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Dual phase (DP) steels are amongst the most widely used structural steels for automotive applications. It is
essential to understand the damage initiation and damage growth in these high strength steels and further shed
light on improving mechanical properties. In this work, two DP800 dual phase grades are investigated, which
exhibit identical ultimate tensile stress but significantly different elongation in the uniaxial tensile test. To
explain the difference in ductility, particularly described by uniform elongation, we investigate the damage
initiation and growth mechanisms by analyzing microstructural changes upon deformation, such as voids,
dislocation structures and the grain morphology. Furthermore, ferrite micropillars in pre-strained samples are
tested in situ to capture the strain hardening capability of ferrite. We found that the DP steel with harder
martensite and softer ferrite exhibits more damage initiation sites after deforming to an identical strain. How-
ever, void growth is much slower compared to the DP steel grade with fewer initiation sites. We explain the
suppressed void growth by significant strain-hardening of ferrite surrounding the voids, which is observed in the
micropillar compression experiments. The improved strain hardening of ferrite originates primarily from the
difference in chromium content considering the negligible influence of dispersed particles.

1. Introduction

DP steels, comprised of soft ferrite and hard martensite, are widely
applied in automotive manufacturing due to outstanding mechanical
properties, such as high strength, continuous yielding and good form-
ability, while equally showing strain-hardening potential [1,2]. How-
ever, similar to other structural materials, finding the optimal trade-off
between strength and ductility is a challenging task. There are two
effective approaches in DP steels to increase the strength, namely,
decreasing the grain size and increasing the volume fraction of
martensite [3-6], whereas there is on-going debate on how to improve
ductility. For instance, the effects of grain size on the elongation of DP
steels have not fully been understood. Calcagnotto et al. reported that
grain refining of ferrite from 12 pm down to 1.2 pm hardly affects the
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uniform and total elongation [3,7], while Mondal et al. claimed that DP
steels with coarse grains up to 60 um show less ductility than those with
10 um [5]. With respect to the effect of martensite phase volume, it is
reported that an increase of the harder phase content up to 77 vol%
results in a higher fracture strain [8] although with less uniform elon-
gation. On the other hand, Pouranvari found the optimum martensite
volume fraction that leads to the best ductility to be around 40 vol% [9].
These controversial debates suggest that it is still far from sufficient to
inform on DP steels’ ductility simply from grain size and martensite
volume fraction, since one of the most important microstructural fea-
tures which affects the ductility of alloys is the prevalence of micro-
structural damage, either as crack or void. It is important to understand
their formation and growth mechanisms. Damage initiation and evolu-
tion depend on the local mechanical properties of the constituent. For
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instance, using scanning electron microscopy (SEM), X-ray micro-
tomography or digital imaging correlation, damage in DP steels initiates
preferentially at stress concentrators such as hard martensite islands,
ferrite/martensite phase boundaries or surroundings of hard inclusions
[10-15]. As a commonality, the previous studies on this topic, however,
tend to be non-quantitative [16,17], specifically lack of the local prop-
erties and further correlation with damage initiation and evolution.

In this work, we focus on quantitatively understanding damage
initiation and evolution in two DP800 steels grades [18], with the same
ultimate strength but different uniform elongation (larger elongation
and better ductility desired). The samples are differently pre-strained so
that we can have a statistical analysis of damage with straining.
Furthermore, we performed microstructural characterization and
micromechanical investigation on ferrite at different pre-strains to
correlate the damage initiation/growth with the local mechanical
properties. Note that the micromechanical investigation focuses on
ferrite rather than martensite, which is based on two aspects: first, with
similarity in grain size and martensite volume fraction, the main dif-
ference of two DP steels lies in the ferrite strength [18]. Second, as the
strain hardening rate plays a dominant role in materials’ ductility, the
plastic deformation of the harder martensite islands is supposed to
contribute much less than the soft ferrite [19-21]. For statistical anal-
ysis, large-area images are analyzed by machine learning based feature
detection. For microstructure characterization, SEM, electron back-
scattered diffraction (EBSD), and electron channeling contrast imaging
(ECCI) are applied. For micromechanical property, micropillar
compression is performed on ferrite pillars extracted from pre-strained
samples, which can capture the evolution of ferrite yield strength with
increasing global strains.

