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Abstract

The paper presents the results of the investigation aimed at detailed characterisation of the changes occurring in the
microstructure of cold rolled DP steel in the continuous annealing/galvanizing process. These changes include static re-
crystallization of ferrite and transformation of initial ferritic — pearlitic microstructure into ferrite and austenite during
heating stage and reverse transformation of austenite into ferrite and next into martensite + bainte during cooling stage of
the continuous annealing/galvanizing process. It was found that the static recrystallization of ferrite during heating starts
at around 600°C whilst the transformation of ferrite + pearlite to austenite + ferrite starts at around 750°C. The kinetics of
phase transformation during cooling depends on the peak temperature of the thermal profile. If this temperature is within
two — phase range, no nucleation process is involved in ferrite nucleation and the transformation of austenite into ferrite
begins almost instantaneously after start of cooling. On the contrary, nucleation process occurs when the cooling is ap-
plied from the temperature of austenite stability. This results in the undercooling of austenite with respect to the Ae3 tem-
perature which depends on the cooling rate. Further transformation of remaining austenite into low temperature transfor-
mation products (bainite and martensite) is dependent on the hardenability of particular DP steel and cooling rates ap-
plied. However, in real industrial process, cooling conditions should be carefully controlled due to the limitations of gal-
vanizing operation. This imposes limits on the cooling rates, and generally leads to the decomposition of austenite into
martensite and bainite mixture instead of martensite alone. The physical simulation of continuous annealing using Gleeble
3800 simulator showed a strong dependence of the microstructure and mechanical properties of DP steel strips on peak
temperature and soaking time as well as on tempering temperature and time.
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1. INTRODUCTION

Mechanical properties of DP steels are mainly
connected with hard constituents (martensite and
bainite) volume fraction in their microstructure.
Although the dependence of strength and ductility of
DP steels on martensite content is well described in
technical literature, there are a lot of technological
and functional properties of these steels depending
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on discrete microstructural features that are not sub-
ject to standard examination. For example, it has
been reported that the crashworthiness of DP steels
increases as the degree of refinement of martensite
island increases, which can be characterised by fer-
rite-martensite perimeter (Krebs et al., 2010). Other
features of DP steel microstructure that are not sub-
ject to routine investigation include contiguity, con-
tinuity and microstructural bending (Aarnst, 2009).
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These quantifiable microstructure characteristics
have a substantial effect on the in use properties, as
well as on functional performance of DP steels. The
literature data concerning the effect of these parame-
ters on mechanical and functional properties of DP
steels are rather scarce. Typically, the strength prop-
erties of these steels are correlated with martensite
volume fraction, ferrite grain size or ferrite mean-
free distance (Calcagnotto et al., 2009; Kuziak et al.,
2008; Bag et al., 1999). The most advanced model
including the effect of “soft” ferrite and hard parti-
cles of martensite is described by Radwanski et al.
(2015).

Beyond the chemical composition, the mechani-
cal and functional properties of DP steels are influ-
enced by many factors/parameters, pertaining to
continuous casting, hot and cold rolling, and finally,
thermal profile parameters during continuous an-
nealing/galvanizing. Due to the complex effect of
the continuous annealing/galvanizing thermal profile
parameters, a required balance of the properties of
the strips can be achieved by properly adjusting the
most influencing process parameters to the specific
product requirements.

This paper presents experimental results ob-
tained during VADPsheet project realisation (Kuzi-
ak, 2015). The main aim of the project was to devel-
op a robust model and implement it in the form of
the computer software capable of predicting the
explicit picture of the microstructure and mechanical
properties of DP thin strips subject to continuous
annealing/galvanizing process. The results will
comprise the characterisation of metallurgical
changes occurring in the microstructure of continu-
ously annealed cold rolled strips to produce DP
structure that are schematically superimposed on the
general thermal profile of continuous anneal-
ing/galvanizing process in figure 1.

