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1. Introduction

Advanced high strength steels (AHSS) is a family of steels find-
ing increased applications in automotive industry because they
help to meet the tightened regulations on lower emissions while
improving crash worthiness in a cost-effective manner. This steel
group mainly includes dual-phase (DP) steels, transformation
induced plasticity (TRIP), quenching-partitioning (Q&P),

complex-phase (CP), and twinning induced
plasticity (TWIP) steels. DP steels, whose
microstructure consists of a ferrite matrix
and a second hard phase of martensite or
bainite, are widely utilized in automotive
industry, especially in passenger cars due
to their superior combination of strength
and ductility, better weldability, and rela-
tively simple processing route.[1,2] Their
application is constantly growing in automo-
tive industry; e.g., it increased from 12% in
the 2003 GMmodels to reach 36% in recent
models, making this the most commonly
used steels in the current products. No
DP steels were used in GM models of the
1990s.[2] Indeed, the start of developing
and characterization of this steel grade dates
back to the end of 1970s and beginning of
1980s by privileged efforts of researchers
like Davies et al.,[3,4] Gladman et al.,[5,6]

and Sarosiek et al.[7,8] with studies presenting
the basis for developing and comprehending
the characteristics of the recent grades of

this retrieved industrially valuable steel.
DP steels can be processed to different mechanical character-

istics by varying the volume fractions of the constituent phases,
their distribution, morphologies, and grain sizes.[9–15] Karimi
and Kheirandish concluded that the DP steels having ferrite
and bainite phase microstructure possess more ductility and
higher work hardening exponent, whereas those with ferrite–
martensite microstructure show higher ultimate tensile and yield
strength.[12] The dependence of the DP steel strength on the mar-
tensite volume fraction (Vm) is a matter of debate in the litera-
ture. Many authors showed a linear increase in yield and tensile
strength by increasing Vm

[2,3,13,16] others posited about 0.5 as the
optimal Vm at which the strength is at its peak.[15,17] On the other
hand, Sun et al.[18] showed that the yield-to-tensile strength ratio
is reduced when the content of ferrite increases. Bag et al. illus-
trated that the DP steel having dispersed martensite distribution
shows better impact toughness and ductility than the one with a
banded microstructure.[15] Sun and Pugh showed that the
mechanical properties of DP steels not only depend on the mar-
tensite fraction and its distribution but also on its morphology;
they illustrated that DP steels with elongated martensite “fiber”
show increased strengths but lowers their ductility.[19] The mar-
tensite cracks more easily in fibrous martensite than in a blocky
one.[20] Moreover, Kim and Nakagawa concluded that the fine
fibrous DP structure produced by intermediate quenching has
a much higher ductile-to-brittle transition temperature (DBTT)
than the fine globular structure produced by intercritical
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Herein, an extensive study is presented on the microstructure–tensile properties
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with varied martensite volume fractions (Vm) from 0.17 to 0.86, microstructure
morphologies (globular and elongated) and structure finenesses (ferrite grain
sizes from 1.9 to 10.7 μm) are produced applying appropriate heat treatments.
The tensile properties are studied, and the strain hardening behavior is analyzed
in terms of Holloman, Crussard–Jaoul (C–J) and modified C–J approaches. The
tensile curves reveal up to three strain hardening stages with the highest strain
hardening exponent at the beginning of straining. Increasing Vm and refining the
structure raises the number of strain hardening stages and improves the strain
hardening capacity in the first stage (n1). For the DP steels with similar mor-
phologies, the mean free path in ferrite (λf ) is proposed to be the most significant
microstructure factor affecting n1-value. The n1 of the elongated morphology
shows stronger dependence on λf than the globular one. Finally, the DP steels are
subjected to aging treatments, which lead to improved yield strength and total
elongation, however, the strain hardening exponent decreases significantly.
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annealing, regardless of the volume fraction of martensite.[21]

The martensite morphology affects also the strain hardening
capacity; the DP steels with fibrous martensite exhibit less strain
hardening than that ones with blocky martensite.[20]

Being a polycrystalline material, DP steels show a considerable
enhancement of strength with refining its grain size. Peng-Heng
and Preban reported that the effect of ferrite grain size on the
yield strength is much stronger than the one on the tensile
strength.[22] In addition, refining the DP steel is shown to be
effective in increasing the initial strain hardening rate.[14,23,24]

Also, Calcagnotto et al. concluded that the impact toughness
is improved by grain refinement, which is revealed by a lower
DBTT and an increase in both upper and lower shelf energy.[14]

The previous delineation of researchers attempted to study the
inter-relationship between microstructural variables and mechan-
ical properties of DP steels, suggesting that the effortsmainly relay
on varying the martensite volume fraction and/or refining the fer-
rite grain size in the DP steel microstructure.[2,3,13,14,16,17,24,25]

Very limited literature is reported to investigate the effect of chang-
ing the structure morphology.[15,20] Some of the literature studied
separate microstructure parameters,[3,13,14,16,24] whereas others
combined varying the martensite volume fraction with varying
structure morphology[15,20] or with varying the grain size.[26] The
objective of this study is to acquire an understanding of the inter-
play among the three microstructural parameters: phase fraction,
structure morphology, and structure fineness on tensile properties
of DPs steel with a focus on strain hardening behavior. In the cur-
rent investigation 13 DP steels with varying microstructural char-
acteristics but same chemical composition were produced by
applying designed heat treatments to vary the martensite fraction,
structure size, and morphology.