2. Experimental procedures
2.1. Material of DP800 steels

Two DP800 steels (Ultimate Tensile Strength, UTS: 800 MPa) from
different manufacturers are studied in this work. They are named as DP1
and DP2 in the following sections. By wet chemistry [18], DP1 has the
nominal chemical composition of Fe-0.13C-1.51Mn-0.21Si-0.03A1 (wt.
%) while DP2 of Fe-0.13C-1.69Mn-0.19Si-0.03A1-0.7Cr-0.03Ti (wt. %).
So chemically, DP2 has an extra addition of Cr and a small amount of Ti.

To investigate and understand the damage initiation and evolution in
two DP steels, they are both pre-strained by an electromechanical testing
machine (DZM in house built) and the strains were measured as the
global strain over the deformed sample area based on the elongation
between two markers in the undeformed parts of the samples. All pre-
strained samples have a gauge length of 3.65 mm, a width of 1.5 mm
and a thickness of 1.5 mm. For the pre-strain, the samples were
continuously tested to the targeted point without interruption. It should
be noted that the small dimension of pre-strained samples is applied
based on the limited stage size for in situ deformation, from which a
comparability of strains and damage between in situ and ex situ can be
made in a previous publication [16]. Although in this work, in situ
mesoscopic tension is not performed, we use the same dimensions for
comparison. All the materials used in this study, the as-received (AR)
state and pre-strained are listed in Table 1, corresponding to the applied
investigation techniques.

2.2. Macroscopic uniaxial tensile tests

Macroscopic uniaxial tensile tests were performed on the as-received
samples to compare the mechanical properties of two DP steels, in
particular, the strain hardening rate. The tests follow the standard of
DIN 50125-E with a gauge length of 26 mm, a sample width of 15 mm
and a thickness of 1.5 mm. The reduction in area (%) of these two
specimens presented here is approximately measured by a caliper.
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Table 1

Overview of investigation methods performed at the global strain indicated in
the table for both DP steel grades. Apart from the as-received samples (AR), all
the rest are pre-strained to different macro strains. ML represents the abbrevi-
ation of machine learning, EBSD of electron backscattered diffraction and ECCI
of electron channeling contrast imaging.

Macro. ML Damage EBSD ECCI
tension  size

Pillar compression

DP1 AR 17 % AR, 18 AR, 5 AR, 19.4 %
% %,10 %

DP2 AR 17 % AR, 18 AR, AR, 9.6 %, 14.6 %,
% 5 %,10 % 21.6 %

2.3. Microstructural characterization

For the microstructural investigation and the micromechanical tests,
the center part of the two DP steels at different pre-strains were cut by
wire erosion (approximately with a length of 3.6 mm, a width of 1.5 mm
and a thickness 1.5 mm) and the side face along the tensile direction/
rolling direction was ground and polished with oxide polishing sus-
pension (OPS). An extra vibropolishing step was implemented with
Mastermet 2 for EBSD and ECCI investigation.

Microstructures were analyzed using a field emission scanning
electron microscope (Gemini500®) using the secondary electron (SE)
and InLens® detectors. EBSD was performed on Zeiss Auriga® micro-
scope equipped with an EDAX system with Hikari® charged coupled
device (CCD) and the TSL OIM 7 software package. The parameters for
EBSD were set as followed, acceleration voltage of 15 kV, aperture size
120 pm and step size 100 nm for the as-received samples while 20 kV,
60 um and 40 nm for pillars and the pre-strained samples. The probe
current was 1.1nA. The ECCI images were recorded using a Zeiss Merlin
field emission microscope at 20 kV. The probe current was 3nA and
working distance 6.1 mm. The fractographs were taken on a Tescan Mira
scanning electron microscope.

The damage sites were detected, measured and analyzed via a deep-
learning based framework first presented in [16]. The algorithm used is
capable of discriminating between both deformation-induced damage
and inclusions, as well as distinguishing the individual mechanisms of
damage initiation, such as the fracture of martensite, and the decohesion
of interface boundaries. In this work, it was applied to detect the voids,
and set up void size statistics of the deformation-induced voids only.