The metallurgical changes characterised in fig-
ure 1 were described in this paper with relevance to
the heating/soaking and cooling stage of the contin-
uous annealing process. The most important changes
occurring at the heating/soaking stage include ferrite
recrystallization and transformation of initial micro-
structure of deformed ferrite and pearlite into austen-
ite. During cooling stage, the first transformation

that must be carefully controlled is ferrite transfor-
mation. The ferrite transformation causes carbon
segregation into remaining austenite which is crucial
for further transformation of this phase during cool-
ing to ambient temperature.
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Fig. 1. Metallurgical changes occurring in the cold rolled strip
subject to continuous annealing/galvanizing thermal profile

2. MATERIAL AND EXPERIMENRAL
METHODOLOGY

The results obtained in VADPSheet project are
presented for one laboratory heat that was cast in
vacuum furnace into 70-kg ingot. Chemical compo-
sition of the heat is given in table 1.

The ingot of experimental steel was forged into
bars having 45x45mm in cross section, and subse-
quently hot rolled on laboratory reversing mill into
2.9 mm thick steel strip. Prior to rolling, the bar was
heated to 1220°C and held at this temperature for 30
minutes. The hot rolling was performed with 10
passes, and the finished rolling temperature (meas-
ured at the strip surface) was around 870°C. Follow-
ing rolling, the strip was transferred to the furnace
heated to temperature 650°C where it was subject to
slow cooling to ambient temperature at a rate of
around 40°C/hour, which simulated cooling of
coiled strip. Next, after removing the surface oxide
scale, cold rolling was conducted in several passes to
produce strips having thickness of around 1 mm.
The samples for the microstructure investigation

Table 1. Chemical composition of experimental laboratory heat (wt.%)

C

Mn

Si

P

0.09

1.42

0.10

0.011

0.010

0.35

0.01

0.02

0.001

0.0043
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were subject to different thermal treatments in the
DIL 805 A/D dilatometer and next in Gleeble 3800
thermal-mechanical simulator. The samples for dila-
tometric investigation have dimensions of 1 x 1 x
7 mm, whilst that for the continuous annealing simu-
lations in Gleeble have dimensions of 1 x 50 x
250 mm. The experiments were conducted on the
samples taken from the cold rolled material. The
methodology and parameters of the dilatometric
experiments were designed depending on the re-
quired information. In order to characterise the fer-
rite recrystallization and phase transformations, the
samples were heated to defined temperatures in the
range 550 - 900°C at different rates. After reaching
the targeted temperature, the samples were either
fast cooled to ambient temperature or cooled after

Min Max Fraction

— 20 5 0277
— 5 15 0120
— 15° 180° 0.604

(@)

EBSD

holding for times ranging from 10 to 3600 seconds.
The results of the investigation provide the
knowledge about the mechanisms and kinetics of
ferrite recrystallization and phase transformation of
initial microstructure to austenite + ferrite in two-
phase region or directly to austenite above 4. tem-
perature. The experiments conducted in Gleeble
3800 simulator were aimed at identifying the effect
of thermal profile parameters on microstructure and
mechanical properties of DP strips.

The samples subject to different thermal cycles
were investigated by means of scanning electron
microscopy (SEM) and using EBSD analysis.
Changes in the structure caused by holding at ele-
vated temperatures were described qualitatively and

Min Max  Fraction

—_— 0.466
-— 5° 15° 0305
— 15° 180° 0229

(b)

Fig. 2. SEM and EBSD investigation of the structure of strip from experimental steel following hot rolling (a) and cold rolling (b)
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Fig. 3. Evolution of the strip structure as function of temperature during heating at rate 3 °C/s, SEM
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quantitatively by means of parameters determined
by EBSD analysis, including: Image Quality (IQ),
Kernel Average Misorientation (KAM), Grain Aver-
age Misorientation (GAM) and Grain Orientation
Spread (GOS). The methodology of these investiga-
tions was described in (Radwanski, 2015; Rad-
wanski et al., 2015).

3. CHARACTERISATION OF THE
METALLURGICAL CHANGES
OCCURRING IN THE STRIP STRUCTURE
DURING CONTINUOUS ANNEALING
(CA)

3.1. Heating and soaking stage of CA process

The kinetics of microstructural changes occur-
ring in the cold rolled strips during heating stage of
thermal profile are dependent on the initial micro-
structure. This microstructure was investigated with
scanning electron microscopy and EBSD technique,
and the results are shown in figure 2b. For the sake
of comparison, also the microstructure of the hot
rolled plate is also shown in this figure 2a. The pic-
tures of the microstructure were taken in the mid-
thickness area. Microstructure of the hot rolled strip
consists of ferrite and pearlite or degenerate pearlite
(figure 2a). Cold rolling caused a strong elongation
of ferrite grains and the development of deformation
substructure inside the grains. The pearlite areas are
deformed approximately to the same degree as the
ferrite grains. However, the main features of the

deformed substructure are clearly seen only in fer-
rite.

