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The effects of microstructure parameters of dual-phase steels on tensile high strain dynamic
deformation characteristic were examined in this study. Cold-rolled steel sheets were annealed
using three different annealing process parameters to obtain three different dual-phase
microstructures of varied ferrite and martensite phase fraction. The volume fraction of
martensite obtained in two of the steels was near identical (~ 19 pct) with a subtle difference in
its spatial distribution. In the first microstructure variant, martensite was mostly found to be
situated at ferrite grain boundaries and in the second variant, in addition to at grain boundaries,
in-grain martensite was also observed. The third microstructure was very different from the
above two with respect to martensite volume fraction (~ 67 pct) and its morphology. In this
case, martensite packets were surrounded by a three-dimensional ferrite network giving an
appearance of core and shell type microstructure. All the three steels were tensile deformed at
strain rates ranging from 2.7 x 10~* (quasi-static) to 650 s~ (dynamic range). Field-emission
scanning electron microscope was used to characterize the starting as well as post-tensile
deformed microstructures. Dual-phase steel consisting of small martensite volume fraction (~ 19
pct), irrespective of its spatial distribution, demonstrated high strain rate sensitivity and on the
other hand, steel with large martensite volume fraction (~ 67 pct) displayed a very little strain
rate sensitivity. Interestingly, total elongation was found to increase with increasing strain rate
in the dynamic regime for steel with core—shell type of microstructure containing large
martensite volume fraction. The observed enhancement in plasticity in dynamic regime was
attributed to adiabatic heating of specimen. To understand the evolving damage mechanism, the
fracture surface and the vicinity of fracture ends were studied in all the three dual-phase steels.
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I. INTRODUCTION

FERRITE-MARTENSITE dual-phase (DP) steels
are attracting a great demand in the automobile industries
owing to their high strength-to-weight ratio, excellent
formability, and high yield-to-ultimate strength ratio."-”
Moreover, being a potential material for the automobile
component application, DP steels are studied extensively
in order to evaluate and understand their plastic
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deformation characteristic in various loading condi-
tions.* > The difference in hardness of ferrite and
martensite phases of DP steels provides various
microstructure engineering opportunities in developing
high-strength steels with excellent properties. Because of
the complex microstructure (ferrite + martensite) con-
stituents, the properties of DP steels are found to be
influenced largely by the (a) volume fraction, (b) size and
its distribution, and gc) morphology of the individual
constituent phases.[* "% Erdogan et al. reported that yield
strength (YS) and ultimate tensile strength (UTS) increase
for DP microstructure consist of fine martensite com-
pared to blocky martensite in ferrite matrix.!''! On the
other hand, martensite volume fraction noted to influence
the ductility and the ductile void formation characteristics
during plastic deformation.!">'* Ductility was also found
to be largely affected by the morphology of martensite.
The fine fibrous or fine globular type martensite reported
producing higher total elongation compared to coarser/
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blocky type martensite.!'* Martensite morphology and its
distribution were also reported to affect the fracture/dam-
age mechanisms of DP steels.'*!* In a recent work, Ravi
et al" produced a core-shell type martensite/ferrite DP
microstructure by controlling austenite decomposition
and found that microcracks initiated in martensite
packets were arrested at the martensite/ferrite inter-phase
boundaries. The network of ferrite channel around
martensite retarded the crack growth and thereby delays
the onset of global deformation. Therefore, ductility was
found to increase in core—shell type morphology even with
high volume fraction of martensite. All the above-dis-
cussed DP microstructure details enable one to under-
stand the influence of microstructure parameters on
mechanical properties of the DP steels. For automobile
crashworthiness assessment, it becomes an absolute
necessity to investigate the effect of these microstructure
parameters on the deformation characteristics of DP
steels at high strain rates.

The typical strain rate of deformation experienced
during an event of automobile crash is around
100 to 500 s~'. The effect of martensite volume fraction
on the high strain rate tensile properties is well stud-
ied.'”2!1 The martensite fraction is found to possess a
positive influence on strength and energy absorption
characteristics but exhibits a negative or little influence
on the ductility of the steel. The strain hardening rates
were observed to have a ne(%ative/an insensitive response
to increasing strain rates.?>*! The strain rate sensitivity
of the DP steel was found to decrease with increase in
martensite volume fraction.!'”? Compared to the quasi-
static strain rates, the rate of increase in strength is
higher in the high strain rate regime.”? Further, the
strain incompatibility between soft ferrite and hard
martensite causes inter-phase boundary decohesion.
Inter-phase decohesion affects void nucleation rate and
its growth and hence influences the damage mechanism.
Therefore, the spatial distribution, size, and fraction of
the martensite affect the dimple size in the fracture
surface. For example, a lower volume fraction of
martensite of DP600 steel compared to that of DP800
steel was reported causing the formation of larger
dimple size at a strain rate of 800 s '.*?) Thus the
influence of martensite fraction, size, and especially
morphology not only affects their properties under the
quasi-static strain rates of loading but also at high strain
rates. The dimple size and its distribution are also found
to be influenced by the strain rate. In view of the above,
microstructure engineering can be employed in the
development of a DP microstructure for high crash
resistance properties.

