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Abstract

This study investigates and compares the effects of the starting microstructure on the double intercritical
annealing (DIA) process on the microstructure and mechanical properties of 0.11%C-2.39%Mn-0.45%Si
dual phase steel. The specimens were austenitized, followed by water quenching (WQ) or air cooling (AC),
then DIA at 730°C. For the WQ method, high cooling rate results in the formation of a high strength
martensitic structure. Conversely, AC method yields a moderate cooling rate, forming a bainitic structure.
After single intercritical annealing (SIA), the microstructure transformed into ferrite and martensite. WQ
method specimens contain high stress concentration, leading to earlier recrystallization compared to the
AC method resulting in a higher amount of martensite and a larger ferrite grain area. In contrast, the
AC method results in more homogeneous structure, thus it shows lower strength with higher ductility
compared to the WQ method. After DIA, the WQ method has a higher strength than the AC method,
with similar ductility. This is because the morphology of the martensite in WQ730SIA is thin and
sharp needle dispersed irregularly in matrix which has a higher stress concentration than AC730SIA
which has short and rounded martensite dispersed regularly in ferrite matrix. However, regardless of
slightly higher mechanical properties, the WQ method causes the risk of the workpiece breaking

1. Introduction

Dual phase (DP) steels are a kind of advanced high strength
steels (AHSS) [1] which generally, is low carbon steels (0.05 wt% C
to 0.25 wt% C) [2]. The microstructure consists of martensite as the
hard phase and ferrite as the ductile phase. Its distinctive features
include low yield strength facilitating ease of shaping, absence of yield
point phenomenon, high strain hardening rate, and good weldability.
Compared to high strength low alloy steels (HSLA) with similar tensile
strength, DP steels have lower yield strength, higher ductility and
additionally, increased strength through work hardening [3].

There has been extensive researches on the need to increase
tensile strength without sacrificing the ductility of DP steel [4-10].
This is achieved through the modification of the microstructure via
the heat treatment process [4-6]. There are 2 main processes involved
for the heat treatment of DP steels, austenitizing and intercritical
annealing. Heat treatments are the most straight forward methods
to enhance the properties of low alloy steel by adjusting various
parameters such as temperature, time [7], and cooling rate [8]. These
significantly influence the mechanical properties and determining
factors such as the microstructure, phase distribution of martensite
[9], and the size of ferrite grains [2].

The intercritical annealing is crucial for the production of DP
steel because it significantly influences the proportion of martensite
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during first water quenching, therefore, the AC method provides a better heat treatment option.

phases [10]. The controlled adjustment of martensite content during
intercritical annealing results in varying tensile strength ranging from
400 MPa to 1000 MPa, making the DP steel suitable for applications
in automotive and other industries [11,12].

Furthermore, it was observed that hot or cold deformation has an
impact on the size and distribution of martensite in the DP steel, affecting
the refinement of grains [13]. For example, post-intercritical annealing
cold-rolling promotes ultra-fine grains (UFG) and deformation-induced
ferrite transformation (DIFT) [14]. However, these techniques are
primarily derived from sacrificing formability upfront, such as through
extensive rolling or complex and expensive deformation paths [4,15].
Thus, this is not very practical for the production of DP steels. From
the study [4], repeating the intercritical annealing cycle results in repeated
recrystallization, leading to grain refinement, increased yield, and tensile
strength. Meanwhile, uniform ductility and overall elongation are likely
to experience an insignificant impact [4,6,11].

Until recently, the evolution of the microstructure from repeat
intercritical annealing for grain refinement has received limited
attention. Hence, it serves as the motivation for this research to
investigate the impact of the initial microstructure on the outcomes
of double intercritical annealing. This research studies the micro-
structure and mechanical properties. On the effects of different initial
microstructures after double intercritical annealing of 0.107%C-
2.39%Mn-0.453%Si dual phase steel.
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2. Experimental
2.1 Materials and specimen preparation

Dual phase steel used in this study has a chemical composition

as shown in Table 1. The specimen was cold rolled to a thickness of

1.4 mm, then cut into tensile test specimens according to ASTM E8
standard as shown in Figure 1.

