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To analyze the influence of the initial microstructure in the production of a dual phase (DP) steel on the me-
chanical properties, a commercial DP steel was subjected to two heat treatments (HT): step quenching (SQ) and
intermediate quenching (IQ). SQ samples were austenitized at 930 °C for 20 min, then annealed at 830 °C for 5,
15, 30, 60 and 120 min and finally water quenched. Shorter annealing times show allotriomorphic ferrite and
martensite while at longer time polygonal ferrite is formed. Tensile tests showed that yield and tensile strength
are higher than those of the commercial DP steel and besides, the uniform elongation is smaller. IQ samples were
water quenched after austenitization and then annealed at 830 °C for the same holding times and water quen-
ched again. The microstructure consists of martensite dispersed in a ferrite matrix. The remarkable results are
that these samples had similar tensile properties to that of the as-received DP steel. Tensile properties were
analyzed as a function of the characteristic microstructure and the assessment of the alloying elements partition
during the different HTs. Evaluation of the Kolmogorov-Johnson-Mehl-Avrami theory indicates that the trans-

formation in SQ and in IQ samples corresponds to a diffusional process.

1. Introduction

Dual-phase (DP) steels offer an outstanding combination of high
strength and good ductility as a result of their microstructure, in which
a hard martensitic phase is dispersed in a soft ferrite matrix. They are
commonly used in industries, specially the automobile industry.
Automobile components of DP steels include car body panels, wheels,
bumpers [1,2], etc. in which the current drive is to reduce weight (for
improved fuel efficiency) and to achieve higher crash resistance [3]
(making them safer for consumers).

Intercritical heat treatment is the simplest way to produce dual
phase microstructure from low-alloyed steels. Before heat treatment at
the (a + y) region, the initial microstructure can be martensite, ferrite
+ pearlite or austenite, which will affect the final morphologies and
properties of the resultant dual microstructure obtained after
quenching.

Tensile properties, formability and many other mechanical proper-
ties have been extensively studied as a function of microstructural
factors such as phase volume fraction [4-6], morphology [6,7], grain
size [8,9], and the corresponding deformation/strain hardening me-
chanisms [10,11]. Despite the extensive number of research articles
published on the monotonic deformation behavior of DP steels, only a
few investigators [12,13] have discussed the influence of different
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holding times at the intercritical temperature range on the mechanical
properties of the steel.

The aim of the present investigation is to study the influence of the
holding time duration at the intercritical region on the microstructural
changes and on the mechanical properties of monotonic tensile test of
two DP steels obtained using two simple heat treatment processes.

2. Experimental procedure
2.1. Material and heat treatments

The steel used in this investigation is a commercial dual phase steel
provided in the form of a 5.3 mm thick sheet. The chemical composition
in weight percent is: 0,09% C, 1,5% Mn and 0,25% Si. Before per-
forming the intercritical heat treatments, the limits of this range of
temperatures were determined with thermal expansion technique, re-
sulting Acl = 740 °C and Ac3 = 880 °C using a heating rate of 1 °C/s.
As a reference point, the transformation temperatures of the inter-
critical region, Acl and Ac3, were also calculated according to the
equation derived by Andrews [14], which depends on the chemical
composition. These temperatures are: Acl = 720 °C and Ac3 = 860 °C.
According to these results, the austenitization temperature was taken at
930 °C and the temperature within the intercritical region was fixed at
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Fig. 1. Heat treatments of the production routes.

830 °C.

Fig. 1 shows two different production routes to produce the ferritic-
martensitic structure from the as-received steel. The first one (Fig. 1a)
consisted in austenitizing the steel at 930 °C during 20 min, then an-
nealed at 830 °C in the intercritical range of temperatures for 5, 15, 30,
60 and 120 min and finally water quenched. These specimens will be
called as: SQ_5, SQ_15, SQ_30, SQ_60 and SQ_120. In the second process
(Fig. 1b), samples were austenitezed at 930 °C during 20 min and water
quenched to produce a fully martensite phase. Then, these specimens
were re-heated up to 830 °C for 5, 15, 30, 60, and 120 min and water
quenched again. These specimens will be referred as: 1Q_5, IQ_15,
1Q_30, IQ_60 and IQ_120.