Extensive research endeavors have been reported on
high strain rate properties of DP steels. However, the
effect of martensite morphology and its distribution on
the tensile deformation characteristics has not been
investigated at high strain rates, generally, encountered
in automobile crash conditions. Thus, the present
research was aimed to understand the effect of marten-
site morphology, and its distribution on the quasi-static
and dynamic tensile deformation behavior of DP steels.
Furthermore, the impact of martensite morphology on
damage initiation and propagation mechanisms was

464—VOLUME 49A, FEBRUARY 2018

looked into. By controlling annealing process parame-
ters, three different DP steel microstructures were
produced for the present study.

II. EXPERIMENTAL DETAILS

A. Materials and Processing

Industrial cold-rolled steel sheets (67 pct thickness
reduction) having a final thickness of 0.83 mm and with
chemical composition shown in Table I were used in this
study. This steel is used by the steel industry for the
production of DP590 steel in continuous annealing
process line. Steel sheets were subjected to three different
types of annealing processes in a hot dip process
simulator (HDPS, ICS Iwatani Surtec, Germany) to
achieve desired engineered microstructures. The anneal-
ing process included (i) the conventional continuous
annealing line process used in steel industry for produc-
ing DP590 grade steel (CAL),”' (ii) the continuous
heating and cooling resulting in modified DP
microstructure (CHCL),”'” and (iii) the annealing
process resulting in core and shell type DP microstruc-
ture (CAS).""® The infrared heating mode was used for
heating purposes, and a mixture of H, (10 vol pct) and
N> (10 vol pct) gases was used for maintaining the
annealing atmosphere and for cooling purposes. A
k-type thermocouple was spot-welded to the specimen
to get real-time temperature profile.

The schematic of annealing schedule employed for
three different processes is shown in Figure 1. In CAL,
the specimens were heated to 790 °C (1063.15 °K) at
10 deg/s followed by the isothermal holding of 60 sec-
onds at this temperature. This was followed by fast
cooling in three stages. The first stage was free cooling
from 790 °C (1063.15 °K) to 675 °C (948.15 °K) for
austenite enrichment with carbon. The second stage was
ultra-fast cooling to 275 °C (548.15 °K) for the trans-
formation of austenite to martensite. The third stage
was holding at 275 °C (548.15 °K) for 120 seconds for
the tempering of transformed martensite and finally
quenching to room temperature. The conventional CAL
process is reported to form DP microstructure with
some preference of martensite formation at grain
boundaries of ferrite.!"

The CHCL process, a modification of the CAL
process, was employed to get DP microstructure with
the identical volume fraction of martensite with the
difference in its spatial distribution. In CHCL process,
different heating rates were used in three stages to reach
peak annealing temperature. In the first stage, heating
was continued up to 710 °C (983.15 °K) at a heating rate
of 5 deg/s. In the second stage, the slower heating rate of
1 deg/s was employed to reach 790 °C (1063.15 °K). In
the third stage, heating to 840 °C (1113.15 °K) was
conducted at a heating rate of 2 deg/s. Finally, the
cooling route similar to that of CAL process was
followed. The metallurgical attributes by which the
resultant DP microstructure was obtained in CHCL are
discussed elsewhere.”'” The objective of CAS process
was to obtain core- and shell-like DP microstructure
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Table I. Chemical Composition of Steel Used in the Present Work

Element C Mn P S Si Al N
Weight percent 0.074 1.83 0.012 0.002 0.43 0.026 0.0032
as phase fraction and size distribution of constituent
1000 900°C, 1205 $10°C, 20 CAL phases of thq Dp _microstructures were determir}ed
a40°C —— CHCL through quantitative image analysis techniques by using
800 4T 790°C, 60s \_,/* AdzsspeT ——CAS ImageJ software (ImageJ 1.46 r; National Image Insti-
30°crs/ \ / T°cis tute of Health, Wayne Rasband). Specimens from
o Acigaite deformed steel were cut from the necked region to
E 600 - study the mechanisms of micro crack/damage evolution
= 10°CIs accis [150°cis  |40°Cls during tensile deformation. Microstructures were pre-
g 400 4 pared using the standard metallographic technique.
£ § e 120 Fractography analysis was also conducted on the

= 30120 19120 fracture surface to elucidate the fracture mechanisms.

200 L
0 . . . . III. RESULTS AND DISCUSSION
0 100 200 300 400 500 .. . . .
. A. Initial Microstructures Obtained Through Various
Time, s Annealing Processes

Fig. 1-—Annealing cycles used in the present work for obtaining SEM micrographs of steel specimens obtained after

three different DP microstructures (Color figure online).

having martensite packets surrounded by three-dimen-
sional ferrite network/channel. The underlying phe-
nomenon of the evolution of such microstructure for
CAS process, as shown in Figure 1, is reported
elsewhere.