2.2 Heat treatment

To choose the austenitizing temperature and the intercritical
annealing temperature, calculations were performed for A1 and A3
temperatures based on the chemical composition using Equation (1- 4)
[16].

Hougardy;

Al =739 -22C - 7Mn + 2Si + 14Cr + 13Mo — 13Ni €))]
Trzaska;

A1=739-22.8C—6.8Mn + 18.2Si+ 11.7Cr— 15Ni— 6.4 Mo — 5V —28Cu (2)

Hougardy;

A3 =902 -255C—11Mn + 19Si — 5Cr + 13Mo — 20Ni + 55V 3)
Trzaska;

A3=937.3-224.5C — 17Mn + 34Si — 14Ni + 21.6Mo + 41.8V — 20Cu (4)

Two different equations were used to reduce the uncertainty of the
A1 and A3 values based on the chemical composition. The calculated
values for Al from Equation (1-2) are 721°C and 728°C, respectively.
Meanwhile, the calculated values for A3 from Equation (3-4) are
857°C and 887°C, respectively.

To obtaina fully austenitic structure, it is necessary to use a temperature
higher than A3 by approximately 50°C and avoid excessively high
temperatures as the austenite grain size increases with increasing
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twice at 730°C for 3 min, with water quenching as cooling method.
Hereafter, the specimens are named regarding to their heat treatment
condition for example the water quenched specimen, intercritical
annealed once at 730°C is called “WQ730SIA”. There are six conditions
total: WQ950, AC950, WQ730SIA, WQ730DIA, AC730SIA, and
AC730DIA (Table 2).

2.3 Tensile testing

In total, 6 conditions (Table 2) were tested for tensile properties
at room temperature. During the elastic deformation, the specimens
were pulled at a rate of 0.008 mm-s™, then, as the plastic deformation
started, the speed was increased to 0.16 mm-s™'. The tests were
conducted three times for each specimen condition.

2.4 Microstructure characterization

Small piece of the tensile test specimens was cut from the grip
section to observe the microstructure. The specimens were then grounded
using sandpaper from 80 grit to 2000 grit, followed by polishing with
1 um and 9 um diamond powder then etched with nital solution 2%vol.
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Figure 1. Schematic drawing of subsize tensile specimen (ASTM ES8 standard).
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temperature thus, temperature of 950°C was chosen. The intercritical Cooling
annealing temperature, set between Al and A3, was selected at 730°C.
Figure 2 shows the heat treatment process involved in heating WQ50 ACHS0 “;%Z.P;%?Ii ‘X?;Zgg:
the workpiece to 950°C for 10 min, followed by water quenching
or air cooling. Subsequently, intercritical annealing was performed  Figure 2. Heat treatment profile used in this study.
Table 1. Chemical composition of DP780 steel used in this study.
Chemical composition (wWt%)
C Mn Si Cr Mo Ni Cu \
0.107 2.39 0.453 0.023 0.0072 0.021 0.014 0.0015

Table 2. Tensile test specimen’s heat treatment conditions.

Specimen conditions
Name Heat treatment condition
AC950 950°C, 10 min + AC
AC730SIA 950°C, 10 min + WQ + 730°C, 3 min
AC730DIA 950°C, 10 min + WQ + 730°C, 3 min + 730°C, 3 min
WQ950 950°C, 10 min + WQ
WQ730SIA 950°C, 10 min + AC + 730°C, 3 min
WQ730DIA 950°C, 10 min + AC + 730°C, 3 min + 730°C, 3 min
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An optical microscope (OM), was employed to examine the micro-
structure along the rolling direction. The average grain area of ferrite
along with the fraction of martensite area were measured using ImageJ
software.

Subsequently, a scanning electron microscope (SEM), JEOL
JSM-6610LYV, was utilized for detailed analysis of the microstructure.
Energy Dispersive Spectroscopy (EDS) was also employed in line
scan mode to identify the elemental distribution of each phase.