2.2. Microstructural evaluation

Scanning Electron Microscopy (SEM) samples were prepared using
standard metallographic grinding and polishing techniques and finally
etched firstly with 3% nital and then with 4% picral (4 g picric acid in
100 ml ethyl alcohol). Phase volume fractions were determined using
the point counting method following ASTM E 562-02 norm [15] and
using the image J software. Energy Dispersive X-ray Spectroscopy (EDS)
detector mounted on the SEM was used to analyze the elements dis-
tribution in both ferrite and martensite phases.

Electron Backscattered Diffraction (EBSD) techniques were carried
out on selected specimens to further examine the microstructure that
occurs during the different heat treatments.

EBSD samples were prepared by standard mechanical grinding and
polishing procedures, finishing with colloidal silica. EBSD analysis were
conducted in a high-resolution scanning electron microscope (SEM)
equipped with a Field Emission Gun (FEG). Data was recorded and
analyzed using the EDAX-TSL OIM Analysis software package.

X-ray diffractograms analysis was applied to estimate the lattice
parameter of the martensite according to its carbon content. They were
performed using Cu Ka radiation in a Philiphs X’ Pert pro MDP goni-
ometer.

2.3. Tensile specimens

Tensile test were performed in an Instron 3382 machine at room
temperature. The specimens were prepared according to ASTM E8M
norm [16] using an electro discharge machine (EDM). The main di-
mensions of the specimens were 100 mm length and 10 mm width.
3. Results

3.1. Microstructures

Fig. 2 shows a SEM image of the as-received DP steel. It consists of
20% martensite phase embedded in a ferrite matrix. Hereafter, the

Fig. 2. SEM image of the as-received DP material.

microstructures obtained from the different heat treatments are de-
scribed in separate sections.

3.1.1. Step quenching heat treatments

The SQ heat treatments were performed using two furnaces in si-
multaneous, one at 930 °C and the other at 830 °C. Samples were placed
in the first furnace during 20 min and then rapidly changed to the
second one during different holding times: 5, 15, 30, 60 and 120 min
and then quenched in water. During the intercritical annealing, part of
the austenite was isothermally transformed into ferrite, obtaining at
830 °C a mixture of two phases ferrite and austenite. The subsequent
quenching transforms the austenite into lath martensite, obtaining the
dual ferrite-martensite microstructure as the final product. Fig. 3 shows
SEM micrographs for the different holding times at the intercritical
temperature.

According to the ISIJ Bainite Committee Notation two different
morphologies of ferrite can occur during the transformation in the in-
tercritical range of temperatures: grain boundary allotriomorphs and
polygonal ferrite [17].

Fig. 3a shows the microstructure of the sample treated for 5 min at
830 °C (SQ_5) and then water quenched; it consists practically of fully
lath martensite structure and just few ferrite grains. In SQ_15 sample,
martensite and allotriomorphic ferrite as well as a very small amount of
polygonal ferrite are present. As the holding time at 830 °C increases
(SQ_30 and SQ_60), the amount of ferrite grains increases as either
polygonal ferrite or allotriomorphic ferrite. These results can be seen in
Fig. 3d, in which the amount of polygonal ferrite prevails and only few
grains of allotriomorphic ferrite are observed. The microstructure of the
SQ_120 sample is characterized by large and equiaxed grain structure,
which consists of polygonal ferrite and martensite (Fig. 3e).
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Fig. 3. SEM images of (a) SQ_5, (b) SQ_15, (c) SQ_30, (d) SQ_60 and (e) SQ_120 samples.
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Fig. 4. Representation of the grain shape aspect ratio of SQ_15 and SQ_60
samples.