B. Tensile Testing at Quasi-Static and High Strain Rates

Tensile tests at a quasi-static strain rate of
2.7 x 107* 57! were performed on Instron 8862 system.
The respective load cell of the system provided the load
data, whereas an extensometer of 25 mm gage length
was used to record the extension data. The quasi-static
tensile tests were conducted according to the ASTM
standard ESM.**! For high strain rate tensile tests (100,
200, 500, and 650 s~'), a high-speed servo-hydraulic
Instron VHS 8800 test system was used. The load and
strain data from high strain rate experiments were
recorded using separate strain gages pasted on the
surface of the specimens. The positioning of the strain
gage and extraction of data from the strain gages was as
per the methodology suggested by Wood and Schley.[*
The specimen dimensions for high strain rate tests were
machined in accordance with ISO standard 26203-2.1*°
The respective sample dimensions for quasi-static and
high strain rate tests are shown in Figure 2.

C. Microstructure Characterization

FEG-SEM set-up (FEI Nova NanoSEM 430) was
used for the microstructure characterisation.
Microstructures in the as-processed as well as in
post-deformed condition were analyzed to understand
the distribution of phases and the extent of deformation
of various microstructure constituents. Parameters such

METALLURGICAL AND MATERIALS TRANSACTIONS A

processing by the three different annealing routes are
shown in Figure 3. The microstructure obtained by
CAL process consisted of ferrite matrix with martensite
phase distributed mostly at the grain boundaries of
ferrite, i.e., microstructure comprises ferrite and grain
boundary martensite (see Figure 3(a)). For the CHCL
process route, martensite formation tendency, in addi-
tion to at ferrite grain boundaries, was also within the
ferrite grains or at ‘in-grain’ ferrite sites (Figure 3(b)).
The microstructure consists mainly of ferrite matrix with
martensite phase distributed both at the grain bound-
aries (grain boundary martensite) as well as within the
ferrite grains (in-grain martensite). Both CAL and
CHCL consisted of near identical fraction of martensite
of about 19 pct in their respective microstructures.
Quantitative microstructure analysis carried out by
image analysis of microstructures showed differences
in martensite size distribution between the two steels. In
the case of CAL, size distribution was up to 1.5 um? size
range, whereas for CHCL it was limited to below
1.0 um?. On the other hand, microstructure obtained by
CAS process consisted of core and shell type DP
microstructure in which martensite core, in the size
range of ~ 48 ym?, was surrounded by three-dimen-
sional ferrite network/channel (Figure 3(c)). Further,
CAS steel possesses ~ 67 pct of martensite in the
microstructure. Therefore, a shift from ferrite dominant
microstructure to martensite dominant DP steel was
produced. More details on all the three annealing
processes and microstructure evolution mechanism can
be found elsewhere.:1*-16]

B. Tensile Properties at Different Strain Rates

1. At quasi-static strain rate
Figure 4 shows the comparison of the tensile defor-
mation behavior of the three DP steels at the quasi-static
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condition. The evaluated tensile properties are also
shown in Table II. CAL and CHCL although show
similar YS, but the UTS of CHCL was slightly higher
than CAL with near comparable percentage of elonga-
tion. Compared to CAL, the CHCL-processed DP steel
has some in-grain martensite along with grain boundary
martensite, at near identical volume fraction of marten-
site. This subtle change in the microstructure due to an
additional new morphology/in-grain martensite might
have caused the increase in the tensile strength, with the
almost same percentage of elongation. The presence of
in-grain martensite crystals introduces additional strain
hardening sites at ferrite grain interior along with at
grain boundaries. These in-grain martensite particles,
therefore, accelerate the evolution of dislocation density
in the surrounding ferrite grain resulting in its rapid
hardening. On the other hand, a remarkable increase in
the strength can be seen for the CAS-processed steel
owing to its large volume fraction of martensite
(~ 67 pct).

2. At high strain rates

The three DP steels with different microstructure
morphologies were subjected to tensile deformation at
high strain rates (100 to 650/s). The engineering
stress—strain curves at high strain rates superimposed
with quasi-static strain rate curves for the three steels are
shown in Figures 5(a) through (c). The cross-head
velocities used to produce strain rates of 100 to 650/s
were about 1.6 to 10.4 m/s. Such high-speed cross-head
operation generates elastic waves which hit the
piezo-electric load cell and cause load cell ringing. The
ringing of the load cell during the high strain rate tensile
deformation induces noise in the associated acquired
load data. To circumvent this problem, strain gages
were pasted on the specimen surfaces which do not
experience such high ringing effect. Thus the data
extracted using the strain gages have sufficiently less
noise compared to that obtained from the load cell.
Even with the application of strain gages, it is very much
difficult to completely eliminate data noise. As a result,
the high strain rate data have some amount of fluctu-
ations, as can be seen in Figure 5. The evaluated
strength and uniform elongation at different strain rates
are shown in Figure 6. Certainly, the increment in
strength with strain rate increase was high for CAL
while the magnitude of increment gradually decreases
for CHCL and CAS steels. The ductility was observed to
decreases monotonically with an increase in strain rate
for CAL and CHCL steels. However, this decrease was
slightly smaller in the case of CHCL steel. An opposite
behavior was observed for the CAS-processed steel
where the elongation was found to increase remarkably
as the strain rate was increased. The continuous increase
in the elongation values for CAS steel indicates an
underlying difference in plastic deformation mechanism
due to core/shell type microstructure morphology.

