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ABSTRACT

The main objective of this article is to deep the knowledge of the thermal behavior of ferrite-bainite (FB) steel in correlation with the
structural aspects that justify the mechanical properties. Samples of a DP-590 steel were tested by dilatometry considering a heating
rate of 0.17 °C/s, up to a temperature of 1150 °C and different cooling rates between 0.03 °C/s to 100 °C/s, in air atmosphere. The
results of the thermal behaviour were correlated with a microstructural study using optical microscopy in order to establish the final
proportion of ferrite and bainite that is achieved at each cooling rate considered. As the cooling rate increases, the diffusion processes
are limited so that hard second phases are obtained. In this steel, the presence of bainite was corroborated. The mechanical strength
evolution associated with the cooling rate was determined through microhardness measurements. On this base, the steel's continuous

CCT curves was built.
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INTRODUCTION

Currently, the automotive manufacturing the industry is in the
forefront of research activities for two main reasons: a) improve
passenger safety and b) decrease the fuel consume in order to
minimize the amount of GEI emissions [1, 2]. With the interest
of achieve these purposes, different types of alloys, are consid-
ered.

The HSLA steels constitute relevant alloys for structural appli-
cations in the automotive parts production [1]. However, aligned
with this purpose, it is necessary to reduce the steel sheet thick-
ness without any effect on the mechanical strength. In this sense,
there are different high-strength steels that could be used in au-
tomotive productions. In this sense, there are different high-
strength steels that could be used in automotive productions. Ac-
cording with the application criteria mentioned in [2], some of
convenient steels to select are: a) Dual-Phase (DP), with a fer-
rite-martensite structure, b) High hole expansion (HHE), that
present a ferrite-bainite structure, c) Stretch flangeable (SF), d)
Transformation induced plasticity (TRIP), e) Complex phase
(CP), f) Fully martensitic (MS), g) Boron heat treatable steels,
among others. The SF or HHE steels, also are biphasic with a
ferritic-bainitic structure and are characterized by their aptitude
to stretch or high hole expansion, respectively. However, it is
relevant to mentioned that in the automotive industry these ma-
terials are distinguished simply as ferrite-bainite steels. These
steels have a higher resistance to edge cracking compared to
conventional DP (ferrite/martensite) steels and precipitation
hardened steels, making them well suited in applications where
flanged holes are required. For this reason, they are used for
chassis and suspension parts, especially control arms [2].

The industrial production of them are as hot-rolled products and
generally with thicknesses > 2.0 mm. Hot forming of these type

of steels constitutes a complex forming and tempering operation.
Firstly, a full austenizing process is carried out, heating up at
temperatures over the austenitic (y) temperature transformation
and maintained until fully homogeneous microstructure is
achieved. Then the steel sheet is cooled down rapidly to obtain
the biphasic (ferrite-bainite) microstructure. The thermome-
chanical evolution results in a steel with the required properties
[1]. There are different process variants, however, the final mi-
crostructure as well as the mechanical properties of the part can
be controlled very effectively depending on the holding temper-
ature and the controlled cooling process. To obtain the optimum
steel product, it is necessary to dispose a deep knowledge on the
thermal evolution impact on the steel, in relation with micro-
structure and the transformation temperatures.

The material selected for this study is a biphasic ferrite-bainite
steel. The final microstructure required is a combination of duc-
tile ferrite and hard bainite. These steels are appropriated for au-
tomobile parts that demand the maximum amount of energy ab-
sorption during a crash event or to be used in auto parts which
requires good stretch or hole expansion resistance. On this base,
the cooling rate becomes a very important variable that allows
to control ferrite and bainite amount in the final structure of the
material. Therefore, the cooling rate controls the kinetic of
v — o solid state phase transformation, the final microstructure,
and the mechanical properties of the steel sheet.

Dilatometry tests were extensively used to increase the
knowledge on the thermal process impact on the steel micro-
structure and were considered as an important tool for many re-
searchers [3-8]. In this study, dilatometry tests provided infor-
mation of the phase transformation temperatures during heating
and under different cooling rate conditions of the steel. In addi-
tion, the tests allowed to understand the mechanisms and driving
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force of the nucleation and growth of the phases generated, dur-
ing the industrial thermomechanical processing [4]. These phe-
nomena are influenced by crystalline structure and lattice param-
eters changes. Microstructural changes were detected and regis-
tered by the dilatometer, through the macroscopically volume
changes in relation with temperature variation of the sample.
The y — o phase transformation temperatures of the steel were
precisely determined applying the methodology reported in [5].
It was also considered the appropriate methodology to determine
the stability of each solid phase formed in the ferrite-bainite
steel, during a continuous cooling. Based on these results, in this
paper the continuous cooling transformation diagram of the DP
steel (considering all the phases transformations involved) is
presented. The study considered several cooling rates (between
0.03 and 100 °C/s). The methodology is in complete agreement
with [6, 7]. The microstructure of all the samples were charac-
terized and the results of present phases obtained, were corre-
lated with a thermodynamic simulation applying the software
FactSage 8.1 [8]. In this case, the cooling of the ferrite-bainite
steel was simulated in the range between 400 °C to 1200 °C, at
equilibrium conditions. The software also provides information
related to the C diffusion process in the austenite and the other
elements present in the steel composition, during cooling.

