing the area fractions, voids per area (n = 5345 voids/mm2 vs. n = 3589 voids/mm2 at the
outer fiber) and void sizes (S = 0.37 µm2 vs. S = 0.30 µm2 at the outer fiber) across the two applied
processes, a significant change in all these quantities is observable for the radial stress superposed (RSS)
bending method compared with conventional air-bending. As calculating the void area fraction for
various regions of the sample takes into account the overall magnitude of voids existing and nucleating
in the observed area and their sizes, this property is able to deliver a more complete picture of void
nucleation and growth compared to solely regarding void numbers or mean sizes. Area fraction
calculations from the detected voids show an average decrease of 52.1% for the RSS bending.
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The void area fractions measured in the cross-section are significantly smaller (up to 4 times),
as the imaging plane is perpendicular to the bending strain εx and no macroscopic strain in the
z-direction occurs. However, in these images an average decrease in void area fractions up to 69% for
the triaxiality-reduced RSS-bending process is also visible.

Measurements in as-received, undeformed samples only found 3 to 5 voids that could not be
reliably attributed to being caused by inclusions on the same field of view as used in the measurements
above. Therefore, the void area fractions for the undeformed state of the sheet metal are assumed to
be non-existent.

The results for mean void areas equally show a lower average void area for the RSS-bending
process; this effect is, however, largely dominated by the scatter in void sizes, in particular at the region
near the outer radius. On the one hand, large voids are found in this region in the air-bending samples,
whereas the RSS-bending process does not provoke these large void sizes. A typical evolution of
voids for both bending processes is shown in Figure 11. However, a clear difference in size emerges
when regarding maximum void sizes instead of mean values; while for the air-bending process, void
sizes at the outer radius reach up to 2.26 µm2, RSS-bent samples only showed void sizes lower than
1.22 µm2. This tendency does not appear in the mean void size calculations, as these are dominated by
the large number of nucleating voids below 0.3 µm2 in size. This tendency for the growth of voids
in air-bending samples can be underlined by normalizing the mean void sizes not by number, but
by their respective area fractions. While for air bending, 74.9% of the total void area is made up by
voids larger than the calculated mean void size per bin, this fraction calculates to a smaller value of
65.7% for the RSS-bending samples. Even though there is no clear threshold in size or morphology
after which a void can clearly be classified as “grown”, this statistical approach shows a difference in
the composition of the cumulative void area from small and large void sizes.

3.2. Density Measurements

The specimen is not tempered in advance, so it needs time to adapt its temperature to the
measuring fluid. Also, the tempering of the measuring cup fluctuates because of the specimen
immersion. The measurements are repeated several times to compensate and stabilize the influences
of temperature differences and air bubbles (Figure 12).
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Figure 12. Density fluctuation due to bubbles and alternating temperature over time for an
unbent sheet.

The overall uncertainty regarding the measured density is a function of the measuring accuracy of
the loading cell, the tempering, the ambient air and fluid density as well as the calculated temperature
dependency of the fluid. The uncertainty reduces with a higher specimen volume and higher density of
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the fluid. In this set-up, the average uncertainty of the density is 0.0021 g/cm3 for a specimen volume
of 1 cm3. The influence of the altered stress triaxiality on macroscopic density and the uncertainty of
different specimens shows a maximum fluctuation of ± 0.0008 g/cm3 (Figure 13).
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Figure 13. Density of different bent products in comparison to the as-received material.

The density of the air-bent part (ηmin = 0.57) is reduced by 0.15% compared to the as-received
material. In comparison, the RSS-bent (ηmin = −0.06) product’s density is reduced by 0.10%. Thus,
a reduction of 33% in density loss is achieved by using the applied stress superposition during bending.

3.3. Resulting Strains and Stresses in Bending

The maximum curvature is measured by light optical microscopy and is revealed to be
0.307 ± 0.002 mm−1 for air bending and 0.310 ± 0.004 mm−1 for RSS-bending samples at the
symmetry axis of the bending area. This difference of around 1% in curvature indicates similar
plastic strains at the outer fiber. The numerically investigated strain distribution is also comparable,
since the deviation of the equivalent plastic strain over the investigated area is less than 10% (Figure 14).Metals 2019, 9, x FOR PEER REVIEW 13 of 17 
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Figure 14. Equivalent strain distribution in air bending and RSS bending at the outer fiber.

In order to neglect the influence of strain hardening in the comparison of air bent and RSS-bent
products, micro hardness measurements are also conducted. The average Vickers hardness HV0.1 over
the bending zone at the circumference is measured as 327 ± 23 HV0.1 (ηmin = 0.57) for air bending
and 326 ± 19 HV0.1 (ηmin = −0.06) for RSS bending. The Vickers measurements are conducted
with an HMV-G21D hardness testing machine (Shimadzu Corporation, Kyoto, Japan) and a test
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load of 980.7 mN. The duration time of indention is 10 s and 40 indentations with a distance of
0.075 mm between the measuring were done per sample. For each bending process, two samples
were investigated.

Due to this neglectable difference in sample geometry and applied strains, the undergone stress
state during forming can be thought to be responsible for any measured deviations in damage
characteristics. The stress triaxiality values calculated over the sheet thickness in the outer fiber
differ from air bending to RSS bending (Figure 15).
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Figure 15. Triaxiality distribution in air bending and RSS bending during maximum stress
superposition in the outer fibers.