2. Experimental Section

2.1. As-Received Material and Samples Preparation

A 2mm industrially produced hot rolled DP sheet with
0.075 wt% C, 1.02 wt% Mn, and 0.43 wt% Cr was used as a pri-
marymaterial for the production of DP steels with differentmicro-
structure characteristics. Standard subsize tensile specimens with
6.4mm width and 25.4mm gage length were machined in accor-
dance to ASTM standard E8-03.[27] The specimens were machined
in the rolling direction.

2.2. Heat Treatments

Throughout this study, the microstructural characteristics were
varied by applying different heat-treatment cycles with the aim of
providing an insight into the effect of phase fraction, grain
size and morphology on the mechanical behavior of the DP steel.
The heat treatment procedures used to produce the aforemen-
tioned microstructures were designed using a combination of
physical simulation via dilatometry, and thermodynamic simula-
tion using the ThermoCalc software.[13] Finally, the dilatometer
was used to investigate the thermal cycle required to produce the
aforementioned microstructures before moving to the produc-
tion of the large-scale tensile samples. The means to produce the
different microstructures are schematically shown in Figure 1.
The microstructure characteristics were varied as follows:
1) Phase fraction: this was changed by changing the intercritical
annealing temperature (Ti), up to six intercritical austenitization
temperatures were investigated. 2) Martensite morphology: the
effect of changing the grain morphology into a lamellar one
was investigated by fully austenitizing specimens at 920 �C
and water quenching to create a fully martensitic structure.
The samples then were intercritically annealed and quenched
to produce the required final martensite amounts. Specimens
that underwent this treatment are designated as “M2.” The gran-
ular microstructure morphology is designated as “M1.” 3) Grain
size: the effect of varying grain size was investigated by produc-
ing a DP steel with larger grain size. This is achieved by auste-
nitizing the specimens at 1000 �C for 20min, to allow the prior
austenite grains to grow, followed by cooling to and holding in
the intercritical region, then quenching. Specimens that under-
went this treatment are designated as “G2.” The direct intercriti-
cally annealed microstructure is designated by “G1.”

Accordingly, a designation system was used to indicate the
microstructures resulting from different treatments, three differ-
ent modifications were studied. G1M1 indicates granular morphol-
ogy (M1) in smaller grain size (G1), G1M2 indicates the smaller
grain size but with lamellar morphology (M2), and G2M1 indicates
a granular morphology with a larger grain size (G2).

2.3. Microstructure Characterization

After salt bath treatments, specimens were sectioned perpendic-
ular to the width direction, mounted, ground, and polished

G1M1 G1M2 G2M1

+ +Fe3C

+
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Time
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Figure 1. Schematic of the applied heat treatments to produce the different conditioned material groups with varied microstructure characteristics
(F: ferrite and M: martensite).
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before Nital etching. Phase analysis was carried out on photomi-
crographs of the light optical microscope (LOM) and scanning
electron microscope (SEM). Stereological measurements were
carried out to evaluate: 1) the volume fraction of martensite
(Vm) using the manual point count method.[28] 2) the ferrite grain
size (df ) and martensite particle size (dm) applying the linear
intercept method.[29] 3) the mean free path in ferrite (λf ), where
λf represents the average lineal distance in ferrite without
encountering an obstacle (here the martensite phase).This spac-
ing is easily assessed by counting the number of martensitic par-
ticles intercepted per unit length of test line (NL), without
measuring any spacing, using the equation[30]:

λf ¼ ð1� VmÞ=NL (1)

2.4. Tensile Testing

A 25 ton computerized universal testing machine equipped with a
video extensometer was used for conducting the tensile test until
fracture. Three separate tensile tests were carried out for each
steel. For accurate identification of the yield points, a slow strain
rate of 0.00025 s�1 was applied during the yielding stage, after
yielding a strain rate of 0.0067 s�1 was applied until fracture.[27]

2.5. Aging

To examine the effect of aging on the tensile behavior, selected
treated DP steels were aged in an air circulated oven at 170 �C for
20min. The termination of the aging process was accomplished
by quenching the samples in water.

3. Results and Discussions

3.1. Microstructure Features

The intercritical annealing was carried out by heating the
tensile samples up to Ti before quenching in brine to room tem-
perature (RT). Different intercritical annealing temperatures
were selected based on the ThermoCalc calculations, using
the database TCFE8. According to dilatometric measurements
carried out on this steel, the temperature range of the intercritical
region lays between Ae1¼ 702 �C and Ae3¼ 854 �C.[13]

Representative LOM micrographs of the three conditioned
materials groups G1M1, G1M2, and G2M1 are shown in
Figure 2. The SEMmicrographs of G1M1 and G1M2microstruc-
tures are shown in Figure 3 and those of G1M2 are shown in
Figure 4. The morphological distributions of the constituent
phases of G1M1 and G2M1 DP steels exhibit well-distributed
blocky characteristics, see Figure 2 and 3. The microstructural
characteristics G1M2-DP steels are not distinguishable using
the LOM micrographs in Figure 2. The SEM micrographs of
Figure 4 show that the ferritic regions in the G1M2 specimens
are distinguished by an elongated form with nondistinctive
directionality. They are encapsulated by dispersed globular
and plate-like martensite particles. Very fine martensite particles
are distinguishable in the micrographs. These particles are fre-
quently observable on the grain boundaries of ferrite. Their size

Figure 2. LOM micrographs of the three conditioned material groups:
G1M1, G1M2, and G2M1.
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increases with increasing the annealing temperature, whereas
their number decreases.