The microstructural study was carried out by light microscopy
and the present microconstituents were identified and quantified
on each sample in order to predict the mechanical behaviour of
the selected steel. Furthermore, Vickers microhardness (Hv)
measurements were carried out to complete the knowledge of
the mechanical behaviour impact of each cooling condition ap-
plied.

According to [9], the cementite associated with bainite is differ-
ent respect that found in pearlite, because of the different content
of substitutional solutes in the matrix from which it grew. It is
relevant to consider that upper bainite begins with the nucleation
and growth of ferrite with the paraequilibrium carbon concen-
tration, promoting the carbon enrichment of the residual austen-
ite. Bainite grows constituting clusters of ferritic plates usually
denominated sheaves with a low misorientation angle between
them. Lower bainite consists in non-lamellar ferrite aggregates
with two types of carbides: a finer dispersion with a plate-like
morphology (observed inside the ferrite) and precipitates parti-
cles with a single crystallographic variant within the ferritic
plate. Davenport and Bain [9] studied the mentioned transfor-
mations using both metallography and dilatometry. However, to
increase the understanding of the thermal evolution it is neces-
sary to correlate the information with a continuous cooling curve
of the steel. Some studies carried out by Wever, on the bainitic
structure formation, shows that bainitic transformation presents
an incubation period, so it is possible to be assumed that occurs
through a nucleation and growth process. In this sense, different
researcher’s opinions and models are discussed on bainitic trans-
formation in the steel structure [9]. During the growth of bainitic
ferrite there is not long-range redistribution of substitutional so-
lutes and in consequence the ratio between iron and substitu-
tional atoms remains constant. This phenomenon is explained
because the transformation presents a displacive character.

The ferrite-bainite steel selected contains Nb and Ti microal-
loyed elements. Many failures of this type of steels could be
caused by early carbides formation in the steel. It is known that
the carbides particles generated in the upper bainite and low
bainite are different [9]. For this reason, the evolution of the pre-
cipitates associated with temperature constitutes a relevant in-
formation to predict the material behaviour. The carbides pre-
cipitation in the bainite decrease the carbon content of the resid-
ual austenite. When carbide precipitation occurs in the austenite
grain boundaries, they can affect the final material mechanical
properties. It is important to mention that the main effect of car-

bon on the strength of this type of steel is through carbide pre-
cipitation. In this sense, the predictions of the precipitation phe-
nomena obtained by Fact Sage at equilibrium conditions, con-
tributed to understand the experimental results obtained and to
predict the steel mechanical behaviour. All the information ob-
tained was correlated with hot rolling industrial parameters and
contributed with knowledge in order to adjust process operation
conditions.

MATERIAL AND METHODS

The material selected for this study is a biphasic steel (ferritic-
bainitic), hot rolled. This steel is characterized by a good com-
bination of mechanical properties such as high strength and duc-
tility. The chemical composition is showed in Table 1. The ma-
terial was designated by the supplier as DP-590 steel due to the
ultimate tensile strength value of 590 MPa. The steel sheet di-
mensions are: 1,295 mm of width, 500 mm of length and 3.29
mm of thickness. This thickness corresponds to the steel sheet
hot-rolled.

Table 1 DP-590 steel chemical composition (wt. %)
[ Mn___P S Si Cr _Ni___Al__Nb__Ti
0.12 1.25 0.01 0.01 0.12 0.02 0.03 0.06 0.05 0.009

The thermal characterization of the steel was carried out apply-
ing dilatometry tests. Twenty samples with a dimension of 3 mm
x 3 mm x 10 mm, were tested. The essays were performed using
two dilatometers: a) a THETA DILATRONICS Il instrument for
cooling rates between 0.03 °C/s and 10 °C/s from DEYTEMA
Centre of UTN-FRSN, Argentina and b) a BAHR 805D instru-
ment for cooling rates between 0.45 °C/s and 100 °C/s from
CENIM Centre, of Spain. In all the cases, samples were heated
at 2 °C/s up to 1,150 °C considering a holding time of 330 s to
achieve the homogenous austenization. Finally, different cool-
ing rates between 0.03 °C/s and 100 °C/s were applied. All the
tests were performed in air atmosphere.

The dilatometric curves of all samples were plotted, the phase
transformation temperatures and all critical points of the steel,
were determined. On the base of these results, the cooling rates
curves (temperature vs time curves) were constructed, to obtain
the continuous cooling diagram of the DP-590 steel. To com-
plete the knowledge of the steel evolution with temperature, a
thermodynamic simulation considering equilibrium cooling car-
ried out using FACT SAGE 8.1, applying the equilibrium mod-
ule and the data bases: FSteel and Misc. The selected tempera-
tures were between 400 °C to 1200 °C.

For the microstructural study, samples were mounted in phe-
nolic resin and prepared for the microscopy observation by pol-
ishing using SiC papers (320, 400, 600, 800, 1000 and 1200) and
diamond paste from 6 um to 1 um. The metallographic etchant
applied was Nital 2. The optical microscopy observations were
performed using a light microscope OLYMPUS GX51 with a
LECO IA32 image analysis system. All the phases and micro-
constituents present in the samples were identified. In addition,
microhardness (Hv) measurements were carried out using a
LECO LMT 300 instrument with a load of 0,245 N. Finally, the
experimental results were correlated with the thermodynamic
simulations.