Fig. 4 shows the EBSD analysis of the grain shape aspect ratio of the
grains in samples SQ_15 and SQ_60. Ratio 1 corresponds to perfectly
equiaxed grains, while towards zero the grains are completely elon-
gated. Accordingly, the grains in SQ_15 are less equiaxed than in the
SQ_60; this fact can be rationalized as a result of hold time duration in
the intercritical temperature range where the ferritic grains are mostly
allotriomorphics and follow the shape of the austenite grain

boundaries.

3.1.2. Intermediate quenching heat treatments

When the as-received material is heated in the first furnace at
930 °C, the ferritic-martensitic structure of the DP steel is completely
austenitized. The subsequent quenching produces fully lath martensite
structure, with the c/a relation close to unity (c/a=1.0037 data ob-
tained by X-ray analysis) because of the low amount of carbon. Then,
the samples were placed in a second furnace heated at 830 °C and hold
for 5, 15, 30, 60 and 120 min before water quenching. At this tem-
perature, because of energy reasons, the steel easily transform from BCT
to BCC structure while the austenite starts to grow at numerous sites
provided by the prior austenite grain boundaries and martensite lath
boundaries. After quenching, the austenite transforms into the so-called
fibrous martensite [7,18,19] and ferrite.

Fig. 5a shows a SEM micrograph of the IQ_5 sample that consists
practically of ferrite grains with a very small amount of martensite. As
the holding time increases, austenite grains grow, and consequently
after quenching the amount of martensite is higher. It is interesting to
note that the fine fibrous structure of the martensite is observed in al-
most all the samples except in IQ_120 where it is less defined. As well,
more equiaxed grain structure can be observed at IQ_60 and at IQ_120.
In order to evaluate the increased trend towards more equiaxed grains
with holding time, the grain-shape aspect ratio of the structure was
assessed by EBSD analysis. For this purpose, the IQ_15 and IQ_60
samples (Fig. 6) were analyzed. The graph clearly gives evidence of this
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Fig. 5. SEM images of (a) IQ_5, (b) IQ_15, (c) I1Q_30, (d) IQ_60 and (e) 1Q_120 samples.
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Fig. 6. Representation of grain shape aspect ratio of IQ-15 and IQ_60 samples.

remarkable increase in the frequency distribution of aspect ratio at 0.6
for 1Q_60.

3.2. Tensile tests

Uniaxial tensile behavior of SQ and IQ specimens tested at room
temperature are shown in Fig. 7. In addition, Table 1 summarizes the
main tensile properties such as yield and tensile strength and elonga-
tion, as well as the phase proportion of ferrite and martensite for each
heat treatment.

In Fig. 7 is interesting to note that regardless of the heat treatment,
either SQ or IQ, the tensile behavior of each group of samples are very
similar and additionally is remarkable that the IQ and the as-received
samples present very similar tensile behavior. Table 1 clearly shows the
similarities and differences between both groups of samples. For the IQ
samples, yield strength ranges between 360 and 400 MPa, tensile
strength between 610 and 670 MPa, total elongation between 44% and
47% and uniform elongation around 17-22%. A completely different
result is observed in SQ samples, where although yield and tensile



M. Balbi et al.

As received DP

a)

1000

800 -

600

Stress MPa

400 -|

200

T T T T T
20 30

Strain %

b)

Materials Science & Engineering A 733 (2018) 1-8

As received DP

800

700

600

500

400 -]

300

Stress MPa

200

100

-100 T T T T T
20 30 40

Strain %

50

Fig. 7. Engineering stress-strain curves of (a) SQ and (b) IQ samples.