2.4. Micromechanical pillar compression

Micromechanical tests were conducted on single crystalline ferrite
pillars (2 um in diameter) which were produced on two DP steels after a
nominal pre-strain of 0 % and approximately 20 %. Ferrite is distin-
guished from martensite based on the contrast changing owing to the
slight etching effect after ops polishing. Micropillars were fabricated
using Ga' focused ion beam (FIB, Zeiss Auriga) and were localized in the
center part of the polished surface. The aspect ratio of height and
diameter was targeted to be between 2 and 2.5. A three-step milling
strategy was applied, 16nA for coarse milling, 2nA for intermediate step
and 600 pA for fine milling. Consecutively, EBSD was performed on the
top of pillars to obtain crystallographic orientation information for the
loading direction and the slip trace analysis after deformation. Addi-
tionally, for DP2, ferrite micropillars were also milled from the 9.6 %
and 14.6 % pre-strained samples. The choice of 2 um pillar diameter
instead of larger sizes was due to the decreased grain size perpendicular
to the macroscopic straining direction with increased pre-strains, still
ensuring single crystalline micro pillars.

All in situ SEM micropillar compression tests were performed with an
Asmec Unat II indenter (Asmec GmbH, Radeberg, Germany) which was
installed in the Gemini 500. All experiments were carried out in a
displacement-controlled mode with the strain rate of 1 x 1072 ¢ 571, and
a flat diamond tip (Synton MDP, Nidau, Switzerland) with a diameter of
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5 um was used. To obtain the engineering stress versus engineering
strain curves, the load was divided by the area of the top surface and the
displacement by the initial pillar height.

3. Results
3.1. Macroscopic uniaxial tensile test on as-received samples

The ultimate tensile strength is approximately 800 MPa for both DP
steels in the as-received state (based on engineering stress-engineering
strain, see Fig. 1), as given by the norm DP800. DP1 yields at higher
stress compared to DP2, as magnified by the inset in Fig. 1 and remains
stronger until reaching the necking instability point Ul. The instability
point is determined by the Considere criterion, as the intersection of
strain hardening rate and true stress-true strain curve. A high initial
strain hardening rate is observed for both DP steels and decreases
rapidly with increasing strain. However, DP1 holds a smaller strain
hardening rate than DP2 after experiencing a strain exceeding 1 %,
resulting in an earlier necking instability (compare Ul 9.8 % and U2
13.4 %, Fig. 1) and consequently a shorter uniform elongation. Note-
worthy as well is that based on the engineering stress-engineering strain
curves, DP2 can experience longer elongation to fracture (fracture
elongation 19.1 % for DP1 and 23.1 % for DP2 based on two repeated
tests). By measuring with a caliper, the two samples after tensile test
fracture in Fig. 1 have a reduction in area of 37 % for DP1 and 39 % for
DP2.

3.2. Statistics of damage initiation and growth in two DP steels

A machine-learning (ML) based approach is applied to statistically
characterize emerging voids in the microstructure after deformation.
This framework is capable of detecting and characterizing the voids in
three steps, these being detected, differentiating between deformation-
induced damage (by co-deformation of ferrite and martensite) and
voids originating from inclusions, and finally discriminating between
the various mechanisms of damage formation (details in [16]). The re-
sults of the classification of inclusion voids and deformation-induced
damage has, for the DP1 microstructure, been checked by a human
evaluator and corrected where necessary, in order to achieve a
maximum classification accuracy on both microstructures. Fig. 2 shows
the micrographs of two pre-strained DP steels after 17 %. After the same
pre-strain, larger damage sites are visible in DP1 under the same
magnification (Bl in Fig. 2a) and tend to connect with one another.
Commonly for both samples, the main fundamental damage mecha-
nisms are identified as the fracture of martensite islands (particularly

8000
& 7000 — DP1
S 1000

© o 6000 800 — DP2

% © 600

= = 5000 400

(/2]

@ = 4000 2°g

"J‘) % 0.00 0.02 0.04 0.06 0.08 0.10 0.12

o 23000 ,

2 < 2000 )
T 1000k =z OORERGMEN S
5 | U (77 B

0.00 0.05 0.10 0.15 0.20
True strain [1]