From the flow curves obtained at different strain
rates, the strain rate sensitivity of these steels at different
strain levels was also analyzed. Figure 7 shows the
variation of stress at different strain rates for true strain
value of 0.05. The slope of the true stress and strain rate
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changes significantly at high strain rate. The strain rate
sensitivity was high at high strain rates compared to
quasi-static. Since at quasi-static strain rate tensile tests
at only one strain rate was performed, the strain rate
sensitivity in quasi-static regime is not reported here.
Nevertheless, some previous literature has also reported
about the increase in strain rate sensitivity at high strain
rates in low carbon steels.?®>”) The CAS-processed steel
showed the least strain rate sensitivity especially at high
strain rates, whereas the CAL has exhibited the highest
strain rate sensitivity in the dynamic regime. Strain rate
sensitivity is largely influenced by the solid solu-
tion-hardened phases, like ferrite. Among the three
steels studied, the CAS process produced microstructure
containing predominantly martensite than of the other
two. Martensite has the least affinity towards strain rate
hardening because of its asymmetric crystal structure.
Due to the asymmetry, few slip systems operate in
martensite during deformation. Consequently, the glide
of dislocations in martensite is heavily restricted which
causes a brittle fracture. Furthermore, structure asym-
metry also results in negligible interactions within the
dislocations itself. As a result, hardening due to dislo-
cation—dislocation interaction is very poor in the
martensite phase compared to that of the ferrite phase.
Therefore, even with an increase in strain rate, the
strength of martensite does not increase in an apprecia-
ble manner, due to poor dislocation—dislocation inter-
action within the hard martensite phase. This is the
reason for the stress increment of CAS-processed steel
when strain rate increased was very small. Poor strain
rate sensitivity of martensite has been reported by
Bardelcik er al®® when a fully martensitic steel was
deformed in tension at 0.003 and 960/s. It should also be
noted that at dynamic strain rates, adiabatic heating of
specimen plays a major role in the deformation process
along with the strain hardening. Martensite phase has
little strain hardening and strain rate sensitivity but is
very sensitive to adiabatic heating. Consequently, the
softening due to adiabatic heating supersedes the
hardening effect at dynamic rates in martensite. This
could be the reason for the observed initial small drop in
the stress at 100/s for CAS steel. But the ductility at 100/
s did not decrease, rather increased from the quasi-static
rate for CAS steel. In fact, the increase was greater in the
post-necking deformation where due to localized tem-
perature rise, the localized necking behavior is believed
to have diffused. Similar results of a decrease in the
strength of martensite at higher strain rates with an
increase in ductility have been reported by Wang
et al' Importantly the strength of the CAS steel did
not decrease with an increase in strain rate beyond 100/
s. On the contrary, at strain rates beyond 100/s, the
contribution from the work hardening of the ferrite,
which is of the significant fraction in the microstructure,
intensifies enough to supersede the softening effect due
to adiabatic heating. As a result, the strength increases
when the strain rate is increased beyond 100/s. The CAL
and CHCL steel microstructures were composed of a
large fraction of ferrite (~ 80 pct) because of which the
hardening due to strain rate sensitivity was significantly
high compared to the softening due to adiabatic heating.

METALLURGICAL AND MATERIALS TRANSACTIONS A



For testing at quasi-static strain rate &
<

50 -
|

29
40

Vil

/

Fortesting at high strain rates

Fig. 2—Specimen dimension for quasi-static and tensile tests. All dimensions are in mm.

Fig. 3—Microstructures obtained after processing of as-received steel through (a) CAL, (b)) CHCL, circles are used to highlight the in-grain
martensite and high magnification inset image showing in-grain martensite, and (¢) CAS, circles are used to highlight core martensite surrounded

by ferrite shell, indicated by arrows.
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Consequently, the strain rate sensitivity also increased
positively at high strain rates for CAL and CHCL steel.