RESULT AND DISCUSSION

Ferritic-bainitic steels (DP-590) present a biphasic structure
with different amount of ferrite and bainite, this last microcon-
stituent increases the mechanical properties of the automotive
sheet. In consequence, this steel grade improves the overall
crash safety of the vehicle. In addition, two other mechanisms
are involved to increase the steel final strength: a second phase
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hardening (due to bainite formation) and grain refinement phe-
nomena.

DP 590 steel is considered a low carbon steels (C < 0.1 wt.%),
with a main purpose to improve formability and weldability.
The relatively high amount of Mn (between 1 and 1.5 wt.%) is
added to refine the ferritic grain and prevents the growth of fine
carbides, as the eutectoid temperature decreases [10]. Addition-
ally, Si is added to produces equiaxed ferrite grains and to inhibit
carbides precipitation into the bainite [10, 11].

From the point of view of mechanical properties behaviour, DP-
590 steels have a unique combination of high tensile strength
and high hole expansion ratio due to improved stamping ability
compared to conventional HSS and DP steels, with the same re-
sistance levels. Another characteristic of the ferritic-bainitic
steels is the potential to endure dynamic loads during crash event
due to the high energy absorption capacity, while exhibiting
good fatigue properties. For this reason, they are suitable for
cold-formed automotive components such as profiles, body re-
inforcements, wheels, and chassis parts, resulting in reduced ve-
hicle weight and higher fuel efficiency [10].

To obtain these types of steels, with specific mechanical proper-
ties, it is necessary to carry out a careful control of thermome-
chanical processing variables, to achieve the adequate phase
transformation temperatures and cooling rates.

Thermal characterization by dilatometry tests

Solid state phase transformations in steels during continuous
cooling can be studied by dilatometry tests in agreement with
several authors [12-20]. Dilatometry is probably the most widely
used technique because allows to measure the relative change in
length of specimens as function of temperature or time.

The thermal cycle that experiments the sample inside the furnace
of the instrument, allows to determine the relative change in the
length or thermal strain, defined through the expression (1.):

o, AL _ LD~ Lo
"Ly L )

where ey, is the relative change in the length or thermal strain,
L(T) is the instantaneous length at temperature T and Lo is the
initial length that generally corresponds at room temperature (To
=25°C).

By the expression (2.) it is possible to determine the phase trans-
formation temperatures during continuous cooling of steels,
since it is a function of temperature:

AL
e =T £ (2)

The test results are plotted in a AL/Ly (%) vs. T (°C) diagram,
denominated dilatometric curve. The curve could be done during
heating or cooling process.

These curves indicate expansions and contractions experimented
by the steel during the thermal treatment.

For this study, the dilatometric curves of all the samples were
considered for the cooling conditions.

Fig. 1 shows as an example, the dilatometric curve for DP-590
steel, cooled at the cooling rate 0.45 °C/s.

The steel curve, verifies that the alloy presents a considerable
slope variation between 750 °C to 650 °C and indicates the start
and finish temperatures of y — o phase transformation (which
occurs at this temperature range).

The phase transformation is characterized by a variation of the
thermal expansion coefficient which is determined by AL/Lo (%)
due to the crystalline structure changes produced by allotropy.

At higher temperatures than 750 °C, austenite (or y solid solu-
tion) is the most stable phase in this DP-590 steel. The y crystal-
line structure presents Fe atoms at each unit cell corner and in
the center of each face of the cube.

c. =0.45°C/s
.02 L 1 1 L s 1 1 1 1 1 1
0 100 200 300 400 500 GOO 700 800 900 1000 1100 1200

Temperature (°C)
Fig. 1 Dilatometric curve for DP-590 steel obtained at the
cooling rate 0.45 °C/s.

In addition, small solute atoms, such as carbon, are placed in
interstitial sites. This type of crystalline structure is called face
centered cubic (FCC). On the base of primitive cell formalism
associated with FCC structure, the atomic volume for the aus-
tenite cell is determined by expression (3.):

v =0 @)
Y

where V, is the austenite unit cell volume and a, the austenite
unit cell parameter. When y — o steel transformation tempera-
ture is achieved, the sample experiments a volume change, be-
cause the ferrite (BCC) phase starts to nucleate in the austenite
(FCC) grain boundaries. The y — o phase transformation con-
tinuous meanwhile the cooling conditions are favorable. The fer-
rite (o) phase (BCC) presents a higher unit cell volume fraction
respect the (y) (FCC). In BCC crystalline structure Fe atoms are
placed in each corner of the cubic cell and in the center of it. The
unit cell volume of o is determined by (4.):

V,=— @)

where V, is the ferrite unit cell volume and a,, is the ferrite unit
cell parameter. The impact of the unit cell volume change pro-
duced during y — o phase transformation is registered by the
dilatometric test. In consequence the curve (AL/L, vs. T) allows
to determine the transformation temperature starts and finish
through the slope changes.