The microstructure morphology and dispersion in the three
conditioned material groups depend on the process of austenite
formation and decomposition. During the direct intercritical
annealing from the DP microstructure to produce the G1M1
microstructures, the austenite nucleates at and formed from
the tempered martensite phase. Increasing the intercritical
annealing temperature results in a growth of the formed austen-
ite grains at the expense on the ferrite ones. In the case of inter-
mediate quenching before intercritical annealing to produce the

G1M2 microstructures, reheating the martensite in the ferrite–
austenite phase region results in nucleation of austenite along
the lath boundaries of the prior martensite. This results in a dis-
tribution of a fine elongated form of martensite and ferrite. In
G2M1 microstructures, reheating to 1000 �C results in the for-
mation and growth of austenite grains. By subsequent intercrit-
ical annealing, the ferrite nucleates at the prior austenite grain
boundaries. The coarse structure obtained in these microstruc-
tures is due to the coarse size of their prior austenite grains.

In all conditioned materials, decreasing Ti results in rising
the ferrite quantity and increasing its grain size, whereas Vm

Figure 3. Representative SEM micrographs of G1M1-microstructures (left) and G2M1-microstructures (right).
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Figure 4. SEM micrographs of G1M2-microstructures.
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decreases. Figure 5 compares the calculated Vm obtained from
ThermoCalc calculations with that measured for the different
heat treatment cycles used. One can see that, instead of different
starting microstructures before the intercritical annealing, the
annealing proceeds to similar final amount of the intercritical
austenite, which transforms via quenching to martensite.
Accordingly, by the mass–balance relationship among the phases
under equilibrium, Vm in the final microstructure should remain
unaffected by the structure fineness and morphology with the
unique factor affecting this balance being the Ti. The prior struc-
ture fineness andmorphology would particularly affect the rate of
transformation as previously illustrated by Soliman and
Palkowski.[31] This observation indicates that 20min of holding
at Ti was sufficient for achieving the equilibrium state in all
cases. Indeed, microstructural investigations illustrate that
increasing the holding times in the intercritical region beyond
the 20min show an insignificant effect on the developed Vm.

On the other hand, the measured Vm values for Ti up to 800 �C
have similar values as the predicted ones using the ThermoCalc
software. The measured values of Vm above 800 �C are signifi-
cantly lower than the predicted one.

Concurrent to the increase in Vm by increasing Ti, the mar-
tensite particle size dm increases, while the ferrite grain size
df decreases, as shown in Figure 6a,b. This behavior is basically
correlated to the mechanism of nucleation and growth of austen-
ite in G1M1 and G2M1microstructures and of ferrite in G1M2
microstructures; it indicates that the Vm increase by increasing Ti
occurs basically via the increase in the size of the already nucle-
ated phase in the former case and its decreases in the latter one;
and not via new nucleation.

The dependence of the mean free path in ferrite, λf on Vm is
shown in Figure 6c. This dependence is fitted by a logarithmic
function. The extrapolated curves (dash line) should meet at the
point λf¼ 0 at Vm¼ 1. Indeed, this point is an inevitable of the
λf–Vm dependence; that is irrespective of the microstructure char-
acteristics, a fully martensitic matrix (Vm¼ 1) implies that λf¼ 0.

3.2. Tensile Properties

Figure 7 shows representative engineering stress–strain curves
for the different heat treatment conditions. The curves show

typical characteristics of the tensile behavior of DP steels with
low yield strength, continuous yielding, and high strain harden-
ing. The curves of Figure 7c indicate that refining the grain size
of the DP steels with the globular morphology (M1) strongly
enhanced its strength without scarifying ductility.

The influence of Vm on the strength and ductility of the stud-
ied DP steels is shown in Figure 8. Increasing Vm results in a
strength increasing at the expense of the ductility. The ultimate
tensile strength (Rm) and the 0.2% proof strength (Rp0.2) depen-
dencies on Vm can be fitted with a linear function, see Figure 8a.
The linear relationship between strength and Vm was also stated
by other researchers.[3,32,13,16] The G1M2 microstructures
showed the highest strength which is correlated to its very fine
structure. In addition, Sun and Pugh concluded that tensile
strengths and elongations of DP steels depend not only on
the martensite volume fraction but also on the morphology of
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martensite volume fraction.
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the second phase; DP steels with elongated structure “fiber”
show higher but lower ductility.[19]

Figure 8 also points out that the coarse structures in G2M1
resulted in significantly lower strengths. Interestingly, however,
is that the uniform elongation of these coarser structures is
almost similar with that obtained for G1M1. The observation that
the conventional tradeoff between strength and ductility does not
apply when refining the microstructure of DP steels is in consis-
tence with previous studies: Calcagnotto et al.[24] reposted that εu
and εt are only slightly affected by decreasing df from 12.4 to
1.2 μm. It is also shown in the work of Delincé et al. that a
decrease in ductility becomes significant only when the ferrite
grain size of the DP steel is reduced below �2 μm.[33] This insig-
nificant effect of decreasing df on εu can be attributed to an
increase in strain hardening with decreasing grain size.[14,33]

The dependence of strain hardening on df of the studied steels
will be shown under Section 3.5.