In spite of poor strain rate sensitivity of CAS steel, its
energy absorption ability is excellent. Figure 8 shows the
energy absorbed by the steels at different strain rates
when calculated from their true stress—strain curves up
to (a) ultimate tensile strength and (b) 10 pct deforma-
tion. Since the uniform elongation of CAS was below
10 pct at some strain rates, so the energy values were
calculated till the uniform deformation for all the cases.
The CAL and CHCL steels although showed higher
energy when calculated up to UTS till 200 s~' strain
rate, but it dropped after that due to a decrease in
uniform elongation. CAS steel, on the other hand,
showed a monotonic increase in the energy absorption
capacity. Even when calculated up to 0.1 true strains,
CAS steel possessed the highest energy absorption
values. For automotive application, the components
are designed in such a way that the materials do not
experience more than 10 pct deformation even in a crash
instance. Therefore, with reference to crashworthiness,
CAS steel shows the highest performance in terms of
toughness, mainly at high strain rates.

C. Strain Hardening Behavior Under Various Strain
Rate Conditions

The flow curves of these steels obtained during tensile
deformation at various strain rates were further ana-
lyzed to understand the influence of strain rate on their
strain hardening behavior. The instantaneous strain

hardening rate % was calculated for all the steels with

increasing strain rates. The experimental flow curves
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Fig. 4—Engineering stress—strain plots of dual-phase steels produced
under various routes at 2.7 x 10~* s™! strain rate.

were initially fitted with a higher-order polynomial (5th
or 6th) for obtaining data smoothening. The fitted curve
was smoother than the experimentally obtained flow
curves, where the degree of scattering in the experimen-

tal data can affect the % calculation. The fitted data

points are now used to derive the % at different strain
rates. The variation in the strain hardening rates and its
behavior with strain provides an in depth idea about the
operating deformation mechanisms in the materials. The
influence of strain rate on the plastic deformation of
these three steels can, therefore, be understood by
analyzing the strain hardening characteristics at differ-
ent strain rates. For better understanding, representative
strain hardening rate curves with true strain are shown
at two different strain rates of the three dual-phase steels
in Figure 9. It clearly shows the (a) the effect of strain
rate on the strain hardening rates and (b) the variation
in strain hardening rates of three different steels. The
strain hardening rates of all the DP steels increase with
strain rate. The increase was significant in the initial
strain levels, but, at high strains, it saturates with no
significant difference between different strain rates.

The plastic deformation in the DP steels is largely
controlled by the dislocation generation in the ferrite
phase. The hard martensite phase acts as a barrier to
dislocation motion and creates sufficient obstacles for
the dislocations during their propagation. As a conse-
quence, dislocations pile up in the ferrite phase and
create significant back stress, for which high strain
hardening rates are achieved. With the increase in the
strain rate, more dislocations appear during yielding,
which further escalates the back stress. The strain
hardening rates thus increase at higher strain rates,
during the initial portion of plastic deformation. But
with the continuation of plastic deformation (at higher
strains), the strain hardening rates drastically decrease
and saturate, at all strain rates. This can be attributed to
the extensive dynamic recovery in the material at all
strain rates which brings down the strain hardening
rates.

Apart from the influence of strain rate, the
microstructure also plays a major role in the plastic
deformation behavior of the DP steels. The three
different DP steels also show a distinct change in their
strain hardening characteristics at any strain rate. The
CAL- and CHCL-processed steel show very little
difference in the strain hardening behavior at quasi-
static as well as high strain rates. This was probably due
to their identical martensite volume fraction in the
microstructure. The differences in the martensite spatial
distribution and to some extent its subtle difference in
the morphology of these two steels do not seem to make
(negligible) any appreciable effect on strain hardening

Table II. Tensile Properties of the Selected Steels at Quasi-Static Rate

Annealing Route Yield Strength (MPa)

Ultimate Tensile Strength (MPa)

Percentage Elongation (Pct)

CAL 270
CHCL 279
CAS 800

586 26.8
628 23.9
1125 5.50
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Fig. 5—Engineering stress—strain curves under various strain rates for (a) CAL, (b) CHCL, and (c) CAS steels (Color figure online).
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Fig. 7—Strain rate sensitivity of the selected steels at 0.05 true strain
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characteristics. However, a complete change in the
microstructure morphology obtained in CAS steel
altered the strain hardening behavior, which was dras-
tically different from others. The presence of higher
martensite (~ 67 pct) in CAS has considerably increased
the strain hardening rate of the steel, at initial strain
levels. It should be noted that the increase in the strain
hardening rate of CAS steel at high strain rates is
different from the poor hardening characteristics of
martensite phase, as discussed in Section III-B-2. The
strain hardening rates represent contribution from all
the microstructure constituents to the hardening with
increase in strain, which includes dislocation—dislocation
interaction, interaction of the respective phases, inter-
action between dislocations with second phase efc;
whereas the hardening of martensite, as discussed in
the previous section, aims to highlight the effect of strain
rate exclusively due to martensite phase alone. Modified
Crussard—Jaoul (C-J) method was employed to under-
stand more about the strain hardening behavior of these
three DP steels when deformed at quasi-static strain

rates.””*% The In (%) vs In ¢ plots of the three steels at

quasi-static condition are shown in Figure 10. This
modified C-J method employs Ludwik’s equation to
represent the flow curves.