3. Results and discussion

3.1 Microstructure

The specimens, which were austenitized then subjected to the
AC or WQ method, resulting in different microstructure (Figure 3).
AC method leads to a bainitic initial microstructure as shown in
Figure 3(a,c) due to the effect of manganese which delays the phase
transformation [17], On the other hand, WQ method which has a higher
cooling rate results in a fully martensitic structure with a high stress
concentration and a large amount of dislocation (Figure 3(b,d)) [18].

After SIA (Figure 4), Both AC (Figure 4(a,b)) and WQ (Figure 4
(c,d)) methods the microstructure consists of ferrite and martensite
distributed throughout every workpiece. The shape of ferrite was found
in 2 types: granular ferrite and lath ferrite. During the intercritical
annealing lath ferrite with needle-like shape was formed by the reversion
of lath martensite or bainite while granular ferrite was formed at grain
boundaries due to recrystallization [6]. Additionally, silicon also helps
in the formation of granular ferrite [19].

Microstructure of the AC730SIA and WQ730SIA specimens are
shown in Figure 4(a,b) and Figure 4(c,d), respectively, More lath ferrite
was observed in the center compared to near surface area in both

specimens however, granular ferrite is the major type found near
surface area. Moreover, the AC730SIA has more lath ferrite than the
WQ730SIA, while the WQ730SIA has a larger number of granular
ferrite. The morphology of martensite in the AC730SIA was short
and rounded dispersed regularly in ferrite matrix. On the other hand,
martensite in the WQ730SIA appears as thin and sharp needle dispersed
irregularly throughout the microstructure. Therefore, the microstructures
of AC730SIA and WQ730SIA specimens show different characteristics,
as result from dissimilar initial microstructure.

Due to the difference in stress concentration resulting from different
cooling methods, the recrystallization process progresses differently
[20]. The WQ730SIA with higher stress concentration causes the
recrystallization temperature to be lower (easier to recrystallize),
and resulting in a larger number of granular ferrite. Meanwhile, the
AC730SIA specimen has a lower stress concentration and therefore
shows lesser number of granular ferrite. However, the short annealing
time, compared to other research studies [12,21], was not enough for
recrystallization to finish in all areas, especially in the central area
[22]. Thus, the specimens demonstrate unevenness microstructure
throughout the entire area.

After DIA, AC730DIA exhibits a smaller size of martensite, granular
ferrite, and lath ferrite, resulting in a higher quantity and more uniform
distribution as shown in Figure 5(a,b). The similarity in the phase
morphology between the surface and center area indicates improved
homogeneity after DIA. Similar behavior was also observed in
WQ730DIA. However, for WQ730DIA (Figure 5(c,d)). There is still
anoticeable difference between the near surface and the center area,
as martensite appears to disperse irregularly, similar to WQ730SIA.
Therefore, this suggests that the uniformity of WQ730DIA is less than
that of AC730DIA.

Figure 3. Microstructure after austenitized of (a,c) AC950 and (b,d) WQ950 [6] taken by (a,b) OM and (c,d) SEM [6].
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Using grain ferrite area as a representation of grain ferrite size of
samples with various heat treatment conditions, as shown in Table 3.
This shows that all samples have an average ferrite grain area not
exceeding 100 pm?. After SIA, WQ730SIA has a larger ferrite grain
size than AC730SIA because water quenching produces higher stress
concentration than air cooling [20]. This causes WQ730SIA specimen
to undergo a phase transformation to austenite and ferrite phases and
growth faster [22,23] than AC730SIA. Furthermore, the transformation
is not uniform in both AC730SIA and WQ730SIA, due to uneven heating
between near surface and center areas [22,23], as the heat experiences
near surface area is longer than the center area. As a result, after water
quenching, the near surface area has a larger ferrite grain size compared
to the center area.