The micrographs in figure 3 show that the mi-
crostructure restoration processes in deformed ferrite
grains started above approximately 600°C. Above
this temperature the process of regular subgrains
formation started in the grains interiors. At 650°C,
the fragmentation process of cementite plates, and
subsequent coagulation of fragmented particles in
the areas of former pearlite is observed. The cement-
ite coagulation process is controlled by the carbon
diffusion process along grains boundaries which are
the easy diffusion paths. The dissolution and coagu-
lation process of cementite particles resulted in their
redistribution along the grain boundaries. As a result
of this mechanism, the particle distribution in the
microstructure is following the subgrain/grain
boundaries pattern. However, this process is strongly
dependent on the heating rate. The time of fast heat-
ing to defined temperature is short and due to this
the particles are gathered more closely in the area of
their initial distribution. Slow heating leads to the
expansion of the particles far away of the area of
their initial location. In the former case, the final
microstructure inherits to a greater extent the mor-
phological features of the original microstructure
than in the latter one. However, even at slow heating
rates, some particles were captured inside the ferrite
grains. Results of the EBSD investigation of the
changes occurring in the microstructure during heat-
ing are shown in figure 4. The results of analysis of

(a) Subgrains in the zone of ferrite presence following cold rolling

Ferrite Iron carbide
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Ferrite 0985

(b) Grains in the zone of pearlite presence following cold rolling

Fig. 4. Results of EBSD investigation of the sample after heating to 670°C in the former region of (a) ferrite, (b) pearlite
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the ferrite area are shown in figure 4a, while figure
4b shows the area where initially pearlite was pre-
sent. In the sample heated to 670°C, the formation of
fine recrystallized ferrite grains is seen in the areas
of microstructure characterized by severe local de-
formation. The dislocation rearrangement and for-
mation of subgrains inside the ferrite grains is more
advanced compared to lower temperatures. Also, the
changes in crystallographic orientation inside grains
characterized by KAM parameter are larger as com-
pared to the recrystallized grains. Formation of
small-size subgrains/grains and carbon redistribution
and precipitation followed by the coagulation of
cementite particles is observed in the regions for-
merly occupied by pearlite. During the fast cooling
from the peak temperature, a substantial amount of
new ferrite is formed, which is related to low har-
denability of the investigated steel.

0.12

0.10

0.08

0.06

0.04

Number Fraction

0.02

0.00
1000 2000

Image Quality

(@

Microstructure of the sample is composed of de-
formed and recrystallized ferrite and partially trans-
formed pearlite grains or cementite aggregates. In
the gray scale picture of 1Q in figure 5(a-b), the re-
crystallized ferrite grains are brighter as compared to
pearlite regions and deformed ferrite grains. This
can be related to higher value of 1Q parameter pre-
sented in colour map and IQ distribution in figure
5(c-d). The IQ distribution map parameter with
marked grain boundaries is shown in figure Sc. The
IQ parameter is lower in the areas characterized by
misorientation angles <15°. There are also neigh-
bouring areas with misorientation angles <15° char-
acterised by higher IQ parameter, which can be con-
nected with the formation of subgrains. This is
a transient stage of microstructure restoration which
at the end leads to the formation of nuclei and
growth of recrystallized grains. In such a case, two

0,129 pearlite + deformed ferrite

0,104

recrystallized

0,08+ ferrite
0,06

0,04+

Number Fraction

0,02+

0,00+

0 500 1000 1500 2000 2500 3000
Image Quality

(e)

Fig. 5. 10 map of the sample cooled from the peak temperature of 700°C (a) in reference to analyzed map without marked
grain/subgrain boundaries (b) and maps with grains/subgrains boundaries (c)

In order to evaluate the fraction of recrystallized
grains in the examined area, the deconvolution meth-
od of 1Q parameter distribution is applied, figure 5.