Even so, Figure 8b shows that the mean value of εt for G2M1
structures showed inferior values compared with G1M1 struc-
tures. Indeed, the values of εt are strongly affected by the geomet-
ric instability occurring in the samples after necking during
tensile testing, which in turn reduces the reproducibility of εt val-
ues.[13] The low reproducibility of εt is revealed by the relatively
large error bars. The observed inferior εt of G2M1 may indicate
that coarsening the structure promotes the geometrical instabil-
ity after necking. Similarly, it was previously observed that the
tensile samples of DP steels with finer grain size exhibits more
pronounced necking the postuniform elongation increases with
decreasing grain size.[14]

The G1M2 steel annealed at 740 �C (Vm¼ 0.18) and that
annealed at 760 �C (Vm¼ 0.22) show significant inferior ductil-
ity, as shown in Figure 8b. These structures show a substantially
elongated character, see Figure 4a–d. The plastic constraint
imposed by this martensite form is significantly higher than that
imposed by the more spherical-shaped martensite. Therefore, at
a constant martensite volume fraction, the structure with more
spherical-shaped martensite shows better ductility. The struc-
tures annealed at 800 and 840 �C shown in Figure 4e–f are
not as strongly elongated as that ones annealed at 740 and
760 �C. Similarly, Zhang et al. observed that fibrous martensite
gradually transformed to blocky martensite with an increase in
intercritical annealing temperature. This can justify the observa-
tion that the ductility of the steels annealed at 800 and 840 �C is
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Figure 7. Representative engineering stress–strain curves of a) G1M1
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G1M1 structure.
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only slightly affected by the microstructure morphology, as
shown in Figure 8b.[20]

The enhancement of both yield strength and tensile strength
due to grain refinement is shown in Figure 9. The yield and ten-
sile strength both follow the linear Hall–Petch relationship
between strength and inverse square root of ferrite grain size
by the equation:

σ ¼ σ0 þ cðdf Þ�1=2 (2)

where σ0 and c are constants.
The applicability of the Hall–Petch relation between yield

strength and ferrite grain size in DP 259 steels was also shown
by Jiang et al.[26] and Calcagnotto et al.[24] It can be inferred from
Figure 9 that Rm is more strongly affected by the ferrite grain
refinement than Rp0.2 as can be deduced from the higher c values
of Rm when considering the same Vm. In addition, a gradually
rising in the rate of increasing the strength due to the grain refine-
ment (c value) with increasing Vm in both cases of Rp0.2 and Rm is
observed. This observation is opposite to that shown by Peng-
Heng and Preban, who observed a stronger effect of structure
refinement on yield strength than on the tensile strength.[22]

3.3. Strain Hardening Behavior

The high strain hardening is an important advantage of DP steels
compared with other advanced high strength steels. The DP
steels exhibit low yield strength, which facilitates cold forming
but its high strain hardening rate determines the possibility of
a significant increase in strength after deformation. The strain
hardening is therefore an indicator of their stretchability during
press forming operations. On the physical level, strain hardening
is due to an increase in dislocation density during forming. The
plastic incompatibility between ferrite andmartensite leads to the
formation of back stresses in the ferrite phase. These back
stresses restrict dislocation movement in the ferrite phase.[34]

The high strain hardening value of the DP steels enables its
deformability before instability, and the material can be stretched
further before necking starts, thus enabling a component to be
formed with less localized thinning.[1,35]

The most common parameter of strain hardening is the expo-
nent n in the parabolic approximation of stress–strain σ–ε curve
introduced by Hollomon[36]

σ ¼ k ⋅ εn (3)

where σ and ε are the true stress and true strain, respectively.
The coefficients n can be obtained by plotting the true stress–

true strain curve on a logarithmic scale

ln σ ¼ ln kþ nln ε (4)

Figure 10 shows the variation of ln σ with ln ε for the investi-
gated DP steels. A criterion for the linear fitting of ln(ε)–ln(σ) is
adopted, in which the number of fitting lines are kept to a mini-
mum considering that the least square regression factor (R2)
value of these lines stay above 0.995. Dividing the flow curve
of DP steel to different n values is necessity because defining
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Figure 10. ln σ versus ln ε plots for the Hollomon analysis of the strain
hardening behavior of: a) G1M1, b) G1M2, and c) comoaring G2M1 with
G1M1; the slopes of line segments are equivalent to n-values.
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the different n values and the range of strain that they cover are
of great importance for designing the cold forming operation
(indication of the stretchability). In particular, identifying the
remarkably large work hardening that occurs at small plastic
strains (n1) is crucial for designing the forming process. This
value largely differs from the recorded one before necking (n3),
as shown in Figure 10. The latter value covers a strain range that
the steel typically not stretched to.

