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Inﬂuence of annealing process on microstructure and mechanical
properties of C-Mn dual phase steel
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Abstract
The paper deals with the influence of annealing parameters on the evolution of microstructure and mechanical properties of a dual phase steel. Simulation of annealing regimes by
thermo-mechanical simulator Gleeble was conducted. The dual phase steel was annealed in
laboratory conditions in accordance with three specified annealing cycles: into intercritical region (780 ◦C, into austenite region (920 ◦C) and into austenite region (920 ◦C) by subsequently
cooling into intercritical region (780 ◦C) with the hold at the temperature of 495 ◦C. Dwell
time at 495 ◦C simulates submerging of steel sheet into zinc bath. The obtained microstructure consists of three phases: ferritic matrix, martensite, and martensite/bainite grains. To
identify the microstructure, transmission electron microscopy (TEM) and nanoindentation
experiments were performed.
K e y w o r d s : dual phase steel, annealing simulation, microstructure evolution, transmission
electron microscopy observations, nanoindentation method

1. Introduction
Dual phase steel grades (hard martensite embedded in a soft ferrite matrix) oﬀer attractive properties,
such as continuous yielding, high work hardening rate,
good uniform elongation and relatively high formability, which are of considerable interest for applications
in the automotive industry [1–4].
The performance of cold rolled DP steel grades
depends mainly on their chemical composition such
as an alloy content of each phase and microstructural parameters such as the phase volume fraction and distribution, etc. The reasonable alloy composition design for DP steel grades can obtain required mechanical properties at a low cost. A few
researchers have studied the eﬀect of chemical composition, especially the micro-alloying elements and
the volume fraction of composite phases (retained austenite, ferrite, martensite, bainite, etc.) on the mechanical properties of DP steel grades [5–7]. On the
other hand, the thermo-mechanical processing conditions, involving hot rolling, cold rolling and es-

pecially annealing result in the ﬁnal microstructure
[8, 9].
Commercial cold rolled DP steel grades are preferably produced by continuous annealing process in the
intercritical (ferrite (α) + austenite (γ)) zone so as to
obtain the satisfying sheet properties, such as a good
surface and optimum homogeneous properties all over
the sheet. The typically continuous annealing process
has the stages of heating, soaking, slow cooling, rapid
cooling, and over ageing. Modiﬁcation of the chemical
composition and parameters of continuous annealing,
especially the temperature, has a pronounced inﬂuence on the microstructure development and thereby
also on the properties of steel sheets [10–12].
The study was focused on the inﬂuence of the modiﬁed alloying (three times higher Cr content) and its
impact on the microstructure evolution and the mechanical properties of a dual phase steel. Three diﬀerent
annealing regimes were studied (into intercritical region, into region of austenite and the combined annealing regime), whereas the inﬂuence of the higher
Cr content on γ → α transformation and also on the
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critical region (780 ◦C) (a), the second cycle consisted
of heating into austenite region (920 ◦C) (b), and the
third cycle consisted of heating into austenite region
(920 ◦C) and subsequent cooling into intercritical region (780 ◦C) (c), as is showed in Fig. 2. The dwell time
at 495 ◦C simulated the input of a steel sheet into the
Zn bath. For calculation of transformation temperatures of the intercritical region Ac1 and Ac3 , Eqs. (1)
and (2) were used [8]:
Fig. 1. Tensile strength sample dimensions.

creation of ﬁnal microstructure and obtained mechanical properties, was investigated.

Ac1 = 723 − 10.7Mn − 16.9Ni + 29.1Si + 16.9Cr +
290As + 6.8W,
(1)
Ac3 = 910 − 203C1/2 − 15.2Ni + 44.7Si + 10.4V+
31.5Mo + 13.1W − (30Mn + 11Cr + 20Cu − 700P −
400Al − 120As − 400Ti).
(2)

2. Material and experimental procedure
The experimental material was produced in a
laboratory resistance furnace in an inert argon atmosphere. After that, the material was hot rolled in
laboratory conditions, and then cold rolled with the
ﬁnal reduction of 70 % followed. The chemical composition of the studied material is shown in Table 1.
To obtain the required properties, three times higher
amount of Cr was used, whereas the Mo content was
reduced to the minimum level.
Simulation of annealing regimes was done by the
thermo-mechanical simulator Gleeble by using specimens presented in Fig. 1. After that, the tensile test
related to the EN ISO 6892-1:2009 B standard was
performed. Three annealing regimes were chosen. The
ﬁrst annealing cycle consisted of heating into inter-