Fig. 1. True stress-true strain curves and strain hardening curves of two DP
steels, with dashed segments after uniform deformation point. The strain
hardening data is omitted after uniform deformation. The inset magnifies the
initial segment of true stress-true strain curves.
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those along the banding region as outlined by B1 and B2 in Fig. 2), or the
decohesion of interfaces (martensite/ferrite phase boundary, matrix/
inclusion interface), as representatively highlighted in Fig. 2c, d. Inter-
estingly, the void size in DP1 seems to have a more continuous size
spectrum (Fig. 2c1-3), while there tends to have a size jump in DP2,
much smaller for voids induced by co-deformation of ferrite and
martensite (Fig. 2d1) than by those clearly inclusion-related (Fig. 2d2,
3). These inclusion-related voids can be differentiated, as mentioned
above, by the machine-leaning based framework, and will be excluded
for the analysis of the subsequent size and area evolution.

The number of damage initiation sites per observed area is quantified
with respect to the imposed strain (Fig. 3a). Here, we only take into
account the deformation-induced sites. While the number of damage
sites increases for both samples, DP2 has more damage sites over the
whole strain range and features a much higher damage formation rate
compared to DP1, especially starting from 10 % plastic strain [16].
However, in terms of the void size, the trend is the opposite (Fig. 3b, 17
% strained). This distinct difference in the evolution of the total number
of induced voids calls for a thorough statistical investigation of both the
origin and the sizes of the emerging voids in both steel grades, which
yields the data presented in Fig. 3b. After 17 % strain, half of voids in
DP2 are smaller than 2 pm? and the largest ones do not exceed 10 pm?,
consistent with a previous void size analysis on this material in [16].
However, in DP1, which has fewer damage initiation sites, the median
value of deformation-induced void size reaches 15 pm? and the
maximum observed void area even surpasses 60 pmz. The whole cu-
mulative curve of DP1 also exhibits a much wider distribution after
experiencing an identical pre-strain. The statistical output by the
machine-learning matches well with the information given in Fig. 2.

It should be noted that the much larger strain value over 30 %
(fracture elongation 40 % for DP1 and 35 % for DP2), compared with the
standardized tests, is induced by the significantly smaller sample size
with different gauge section aspect ratio. Representative tensile curves
for specimens in dimension of 3.6 x 1.5 x 1.5 mm? are provided as the
supplementary figure (Fig. S1), demonstrating that at this size, both
samples fractured at a strain over 30 %. However, the uniform elonga-
tion seems less influenced by the test geometry, comparing Ul ~ 14 %
and U2 ~ 17 % (Fig. S1) obtained from the small samples with that (U1
~ 10 %, U2 ~ 13 %) from large standard ones in Fig. 1.

3.3. Grain size & dislocation evolution

As statistically observed, the two DP steels exhibit a noticeably
different damage initiation and evolution trend. Further microstructural
investigation is performed to gain an insight into the possible contrib-
uting factors, particularly focused on the grain size and dislocation
structure evolution upon straining, which are the critical features to
track back the damage evolution history in two DP steels.

Fig. 4 shows the microstructure evolution taken by EBSD upon
straining. As a reference, the microstructure (IQ map) in the as-received
state is presented as well in Fig. 4a, d. In an IQ map, a lighter color
represents ferrite while darker denotes martensite islands as marked by
F and M, respectively, on Fig. 4a, d. The dark contrast occurs as the hard
phase (martensite) contains a large number of dislocations and sub-
boundaries which deteriorate the quality of a diffraction pattern (dark
on IQ map) [22]. In the as-received state, ferrite of both steels exhibits
an approximately equi-axed morphology (Fig. 4a, d), which evolves into
more elongated grains along the tensile direction after 18 % pre-
straining (Fig. 4b, e). Inside ferrite grains, we can also see sub-
boundaries as indicated by arrows. Comparing the two DP steels, the
most distinguishable difference is that ferrite in DP2 deforms in a more
homogenous fashion and evolves into finer subgrains (Fig. 4c, ). As
highlighted as R1 and R2, the two regions in DP1 show contrasted grain
size, much coarser in R1, which indicates the inhomogeneous defor-
mation of ferrite in DP1. Martensite islands in both samples, the dark
features due to the low image quality, also rearrange themselves along
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Fig. 2. (a, ¢) SEM micrograph showing voids in DP1 at 17% strain at two magnifications; (b, d) SEM micrographs showing voids in DP2 at 17% strain at two
magnifications. B1 and B2 outline voids along banded martensite in DP1 and DP2, respectively.
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Fig. 3. (a) Number of deformation-induced voids over strain in DP1 and DP2 (reproduced from [16]); (b) Cumulative void size probability normed to individual void