As shown in Figure 10, up to three stages of strain hardening
can be identified. Indeed, many authors identified two hardening
stages of DP steels,[26,37–41] others showed three stages of strain
hardening.[10,15,42–44] Figure 10 shows that the DP steels can also
exhibit a single stage strain hardening. A linear behavior is
observed for the G1M1 steel annealed at 740 �C, i.e., the one with
the lowest martensite content. G2M1 exhibits this linear behavior
for samples annealed at 760 �C.With increasing the Vm, the sam-
ples exhibit nonlinear variations of ln σ with ln ε and two to three
strain hardening stages are perceived in both cases of G1M1 and
G2M1. Regarding the G1M2, the steel exhibited two to three
stages of strain aging for all studied Vm. It is important to men-
tion here that the change in the strain hardening immediately
before reaching εu is not considered as an additional changing
in the hardening behavior.

Table 1 shows a list of the estimated n values for the different
DP steels produced. The strain hardening is the highest at the
beginning of plastic deformation. This is interpreted as a result
of an initial high density of free dislocations and hence higher
rates of dislocation accumulation and multiplication within
this strain range.[2,26,44] The second stage (stage 2) with the
lower slope is related to restraining the ferrite deformation by
the martensite.[44] The material with the lowest Vm of about
0.17 (Ti¼ 740 �C) in G1M1 microstructure, did not show a sec-
ond stage. For this case, constraining the ferrite deformation
with a low amount of martensite is limited and therefore a sec-
ond strain hardening stage does not occur. At higher martensite
contents, a third stage (stage 3) with the lowest work hardening
ability is observed. The appearance of this stage indicates
the codeformation of both the ferrite and martensite.[44]

Jiang et al. suggested that within a certain strain interval,
the deformation state of martensite changes from elastic to
plastic.[26] The absence of this stage in the material with lower
martensite content indicates that the martensite phase is not
deformable under this condition. Indeed, increasing the
martensite content of DP steels results in dilution of alloying
elements in the intercritical austenite, which transforms
during quenching to martensite. For instance, thermodynamic
calculations using ThermoCalc showed that at Ti¼ 760 �C, the
C concentration in austenite has a value of 0.29 wt%. This con-
centration decreased to 0.15 wt% when increasing the Ti to
800 �C.[13] Delincé et al. reported that with increasing Vm, the
martensite becomes softer and starts deforming plastically.[33]

Jiang et al. analyzed the strain hardening plots to estimate the
quantity of Vm at which the martensite phase in DP steels starts
to deform plastically.[26] The onset of plastic deformation of mar-
tensite in DP steel was predicted to depend on its yield strength
and the microstructural variables.

In the framework of this study, two alloys with the chemical
composition of the intercritical austenite and intercritical
ferrite at Ti¼ 760 �C to correspond to the two phases of the
DP annealed at this temperature have been cast. The alloy with
the composition of the intercritical austenite was annealed and
quenched to obtain a fully martensitic structure, whereas that
with the ferrite composition was normalized by heating to
920 �C and cooling in air. The microstructures of the two alloys
after the heat treatments are shown in Figure 11. The obtained
grain size of the ferritic alloy is similar to that of the G2M1micro-
structure (Figure 2g). The tensile curves of the two alloys are
shown in Figure 12a. As shown in this figure, the martensitic
samples did not show any deformability but fractures before
reaching the yield point. This supports the hypothesis that the
martensite does not participate in the deformation of the DP
annealed at 760 �C and therefore the third strain hardening
stage, which appears due to martensite deformation, is absent
for this case. It is important to mention here that the martensitic
samples were not subjected to a tempering treatment, this is to
be equivalent to the nontempered martensite of the DP steel.

Figure 12a also shows the stress–strain curve of the ferritic
phase. This curve is characterized by discontinuous yielding
and a high strain hardening capacity. Figure 12b shows that
the single-phase ferrite alloy shows a single strain hardening
stage with an n value significantly higher than that of both the
G1M1 and G2M1 material annealed at 760 �C (G2M1 have simi-
lar df as that of the single phase ferrite alloy). This observation
supports the presumption that the multistage strain hardening
and the decrease of the n value in the subsequent strain harden-
ing stages is related to the presence of martensite as a second
phase.

In summary, the number of strain hardening stages in DP
steels can diminish from three to two stages at lower Vm.
This is because of the nondeformable intrinsic characteristic
of martensite, when its quantity goes below a certain level. By
a further decrease in Vm, here 0.17 for G1M1 and 0.21 for
G2M1, the constraining effect of martensite for ferrite deforma-
tion becomes insignificant and hence only one strain hardening
stage can be observed. The previous analysis may explain the con-
troversy regarding the number of strain aging stages of DP steels
reported in the literature. This number is proposed here to be

Table 1. List of the n values estimated for the prescribed heat treatment
conditions.