peaks can be separated in the IQ parameter distribu-
tion in figure Se. Recrystallized ferrite grains and
areas with subgrains inside deformed grains show 1Q
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values ranging from 1200+2600, figure Sc. IQ pa- (a)
rameter value for pearlite and deformed ferrite ! =E==
. . . . 0.9 .
grains is similar and ranges from 400 to 1200, which et s | .
.. . . .. . c - *
enables distinguishing them. Using this information, Lo7 ! =
surface fraction of ferrite subject to recovery and 306 .
static recrystallization can be measured, and is 58.%. k] g'z ‘ | E=
. . c 04 - = I [ + w243
The balance can be attributed to the total fraction of S | , S0 |
. . . . - =
deformed ferrite and pearlite grains. Fraction of re- ®02 - | 4
crystallized phases can also be determined using *o1 - S==o
. 0 - 1 | { |
parameters KAM, GAM and .GOS, which are basefi s e -~ 5 1 o
on the values of misorientation angle (Radwanski, Temperature,°C
2015). The results are compared in figure 6.
b
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Fig. 6. Fraction of the structure subject to recrystallization Fig. 7. Changes of austenite volume fraction as function of
measured using different parameters generated in the course of temperature measured for experimental steel using dilatometry:
EBSD analysis (a) heating rate 3°C/s, (b) heating rate 10°C/s

(b)

HV det
10.00 kV | ETD | €

10.00 kV|ETD| 5.9

Fig. 8. Comparison of the samples heated to 670 °C at different rates: (a) 3 °C/s; (b) 10 °C/s

The transformation of the cementite particles in- shown that the transformation to austenite starts in
to austenite starts in the range of 720-750°C which this temperature range and is completed at around
results in the martensite formation during fast cool- 860°C, figure 7.

ing following the heating to the maximum tempera-
ture (figure 3e¢). Dilatometric investigation has
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. CCT diagram
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g

g

8

Temperature,°C
g

g

(@

Fig. 9. CCT diagram (a) and relevant microstrutures obtained after cooling at a rate of: 1°C/s (b); 10°C/s (c); 20C/s (d); 411 C/s

(e) after annealing at 920 °C for 20 seconds

Figure 7 shows that there are no substantial dif-
ferences in kinetics of phase transformation between
cooling at a rate of 3 and 10°C/s. Typically, increas-
ing cooling at a rate of causes shifting transfor-
mation start temperatures to higher values. However,
increasing heating rate decreases the volume fraction
of recrystallized ferrite, figure 8. This means that the
transformation of pearlite to austenite during fast
heating starts in the not fully recrystallized ferrite
which accounts for additional driving force compo-
nent connected with the stored energy of defor-
mation. This additional term is responsible for ac-

celerating the kinetics of pearlite to austenite trans-
formation.

3.2. Phase transformation during cooling

The information regarding the kinetics of phase
transformations as function of cooling rate is essen-
tial for designing the continuous annealing thermal
profiles for industrial applications. This information
on the experimental steel was obtained in the course
of dilatometric investigation focused on the CCT
diagrams development. The effect of the initial mi-
crostructure formed at the heating/soaking stage and
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the cooling conditions to ambient temperature were
investigated. The initial states of the microstructure
prior to cooling include fully austenitic state as well
as austenite — ferrite one containing different volume
fractions of these constituents. Examples of the re-
sults of such an investigation are shown in figures 9
and 10.

tensite is formed in the samples austenitized at
790°C. On the contrary, in the samples austenitized
at 920°C, the hard constituents contain more bainite
than in the samples austenitized at 790°C. This is
connected with differences in carbon content of aus-
tenite at both temperatures and is reflected in lower
M, temperature after austenitization at this tempera-

., CCT diagram

et

pe =790°C, soaking time = 20s

8

g

Temperature,’C

]

25CMTETs

3 456

Fig. 10. CCT diagram (a) and relevant microstrutures obtained after cooling at a rate of: 1 °C/s (b); 10 %C/s (c); 20°C/s (d); 265 Cl/s

after annealing at 790 °C for 20 seconds

Microstructure after austenitization at 920°C
consists only of austenite whilst that soaked at 790°C
contains around 30% of austenite and the rest is
ferrite. This means that the austenite formed at
790°C contained more carbon in solid solution and
generally exhibits higher hardenability. Comparing
the microstructures in figures 9 and 10, referring to
the same cooling rates, one can see that more mar-

ture. However, the increased hardenability of austen-
ite does not slow down substantially the ferrite trans-
formation kinetics. This, in turn, can be associated
with the fact that starting transformation from two-
phase region does not involve the nucleation state
and the new ferrite grows epitaxially on the existing
one, which speeds up the progress of transformation.
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3.3. Relations between thermal profile
parameters and mechanical properties