Table 1

Tensile properties and phase proportions for the SQ and IQ samples, as well as the as-received commercial DP steel.

oy [MPa] ors [MPa] Uniform Elongation [%] Total Elongation [%] Proportion of phases
DP_as-received 430 610 14 45 80%F—20%M
1Q5 370 660 22 46,6 85%F—15%M
1Q_15 360 610 18 43,8 70%F—30%M
1Q_30 380 660 21,5 46,7 60%F—40%M
1Q_60 400 670 17 45 50%F—50%M
1Q_120 370 640 15 42 50%F—50%M
SQ_5 810 1000 3,7 36,5 15%F—85%M
SQ_15 730 900 4 36,5 35%F—65%M
$Q_30 670 850 4,5 32,4 40%F—60%M
SQ_60 730 890 3,8 29 50%F—50%M
$Q_120 730 900 3,5 30 55%F—45%M

strength are higher (they almost double their values) than those of the
commercial DP steel, the uniform elongation is very small and can
reach values around 3-4%. Consequently, due mainly to the lack of
suitable elongation, the step quenching heat treatment seems not to be
beneficial for commercial purpose.

4. Discussions

The DP microstructure contains hard martensitic islands embedded
in a generally continuous soft ferrite. When these steels deform, the
strain is concentrated in the lower-strength ferrite; moreover, this
plastic deformation spread into the ferrite limited by the neighboring
grains of martensite, resulting in an accumulation of stress concentra-
tion in the ferrite-martensite interface. In general, it was found that
yield strength and tensile strength are increased due to grain refine-
ment, and it is accompanied by a deterioration of ductility. However it
was shown that this is not applied to DP steels. In DP steels the re-
finement of martensite island or the distribution of fibrous martensite
enhance the ductility of the steel [20]. Fig. 8 shows optical images and
the result of applying the image J software in samples SQ_60 and IQ_60,
in which the size effect of martensite particles define the tensile prop-
erties of the microstructure. As can be seen, both samples have similar
phase proportions but the size of the martensite phase for sample IQ_60
is smaller than that of SQ_60. This could be also observed in SEM
images Figs. 3 and 5.

Concerning Table 1 and Fig. 7, it is interesting to analyze these
results. They show that regardless of the holding time applied to the IQ
and SQ specimen group, phase proportion seems not to play an essential
role in their tensile properties. Indeed, yield and tensile strength as well
as total elongation do not vary significantly with the variation of phase
proportion. Alternatively, it is known that alloying elements are a very
important point in the determination of the microstructure in Fe-C al-
loys. Analysis of the main alloying elements by EDS indicates that the
partition of them between ferrite and martensite is the same in both SQ

and IQ samples except for manganese (Mn). Fig. 9 shows a remarkable
variation in the partition of Mn in the IQ samples but not in the SQ
samples.

As it is well-known, Mn has higher solubility in austenite than in
ferrite [21,22] and notably the diffusion coefficients are comparatively
lower in austenite than in ferrite [23]. As was aforementioned, SQ
samples are produced first austenitizing the as-received DP steel during
a period of time and then heated at the intercritical temperature for
different holding times. Consequently, the growth of ferrite in the in-
tercritical range of temperatures is attained more for the diffusion of C
than for Mn atoms. Therefore, the Mn partition between phases does
not change during the microstructure formation. That means that Mn
atoms can remain in solid solution in both phases strengthening the
matrix. On the contrary, IQ samples start in the intercritical region from
a martensitic structure rich in Mn atoms in solid solution after
quenching from the austenite region. In the region the BCT martensite
transforms into BCC ferrite while the austenite starts to grow at
boundaries not only due to the diffusion of C but also due to the higher
mobility of Mn in ferrite [23]. Thus, after quenching an appreciable
difference in weight percent of Mn can be expected between ferrite and
martensite phases.

In balance, the partition of Mn between the parent and growing
phases during heat treatment in the intercritical region depend on the
initial crystal structure - either austenite or martensite. In SQ samples,
the ferrite is no more as soft and ductile as in commercial DP steel
producing as a result a reduction of the ability to accumulate plastic
deformation.