After DIA, the ferrite grain size decreased however, the WQ730DIA
(Figure 5(c,d)) still has a larger ferrite grain size than the AC730DIA
(Figure 5(a,b)), as the microstructure of WQ730DIA consists of more
granular ferrite which has a large area and less amount of lath ferrite
compared to the AC730DIA. In addition, it is interesting to note that
the ferrite grain size measurement has a very high deviation in all
heat treatment conditions. This refers to the difference in ferrite shapes,
granular and lath, which show a significant different in ferrite grain size.

The martensite fraction is shown in Figure 6. WQ730SIA specimen
has a slightly higher amount of martensite than AC730SIA due to
the fully martensitic structure before SIA however, the difference is
relatively low and insignificant. During SIA recrystallization occurs
in WQ730SIA before the AC730SIA as a result of higher stress
concentration [20]. Nevertheless, since the intercritical annealing
time is short, fully recrystallization was not complete especially in
the center areas. Therefore, martensite was not fully transformed in
many areas of both specimens and still present after SIA. This results
in the slightly higher martensite fraction of WQ730SIA and also the
diversity of martensite fraction in both specimens depending on areas.

After DIA, both AC730DIA and WQ730DIA specimens have almost
similar martensite fraction, approximately 60%, which are slightly
lower than SIA condition. The diversity of martensite fraction between
near surface and the center area stay close to after SIA and the difference
is still observable. This indicates that the short time intercritical temperature
annealing at 730°C is not enough to make the uniform microstructure [24]
even after DIA. This discrepancy is due to insufficient energy resulting
from the short annealing time and low temperature thus, preventing
complete martensite recrystallization. As a result, the microstructure in
the center area is not fully resemble that near surface area.

Figure 4. SEM micrographs of (a,b) AC730SIA and (c,d) WQ730SIA[6], (a,c) near surface area and (b,d) at center area. LF: Lath ferrite, GF: Granular

ferrite, M: Martensite.

Table 3. Average ferrite grain area of specimens with various heat treatment conditions.

Specimen Surface Center Overall
[nm’] [nm’] [um’]
AC730SIA 79.96 +49.12 48.83 £33.65 64.39 £20.16
AC730DIA 61.95 +38.37 43.57 +£25.87 52.76 £33.99
WQ730SIA [6] 96.63 + 80.08 58.15+55.58 77.39 +71.46
WQ730DIA [6] 66.22 £ 51.55 54.36 +48.07 60.29 £ 50.11
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Figure 5. SEM micrographs of (a,b) AC730DIA and (c,d) WQ730DIA [6], (a,c) near surface area and (b,d) at center area. LF: Lath ferrite, GF: Granular
ferrite, M: Martensite.
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Figure 6. Martensite fraction of the specimens with various heat treatment conditions.

h A

| A o
'\l“' L!’llv‘. ! W WLV

Figure 7. SEM images and EDS line scans of the central area of the (a) AC730SIA, and (b) AC730DIA specimens.
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The SEM images and EDS line scan results of AC730SIA and
AC730DIA (Figure 7) reveal an absence of distinct cluster of alloying
elements, such as manganese and silicon. Conversely, some fluctuations
were found in the carbon profile. This is because the holding time is
short which allows only that which has a small atomic size can diffuse
more easily compared to large elements [25]. The result of AC method
of AC method is consistent with WQ method studied before [6].

3.2 Mechanical properties

The engineering stress-strain curves of all specimens are shown in
Figure 8, and various average values are presented in Table 4. WQ950
specimens with a martensitic structure, show high strength and low
ductility, in contrast to AC950 specimens with a bainitic structure which
exhibit lower strength and higher ductility than WQ950 specimens.
This demonstrates that mechanical properties were altered by changing
the quenching method.

After SIA, both yield and tensile strengths decrease, and ductility
increases for both WQ and AC methods. However, WQ730SIA
experienced a larger change in the mechanical properties compared
to AC730SIA. Moreover, WQ730SIA has higher yield and tensile
strengths than that of AC730SIA likely due to the higher martensite
content in WQ730SIA specimens. On the other hand, AC730SIA
specimen has higher ductility compared to WQ730SIA specimen.