There are two main methods that allow to determine the critical
temperatures of the steel transformation along continuous cool-
ing in a dilatometric curve [21]: a) linear regression and b) first
order derivative criterion. Fig. 2 shows the application of the lin-
ear regression method, used in this paper for the mentioned pur-
pose.

It is relevant to comment that the method is described in the
ASTM A 1033 standard [22].

This standard is commonly used to provide steels phase trans-
formations data, required for use in numerical models that sup-
ply predictions of microstructures, properties, and distortion
during the manufacturing process (forging, casting, heat treat-
ment, and welding). In addition, is needed for the construction
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of transformation diagrams. The practice covers the steel phase
transformation behavior determined through high-speed dila-
tometry techniques for measuring linear dimensional change as
a function of time and temperature.

There are two zones of the dilatometric curve that can be fit with
a polynomic of 1° order (Fig. 2):

a) before austenite decomposition, where the thermal dimen-
sional changes are linear and represented by the expression (5.):

AL—A T+ B
L[)_ 0 0 (5)

.
c.=0.45°C/s
'8 F(i=0and1)

08

07

5
Phase transformation
start temperature
.

L L S
400 500 600 700 800 200

Temperature (°C)
Fig. 2 Dilatometric curve obtained at 0.45 °C/s cooling rate,
showing the critical temperatures of y — o phase transfor-
mation identified as T and Tg.

where Ao is the selected curve zone slope and By is interception
point with y-axis.

b) after austenite decomposition, where the thermal dimensional
changes are linear and represented by (6.):

AL
—=AT+B, (6.
LD

where A; and B are the coefficients of the linear function that
corresponds to austenite decomposition products.

Based on the described thermal behaviour, a lineal regression
was drawn pre and post slope changes on the curve dilatometric,
which indicates the y — a phase transformation temperature
range. The method allows to stablish the y — o phase transfor-
mation start at Ts = 759 °C and finishes at Tr = 639 °C (Fig. 2).
A similar method was also applied by Pawtowski [23], to deter-
mine the phase transformation temperatures during continuous
heating, considering various heating rates.

Motycka and Kovér in [24], describe a similar method that con-
sists in draw a straight tangent respect the curve in order to de-
termine the critical points determination, and Vazquez-Goémez
et. al [21], explain the linear regression and first derivate alter-
native method, to determine phase transformation temperatures
in steels.

The obtained results allow to consider in the selected dilatomet-
ric curve for DP-590 steel at a cooling rate 0.45°C/s, three dif-
ferent fields (Fig. 3):

Field I which shows the temperature range of austenite (y) sta-
bility at T > 759 °C for this steel.

Field Il indicates the temperatures range of y — o phase trans-
formation starts and finish between T = 759 °C to T = 639 °C.
Field 111 shows the temperatures range in which ferrite phase (o)
is stable at T <639 °C.

It is possible to assume that this plot could be consider as a
phases stability field diagram for DP-590 steel, at the selected
cooling condition.

Field I is considered the temperatures range at which the (y) aus-
tenite phase (solid solution of C in iron FCC) is stable. The Field
11 is assumed as the conditions of coexistence between the rich
carbon austenite with ferrite. The (a) ferrite phase (solid solu-
tion of C in iron BCC) starts to nucleate in the (y) grain bound-
aries and growths up to the complete austenite decomposition.
Finally, the Field 111, at T < 639 °C, indicates the temperatures
range of ferrite (o) stability, after the complete austenite decom-
position.

A similar analysis was carried out on the dilatometric curves ob-
tained for all the cooling rates (0.03 °C/s to 100 °C/s). The re-
sults provide very useful information of the steel structural evo-
lution at different thermal conditions, and it is considered very
useful to design the industrial thermomechanical process condi-
tions for the DP 590 steel.

18 T T T T T T H T : T T T
16 € =0.45°C/s b ]
P
14 | E : |
2r FIELD Ill d = H 1
102 @ ]
o [ Austenite :
3 osf | i gl Y g
ool lecomposition T
o [ products ' F-E T
04 ' + g
o2k Py FELDI
o
0,0 T' T T
Ty F Ts y
73 T S T T N U S A EU S S R |

"0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Temperature (°C)
Fig. 3 Fields of phases stability and transformation temper-
ature range determined by a dilatometric curve obtained for
the cooling rate 0.45 °C/s.

It is necessary to highlight that the stability of phases and micro-
constituents strongly depends on the cooling rate with which the
heat extraction is carried out in the continuous cooling of the
DP-590 steel, because determines the diffusion conditions evo-
lution.

As will be seen later in the paper that was corroborated through
optical microscopy, that at low cooling rates, the stable phases
in the Field 111 resulted in a structure of ferrite and pearlite. How-
ever, for intermediates cooling rates, the final structure pre-
sented ferrite and bainite. Finally, for the highest cooling rates,
the structure presents martensite, which constitutes a microcon-
stituent generated without diffusion presence.

The second method used in this study, that allows to obtain the
phase transformation temperatures is the dilatometric curve first
order derivative criterion, that is dAL/dt = h(T). The first-or-
der derivative of elongation with respect to time is a very useful
tool that provides more clarity on the inflection points of the dil-
atometric curve (observed in Fig. 1), because shows the maxi-
mums and minimums at different phases stability fields during
continuous cooling of DP-590 steel. Fig. 4 presents the men-
tioned dAL/dt = h(T) function corresponding to the cooling
rate 0.45 °C/s.