Ti [�C] Vm n1 n2 n3

G1M1 740 0.169 0.241 – –

760 0.224 0.271 0.1860 –

780 0.300 0.290 0.1840 –

800 0.388 0.305 0.203 0.148

825 0.545 0.340 0.182 0.110

840 0.864 0.323 0.163 0.079

G1M2 740 0.189 0.235 0.183 –

760 0.215 0.274 0.178 –

800 0.392 0.358 0.219 0.136

840 0.84 0.363 0.148 0.069

G2M1 760 0.21 0.2234 – –

800 0.407 0.265 0.162 –

840 0.868 0.313 0.184 0.078

www.advancedsciencenews.com
l

www.steel-research.de

steel research int. 2021, 92, 2000518 2000518 (9 of 15) © 2020 The Authors. Steel Research International published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.steel-research.de


correlated to the martensite content and its deformability.
Figure 13 shows schematically the way in which the materials’
parameters can interact, based on the previous discussions, to
yield one, two, or three stages of strain hardening. In this dia-
gram, the curves representing the dependence of the restriction
of dislocations movement by martensite phase on Vm are repre-
sented by curves with trends similar to the dependence of λf on
Vm (Figure 6c).

The schematic diagram of Figure 13 shows the reason for
observing a lower number of strain hardening stages in the
G2M1 microstructure annealed at Ti¼ 760 and 800 �C than
observed in the G1M1 microstructure (Table 1). The larger mean
free path in ferrite, λf of G2M1 microstructures (the green

dashed curve is shifted to higher values) gives more space for
the multiplication of dislocation. Accordingly, stage 2, in which
this multiplication is restrained by martensite grains, is obscure.
The necking for the material annealed at Ti¼ 760 �C and the
martensite deformation for that annealed at Ti¼ 800 �C took
place earlier and therefore, only one strain hardening stage
appears in the former and two stages in the latter, as shown
in Table 1 and Figure 13. Similarly, the reason that the G1M2
microstructure demonstrated two stages of strain hardening at
740 �C, though exhibiting a low Vm, can be attributed to its lower
λf value, so the dislocation multiplication is constrained by the
martensite earlier; i.e., before necking.

The schematic diagram of Figure 13 shows a base for devel-
oping a model that defines the number of strain hardening stages
occurring in DP steels. So far, this model is not available in the
literature. Defining the border separating the deformable mar-
tensite from the nondeformable one, by, e.g., applying the meth-
odology suggested by Shen et al.,[45] is essential for a reliable

Figure 11. LOM micrographs of the two produced steels with compositions corresponding to the ones of a) martensite and b) ferrite of the DP steels,
intercritically annealed at 760 �C.
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definition of the model. This diagram together with the available
results present a basis that can be utilized for developing and
calibrating a micromechanical model that considers the alter-
ation of the strain hardening behavior of DP steel with varying
the straining value.

As shown in Figure 10, it can be observed that there is no
distinct point of changing from one stage to the other, but
the change took place progressively. This can be attributed to the
relative inhomogeneities in martensite distribution and the
heterogeneous deformation of the ferrite matrix. Therefore,
the dislocations cannot be assumed to be obstructed by the mar-
tensite particles at the same time and that the martensite par-
ticles cannot be assumed to deform plastically simultaneously.
Accordingly, the alternation among the different stages of the
strain hardening capacity takes place gradually.

3.4. C-J and Modified C-J Analysis

In the framework of this study, it was important to confirm the
number of work hardening stages and the strain range of its each
stage applying other analytical methods. In this section, the appli-
cability of two other equations, rather than the Hollomon equa-
tion, and the corresponding analyses to the presentation of the
strain hardening behavior of the studied DP steel is examined.
The two equations are:

Ludwik equation[46]

σ ¼ σ0 þ kL ⋅ εnL (5)

and
Swift equation[47]

σ ¼ AðBþ εÞns (6)

The Swift equation can be written as

ε ¼ �Bþ kSσm (7)

where kS¼ A� 1
ns and m¼ 1

ns
.

Equation (5)–(7) is extensions of the Hollomon model with
additional parameters. σ0 is the stress at the yielding point of
steel. nL and nS are strain hardening exponents, and kL and kS
are material constants. The B factor is the prestrain coefficient,
explicitly the prestrain (εp)¼�B when substituting σ¼ 0 in
Equation (7), therefore, the value of B presents the intercept
of the Swift curve with the true-strain axis. The B value cannot
take negative value because the extension of the flow curve
should intersect the abscissa at negative εP. The Swift equation
is reduced to the Hollomon equation, if B¼ 0, i.e., by neglecting
the prestrain coefficient.

The Crussard–Jaoul (C–J) analyses[48,49] of strain hardening is
based on Ludwig equation, whereas the modified C–J analyses[50]

is based on Swift equation. By differentiating Equation (5) and (7)
and expressing them in logarithmic forms:

C–J analysis

lnðdσ=dεÞ ¼ ðnL � 1Þ ln εþ lnðkLnLÞ (8)

and modified C–J analysis

lnðdσ=dεÞ ¼ ð1�mÞ ln σ þ lnðkSmÞ (9)

Representative plots of the ln (dσ/dε) against ln ε (C–J analy-
sis) and ln (dσ/dε) against ln σ (modified C–J analysis) are shown
in Figure 14. It is obvious in this figure that the C–J analysis
seemingly shows that the studied steels have a single strain hard-
ening coefficient, n in the G1M1 microstructures annealed at
780, 800, and 840 �C (Figure 14a,c,e), whereas those annealed
at 740 �C showed two stages of strain hardening (Figure 14a).
These observations are contradicting to those perceived applying
the Hollomon analysis (Figure 10).