The range of thermal profiles that can be realized
in industrial continuous annealing lines is limited by
their technical capabilities. Therefore, the final
properties of strips are controlled via the interaction
among applied thermal profile, strip thickness and

tests, a fast cooling with water was applied after
soaking period.

The mechanical properties of the samples after
the tests are given in table 2 and the microstructures
are shown in figure 12.

Table 2. Mechanical properties of the samples subject to con-
tinuous annealing experiments in Gleeble 3800 simulator

strip chemical composition. Annealing | Ry, MPa | R,,MPa | A4, % | A, % | HV0.5
The most influential parameters of the thermal 780°C/0s 292 586 13.1 | 189 | 260
profile in continuous annealing process include: 780°C/10s 300 608 120 | 17.1 262
— heating rate; 780°C/60s 309 626 119 | 193 | 279
— peak temperature and soaking time; 810°C/0s 318 621 113 | 164 | 279
— cooling rate after soaking; 810°C/10s 358 644 10.2 15.2 276
— tempering temperature and time. 810°C/60s 404 692 102 | 165 | 279

900 - First series The increase in soaking time at

—_— MRS e 780°C results in Ultimate Tensile

.y ’ Strength increase while Proof Stress

s is maintained at approximately the

& : : same level. On the contrary, at soak-

‘§ B} Second series ing temperature of 8§10°C, both Ulti-

g 400 mate Tensile Strength and Proof

g Stress increase as the soaking time

200 increases. This can be explained in

] terms of the changes occurring in the

sl microstructure of the samples. At both

0 temperatures, increase in soaking time

T T = T T
180 240 300 360 420
Time (s)

Fig. 11. Schematic characterization of temperature versus time changes in the per-

formed tests

In this part of the paper, the effect of the peak
temperature, soaking time at peak temperature and
tempering temperature/time will be considered as
being fundamental for the continuous annealing
process. The cold rolled strip samples having width
of 55 mm and length of 250 mm were subject to
physical simulations of continuous annealing in
Gleeble 3800 thermal-mechanical simulator. The
simulations were divided into two stages, figure 11.
First, the effect of peak temperature and soaking
time at this temperature was analyzed. The soaking
temperatures 780 and 810°C and soaking times 0
(fast cooling just after reaching peak temperature),
10 and 60 seconds were considered in the experi-
ments. Heating rate to peak temperature was 3°C/s.
With this heating rate, the recrystallization of de-
formed ferrite grains precedes the phase transfor-
mation of pearlite into austenite. In the first series of

480 causes an increase in the martensite
volume fraction. This is due to the
kinetics limits in the pearlite to aus-
tenite transformation. However, at
peak temperature of 780°C, this does
not substantially affect ferrite grain size which ex-
plains weak dependence of Proof Stress on the soak-
ing time. At 810°C, increase in martensite volume
fraction leads to decrease of ferrite grain size and as
a result increase of Proof Stress.

In the second sequence of experiments, the effect
of tempering temperature and time was analyzed.
The tempering temperatures 230, 380, 460°C and
times 60 and 240 seconds were considered in the
experiments. Heating rate to tempering temperature
was 10°C/s. The mechanical properties of the sam-
ples after the tests are given in table 3 and the micro-
structures are shown in figure 13.