After DIA, both WQ730DIA and AC730DIA experienced a
decrease in yield strength and an increase ductility (Table 4).
However, AC730DIA has an increase in tensile strength from 659 to
676 MPa. When comparing two conditions, WQ730DIA exhibit DP
steels in this work exhibit a little higher strength and ductility than
ACT730DIA. Nonetheless, this proves that the mechanical properties

1400 1
1200
1000 7
800 7

600

400

Engineering stress (MPa)

200

of DP steel can be adjusted through double intercritical annealing
process. In this work, annealed DP steel exhibits yield strength ranging
from 450 MPa to 500 MPa, tensile strength from 675 MPa to 750 MPa,
and elongation percentages from 16 to 22%, which are related to the
amount of martensite. Generally, increasing martensite content leads to
higher tensile strength and yield strength but reduced ductility [5,26].
According to the results, the mechanical property was adjusted to increase
the ductility without sacrificing much strength using DIA method.

Additionally, the engineering stress-strain curves shown in Figure 8.
reveal that after SIA, the disappearance of the yield point phenomenon
and enhancement of the work hardenability are evident. The continuous
strain-hardening behavior of DP steel can be explained by the fact that
martensite formed after intercritical annealing, generates unpinned
dislocations in ferrite (due to shear and volume changes associated with
the transformation) [27,28]. These martensite-induced dislocations
move at low stress regions, creating low yield strengths, and interact
to produce high rates of strain hardening [11].

Furthermore, the amount of strain hardening (seen from the UTS—
YS value in Table 4) of AC730SIA, AC730DIA, WQ730SIA, and
WQ730DIA specimens are relatively similar. The strain hardening
curves in Figure 9 reveal that for SIA and DIA during the plastic
deformation region, strain hardening rapidly decreases at low stress and
then decreases gradually. Afterward, it will maintain a positive value
until necking. However, strain hardening value remains positive for
longer in DIA specimens in both WQ and AC conditions. Furthermore,
the strain hardening value for WQ730SIA and WQ730DIA specimens
are similar to that of AC730SIA and AC730DIA specimens. As for
the uniform elongation, AC730SIA and AC730DIA specimens are
only slightly different while it is significantly increased in WQ730DIA
compared to WQ730SIA.

— = —AC950

— — —ACT30SIA

— — —AC730SDIA
—WQ950[6]
——— WQ730SIA[6]
——— WQ730DIA[6]

0 5 10

15 20 25
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Figure 8. Engineering stress-strain curve of tensile specimens with various heat treatment conditions.

Table 4. Yield strength, tensile strength, elongation, and ultimate elongation of specimens subjected to various heat treatment methods.

Specimen Yield strength Tensile strength UTS-YS Uniform elongation Elongation at failure
[MPa] [MPa] [MPa] [%] [%]
AC950 463 £ 15 756 +£5 293 10.5+0.4 159+1.6
AC730SIA 459+9 659+ 1 201 13.3+£0.3 19.0+1.1
AC730DIA 449 £20 676 +19 227 14.1+£13 205+ 1.7
WQ950[6] 898 £ 8 1164 +9 266 2.8+04 40+1.2
WQ730SIA[6] 504 + 10 704 +4 200 104 +0.5 16.6 £0.8
WQ730DIA[6] 479 +£3 696 +3 217 144+0.5 22.0+£0.8
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Figure 9. True stress-strain and work hardening curves of (a) AC730SIA and AC730DIA, and (b) WQ730SIA and WQ730DIA specimens intercritical annealed.

3.3 Relationship between microstructure and mechanical
properties

According to the obtained microstructure and mechanical properties,
all connections were considered. Before intercritical annealing, the
WQ method has a high cooling rate resulting in a martensitic structure
(Figure 3(c,d)) with high strength but low ductility. Conversely, the
AC method has a moderate cooling rate resulting in a bainitic structure
(Figure 3(a,b)) leads to lower strength but higher ductility than the
WQ method. From other research, it was found that the water quenching
method (WQ950) has a higher stress concentration than the air cooling
method (AC950) [1].