Similar to the current results, Colla et al. have not marked any
slope change in the C–J plots in their DP steels studied.[41] An
earlier report of Tomita and Okabayashi showed that the C–J
analysis is less sensitive to changes of the ferrite matrix and
the shape and distribution of the second phase martensite, which
were altered by the heat treatments.[37] Likewise, the C–J method
is also not appropriate for describing work hardening of the DP
steels investigated in this study.

Nevertheless, several authors studied the work hardening of
DP steels applying C–J analysis and reported up to three strain
hardening stages applying this method.[15,16,51] It is worth men-
tioning here that the obtaining inversed slope, indicated by an
arrow in Figure 14c, is an artifact that cannot be interpreted as
a change in strain hardening capacity. The points of slope change
in this figure do not coincide with the corresponding ones in
Figure 10a. A similar inversed slope is also observed by Bag
et al., who interpreted it as three-stage work hardening behav-
ior.[15] This interpretation is actually not in consistence with the
normal behavior of the n factor which cannot have an intermediate
inversed alteration. According to Jiang et al.[26] and Colla et al.,[41]

the C–J analysis presents linear regions in the ln (dσ/dε) versus ln
ε curves, with slopes in the first (low-strain) stage larger than those
in the second (high-strain) one.

Figure 14b,d,f,g,h shows representative modified C–J plots of
the DP steels. All plots—except that one of G1M1microstructures
annealed at Ti¼ 740 �C—deviate from linearity over the uniform
strain range; a single n value could not be assigned to the entire
curve. These curves can be fitted by two or three fitting lines. For
instance, two lines are required for fitting the plots of G1M1
annealed at Ti¼ 780 �C, G1M2 annealed at 740 �C and G2M1
annealed at 800 �C (Figure 14b,g,h, respectively), whereas three
lines are required for fitting the plots of G1M1 with Ti¼ 800
and 840 �C, Figure 14d,f. These observations are consistent with
the Hollomon analysis, as shown earlier (Figure 10). Considering
the same conditioned microstructure, both analyses show the
same number of strain hardening stages with similar estimated
points of the changing in their values.

Considering to the C–J and modified C–J methods in this
study has enabled assessing the suitability of both methods for
defining the strain hardening behavior of DP steel and used
for verifying the number of strain hardening stages. Nevertheless,
assessing the n values relied only on the Hollomon method.

3.5. Factors Affecting Strain Hardening Values

Referring to Table 1, it can be inferred that increasing Vm results
not only in increasing the number of the strain hardening stages
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but also in increasing the strain hardening capacity in the first
stage (n1). The higher Vm results in inducing more dislocations
in the ferrite which are formed during martensitic transforma-
tion from the austenite, i.e., during quenching. The increased Vm

can be attributed to a higher dislocation density in ferrite, which
results in higher rates of dislocation accumulation and

multiplication occurring during straining and hence in a higher
n value.[10,44] The total number of generated dislocations is also
dependent on the ferrite quantity, the volume fraction of ferrite
for the DP quenched from Ti¼ 840 �C is so low that their num-
ber decreases and consequently the n1 factor can accordingly
decrease as the case of the G1M1 structure.
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Figure 14. a,c,e) representative plots of ln (dσ/dϵ) against ln ϵ (C–J analysis) and b,d,f,g,h) representative plots of ln (dσ/dϵ) against ln σ (modified C–J
analysis). The treatment conditions are prescribed on the plots.
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On the other hand, considering similar Vm, the G1M2 shows
slight increases in n1 values compared with the G1M1 structure,
whereas the G2M1 structure shows a significant decrease in its n1
value. Indeed, the martensite ferrite interface increases by both of
refining the structure and changing its form to a lamellar one,
accordingly the induced geometrically necessary dislocations
(GNDs) increase and develop more homogeneous, therefore
the material shows higher work hardening capacity. Similarly,
Kundu and Field reported that work hardening in small grain
DP steels is higher than that in ones with the large grains.[52]

In summary, increasing Vm, refining the structure and chang-
ing its morphology to an elongated one results in increasing the
number of strain hardening stages and improving the strain
hardening capacity in the first stage (n1).

Indeed, the most striking property of DP steels is the remark-
ably large work hardening which occurs at small plastic strains,
i.e., n1.

[8] A simplifying assumption that can be made is that
the mean free path in ferrite, λf could be the single most signifi-
cant factor of all the independent variables, influencing the n1 fac-
tor. The obtained value of n1 is closely related to the plastic flow in
the first ferrite to deform, which starts with the lowest dislocation
density and spreads through the ferrite with increasing densities
of dislocations as the applied stress is increased. Correlating n1 to
λf is based on the hypothesis that the prescribed development and
evolution of the dislocations in ferrite is strongly affected by λf. The
dependence of n1 value on λf is shown in Figure 15. It is interest-
ing that a single curve is well fitting the data points of both of
G1M1 and G2M1 concurrently, including that of G2M1 at very
high λf value of �34 μm. Accordingly, for a globular structure,
λf can present a generalized factor affecting n1 that not only incor-
porates the Vm but also the df factor. For comparison, relating the
n1 factor to λf is shown to be dependent of the microstructure mor-
phology, i.e., an additional fitting curve is required for fitting the
G2M1 microstructure, as shown in Figure 15. The n1 value of the
morphology M2 shows a stronger dependence on λf than that of
theM1morphology. Moreover, the DP steels withM2morphology
exhibit higher strain hardening compared with those ones with
the morphology M1, up to a threshold λf.