- 389 -

28]
)
Z
)
Q)
%)
%]
-
<
&
=
<
=
Z
%]
a
©)
T
5
=
[~
[
-
2
[
=
Q
&)




INFORMATYKA W TECHNOLOGI MATERIALOW

780°C/60 sec

o=

810°C/0 sec 810°C/10 sec 810°C/60 sec

Fig. 12. Microstructures of the samples subject to the tests in Gleeble 3800 simulator

Table 3. Mechanical properties of the samples subject to continuous annealing experiments in Gleeble 3800 simulator

Soaking Tempering Ry02, MPa R, MPa Ag, %0 A, %

without tempering 300 608 12.0 17.1

230°C/60s 301 592 13.5 18.6

230°C/240s 314 581 11.6 17.6

780°C/10s 380°C/60s 375 535 11.9 214

380°C/240s 421 535 10.9 15.6

460°C/60s 378 506 10.4 17.8

460°C/240s 389 495 12.2 19.2

without tempering 358 644 10.2 15.2

n.d 230°C/60s 356 626 10.7 16.6

5 230°C/240s 360 625 9.9 19.4

b')) 810°C/10s 380°C/60s 436 583 5.4 17.8

2 380°C/240s 454 564 7.5 15.8

E 460°C/60s 415 546 9.2 15.6

LEE 460°C/240s 423 532 9.9 17.4

4

2 Both for samples after soaking at 790 and pering temperature. The decrease in Ultimate Ten-
% 810°C, the increase in tempering temperature results sile Strength caused by the increase both tempera-
5 in Ultimate Tensile Strength decrease whilst Proof ture and time can be explained by tempering of mar-
E Stress change into Yield Strength with clear yield tensite. And the change from Proof Stress into Yield
“5‘ point and its value increase. The increase in temper- Strength and the increase of its value might be ex-
% ing time results in Ultimate Tensile Strength de- plained by ageing of ferrite. The microstructure of
8 crease and Yield Strength increase as well. Howev- all samples is composed of ferrite and tempered
er, the influence of the tempering time on mechani- martensite and are shown in figure 13. Comparing
cal properties seems to be weaker than that of tem- the samples after the same tempering times, one can
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observe more advanced process of precipitation and
coagulation of iron carbides in the regions of the
former martensite.

810°C/10s - 230°C/240s

Fig. 13. Microstructures of the samples subject to tempering

0.6 1
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Grain size, um
0.6
0.4
(I A Mode!
\,‘l—l—l Expenmen!
0.2
c) o d)

2 4 6 8 10 12 14 16 18 20 >20
Grain size, pm

Fig. 14. Comparison of the grain size distributions obtained experimentally and numerically after heating to 700°C with different heat-

ing rates: a) 1, b) 3, ¢) 5 and d) 8°C/s
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3.4. Example of the application of the obtained
results

The quantitative results obtained in the presented
investigation were used in the VADPSheet project
(Kuziak, 2015) for the development of the conven-
tional and discrete phase transformation models in
DP steels during continuous annealing process. Ex-
ample of the comparison of the results obtained with
EBSD analysis and developed Cellular Automata
model for static recrystallization of ferrite is shown
in figure 14. In this figure, the distribution of ferrite
recrystallized grains size measured with EBSD tech-
nique is compared with the predicted grain size dis-
tribution in the samples subject to heating to 700°C
at rates 1, 3, 5 and 8°C. One can see a good corre-
spondence of both distributions. Better agreement
between the measured and predicted distribution is
obtained at higher grains sizes. This feature can be
attributed to the applied magnification during the
measurements. The EBSD analysis is a long lasting
process, and typically the number of measured mi-
crostructural features may not be large enough to
accurately characterize the state of the sample.

Using the obtained results, also the phase trans-
formations models during heating and cooling stage
of DP steels subject to continuous annealing were
developed and their capabilities are presented in
(Kuziak, 2015).

4. CONCLUSIONS

1. The start and finish temperature of ferrite recrys-
tallization and austenite formation depends
strongly on the heating rate. During slow heating
at rate of 3°C/s, ferrite recrystallization starts at
around 600°C and is completed at around
750°C. As a result, the structure is completely
recrystallized prior to the onset of ferrite + per-
lite to austenite + ferrite transformation. Increas-
ing the heating rate to around 10°C/s prevents
from the ferrite recrystallization prior to the start
of phase transformation.

2. A strong interaction of deformed ferrite recrys-
tallization and phase transformation of initial
ferrite + pearlite to austenite + ferrite structure
was found in the investigation. Due to the addi-
tional contribution of deformation energy to the
whole Gibbs energy difference due to the trans-
formation, the kinetics of austenite formation are
faster when it is formed in the non-recrystallized
ferrite environment. This effect counterbalances

the effect of heating rate on the phase transfor-
mation.