It is possible to consider in Fig. 4 the same previous three field
(1, 1T and 111), associated to phases stability and transformation
conditions.
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Fig. 4 First order derivative of the dilatometric curve of DP-
590 steel, cooled at 0.45 °C/s.

When v solid solution decomposition is reached, the system un-
dergo expansion due to the contribution of two phenomena that
occurs during solid state phase transformations, in steels: a) nu-
cleation and growth of ferrite and b) carbon atoms austenite en-
richment. This allows explain why field 1l (of Fig. 3) experi-
ments expansion between Tr and Ts, during continuous cooling.
Furthermore, this behaviour can be corroborated in Fig. 4, due
to derivative curve reaches a maximum in field Il. Fig. 5 shows
the overlap of both curves (dilatometric curve and derivative
curve for the cooling rate 0.45 °C/s.

FIELD Il

FIELD Il FIELD |
18 L A - T 0,20
16| € =0.45°C/s '
. 4015
14+
12- Austenite o010
S . -
8 10l decomposition 005 _E
_F products 1 =1
S oslh =
3 FAY 14 000 3
", osl. T 3
o : o °
04 ) d . {008
02 H T :
¥ : i j 4-0.10
0ok b
T, Tg T T,
02 L I L 1 1 L L 1 1 L

0 100 200 300 400 500 600 700 800 900 1000 ‘!‘!0012‘0’00
Temperature (°C)

Fig. 5 Overlap of the dilatometric curve and their derivative

one, obtained for the cooling rate 0.45 °C/s.

Applying both methods, a linear regression and first order deriv-
ative, the critical temperatures for DP-590 steel, were deter-
mined for all the cooling conditions considered. In Table 2, the
y — o phase transformation temperatures start, and finish deter-
mined for cooling rates between 0.03°C/s and 100 °C/s, are pre-
sented. It is relevant to comment that the table shows only the
main y—a phase transformation temperature values obtained in
order to evaluate the cooling rate impact.

It is important to observe that the higher the cooling rate is the
lower the start and finish transformation temperature y — a. is.
On the base on all the temperatures obtained the continuous
cooling curve (CCT) of DP-590 steel was build.

It is possible to identify certain zones on the steel CCT curve:
austenite (y) — ferrite (o) + pearlite (P).

austenite (y) — ferrite (o) + bainite (op).
austenite (y) — ferrite (o) + ferrite (o).

Table 2 DP-590 y — o phase transformation temperatures start
(Ts) and finish (Tr) determined for cooling rates between
0.03°C/s and 100 °C/s.

Cr Ts Tr Cr(°Cls) Ts Te
(°Cls) (9] (9] ((9) 0

0.03 799+1 760+1  2.50 716+1  566+1
0.05 794+0 747+1 350 700+1  566+1
2.00 778+1 505+1  100.00 551+0  325+1

At the highest cooling rates, the o' ferrite microconstituent could
be constituted by a combination of bainite and martensite or
fully martensite.

Fig. 6 shows the CCT curve for DP-590 steel, showing the dif-
ferent microconstituent fields overlapped with the main cooling
rates, between (0.03 °C/s to 100 °C/s).

Dash straight lines visualized in the diagram, indicates the theo-
retical phase transformation temperatures obtained through em-
pirical expressions based on the chemical composition of the se-
lected steel.

It is relevant to correlate the theoretical values of reference with
the obtained experimental ones to corroborate the experimental
results.

7 = austenite, ¢ = ferrite, P = pearlite, o, = bainite, o = martensite

1200 .

T 2000
1000 | Y - 003°Cs |

100 °Cls 3.50°Cis "

-{Ar=833°C

Ay =724°C
1Bs=687°C

Temperature (°C)

qMe=250°C

200

1 |I0 u'ae 10‘00 |0600
Time (s)

Fig. 6 CCT curve for DP-590 steel indicating the different

microconstituent fields.

The theoretical temperature range values, considering start (Ar3)

and finish (Arq) of the transformation (y — o + P) for DP-590
steel, are given by Lutsenko’s equations [25] and determined by
(7.)and (8.):

Ary = 913,70 — 207,13 we — 46,60 wy,, + @)
+110,54 we, + 108,10 wy :

Ary = 741,70 — 7,13 we — 14,09 wyn + ®)
+16,26 wg; + 11,54 wg, — 49,69 wy; :

In the other hand, the start temperatures of bainite (Bs) and mar-
tensite (Ms) formation are given by Bohemen’s equations [26],
calculated by (9.) and (10.):

Bg =839 — (86 Wyn + 23 wg; + 67 we, +
+33w i + 75 Wago) — 270[1 (9)
— exp(—1.33 w¢)]

Ms = 565 — (31 wyn + 13 wg; + 10 wey +
+18 wy; + 12 wy,) — 600[1 (10
— exp(—0.96 w¢)]
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The temperatures values of all the expressions are given in cen-
tigrade degree (°C) and the elements weight (w;) in weight per-
cent.