In general, the air bending manifests a triaxiality of η = 0.57 at the outer fiber. In RSS bending,
stress triaxialities are lower for every point at the outer fiber while superposed stresses are applied by
the bending tool. During the superposition of compressive stresses, triaxiality reaches negative values
at the outer fiber (ηmin = −0.06), where the highest void volume fraction is expected due to the highest
plastic strains. After the point of maximum stress superposition (Figure 15), triaxiality increases to
η = 0.57 at the outer fiber until the plastic strain remains constant due to the moving forming zone in
RSS bending [37].

4. Discussion

In the direct SEM-based observations of void evolution in bending samples, all classically known
mechanisms and patterns of damage formation in dual-phase steels could be observed. The samples
did not yet enter the state of crack formation, which is essential for observing and evaluating single
voids and establishing a clear distinction between damage formation and material failure.

Deformation-induced damage voids can be sighted for regions up to 500 µm under the outer
surface; for the area further towards the middle of the sheet, tensile strains are not high enough to
nucleate a measurable number of voids. However, a dominant result of the void area measurements
is that the average void size over all voids observed in a region does not increase drastically. This is
explained by the fact that the nucleation of voids does not stop at higher plastic equivalent strains,
leading to a steadily increasing number of newly nucleated, small voids. These are as dominant for
the evolution of average void sizes as the evolution and growth of a few, single voids and therefore
overshadow the growth of single voids when regarding mean void sizes only. Contrasting the



Metals 2019, 9, 319 15 of 18

observations of single, significantly larger voids near the outer radius, however, no increase in mean
void size is observed for the RSS-bending process.

In comparison with the conventional air-bending process, the reduced triaxialities in the radial
stress superposed bending process lead to a significant decrease in void area fractions. Compared to
mean void size calculations, regarding area fractions yields a more complete picture of the damage
state, as it takes both void nucleation and growth into account in its cumulative approach. This effect
is particularly underlined by the previously-mentioned pronounced growth of voids that can be seen
in the samples deformed with the conventional air-bending process. As shown in Figure 11, a clear
evolution pattern of voids in a radial direction towards the outer radius could be observed; starting
with mainly small voids, typically in the form of martensite cracking of void nucleation in martensite
bands, the increasing tensile strains in all bending samples lead to a pronounced growth and additional
nucleation of voids in that direction. Up to the outer radius of the sample, where significantly larger,
evolved voids are observed, a considerate difference in void evolution behavior could be observed,
as incidents of largely evolved voids over 2 µm2 in area are solely found in the air-bending samples,
and not in the RSS-bent samples. This behavior of damage evolution is explained with the reduced
triaxiality depicted in Figure 15 for the RSS-bending process. Corresponding to the damage model
of Oyane [38], the measurements show a decrease in void area fraction for lower triaxialities in the
RSS-bending process and equally in the maximum observed void sizes of 2.26 µm2 compared to
1.22 µm2.

The area fractions observed for the cross-section measurements range significantly under the
in-plane measurements, but still show a clear distinction between air- and RSS-bending samples. As
plane strain bending can be assumed in the middle of the sheet, no macroscopic strains in any of
the plane directions for this observation plane occur. Here, tensile strains are perpendicular to the
observation plane. The void morphology in the in-plane measurements was dominated by the growth
of voids in the x-direction, this being the direction of tensile strains. Therefore, the growth in size of
these voids is not to be observed in a cross-section of the sample. Void area fractions are therefore
expected to be significantly higher for in-plane measurements as the major part of the void growth can
be observed and measured.

The density measurements reveal a decrease in density of 0.15% for air bending and 0.10% for
RSS bending compared to the unbent material. This implies an increase of void volume fraction by
33% for the air-bending process. Compared to the results of the undergone SEM analysis, values in a
comparable magnitude are calculated: for RSS bending, the average decrease in void area fraction is
calculated to be 44.7%.

Compared to previous work on bending processes, a drastic improvement in both
damage-reduced bending technology and damage quantification is realized. Solid counter punches [15]
as well as elastomer bending [17] reduce the tendency of cracking and reduce damage; however, these
effects on damage void formation and growth have so far not been able to be quantified in a detailed
way. The predicted damage reduction due to compressive stress superposition according to Lemaitre [3]
has been calculated for elastomer bending [39]. In this work, the applied advanced characterization
methods enable the experimental determination of damage quantity and its correlation to stress
triaxiality. Additionally, in contrast to the aforementioned bending processes, RSS bending does not
only reduce triaxiality and therefore damage, but also proves more controllable and reproducible.

5. Conclusions

A quantitative approach for the characterization of forming-induced damage is mandatory for
accurately estimating product performance.

High-resolution SEM imaging coupled to automated void recognition has proven to enable the
area measurement of a statistically significant proportion of microstructural, forming-induced voids.
This leads to a large-area observation of void sizes and subsequent calculation of void area fractions.
A detailed analysis of all occurring voids is therefore made possible.
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Void area fractions as well as density measurements show a decrease in the same order of
magnitude for damage quantity in the RSS-bending process, which is correlated to its lower triaxiality
values, as differences in plastic strain are negligible.

Both the overall number of forming-induced voids and their maximum size is measured to be
affected by the altered stress state. The nucleation as well as the growth of voids is therefore assumed
to be dependent on the magnitude of triaxiality.

Compared to other bending processes that use superposed stresses to increase formability,
the RSS-bending process has proven to also reduce microstructural damage occurring before the
onset of fracture without their typical loss in reproducibility or restrictions in the magnitude of
superposed stresses.

Designing geometrically identical bent parts using alternative load paths has proven to reduce
damage, which will consequently lead to an increased performance. This will contribute to lightweight
design via the realization of thinner sheet metal parts while maintaining their mechanical performance.
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