3. The ferrite transformation after soaking stage in
the intercritical temperature range starts almost
instantaneously after the commencement of
cooling. This is due to the lack of ferrite nuclea-
tion stage. The “new” ferrite in this case is
formed via epitaxial growth on the “old” one.
On the contrary, nucleation process occurs when
the cooling starts from the temperature of aus-
tenite stability. As a result, the microstructure of
experimental steel differs substantially when dif-
ferent soaking temperatures are applied.

4. The soaking temperature and time have a strong
effect on the relation between Prof Stress and
Ultimate Tensile Strength. At lower soaking
temperatures (close to Ac;), increasing soaking
time leads to martensite increase without affect-
ing the ferrite grain size after annealing. On the
contrary, application of high soaking tempera-
tures (close to Acs) results in simultaneous in-
crease in martensite volume fraction and refine-
ment of ferrite grain size. As a result, both Proof
Stress and Ultimate Tensile Strength are affect-
ed.

5. Further possibility of adjusting the relation be-
tween Proof Stress and Ultimate Tensile
Strength is connected with the tempering pro-
cess since application of tempering increases
Proof Stress and at the same time decreases Ul-
timate Tensile Strength. This is important for
shaping the use properties of DP steels, such as
hole expansion.

6. The application of FEG_SEM and EBSD meth-
ods to characterize the metallurgical changes oc-
curring during the laboratory simulations of con-
tinuous annealing process enabled the develop-
ment of capable conventional and Cellular Au-
tomata models allowing for the accurate predic-
tion of the effect of processing parameters on
DP steels microstructure.
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ZMIANY MIKROSTRUKTURALNE I WEASCIWOSCI
MECHANICZNYCH STALI DP W PROCESIE
CIAGLEGO WYZARZANIA

Streszczenie

W artykule przedstawiono wyniki badan ukierunkowanych na
scharakteryzowanie zmian zachodzacych w strukturze stali DP
w procesie ciggtego wyzarzania. Do zmian tych zalicza si¢
statyczna  rekrystalizacja  ferrytu, przemiana wyjsciowej
ferrytyczno — perlitycznej struktury do struktury ferrytyczno —
austenitycznej podczas nagrzewania i wygrzewania oraz
przemiang austenitu w ferryt, a nastgpnie w bainit i martenzyt
podczas  chlodzenia i galwanizowania.  Stwierdzono, zZe
rekrystalizacja statyczna ferrytu podczas nagrzewania rozpoczyna
sie w temperaturze okoto 600°C, podczas gdy przemiana ferryt
+perlit w ferryt + austenit rozpoczyna si¢ w temperaturze okoto
750°C. Kinetyka przemian fazowych podczas chtodzenia silnie
zalezy od maksymalnej temperatury cyklu wyzarzania.
W przypadku, gdy temperatura ta miesci si¢ w zakresie
dwufazowym, obserwuje si¢ epitaksjalny wzrost ferrytu, bez
zarodkowania, na “starym” ferrycie. Przemiana ferrytyczna
rozpoczyna si¢ wtedy niemal natychmiast po rozpoczeciu
chtodzenia. Z kolei, podczas chtodzenia z zakresu stabilno$ci
austenitu, przemiana ferrytyczna zachodzi mechanizmem
zarodkowania i wzrostu. Obserwuje si¢ wtedy znaczne obnizenie
temperatury poczatku przemiany ferrytycznej ponizej temperatury
Ae3, ktorego wielkos¢ zalezy od hartownosci stali i od szybkosci
chlodzenia. W  warunkach  przemystowych, mozliwosci
regulowania struktury stali DP poprzez sterowanie szybkoscia
chlodzenia sa ograniczone z uwagi na proces galwanizowania.
Przede wszystkim niemozliwe jest stosowanie duzych szybkosci
chtodzenia, co powoduje, ze oprocz martenzytu, struktura stali DP
zawiera rOwniez bainit. Symulacje fizyczne procesu ciaglego
wyzarzania przeprowadzone z wykorzystaniem symulatora
Gleeble 3800 pokazaly, ze wiasciwosci mechaniczne stali DP
silnie  zaleza od  maksymalnej temperatury  profilu
temperaturowego oraz od temperatury i czasu starzenia.
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