Continuous cooling transformations diagram is a very important
tool that allows to design the industrial thermomechanical pro-
cessing of the steels. It is not considered as an equilibrium dia-
gram. However, it is a phase diagram which shows the phases
present for different cooling rates.

This tool allows to establish that at low cooling rates, between
0.03°C/s and 0.50°C/s and in the range between A and An the
atomic diffusion process promotes the austenite solid solution
phase transformation to ferrite + pearlite microconstituents,
which are stables in the steel microstructure.

If the values of Ts and Tr determined, are between Bs and Br
temperature range, the atomic diffusion process is considerable
limited, and the microstructure does not develop microconstitu-
ents in a stable equilibrium condition. In this case, the ferrite
combined with bainite are formed for these cooling conditions.
At highest cooling rate, when the atomic diffusion process is
fully limited, the austenite transformation to ferrite, only results
in martensite microconstituent present in the steel microstruc-
ture.

It is relevant to mentioned that the industrial processing of DP-
590 steel requires a final microstructure with ferrite and 20 % of
bainite in order to achieve the mechanical properties adequate
for the automotive application. For this reason, it is necessary to
corroborate the results through a metallography study.

Microstructural characterization

It is known that the microstructural characteristics such as
phases or the present microconstituents, grain size and micro-
hardness values are fundamental to predict the steel sheet finals
mechanical properties. For this reason, the characterization of
the material in as received state, was considered as good refer-
ence information to compare with all the samples heat treated
(considering all the cooling rates selected). Fig. 7 shows the mi-
crostructure of DP-590 steel, as received, that corresponds to the
material before dilatometry tests.

Fig. 7 DP-590 steel as received microstructure aspect.

As can be seen, DP-590 steel presents a microstructure with a
very fine grain size. The ASTM grain size number determined
was 20, which is equivalent to a grain diameter of 0.32 um. The
microhardness average value is 205 and the specimen presents
80 % of ferrite phase and 20% of bainite.

For this study it is important to determine what could be the ad-
equate cooling rate to achieve the required microstructure and
properties characteristics for this steel. This information is use-
ful to adjust the industrial processes variables.

There are two mechanisms that explain the steel transfor-
mations: reconstructive and displacive processes [27]. In the re-
constructive transformations, the flow of atoms is sufficient to
prevent shear stress over crystalline structure of steel. It is im-
portant to consider that one of the main product of the austenite
reconstructive transformation, is ferrite. o solid solution for-
mation implies the re-arrangement of the iron atoms from the
FCC austenite structure to the ferrite BCC structure. In conse-
quence, there is a lattice parameter variation of ferrite. This phe-
nomenon can be described by Vegard’s law [28] by (11.):

aq = aBS¢ + cte x¢ (L)

where a, is the lattice parameter of the o solid solution, aZ¢¢ is
the lattice parameter of BCC pure Fe and x is the C mole frac-
tion. The expression (11.) is possible due to atomic mobility by
diffusion that is favored for low thermal extraction at low cool-
ing rates. From energetic point of view, the low cooling rates
promotes the diminish of the potential barrier necessary to ferrite
nucleation. On the base of y/y grain boundary heterogeneous nu-
cleation theory [27], the potential barrier for ferrite nucleation is
calculated by (12.):

16m7§y (12)

~ 36, + AG,)? f®

AG*
where g, is the ferrite/austenite interfacial energy, AGy is the
driving force for y — o transformation per unit of volume, AG,
is the strain energy due to crystalline structure change during y
— a transformation and £ (@) is a function that depends on the
dihedral angle.

It is possible to note that the potential barrier diminishes for high
values of AGy and AG., and low values of interfacial energy. The
mentioned conditions are satisfied for low cooling rates, where
equiaxed ferrite grains are formed in steel structure.

Through light microscopy is possible determine that atomic dif-
fusive processes of the specimens cooled at lowest cooling rates,
between 0.03 °C/s and 0.50 °C/s, enables the formation of ferrite
and pearlite in the DP-590 steel microstructure.

Fig. 8 shows the microstructure obtained in the specimen cooled
at 0.03 °C/s, in which the equiaxed (light grey) grains are of fer-
rite and the black grains are constituted by pearlite. The pearlite
microconstituent is formed by lamellar of ferrite and cementite,
not resolved at the magnification used in the microscopy obser-
vation (100X).

Fig. 8 Microstructure aspect with ferrite and pearlite pres-
ence observed in the specimen cooled at 0.03 °C/s.
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As result, when samples are cooled between 0.03 °C/s and 0.50
°C/s, the solid-state phase transformation is corroborated by ex-
pression (13.):

Y(Ty, Wc) - a(Ts,wd) + P(Ts,wf) (13)

where y(T,,wc) is the y solid solution that is stable at austen-

itizing temperature Ty, a(Ts, wg) is the o solid solution that is
stable at start temperature and P(Ts, wg) is pearlite. w& and wf
indicate the carbon partitioning between ferrite and pearlite, re-
spectively.

According to the cooling rate increases, the atomic diffusive pro-
cesses are limited. This induces the formation with acicular fer-
rite morphology microconstituents. For steel DP-590, the second
phase formed is bainite. Bhadeshia in [27], comments that dur-
ing the bainite transformation there is no redistribution of sub-
stitutional solutes. However, the mobility of interstitial atoms
during bainite formation exists. In this study, it was possible to
establish that the bainite is stable for cooling rates between 0.50
and 50 °C/s in the DP-590 steel. Fig. 9 shows the microstructure
observed in the specimen cooled at 3.50 °C/s.