During SIA, recovery and recrystallization occur, causing the
reduction of stress concentration in the workpiece [20]. After water
quenching, both AC730SIA and WQ730SIA contain martensite and
ferrite in the microstructure. As martensite has a much higher strength
than ferrite, the increases in martensite content cause the yield stress
and tensile strength to increase, while ductility decreases [27,29,30].
Moreover, a smaller ferrite grain area also results in higher yield stress
and tensile strength compared to a larger ferrite grain area [2,27] but
the larger ferrite grain area is more ductility [10,18]. In addition, the
ACT730SIA had less mechanical properties change than the WQ730SIA,
both in strength and ductility (See Table 4, Figure 8). This is due to
WQ730SIA has higher stress concentration than AC730SIA, leading to
earlier recrystallization. Consequently, WQ730SIA has higher martensite

content and a larger ferrite grain area than AC730SIA. In addition,
different stress concentrations have different effects on martensite
morphology. WQ730SIA exhibits thin and sharp needle dispersed
irregularly martensite throughout the microstructure leading to a
higher stress concentration. On the other hand, AC730SIA has short
and rounded martensite dispersed regularly in a ferrite matrix.

After DIA, recrystallization occurs again resulting in further grain
refinement which can increase strength along with improving ductility
concurrently [31]. This was evident as a slight reduction in ferrite
grain area. However, the microstructure still resembles that of the
workpieces that underwent SIA, but with greater homogeneity and
lower martensite content. This is consistent with lower yield stress
and increased ductility of DIA specimens compared to SIA specimens.
Generally, a decrease in martensite content and an increase in ferrite
grain area lead to a decrease in both strength and ductility. However,
WQ730DIA, with larger ferrite grain area and higher martensite
content than AC730DIA (see Table 3, Figure 6), exhibits higher tensile
strength and ductility after tensile test. This is because WQ730DIA
still has higher stress concentrations than AC730DIA due to the initial
martensite structure from austenitizing structure.

The significant feature of the microstructure of WQ730SIA and
AC730SIA and WQ730DIA and AC730DIA (Figure 4-5) are large
ferrite grain area (Table 3) and low martensite content (Figure 6)
near surface compared to center of the workpiece. It found that
WQ730SIA has the most inhomogeneous microstructure due to the

J. Met. Mater. Miner. 35(1). 2025
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rapid recrystallization caused by high stress concentration. After
DIA, WQ730DIA has a more uniform distribution, making the micro-
structure more homogeneous. In the case of the AC method the
microstructure more uniform because the lower stress concentration
leads to less transformation.

Additionally, for mechanical properties, an increase in the amount
ferrite grain areas leads to increased ductility [29,30] and slightly
decreasing the ferrite grain area has a beneficial effect on strength and
ductility [1]. Moreover, the decrease in martensite content leads to
an increase in carbon content in the martensite and a reduction in
the strain-hardening exponent of DP steel [32]. Also the increased
number of granular ferrite in the center area after DIA, compared to
the predominantly lath ferrite found in SIA specimens, is beneficial for
strain hardening behavior. Thus, the strain hardening during plastic
deformation sustains a positive value to a larger true strain (Figure 9).

Furthermore, some studies [4,5] have revealed that grain refinement
in DP steel differs from other metal materials. Grain refinement normally
leads to a decrease in the initial strain hardening rate, increasing yield
stress and slightly tensile strength and decreasing ductility [27]. However,
this does not apply to DP steel due to the presence of martensite fibers
that increase ductility [13]. DP steel when undergoes deformation,
stress concentrations occur in the ferrite which has low strength.
Plastic strain in ferrite is constrained by adjacent martensite grains,
resulting in an accumulated strain near the interface boundaries of
ferrite and martensite [33].