Both CAL- and CHCL-processed DP steels showed
distinct three strain hardening regimes (stage 1, 2, and 3)
of varying slopes.®!! The first stage (stage 1) during
yielding mainly comprises dislocation generation in
ferrite, which at later stage starts saturating. Because
of saturation, the slope is smaller at the second stage
(stage 2). The third stage (stage 3) wherein dynamic
recovery becomes operational in the ferrite phase and
dislocations generated in the ferrite grains assume cell
structure.*?! Stage 2 is basically the transition stage
between 1 and 3. Also in the stage 3, depending on the
microstructure, the martensite can also take part in
deformation.®!) Due to considerable ferrite fraction in
CAL- and CHCL-processed steels, the above-discussed
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changes in microstructure were active during deforma-
tion. The transition stage 2 was slightly sharper for
CHCL and thus a steeper change from the stage 1 to
stage 3 was observed. The different martensite spatial
distributions in the two steels seem to reflect on the stage
2 behavior. The partial in-grain martensite spatial
distribution present in CHCL steel can be thought to
accelerate the dislocation generation during yielding
causing the development of higher dislocation density,
unlike the presence of martensite at the grain boundaries
in CAL steel where the dislocation clustering occurs
predominantly close to the grain boundary interface.
Due to the presence of in-grain martensite crystals in
CHCL, rapid dislocation generation will also occur in
the vicinity of ferrite in-grains martensite sites. As a
result, more uniform strain partitioning between the
ferrite and martensite phases is expected. On the other
hand, CAS steel consisting of predominantly martensite
hardly displayed any difference in the strain hardening
stages. High martensite content appears to be the major
cause of inflicting greater damage in the microstructure.
Also, the active participation of the ferrite during
deformation was apparently less, owing to which
negligible stages 1 and 2 were observed.’**! Further,
due to the presence of higher martensite volume
fraction, early martensite activity concurrent with ferrite
during deformation is expected. Thus a little deviation in
the strain hardening behavior was observed for CAS.

From the above-mentioned observations, it can be
inferred that CAS steel due to higher martensite fraction
as well as ferrite channeling effect produces much
intense plastic deformation. The intensity although
drops at higher strain levels. In fact, it drops lower
than CAL and CHCL (Figure 10) and this drop further
intensifies at higher strain rates. During small strain
levels (just after yielding) because of higher strain rate,
the matrix experiences a massive dislocation generation
and its pile up, causing intensification of the strain
hardening rate. But at large strain levels, the effect of
adiabatic heating also triggers sufficient softening
behavior and limits the strain hardening effect. In CAS
steel, the local heating during high strain rate deforma-
tions is expected to be distributed uniformly due to the
presence of (a) large ferrite-martensite interface area
and (b) entrapment of the ferrite, as a channel between
martensite packets. As a result, the ferrite is expected to
experience greater recovery due to uniform heating of
the microstructure at high strain rates. The adiabatic
heating would also influence the plastic deformation
behavior of martensite due to its softening. In such
situation, the strain incompatibility between the two
phases would be reduced and result in enhancing the
overall plasticity of the steel. This could also be a
plausible reason for the observed increase in elongation
at high strain rates for CAS steel.

D. Microstructure Characterization After Deformation

1. Microstructure in the vicinity of fracture tip

Microstructures of the deformed specimens were
observed on the RD-TD plane near the fractured ends.
Figure 11 shows the different void initiation and
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phase steels at 2.7 x 10™* and 500 s™! strain rates.

propagation activities in the three steels at a strain rate
of 500 s,

The ferrite/martensite inter-phase boundary decohe-
sion was a prominent damage mechanism for the
CAL-processed steels at high strain rates. The void
initiated at the interface propagates through the inter-
face and builds up to create global damage
(Figure 11(a)). CHCL steel also exhibited interface
decohesion as the main damage mechanism. But the
voids formed in this case were not only initiated at the
interface but also at the sites of in-grain martensite.
Figure 11(b) shows voids generated at the in-grain
martensitic interface site, pointed by the arrow. The
microvoids initiated at the in-grain martensite mostly
form a spherical void rather than as a macro crack at the
grain boundary interface (as seen for CAL). These
spherical voids at the in-grain interface grow uniformly
and consume higher energy before it coalesces. This can
be the possible reason for delaying the fracture process
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Fig. 10—Crussard—Jaoul plots of the three different dual-phase steels
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and thus a little higher elongation was always achieved
for CHCL compared to CAL at high strain rates. Early
fracture of the CAL in comparison to CHCL-processed
steel was also reported by Chakraborty er all'” At the
quasi-static strain rate, a subtly observed decrease in
elongation in CHCL compared to that of CAL may be
attributed to the difference in strain hardening ability of
the two steels. One of the possible reasons could be the
additional in-grain dislocation generation sites for
CHCL giving rise to higher strain hardening response.
However, this behavior is still under investigation, and
more detailed analysis is required to extract information
about the minute change in the elongation at low strain
rates.