In order to predict the transformed volume fraction at the inter-
critical temperature, from austenite to ferrite in the SQ samples or from
ferrite to austenite in the IQ samples, the Kolmogorov-Johnson-Mehl-
Avrami theory (JMAK model) was evaluated. JMAK model describes
how materials are transformed from one phase to another at a constant
temperature by the process of diffusion that involves the processes of
nucleation and growth [24]. According to this model, the transformed
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Fig. 8. (a) SQ_60 optical image, (b) SQ_60 image J software, (c) IQ_60 optical image and (d) IQ_60 image J software.
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Fig. 9. Manganese partition between ferrite and martensite in IQ and SQ
samples.

Table 2
Phase proportions of: (a) SQ samples and (b) IQ samples.

volume fraction (X) is determined using the following equation:
X = 1—exp(—kt") (€D)]

where t is the time in second, n the Avrami's exponent and k a constant
that depends on temperature.

According to this model, when the time t tends to infinity, the
fraction of transformed volume tends to unity. However, in a real
transformation when the time is too long, X would tend to the equili-
brium value and not to 1. According to this, X is taken as the ratio
between the transformed volume fraction (V,) at a given time and the
volume fraction in equilibrium (V,) for a specific temperature. It would
be expressed as follows:

X= Yo = 1—exp(—kt")

Ve 2
Assuming that after quenching all the remaining austenite is

transformed into martensite, it can be considered that the fraction of

martensite after quenching is equal to the fraction of austenite at the

intercritical temperature. Additionally, three more samples were added

% Ferrite % Martensite

a) $Q.0.5 (305)
SQ_5 (300's)
SQ_15 (9005)
SQ_30 (1800s)
SQ_60 (3600 s)
$Q_120 (7200's)
SQ_240 (14,400 s)

5 95
15 90
35 65
40 60
50 50
55 45
55 45

% Ferrite % Martensite

b) 1Q.0.5 (30s)
1Q_5 (300s)
1Q_15 (900's)
1Q_30 (1800s)
1Q_60 (3600 s)
1Q_120 (7200's)
1Q_240 (144005s)

94 6

85 15
70 30
60 40
50 50
50 50
50 50
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for the kinetic of transformation at the intercritical temperature.

for a better determination of the Avrami’s exponent: one was held 30s
at the intercritical temperature and the rest 2 and 4h at the same
temperature. They were called SQ_0.5, SQ_120, SQ_240 and I1Q_0.5,
1Q_120, IQ_240. The sample SQ_240 and IQ_240, respectively, were
used to determine the equilibrium volume fraction V.

The proportion of phases using the point counting method and the
image J software were summarized in Table 2.

Now, the transformed volume fraction at any time can be de-
termined as:
VezVa _ exp(—kt"):}«lnln(L

Ve Ve — Vo

= Va

) = Ink + nint
3

e

The plot of lnln(Ve KVQ) vs Int can be represented by a straight line,
where the slope is the Avrami's exponent and the intersection with the
vertical axis the constant k. This graph is observed in Fig. 10a for SQ
samples and in Fig. 10b for IQ samples along with the linear approx-
imation and Fig. 10c shows the Avrami's model (solid lines) and ex-
perimental data (scatter points) for both SQ and IQ samples.

Avrami's exponent n depends on the nature of nucleation and
growth [25] and it can vary between 0.5 and 4 [26]. In the growth
controlled by diffusion processes, n varies between 0.5 and 2.5 [27].
For SQ and IQ samples n = 0.68 and 0.63 respectively, which means
that the kinetics of transformation for both groups of samples at 830 °C
is a diffusion-controlled growth process.

5. Conclusions

The experimental results obtained and presented in this article
allow to draw the following major conclusions:

1) A DP microstructure with similar tensile properties to that of the
commercial DP steel was obtained by intermediate quenching (IQ)
heat treatment. The step quenching heat treatment (SQ) seems not
to be beneficial for commercial purpose, due mainly to the lack of
suitable elongation.

2) The starting microstructure that precedes the intecritical tempera-
ture plays a decisive role on tensile properties.

3) Holding time and proportion of present phases seems not to be re-
levant in determining the tensile properties of the SQ or IQ samples.
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