-

Fig. 9 Bainite observed in the microstructure of the speci-
men cooled at 3.50 °C/s.

In consequence, it is possible to consider that when the cooling
conditions are between 0.50 °C/s and 50 °C/s, the bainite trans-
formation is corroborated in DP-590 microstructure. This trans-
formation could be interpretated through expression (14.).

V(Ty, Wc) - a(Ts, Wg) +ap (Ts, ng) (14.)
where y(T,,w¢) is the y solid solution that is stable at austen-

itizing temperature Ty, a(Ts, wg) is the o solid solution that is
stable at start temperature and e, (Ts, w:?) is bainite. wg and
wg‘” indicate the carbon partitioning between ferrite and bainite,
respectively.

It is well known that one of the strengthening mechanisms of
steels is the grain refinement. The relationship between yield
strength and grain size commonly used is known as the Hall-
Petch equation [27]. This equation shows that a diminish of
grain size implies an increment of mechanical resistance of ma-
terial. It was possible to established for DP-590 steel, that the
higher the cooling rates the lower the grain size values. In this
study, for the lowest cooling rate (0.03 °C/s), a grain size value
of 44.194 pm was obtained, and for cooling rates (10 °C/s) a
considerably lower value of grain size was obtained (3.545 um).
For the higher cooling rates carried out, the presence of a fully
bainitic or martensitic structure turned complex the grain size
determination.

In coincidence with the increase of the bainite volumetric frac-
tion in the steel sample’s structure cooled at the faster cooling
rates, the mechanical strength increase in the steel specimens
also were determined.

The Vickers microhardness (Hv) results obtained for each spec-
imen are consistent with thermal profile applied and structural
study. The microhardness average value for the sample treated
at a cooling rate 0.03 °C/s was Hy = 127. For the intermediate
cooling rate 10 °C/s, the average value obtained was Hv = 230.
Fig. 10 presents the microhardness values distribution in relation
with the cooling rates used in the study.

The overlap of the microscopy study results allows to visualize
three main fields in the plot:

Ferrite (o) + pearlite (P), for 0.03 °C/s < Cy <0.50 °C/s.
Ferrite (o) + bainite (ab), for 0.50 °C/s < C. <50 °C/s.
Ferrite (o) + martensite (o), for 50 °C/s < C < 100 °C/s .

The information obtained could be a good control parameter for
the automotive steel sheet processing.

o = ferrite, P = pearlite, oy, = bainite, o’ = martensite
a+P
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Fig. 10 Vickers microhardness values evolution in relation
with cooling rates used in the study. Each point on this graph
represents the average of ten Vickers microhardness meas-
urements made in the rolling direction of the steel plate.

Theoretical calculations by Fact Sage

A study of equilibrium conditions on DP-590 steel was carried
out by Fact Sage 8.1 software. This software is an important tool
that allows to predict thermodynamics properties of materials
[81.

The thermodynamic simulation carried out on the base of DP-
590 steel chemical composition and the temperature conditions
of interest provided all the transformation temperatures, the
phases stabilities under equilibrium states.

On this base the optimal parameters for cooling processing were
approximated. Fig. 11 shows the phases stability diagram, built
for DP-590 steel at equilibrium conditions. The diagram pro-
vides the temperature range of ferrite (o) and austenite (y) sta-
bility together with the percentage (wt. %) of phase in the struc-
ture. In addition, the diagram provides information on the evo-
lution of phases percentage in the combined field (y + o), asso-
ciated with the transformation temperature range (Ts to T).
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Fig. 11 Stability phase diagram of DP-590 steel, showing the
percentage of phases evolution in relation with temperature
at equilibrium conditions.

According to this diagram, austenite or y solid solution, is stable
until 850 °C. From this temperature (Ts), the instability of aus-
tenite phase induces the ferrite phase nucleation in the bounda-
ries of the austenitic grains. This solid phase transformation fin-
ish at Tr = 675 °C. Between both temperatures the austenite
phase coexists with the ferrite phase.

Also, at Fig. 11, the crystallographic notation is indicated. This
notation form corresponds to German index, called as
Strukturbericht designation:

Letter A corresponds to crystal types where unit cell is formed
by pure elements.

If number is 1, corresponds to FCC structures.

If number is 2, corresponds to BCC structures and so one.
After Al and A2, the formation of other FCC o BCC structures
is indicated.