The microstructure of a dual phase steel was documented by the light microscopy and scanning electron
microscopy. To obtain a colour contrast, two etchants
were used, ﬁrst Nital and then Klemm. The grain
boundaries were shown up well when Nital etchant
was used. The grain bodies were contrasted by the
Klemm colour etching. The colour etching resulted in
a favourable contrast of diﬀerent phases. The ferrite
grains were in brown or blue tones; the martensite
was brown and the austenite phase was white [13].
For SEM observations, only Nital as an etchant was
used.
To identify the individual phases in the steel microstructure, the transmission electron microscopy observations were performed for the ﬁrst and third annealing regimes. The discs were electro-polished us-

T a b l e 1. Chemical composition of DP steel (wt.%)
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Fig. 2. Annealing regimes of DP steels.
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Fig. 3. Mechanical properties of DP steel grades.

ing a standard double-jet procedure. For the electropolishing process, the CH3 OH : HClO4 electrolyte in
the ratio 9 : 1 was used. The polishing process was performed in the temperature range from –35 to –25 ◦C
at 18 V.
For hardness determination of individual phases,
the nanoindentation measurements were performed.
The Nanoindenter G200 with the Berkovich tip was
used. All annealing regimes were investigated and 25
measurements for each phase per regime were done.
The hardness (HIT ) measurements of ferritic grains
were performed by the maximum loading force Fmax
= 19.62 mN. For hardness measurements of austenitic
and martensitic grains, the maximum loading force of
Fmax = 0.981 mN was used. When relating the size of
austenitic and martensitic grains in comparison to ferritic grains, the lower loading force needs to be used to
avoid the hardness imprint distortion by surrounding
ferritic grains [14].

3. Results and discussion
Related to the varying annealing regimes, the values of yield stress were changed, the maximum value
was measured for annealing regime b. The value
of yield stress for annealing regime b (heating into
austenite region (920 ◦C)) reached 359 MPa and for
annealing regime c (heating into austenite region
(920 ◦C)) and subsequent cooling into intercritical region (780 ◦C) decreased to 305 MPa. The values of the

ultimate tensile stress behaved diﬀerently. The value
of the ultimate tensile stress for annealing regime b
increased up to 555 MPa and for annealing regime c
the value was kept at 550 MPa. The elongation values
showed the increasing tendency with the maximum
level for annealing regime 3 when reached 28.5 %. The
strain hardening exponent n and the ratio YS/UTS
reached the best values for the ﬁrst (a) and the third
(c) annealing in Fig. 3.
Figure 4 shows the microstructure of all studied
annealing regimes. In the ﬁrst (a) selected regime,
the microstructure consists of the ferritic matrix, austenite and areas with an indication to be martensite.
No typical martensite was observed in the microstructure. After the second (b) selected annealing regime
the microstructure was formed by the ferritic matrix, austenite, and martensite. In this case the partly
martensite grains, surrounded by austenite, were observed. After the third (c) annealing regime, the microstructure was also formed by the ferritic matrix,
austenite, and martensite, as observed in case b. After
the third annealing regime (c), the higher appearance
of martensitic grains in comparison to regime b was
observed.
The microstructure of a dual phase steel was documented by optical microscopy (OM). To obtain the
colour contrast, two etchants were used – Nital and
Klemm. The microstructure of DP steel for all annealing regimes (Fig. 5a–c) consists of the ferritic matrix
(tones of a brown colour) and austenite (white colour). It seems, based on SEM observations, that in

344

M. Šebek et al. / Kovove Mater. 53 2015 341–348

Fig. 4. Microstructure of DP steel: a) annealing regime
780 ◦C – 495 ◦C; b) annealing regime 920 ◦C – 495 ◦C;
c) annealing regime 920 ◦C – 780 ◦C – 495 ◦C.

Fig. 5. Microstructure of DP steel: a) annealing regime
780 ◦C – 495 ◦C; b) annealing regime 920 ◦C – 495 ◦C; c)
annealing regime 920 ◦C – 780 ◦C – 495 ◦C.

the case of white grains in SEM, these are brown in
the middle on OM, which means that the martensite
is surrounded by austenite (regimes b and c).
When the martensitic grains were not surrounded
by the austenite phase and the transformation was
realized in the whole grain, no remarkable contrast
between the ferrite and martensite by colour etching
was achieved. For this reason, the specimen was etched

by Nital, and SEM observations were performed. After
that, the colour etching by the Klemm etchant was
done and observations by OM were made. The results
of martensitic grains’ identiﬁcation are shown in Fig. 6
where the black arrows show the identical martensitic
grains.
Samples after two annealing regimes were subjected to TEM analysis: 780 ◦C – 495 ◦C and 920 ◦C
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Fig. 6. Identification of martensitic phase.

Fig. 7. Annealing regime 780 ◦C – 495 ◦C: a) characteristic structure; b) austenitic grain.

Fig. 8. Annealing regime 920 ◦C – 780 ◦C – 495 ◦C: a) bainitic grain; b) partly transformed grain of bainite enclosed by
martensite; c) detail of martensitic grain.
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Fig. 9. Identification of individual phases and structures observed using the optical microscopy, SEM, and TEM.