In the CAS-processed steel, cracks were found to
initiate from the martensite inter-lath interface. But
interestingly these cracks were arrested at the marten-
site—ferrite inter-phase boundary due to blunting effect
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Fig. 11—Micrographs showing micro cracks at ferrite-martensite interface near fracture tip of specimens tested at a strain rate of 500 s~ show-
ing (a) large growth of micro crack in CAL-processed dual-phase steel; (b, ¢) showing blunting of cracks in ferrite in CHCL and CAS samples,
respectively. White arrows indicate tensile loading direction and yellow arrows indicate micro cracks. F and M indicate ferrite and martensite,

respectively.

by the soft ferrite phase (as shown in Figure 11(c)). The
blunting effect can be realized as an increase in the crack
tip root radius due to plastic deformation when the
crack encounters the ferrite grains. Due to the difference
in the ability to accommodate strain between the ferrite
and martensite, the rate of propagation of cracks in
these two phases also differs to a large extent. When
these cracks initiate in martensite, they require almost
negligible energy to propagate. But on encountering a
softer phase, like ferrite, these cracks encounter diffi-
culty in propagating through the ferrite grains. Accom-
panied by substantial plastic deformation, the crack tip
deforms along with negligible propagation. Also, the
crack branching due to ferrite posing as an obstacle in
the path of these cracks was witnessed in the post-tensile
fractured specimens. Even in the event of crack branch-
ing, higher energy is consumed to propagate it.
Furthermore, the martensite grains were found heav-
ily deformed in the CAS steel. This confirms the
participation of martensite in the deformation process
in the CAS steel. The participation of martensite in the
deformation process was also earlier reported at
quasi-static strain rates.’'! Moreover, at high strain
rates, the adiabatic heating largely affects the constituent
phases. In CAS steel, this effect was very much
prominent. This further enhances the fact that, strain
incompatibility between the ferrite and martensite was
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small in CAS steel. Therefore, inter-phase boundary
decohesion reduced at high strain rate in the CAS steel.
At very high-stress levels, the onset of martensite
inter-lath interface crack occurs. The growth or prop-
agation of these micro cracks was hindered by sur-
rounding ferrite (core—shell microstructure) and caused
its blunting. The occurrence of crack tip blunting results
in the enhancement of ductility at high strain rates of
deformation.

2. Fractography

The fracture surfaces of three steels under tensile
deformation at different strain rates were subjected to
fractography analysis under SEM. Typical fractographs
at high strain rates are shown in Figures 12(a) through
(d). The fracture mechanisms of CAL and CHCL steels
were almost identical. In general, their fracture charac-
teristics remained nearly same at both quasi-static as
well as high strain rate tensile deformations. Both steels
exhibited a well-connected network of voids and dimples
on the fracture surface, as shown in Figures 12(a) and
(b). However, their ductility at each strain rate studied
decreased with increasing strain rates, with CHCL steel
showing a somewhat smaller decrease with increase in
strain rate (Figure 5).

On the other hand in the CAS steel, extensive shearing
of the dimple surface producing smeared facet features
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Fig. 12—Fractographs of the selected steels at different strain rates. Fractographs of (¢) CAL and (b) CHCL-processed steel at 650/s strain rate.
Fractographs of CAS steel at (¢) 2.7 x 107* and (d) 650 s~ ' strain rates, where the demarcated area in yellow shows the void network, and the
large dimples are marked with arrows in the fractographs.
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Fig. 13—Distribution of dimple size in the fracture surface of (¢) CAL and (b)) CHCL steel when deformed at 650 s~! strain rate.
around the dimple edges was formed, as shown in present in the fracture surface of CAS steel at both the
Figure 12(c). Moreover, a significant number of dimples strain rates. The equivalent diameter of the dimples
of considerably larger size than CAL and CHCL are present in the fracture surfaces was measured for all the
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Fig. 14—Distribution of dimple size in the fracture surface of CAS steel when deformed at (a) 2.7 x 10™* and (b) 650 s~ strain rates.

steels deformed at various strain rates. The average
dimple diameter rates for CAL and CHCL, when
deformed at 650 s™' strain rate, were 1.89 £1.13 ym
and 2.03 £ 1.25 um, respectively. The corresponding
dimple size distribution of CAL and CHCL steels at
650 s~ strain rate is shown in Figure 13. A subtle larger
dimple diameter size for CHCL explains a detectable im-
provement in its ductility at high strain rates.