size in both DP steel grades after a 17% straining.

the pre-straining direction (Fig. 4b, e).

ECCl is applied further on both pre-strained DP steels to have a closer
look on the dislocation evolution inside ferrite grains with straining.
After 5 % deformation, while ferrite grains in the two DP steels still show
predominant, densely tangled dislocations (Fig. 5 a, c), there is a more
significant sign of dislocation wall structures in DP1 (arrow in Fig. 5a).
However, at this point, inside the wall-outlined region, a large number
of disordered dislocations still exists. Upon further deformation to 10 %,
the dislocation wall in DP1 seems well-developed into cell structures.
Inside these cells, the dislocation density is largely reduced (Fig. 5b).
After 10 % pre-straining of DP2, to a lesser extent, dislocation cells also
start to develop, as we can still see a magnitude of dislocations inside the
cells. For instance, comparing R1 in Fig. 5b and R2 in Fig. 5d, there are
much more bright lines and dots in R2 (DP2), representing a higher
dislocation density. Apart from the dislocation evolution, small particles
are also spotted in both DPs, which tend to locate in areas with high
dislocation density (arrows in Fig. 5b, d).

Particles can influence the movement of dislocations and resulting
mechanical properties. Therefore, these particles are statistically
analyzed from ECCI images to have a quantitative understanding of their
contribution to the observed mechanical difference between the two DP
steels. Only those smaller than the micrometer sized inclusions are
considered. Due to the big differences in the particle number and size
between DP1 and DP2, the particle analysis used different magnifica-
tions and as a result, different total investigation areas. For DP1, five
ECCI images with each observation area 57.5 x 43.1 um? were analyzed
while for DP2, eight ECCI images with each 5.75 x 4.31 um? were
investigated. Fig. 6 shows the distribution of the particles in two DP
steels. We found that DP2 contains much finer particles and the particle
size shows a more constrained distribution; the particle size in DP2 is
49.9 + 28.1 nm (mean plus standard deviation) with a spacing of 2.3 +
0.4 um while in DP1 the size is 136.2 + 71.7 nm with an average spacing
of 12.4 &+ 1.4 pm. The particle contribution to hardening was estimated
based on Orowan strengthening (bowing stress), resulting in an Orowan
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As received RD Prestrained at 18%

Fig. 4. (a) Image quality (IQ) map of DP1 in as-received state; (b) IQ and (c) inverse pole figure (IPF) maps of DP1 pre-strained at 18%; (d) IQ map of DP2 in as-
received state; (e) IQ and (f) IPF maps of DP2 pre-strained at 18%. Arrows in (a, d) differentiate ferrite and martensite phase while in (b, e) exemplarily indicate the
subboundaries formed during straining. The rolling direction is horizontal and the tensile direction is along the rolling direction.

5 % prestraining 10 % prestraining

Fig. 5. Dislocation structures in ferrite grains resolved by ECCI for (a) 5 %; (b) 10% pre-strained in DP1 and (c) 5%; (d) 10% in DP2. The arrows in (a) refer to a
dislocation wall while in (b) and (d) indicate dispersed particles.
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Fig. 6. Distribution of particle size for DP1 and DP2.

stress of 0.9 MPa for DP1 and 5 MPa for DP2 [23]. Therefore, we
conclude that the contribution of these particles on strengthening is
negligible in both DP steels.