3.6. Strain Hardening after Aging

To investigate the effect of aging on the strain hardening capacity
of DP steels, selected conditioned DP steels were aged at 170 �C

for 20min. The tensile curves after aging are shown in
Figure 16a. A table comparing the tensile properties before
and after aging is integrated in Figure 16a. As can be inferred
from this table and when comparing Figure 16a with Figure 7,
the aging treatment results in a strong increase in yield strength
accompanied by an occurrence of discontinuous yielding phe-
nomena. This yield strength increase is attributed to dislocation
locking due to the formation of Cottrell atmospheres around
dislocations and grain boundaries or precipitation of transition
carbides in ferrite. The pinning leads to the occurrence of a more
distinct yield point, as new mobile dislocations must be created
to initiate plastic flow. Furthermore, aging the DP steels resulted
in a significant decrease in the tensile strength accompanied by a
slight enhancement of the total elongation as shown in the table
inserted in Figure 16a. A similar result is reported by other
authors in previous works.[24,53,54] In the work of Ramazani
et al. only the non-pre-strained samples showed the ductility
increase and the decrease in strength.[54] Indeed, the diffusion
of carbon from the super saturated ferrite to the dislocations,
causing the yield strength increase, results also in decreasing
the free carbon, saturating the ferrite phase, accordingly a softer
ferrite results from the aging process. The reduction in the
amount of carbon supersaturating the ferrite due to aging was
experimentally confirmed by Nakaoka et al.[55] The aging process
may also result in a tempering effect in the martensite, which
would also enhance the elongation and reduce the tensile
strength.
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Figure 16. a) Stress–strain curves of DP steels after aging together with a
table listing the tensile properties before and after aging b) ln σ versus ln ε
plots of the aged DP steels given in (a).
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By comparing the strain hardening values shown in
Figure 16b with the corresponding ones shown in Table 1, it
can be concluded that the aging process results in a significant
decrease in the strain hardening capacity of the DP steels in all
cases. The combined effects of the increase in yield strength and
decrease in tensile strength caused the lower strain hardening
capacity of the aged DP steel.

4. Conclusions

This investigation presents an extensive study on the
microstructure-tensile properties relationship in DP steels.
A series of ferrite and martensite DP steels with different mar-
tensite volume fractions (Vm), different morphologies, and dif-
ferent grain sizes were produced by applying appropriate heat
treatments. From the results of this study, the following conclu-
sions can be drawn: 1) The Vm in the final microstructure
remains unaffected by the structure fineness and morphology
with the unique factor affecting it being the intercritical anneal-
ing temperature, Ti. This observation indicates that the 20min of
holding at Ti was sufficient for achieving the equilibrium state in
all cases. 2) Decreasing Ti results in increasing the quantity of the
ferrite phase and increasing its grain size, whereas the martens-
ite fraction and its particle size decreases. 3) Refining the micro-
structures of DP steels with globular morphology (M1) strongly
enhanced its strength without compromising the ductility. At low
Ti, DP steels with elongated structure (M2) show increased
strength but lower ductility compared with the M1. The elon-
gated structure gradually transformed to globular one with
increasing Ti, accordingly the ductility at higher Ti is slightly
affected by the microstructure morphology. 4) The strengthening
of the studied DP steels due to the grain refinement is found to
obey the Hall–Petch relation. A gradually rising in the rate of
increasing the strength due to the grain refinement with increas-
ing Vm in both cases of Rp0.2, and Rm is observed. The Rm is
strongly affected by the ferrite grain refinement than the Rp0.2.
5) The plastic flow of the tensile curves revealed up to three stages
of strain hardening with the highest strain hardening exponent at
the beginning of straining. In this analysis, the work hardening
behavior of the samples containing less than Vm≤ 0.21 is single
stage. By increasing Vm, refining the structure and changing its
morphology to M2, the number of strain hardening stages
increased and the strain hardening capacity in the first stage
(n1) improved; noting that Vm represents the strongest affecting
factor. The mechanism in which the DP steels’ parameters can
interact, to yield one, two, or three strain hardening stages is
explored in this study. 6) The C–J analysis is less sensitive for
strain hardening behavior of the studied DP steels and revealed
misleading results. The analyses carried out by Hollomon and
modified C–J methods showed good consistency. 7) The mean
free path in ferrite, λf is the predominant factor affecting n1 that
incorporates the effects of both the Vm and df factors. Therefore,
for the DP steels with similar morphologies, λf can represent a
single microstructure factor affecting n1 value. The n1 value of
the morphology M2 shows stronger dependence on λf than that
of morphology M1. 8) The aging process results in improving
yield strength and total elongation, however, the strain hardening
capacity decreased significantly.
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