The CAS steel showed some interesting behavior with
respect to the quantitative fractography. The morpho-
logical differences in the microstructure of CAS steel
come into play at high strain rates. Due to the core—shell
martensite/ferrite structure in CAS, where martensite is
surrounded by ferrite, the local damage initiates like an
inter-granular fashion in martensite packets although
controlled by the ductile mechanism. Some of the
martensite packets which are completely surrounded
by ferrite act as floating second hard phase particles
within ferrite matrix. The entire interface opens up
during fracture leaving behind the impression of the
martensite block. This situation prevails almost in equal
proportion at quasi-static and high strain rates. In the
low strain rate-deformed steel, the fractograph shows a
profound network of small voids/dimples, as demar-
cated in Figure 12(c). For the CAS steel also, the dimple
size distribution was measured from multiple frac-
tographs. The distribution of the dimple size of CAS
steel at 2.7 x 10~* and 650 s~ strain rates is shown in
Figure 14. The histograms clearly show the dominance
of the small voids presence in the fractographs, as shown
by the shaded area. The average dimple size was
evaluated for the small dimples forming a network and
larger size dimples as marked in Figures 12(c) and (d).
At quasi-static strain rate, the average size of the
dimples in the network of small voids/dimples is
0.87 & 0.47 um, whereas the average size at a strain
rate of 650 s~ ' is 1.19 4+ 0.52 um. The average size of
the larger dimples varied from 4.2 £ 1.97 yum at
quasi-static strain rate to 3.8 + 1.53 um at 650 s
strain rate. From the quantitative data presented above,
the differences in fracture property of these steels could
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be better understood. Firstly, compared to CAL and
CHCL, the dimple and void network is not uniformly
distributed in CAS steel. A network of small voids or
dimples exists along with scattered dimples of suffi-
ciently larger size than compared to the uniform dimple
network of CAL and CHCL steels. Secondly, with an
increase in strain rate, the network of small voids grew
to a higher size. This is also the reason for higher
ductility of CAS steel at high strain rates.

Considering identical void-initiating sites for CAS at
each strain rate, during low rate deformation it can be
assumed that most of these sites were activated and
microvoids have initiated from them. Due to the
complexity of the microstructure, variation of dimple
size (a larger shallow + network of small microvoids)
across the fracture surface exists. The enhanced plastic-
ity of the phases during high strain rate deformation
alters the void nucleation probability. It was seen that
martensite deforms to a large extent in the CAS steel
when pulled at high strain rate. This brings down the
difference in the strain accommodation between the two
phases. As a result, the flow of martensite across the
inter-phase boundary closes some of the possible
void-initiating sites. In a recent work, Das et al. reported
the increase in the void size of DP600 steel due to the
enhanced plasticity of the ferrite phase around the
martensite crystal at high strain rates.?? In that case,
the martensite content was around 12 pct with lar§e
ferrite grains. Comparing with what is reported in,*”
the plasticity enhancement in ferrite, martensite, or both
can affect the void nucleation phenomenon at high
strain rates.

IV. CONCLUSIONS

The present study showed a possibility of microstruc-
ture engineering to produce high-strength DP fer-
rite/martensite  structure = with an  improved
crashworthiness. It has been shown that morphology
of martensite and its spatial distribution is crucial in
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attaining a good combination of high strength and
ductility, apart from its volume fraction and size. The
influence of strain rate on all three DP steels can be
broadly summarized as:

(a) Increase in strength with strain rate mainly
depended on the volume fraction of martensite
present. The CAS steel having high strength due
to large martensite volume fraction showed least
strain rate sensitivity among all three steels of this
study.

(b) The core—shell type microstructure of CAS steel
was found effective in increasing the ductility at
high strain rates. Ferrite surrounding martensite
in CAS steel was observed to restrict the growth
of crack emanating from the inter-lath interface
of martensite. Adiabatic heating of specimen at
high strain rates softens martensite, present in
large volume fraction, further aiding in increasing
its plasticity. The softening of martensite also
results in the reduction of strain incompatibility
between the existing phases.

(¢) Increase in strain hardening rate at high strain
rates was observed for all the three DP steels.
CAS steel showed the highest hardening rate
among all. The entrapped ferrite within marten-
site experiences an immense deformation during
yielding. This shoots up the overall strain hard-
ening rate of the steel. In-grain martensite in the
CHCL steel also contributes to its strain harden-
ing rate which is higher than that of CAL steel
even though both the steels possess identical
volume fraction of martensite.

(d) The fracture of the all three steels was predom-
inantly ductile in a manner at all strain rates. The
in-grain martensite in CHCL enables the forma-
tion of deeper voids during fracture at high strain
rates, inducing better ductility than that of CAL
at high strain rates. CAS steel, on the other hand,
shows large dimples due to inter-granular deco-
hesion of the large martensite laths, controlled by
ductile fracture mechanisms. Moreover, due to
the enhanced plasticity of martensite at high
strain rates, the number of probable void nucle-
ation sites was reduced. The reduction in the void
nucleation site promoted the growth of voids that
have nucleated early, at high strain rates.
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