3.4 Comparison between cooling methods (water quenching
and air cooling) after austenitizing

After austenitized, water quenching produces a higher cooling
rate than air cooling. Thus, WQ950 specimens has fully martensite
structure which has higher stress concentrations than bainitic structure
in AC950. After the first intercritical annealing, WQ950 undergoes
a phase transformation to austenite and ferrite during intercritical
annealing earlier than AC950. This is because the martensitic structure
in WQ950 structure, does not need to dissolve carbides, whereas the
bainitic structure does. For these two reasons, WQ730SIA recrystallized
before AC730SIA.This is consistent with the microstructure that
WQ730SIA contains thin and sharp needle martensite dispersed
irregularly in matrix with a higher stress concentration compared to
short and rounded martensite in AC730SIA. It was also observed that
WAQ730SIA specimen has larger ferrite grain area and martensite
fraction than AC730SIA, while AC730SIA specimen shows more
homogeneous structure, which relates to the effect of elier grain growth
in WQ730SIA compared to AC730SIA.

After intercritical annealing for second time, specimes underwent
repeated recrystallization, the concentration stress decreased, leading to
areduction in the ferrite grain area. The microstructure characteristics
remained similar to the previous structure after the first intercritical
annealing, but are more homogeneous in both workpieces. However,
the recrystallization throughout the entire area was incomplete due to
insufficient energy, as the annealing temperature was low. Although
the stress concentration decreased, the WQ730DIA workpiece still
has higher stress concentration than the AC730SIA. This is because
WQ730DIA has a greater difference in the martensite fraction near
surface area compared to center area than AC730DIA. Therefore,
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the AC730DIA workpiece had more uniform microstructure than
WQ730DIA.

In term of mechanical properties, AC730SIA specimen has lower
strength but higher ductility than WQ730SIA specimen, because of
the lower stress concentration and martensite fraction. After double
intercritical annealing, WQ730DIA shows higher yield strength and
tensile strength than AC730DIA, with similar ductility. From further
investigation, it was found that in addition to stress concentration,
water quenching produces higher residual stress than air cooling
[20,34]. However, the mechanical properties values are not much
different between two methods even though the WQ method specimens
have higher stress concentrations and residual stress.

Results from the mechanical testing of of 0.11%C-2.39%Mn-
0.45%8S1 dual phase steel subjected to double intercritical annealing
at 730°C show yield stress of 450 MPa to 500 MPa, tensile strength
of 675 MPa to 750 MPa and elongation of 16% to 22%.This study
confirmed that DIA can modify and enhance the mechanical properties
of DP steel. WQ method provides slightly higher strength and ductility
compared to AC method. However, water quenching from high
temperature after austenitizing poses a risk of cracks in larger-sized
workpieces and distortion in smaller-sized ones, making air cooling
a preferable option after austenitizing.

4. Conclusions

In this article, 0.107%C-2.39%Mn-0.453%Si dual-phase steel was
subjected to the DIA process at 730°C. The effects of water quenching
and air cooling methods after austenitizing on the microstructure
and mechanical properties after DIA were studied. The significant
results can be observed as follows.

1. After SIA, WQ specimens recrystallization before AC specimens,
resulting in larger martensite quantities and ferrite grain areas compared
to AC method. Therefore, WQ method exhibit higher strengths, but AC
method had greater ductility.

2. After DIA, recrystallization results in further grain refinement.
The ferrite grain areas and martensite content slightly decrease for
both WQ and AC methods. The WQ method exhibits higher strengths
and ductility compared to AC method because WQ has a higher stress
concentration than AC. Since both have similar amounts of martensite
content and ferrite grain area, they cause little effect on the difference
in mechanical properties.

3. After DIA, the ferrite grain area decreased, and martensite
became more homogeneous and distributed throughout the specimens
which benefitted the strain hardening behavior during plastic
deformation, increasing the homogeneity of the microstructure and
enhancing ductility.

4. DIA leads to changes in the mechanical properties of DP steel
and has the potential to improve them. However, appropriate values
such as holding time, holding temperature, and heating and cooling
rates should be further investigated to optimize the effectiveness of
this method.

5. Although the WQ method has higher yield stress, tensile strength
and ductility than the AC method. The risk of the workpiece bending,
warping, or cracking during the quenching process after austenitizing
outweighed the benefits. Therefore, the AC method is a better option
Since the mechanical properties are only slightly less than the WQ method.
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