– 780 ◦C – 495 ◦C. In case of the 780 ◦C – 495 ◦C
regime, the microstructure consisted of ferritic and
martensitic grains. Figure 7a shows a detailed view
of martensitic grain. Figure 7b shows the grain of
non-transformed austenite. However, the appearance
of non-transformed austenite documented on Fig. 7b
is sporadic, it is impossible to except the appearance
of the higher amount of non-transformed austenite in
the steel structure.
Figure 8 shows the ﬁnal characteristic microstructure of the specimen after 920 ◦C – 780 ◦C – 495 ◦C regime. The microstructure consisted of bainitic grains,
Fig. 8a, and bainitic grains surrounded by martensitic
phase, Fig. 8b. Figure 8c shows the detail of martensitic grain.
Figure 9 shows the correlation of individual phases

and structures observed using OM, SEM, and TEM.
Figure 9a shows the microstructure observed by SEM
and Fig. 9b shows the same area observed by OM
after colour etching. TEM was used to ﬁnd the
partly transformed grains that were observed by
OM and SEM. Based on the SEM observations it
was conﬁrmed that these grains were martensitic.
TEM observations showed that the partly transformed
grains were bainite. A TEM observation also conﬁrmed that the phase which totally or partly enclosed bainitic grains seems to be non-transformed
austenite was in fact martensite. The evidence of
that is the fragmentation into the smaller plates and
the high dislocation density. In the case of colour
etching (Klemm etchant) it can be said that the
white grains represent martensite; bainite is brown
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Fig. 10. Distribution of secondary phases in the microstructure during continuous cooling.
T a b l e 2. Summary of the nanoindentation measurements
Specimen
1
2
3

HIT

ferrite

(GPa)

HIT

2.2
2.6
2.5

martensite

4.2
4.6
4.9

(GPa)

HIT

mart./bainite

(GPa)

–
7.9
7.3

1. Annealing regime: 780 ◦C – 495 ◦C
2. Annealing regime: 920 ◦C – 495 ◦C
3. Annealing regime: 920 ◦C – 780 ◦C – 495 ◦C

and ferrite is also of a brown colour – bainite is
darker.
Based on the observations that were performed,
one should assume that on the origin of individual
martensitic and bainitic grains that were accompanied by the martensite phase related to 920 ◦C –
495 ◦C and 920 ◦C – 780 ◦C – 495 ◦C regimes, there is
the eﬀect of the former size of the austenitic grain.
Related to articles [8, 15, 16], during the cooling
process, the diﬀusion of dissolved atoms of carbon
to intercritical austenite from ferrite should support
the bainite formation in these regions. When the
diameter of the austenitic grain is not suﬃciently
small, the middle non-transformed part of the austenitic grain cannot eﬀectively accumulate the dissolved carbon atoms and therefore the gradient of
chemical composition into the centre of austenitic

grain is formed. Due to the existence of the chemical composition gradient across the austenitic grain
related to its diameter, diﬀerent structure composition is created, namely: either isolated martensite
grains or bainite accompanied by martensite, which
bind the bainitic grain. When the accumulation of soluble carbon is high enough, the non-transformed austenite should become more stable and results in the
formation of residual austenite. Figure 10 shows the
scheme of microstructure evolution from the austenite during the continual cooling: 1) the hard martensite formed on the grain boundary; 2) the soft interior bainite and 3) the hard isolated martensite [15].
Table 2 summarizes the results of nanoindentation
measurements (HIT ). Three diﬀerent values of hardness were achieved. The hardness of ferrite was 2.2 to
2.6 GPa. Through simulation of annealing regime at
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temperature 495 ◦C the martensite was tempered, and
thus the lower values of hardness were obtained (4.2
to 4.9 GPa). The hardness of mixed grains martensite/bainite (bainite surrounded by martensite) in case
of the annealing regime 920 ◦C – 495 ◦C and 920 ◦C –
780 ◦C – 495 ◦C was 7.9 and 7.3 GPa, respectively.

4. Summary
The simulation process of the annealing regime
which consisted of heating to austenite region (920 ◦C)
resulted in a uniform structure. The heating into austenite region (920 ◦C) and subsequent cooling and
holding in inter-critical region (780 ◦C) resulted in
more stable mechanical properties with good strength
and plastic characteristics of the studied dual phase
steel.
The microstructure consists of the ferritic matrix,
islands of martensite and mixed structure consisting
of bainite and martensite.
TEM investigation expressly deﬁned the individual
phases of the studied steel after simulated conditions
of annealing.
Nanoindentation measurements conﬁrmed three
diﬀerent hardness values for three phases that appeared in the microstructure of DP steel.
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