For this reason, the austenite (y) structure correspond to Al#1
crystal type and ferrite (o) correspond to A2#1 crystal type.
The phase stability is strongly dependent of Gibbs free energy
of the system. If consider that cooling is performed at atmos-
pheric pressure (P = 101.325 kPa) and for a particular tempera-
ture, Gibbs free energy is defined by the expression (15.):

k
G = Z - (15)
i=1

where n; is the amount of a particular element present in the
chemical composition of steel and y; is the chemical potential of
the i element in solution. For dilute solutions, chemical potential
is ; = pu? + RT Inx;. This manner, the equation (15.) can be
expressed as (16.):

k
G= Z n;(u) + RT Inx;) (16.)
i=1

Therefore, the Gibbs free energy of the system is expressed
through equation (17.):

K
G = Z(niu? +nRT Inx;) =
=1

Kk K
= Zniu? + RTZnilnxi
i=1 i=1

(17,

where p is the chemical potential of the i pure element and x;
is the molar fraction of i element in solution. If the expression
(17.) is divided member to member for total amount of elements
present in steel (n = ng, + n¢ +ny, + ), the expression
(18.) is obtained:

k k
g= Z xud + RTZ x; Inx; (18.)
=1 i=1

Due to (18.) only depends on temperature, a linear function of
the Gibbs free energy is obtained as it is visualized in Fig. 12.

Slope =
&

RZx, Inx; i
=1

Gibbs free energy (x 10°J)
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Fig. 12 Gibbs free energy evolution for DP-590 steel at cool-
ing conditions in equilibrium.

Fitting the Gibbs free energy curve, it is possible to obtain (19.):
g =1,239.10* - 127,9.T (19.)

This expression (19.) is valid for the temperatures between 400
°C and 1200 °C, at equilibrium cooling conditions. It is easy see
that in each temperature range phases stability through Gibbs
free energy. For this reason, at higher temperatures y solid solu-
tion is stable. According to dilatometric curves, austenite is the
most stable phase of DP-590 steel at elevate temperatures. In the
other hand, for temperatures minor that Tr = 675 °C, a solid so-
lution is the stable phase at lower temperatures. Fact Sage sim-
ulations are made in equilibrium cooling conditions. However,
since the dilatometric curves correspond to non-equilibrium
cooling conditions, the latter show that the ferrite is also stable
below Tr. For high cooling rates, the ferrite is stable in the form
of bainite.

Finally, the evolution of precipitates at equilibrium cooling con-
ditions with temperature was studied. Due to Nb and Ti are in
the DP-590 steel, it is probably that niobium carbide (NbC) and
titanium carbide (TiC) can be formed. Fig. 13 shows the evolu-
tion of the total amount of precipitates, expressed in weight per-
cent and the total amount of precipitates should be understood
as the combination of NbC + TiC. Fig. 14 shows an image of a
titanium carbide particle observed and analyzed by EDS at sam-
ple corresponding to a cooling rate of 2 °C/s.

As can be seen, the volume fraction of precipitates increases as
the temperature decreases.

In other words, as heat is removed from the system, the total
amount of precipitates increases. However, before the decompo-
sition of the austenite, the volume fraction of precipitates is sta-
bilized at a value around 6.60 102 wt. %.
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Fig. 14 Titanium carbide (TiC) at sample cooled at 2 °C/s.

According to Bhadeshia in [29], these compounds formation
contribute to the steel strengthening mechanism through precip-
itation. By this way, the improvement of the final mechanical
properties of the steel product is achieved.

CONCLUSIONS

Ferritic-Bainitic (FB) steels are very important materials for au-
tomotive applications. The results obtained on DP590 steel al-
lows to say that dilatometry tests constitute a convincing tech-
nique to provide useful information associated with solid state
phase transformation in the steels. By this methodology it was
possible to determine the y = o phase transformation tempera-
tures of start and finish (Ts and T¢), for all the cooling rates con-
sidered in the study. These temperatures are very important var-
iables for DP-590 processing. For lower cooling rate considered
in this study (0.03 °C/s) Ts = 799 °C and Tr = 760 °C, and for
an intermediate cooling rate (3.50 °C/s), Ts = 700 °C and Tr =
566 °C.

The correlation of the dilatometry results with the microstruc-
tural study including values of microhardness, allowed to define
the continuous cooling diagram and the microconstituent stabil-
ity fields for DP-590 steel, considering cooling rates between
0.03°C/s to 100°C/s. The CCT curves built constitutes a relevant
phase diagram to design thermomechanical processing of DP-
590 steel, in the steel industry. For lower cooling rate considered
in this study (0.03 °C/s), the final microstructure is formed by
ferrite and perlite. In the other hand, for an intermediate cooling

rate (3.50 °C/s), the final microstructure is formed by ferrite and
bainite.

Through the microstructural study it was possible determine at
which cooling rates the combination of ferrite and bainite start
to be formed in the structure of DP590 steel. In addition, which
is the required cooling rate to obtain the 20% of bainite and 80%
of ferrite proportion in the DP590 steel microstructure. This mi-
croconstituents proportions are necessary to achieve the me-
chanical behaviour for the automotive steel parts production by
stamping.

Grain refinement mechanism together with microconstituents
combination enhanced the mechanical strength according to the
stamping requirements of the steel, as was corroborated by mi-
crohardness measurements.

By Fact Sage it was possible to corroborate the phase transfor-
mation temperatures and to predict the precipitation phenomena
evolution in the steel during cooling. Niobium and titanium car-
bides were determined as possible stable precipitates that could
be formed during DP590 steel cooling, by the software.

This information is considered a contribution for the industry in
which this type of ferritic-bainitic dual-phase steels is produced.
It is relevant to highlight that the information obtained allows to
adjust industrial thermomechanical processes variables for this
type of steel grades.
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