3.4. Micromechanical pillar compression on pre-strained samples

Combined with the statistics of damage sites and further micro-
structural characterization, while DP2 has more damage sites but they
grow at a slower rate with pre-straining, ferrite in this steel tends to
demonstrate a slower rearrangement of dislocations into more ordered
cell structures and further into subgrains. This indicates ferrite in DP2 is
likely to exhibit a higher strain hardening potential, which motivates us
to have a quantitative investigation by site-specific micromechanical
tests.

For that, pillar compression tests were performed on ferrite of
different pre-strained DP steel samples. Note that the pre-straining is
necessary to investigate the strain hardening capability of ferrite, as
pillar compression is well-suited to extract the yield strength of small
volumes but not appropriate to directly capture the true strain hard-
ening behavior. The extracted work hardening values from pillar
compression are affected by constrains from the setup and therefore
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termed “apparent strain hardening” [24].

Fig. 7 shows representative micro pillars tested and their stress—
strain curves for DP1 and DP2 after 19.4 % and 21.6 % pre-strain,
respectively. To track the ferrite hardening with pre-straining of the
two DP steels, micropillars from single ferrite grains were extracted, as
shown in Fig. 7a, d. The loading direction of the two pillars is (835) and
(619), respectively. Combined with the in situ recording and slip steps on
pillars, the identified primary slip system in Fig. 7b, e is (110)[111] and
(132)[111], with the respective Schmid factor 0.47 and 0.50. The yield
stress extracted at 2 % plastic strain is 730 MPa for the pillar in Fig. 7a
and 860 MPa for pillar in Fig. 7d (Fig. 7c, f). From the Schmid factor of
the activated slip systems, the calculated critical resolved shear stress
(CRSS) for these two pillars is 340 MPa and 430 MPa.

The cumulative distribution of CRSS is calculated from 49 DP1 ferrite
pillars (20 at 0 %; 29 at 19.4 % pre-strain) and 44 DP2 ferrite pillars (22
at 0 %; 22 at 21.6 % pre-strain) to statisticaly analyze the changes of
CRSS upon pre-straining, (Fig. 8). Compared with the as-received state,
pre-straining hardens ferrite significantly for both DP steel grades. While
the CRSS of ferrite in DP1 increases from 266 + 15 MPa to 336 + 14
MPa upon 19.4 % pre-straining, in DP2 it rises from 226 + 9 MPa to 386
+ 11 MPa after 21.6 % pre-strain. Hence, at a comparable pre-
deformation, ferrite in DP2 demonstrates a much higher work hard-
ening with approximately 26 % increase in CRSS for DP1 while up to 70
% for DP2. Noteworthy also is that the CRSS distribution width of ferrite
in DP1 is significantly broader than in DP2 after pre-straining, specif-
ically, 85.7 &+ 2.9 MPa distribution width at 19.4 % pre-strain of DP1
and 55.3 + 2.4 MPa at 21.6 % pre-strain of DP2. The broadened dis-
tribution of CRSS in DP1, in fact, correlates well with the EBSD results in
Fig. 4, where the ferrite in DP1 deforms in an inhomogeneous way.

Ferrite pillars from 9.6 % (15 pillars) and 14.6 % (18 pillars) pre-
strained DP2 were also successfully tested. Fig. 9a shows CRSS distri-
bution in DP2 at four states, as-received, pre-strained at 9.6 %, 14.6 %
and 21.6 %. With an increased imposed pre-strain, the strength of ferrite
is also increased. Further, in all cases, they have a comparable distri-
bution width indicating homogeneous deformation of ferrite even at
different pre-straining stages. As a summary, the mean value of CRSS
and the standard deviation corresponding to each tested sample state are
listed in Table 2. Fig. 9b plots the CRSS of ferrite against an average
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Fig. 7. Representative micropillars in the as-milled state (a, d) and post-mortem from the pre-strained sample (b, €), together with the corresponding engineering
stress-engineering strain curve (c, f). The first row (a-c) refers to 19.4% pre-strained DP1 while the second row (d-f) represents 21.6% pre-strained DP2.
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Fig. 9. (a) Cumulative distribution of CRSS for ferrite in DP2 upon different pre-straining. (b) The yield strength of ferrite plotted against the average shear strain

converted from the global pre-strain.

Table 2

CRSS of ferrite at different pre-strained states, as obtained from micropillar
compression. The mean value and the standard deviation are given. In both cases
the error bars are given as the standard error of the mean.

Sample state Mean value [MPa] standard deviation [MPa]

DP1 As-received 266 + 15 539+ 3.1
19.4 % 336 + 14 85.7 + 2.9
DP2 As-received 226 £ 9 39.4+23
9.6 % 292+ 8 324+ 3.7
14.6 % 323 +8 323+ 1.7
21.6 % 386 + 11 55.3 + 2.4

shear strain for both DP steels. The average shear strain is approximated
through multiplying the global pre-strain by a Taylor factor 2.75 based
on the pencil glide slip of bec structures (' = Me) [25,26]. Here,T rep-
resents the average shear strain in a single ferrite crystal embedded in
randomly oriented ferrite polycrystals, which undergoes an average
macroscopic strain of £ (taken as global strain here), and M is the
average Taylor factor. Although there are not as many strain points
tested in DP1 (plotted as dashed), it can serve as a more direct visuali-
zation on the strain hardening capacity of two steel grades. From the
investigated strain targets, the hardening of ferrite in DP2 tends to have
a linear behavior (see red connected points in Fig. 9b). Assume both DP
steels have a similarly linear tendency, the slope of 265 MPa for DP2 is
apparently higher than 131 MPa for DP1.

4. Discussion

The discussion focuses on understanding different damage initiation
and damage growth phenomena in two DP steels and then a correlation
with the observed macroscopic mechanical property, in particular,
ductility described by uniform elongation, which is less dependent on
tested sample size [27], as mentioned in the results section.

4.1. Damage initiation

In both DP steels, damage nucleates either at ferrite/martensite
boundaries or inside martensite islands, in particular those along the
martensite banding (Fig. 2). With a hard martensite and a soft ferrite
matrix, DP steels can be regarded as a composite material. Previous
work found that a lower yield strength of the matrix can promote the
decohesion of phase boundaries [28,29]. The matrix with lower yield
strength can plastically deform earlier and cause strain localization. In
the case of DP steels, strain localization occurs most frequently at the
phase boundaries and later correlates with damage initiation spots [30].
This matches well with our observation. On one hand, DP2 with a softer
ferrite (higher mechanical heterogeneity) experiences a more homoge-
neous plastic deformation (Fig. 4e) and nucleates a higher number of
damage sites after exposing to an identical global pre-strain (Fig. 3a). On
the other hand, a part of ferrite grains in DP1 remains almost unde-
formed (Fig. 4b), providing fewer strain localization spots and conse-
quently fewer damage nucleation sites. The more homogenous
deformation of ferrite grains in DP2 probably results from a more uni-
form distribution of carbon due to the addition of Cr [31].

Apart from ferrite strength, the colony size of martensite islands
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might also play a role in the damage initiation of two DP steels. With a
comparable volume fraction, the slightly smaller colony size of
martensite islands in DP2 (compare 1.1 + 0.1 ym in DP2t0 1.0 + 0.1 ym
in DP1 [18]) indicates more phase boundaries, in other words, more
weak points for damage nucleation. Similarly reported, the DP steel with
smaller and scattered martensite initiates more damage compared to the
counterpart displaying a more bulky morphology of the hard phase [30].

4.2. Damage growth

According to the fractography (Fig. S2), the two DP steels failed
primarily in a ductile way, characterized by deep dimples. The ductile
growth of damages is physically induced by the motion of dislocations to
the newly created free surface [32]. Dislocation based plasticity and
therefore the growth of ductile damage (see for instance [33]) is sup-
pressed by alloying elements. The micro pillar experiments (see Figs. 8
and 9) are intended to shine light on the differences in strain hardening
of ferrite in two DP steel grades. According to the pillar compression
results, the strain hardening rate of ferrite single crystal pillars is roughly
265 + 16 MPa in DP2 and 131 + 17 MPa in DP1 (Fig. 9b), which
demonstrates that ferrite in DP2 shows significantly more strain hard-
ening after exposing to an identical pre-strain than DP1. Since the only
notable difference of ferrite in DP1 and DP2 is the Cr content, it is
concluded that Cr is the key contributor for strain hardening and,
therefore, for the suppressed damage growth in DP2.

The strengthening effect of chromium in iron is also experimentally
verified in literature. As reported by Riebisch et al. [34], the yield
strength of iron increases noticeably by adding 0.6 wt% Cr (0.8 wt% Cr
in DP2). Caillard et al. further directly observed in Cr iron (14 at.%) the
dragging phenomenon of Cr on screw dislocations through in situ TEM
straining [35]. The retarding effect of Cr on the dislocation motion de-
lays the rearrangement of unlocked forest dislocations into more or-
dered substructures that are less effective for strain hardening (Fig. 5),
similar with the case in [36], where dislocation cell structures are found
by TEM to appear at a later stage in the fine Ti carbides containing DP
steel. We do observe particles as well in the ferrite of two DP steels and
there are differences in the number and size, but the distance between
particles is not sufficiently short and the particles are not fine enough to
induce a significant hardening effect and result in a different work
hardening behavior (Fig. 6).

The beneficial effect of ferrite hardening on delaying damage growth
is valid regardless of damage initiation sites. For damage initiated in
martensite islands via martensite cracking, damage forms and propa-
gates in a brittle manner along the martensite subboundaries, particu-
larly, in the DP1 steel grade, decorated by Fe3C carbide [18]. After
reaching the ferrite-martensite boundary or growing into ferrite, the
ferrite work hardening will play a decisive positive role again in slowing
down the damage growth. In fact, three-dimensional damage analysis
suggests that most damage sites originate as martensite cracks and then
grow into the ferrite phase [15].

4.3. Mechanical properties of DP steels

More damage initiation sites do not necessarily lead to an earlier
necking (worse ductility), as evidenced in the case of DP2. The damage
evolution process matters significantly, which is further related to the
strain hardening capability of ferrite phase, specifically, the higher
strain hardening rate of ferrite correlates with slower damage growth
and better enhanced ductility. The assessment of ductility based on
damage growth and ferrite strain hardening, in fact, aligns well with that
evaluated according to the Considére criterion (macroscopic), which
states that better ductility is achieved with higher overall strain hard-
ening rate assuming a constant UTS. This coincidence implies that the
strain hardening of DP steels is primarily dominated by ferrite defor-
mation. By an approximate conversion of the tensile pre-strain to the
average shear strain based on the Taylor model, the strain hardening
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rate of ferrite single crystal pillars is roughly 265 + 16 MPa in DP2 and
131 + 17 MPa in DP1 (Fig. 1), which gives (multiplied by M>, M = 2.75)
a strain hardening rate of 2 GPa and 1 GPa in the corresponding poly-
crystalline ferrite [37].

Apparently, the strain hardening rate during a micro compression
test on a single crystal ferrite pillar is significantly smaller than the strain
hardening rate of the DP steel (Fig. 1). The main reason is the uncon-
strained slip in single crystalline ferrite pillars due to free surfaces.
Consequently, dislocations do not pile-up at interfaces (ferrite/
martensite boundaries and grain boundaries), resulting in smaller CRSS
due to a lack of back stress.

5. Conclusions

In this work, we aim at understanding damage initiation and damage
growth mechanisms of two DP80O0 steels by investigating differently pre-
strained samples. The investigation includes a statistical analysis of
voids, microstructural characterization by EBSD and ECCI, and me-
chanical characterization of ferrite with pillar micro compression. Based
on the experimental results, the following conclusions can be made:

1) Upon an identical global pre-strain, DP2 initiates significantly more
damage sites due to a higher mechanical heterogeneity between
ferrite and martensite.

2) The initiated damage sites in DP2 do not grow as fast as in DP1 owing
to a larger strain hardening capacity of ferrite in the former.

3) The superior strain hardening in ferrite of DP2 primarily originates
from the solid solution strengthening by the alloying element Cr. The
effect of additional dispersed particles on strain hardening is negli-
gible. This is evidently supported by a delayed emergence of ordered
dislocation substructures in DP2.

4) Ductility of DP steels can be improved by suppressing void growth,
which itself can be reached by enhancing the strain hardening of
ferrite.
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