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Abstract: The use of High-Strength Low-Alloy (HSLA) steels for welded parts and structural assemblies is
increasingly common. Steel S700MC is one of the most widely used HSLA steels, especially in the automotive
and manufacturing industries. It combines high-strength properties with good ductility, toughness and
reasonable technological workability in forming and welding. Despite all these advantages, there is still not
enough information describing the processes and changes in material properties that occur in different heating
and cooling conditions. The present study aims to describe such processes in detail using dilatometric studies.
Thus, it results not only in a newly developed Continuous Cooling Transformation (CCT) diagram of the
S700MC steel, but also in an assessment of the heating rate effect on the change of austenitizing temperatures.
Then, the influence of the cooling rate on the bandwidth of transformation changes is defined, and the impact
of temperature cycles on the changes in mean grain size is assessed. A comprehensive study of this type has
not yet been published for S700MC steel.
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1. Introduction

Welded structures comprise a significant part of industrial production, either as final products
or as partial components. In doing so, there is a constant emphasis on production efficiency and
sufficient strength properties with the lowest possible weight and adequate durability in various
environmental conditions [1-3]. The trend is, therefore, to use higher-strength steels, usually with
yield strength values exceeding 460 MPa. At the same time, demands are placed on the corresponding
toughness and technological workability of such materials. These requirements are met in particular
by HSLA steels, which combine high strength with good resistance to brittle failure [4,5], even at
negative temperatures [6,7]. The great advantage of HSLA steels is their excellent cold formability
and relatively good weldability due to their strictly controlled chemical composition, especially for
microalloying elements. The microalloying elements mainly include V, Ti, and Nb, which form
carbides, nitrides, and carbonitrides at grain boundaries. These subsequently contribute to matrix
strengthening and grain refinement [8-11]. HSLA fine grain steels with yield strengths up to 700 MPa
are thus strengthened mainly by grain boundaries, strain hardening and precipitation. For steels with
higher yield strengths, another strengthening mechanism is added, which is phase transformation
leading to martensite or bainite [12-14].

HSLA steels have a wide range of applications across the manufacturing spectrum. They are
used in automotive, crane manufacturing, bridge construction, oil and gas platform construction.
These steels are widely used to manufacture statically and dynamically loaded components, wind
generator supports, or high-pressure vessels [15-20]. As already indicated, the weldability of fine-
grained steels is good, mainly due to the low carbon content and the limited content of alloying
elements. Compared to welding of conventional structural steels, it is recommended to limit the heat
input per unit length of weld to 10 kJ-cm™ when welding fine grain steels, mainly because of the
intense grain coarsening in the highly heated Heat Affected Zone (HAZ) [21], and for high-strength
steels also because of the softening zone [22,23].

Different fusion welding methods with varying shapes of temperature cycles and various values
of the t8/5 parameter can be used for welding HSLA steels. The most commonly used method is
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MAG. In addition, laser and hybrid methods can also be used, as well as (to a limited extent) the TIG
method. Studies of the effect of fusion welding by MAG on the weld structure of S700MC steel have
been carried out, e.g., in [24,25] or for the hybrid form of welding [26]. Numerical simulations [27]
are an integral part of understanding the processes involved in welding HSLA steels, specifically
S700MC steel, concerning microstructure, mechanical properties, grain coarsening, etc. In all of the
above cases, for the planning and realization of welding experiments, it is advisable, and in the case
of simulations, almost essential, to have a complete CCT diagram, which unfortunately could not be
traced in the available sources.

Therefore, the study presented here aimed to determine the missing information related to the
processes that occur under different heating and cooling conditions. Based on comprehensive
dilatometric tests, it is not only possible to cover the complete transformation changes over a wide
range of cooling rates (0.03 to 250 °C-sec) but also, in agreement with other findings, to assess the
influence of heating rate on the shift of Aa and As transformation temperatures [28,29], or the effect
of specific temperature cycles on grain coarsening [29].

2. Materials and Methods
2.1. Experimental Material

In this work, fine grain steel designated S700MC according to ISO 10027-1 and 1.8974 according
to ISO 10027-2, belonging to the HSLA (High Strength Low Alloy) steel group, was used for the
experimental work. It means to the group of microalloyed thermomechanically rolled steels. It is one
of the most widely used HSLA steels [13,30,31]. Due to its minimum guaranteed yield strength of 700
MPa, its strictly controlled chemical composition and, above all, its thermomechanical processing, it
exhibits high strength, good cold formability and good weldability [25,32]. It is microalloyed mainly
with elements such as Al, Ti, Nb and V, which (together with carbon and nitrogen) form fine carbides,
nitrides or carbonitrides, reducing the susceptibility to grain growth [5]. All this has an influence on
the excellent mechanical properties, especially the brittle properties, even at lower temperatures.

The steel was supplied in the form of a 12 mm thick plate. The chemical composition of S700MC
steel was measured using a Bruker Q4 TASMAN spectrometer (Bruker Corporation, Billerica,
Massachusetts, USA). The measurements were performed on the test specimens at four differently
oriented locations. Table 1 shows the mean value of the four measurements and gives the chemical
composition values defined by EN 10149-2.

Table 1. Chemical composition of S700MC steel (wt%).

Element C Si Mn P S Al Nb A%

EN 10149-2 max. 0.12 max. 0.6 max.2.2 max.0.025 max. 0.010 min. 0.015 max. 0.09 * max. 0.2 *

Experiment 0.060 0.193 1.920 0.005 0.006 0.041 0.067 0.074

Element Ti Mo N Ni Cr W - -

EN 10149-2  max. 0.25* - - - - - - -

Experiment 0.061 0.115 0.014 0.142 0.039 0.041 - -

* Total content of Nb, V, Ti should not exceed max. 0.22 %.

The mechanical properties of the supplied S700MC material, such as Proof Yield Strength (PYS
- Rpo2), Ultimate Tensile Strength (UTS - Rm), Uniform Ductility (A;) and Total Ductility (A4omm), were
measured at room temperature (RT) on a test device TIRA Test 2300 (Tira GmbH, Schalkau,
Germany). The measurements were performed on five samples according to EN ISO 6892-1
standards. The mean values of the measured material properties, including standard deviations, are
given in Table 2.
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Table 2. Mechanical properties of S7T00MC steel.

PYS (MPa) UTS (MPa) Ag (%) Adomm (%)
Average values 738 +7 853 +3 11.34 + 0.61 24.41 +0.52

S700MC is a low alloy steel, exhibiting a ferritic-bainitic structure in its initial state. The
microstructure of the tested material was evaluated by light microscopy. A Scanning Electron
Microscope (SEM) TESCAN Mira 3 (Tescan Orsay Holding, a.s., Kohoutovice, Czech Republic) with
an EBSD detector (Electron Back Scatter Diffraction) was used to determine the mean grain size. The
following parameters were used for the analysis: accelerating voltage HV = 20 kV, measuring step
size 0.2 um, measured area 500 x 500 um?. The resulting value of the mean grain size of the S700MC
material in the initial state was 4.29 um. The structure and analysis of the mean grain size is shown
in Figure 1.

Figure 1. The structure of S700MC - the ferritic-bainitic structure (left) and EBSD grain size analysis
(right).

2.2. Samples Preparation

Dilatometric tests were carried out as a basis for creating a CCT diagram and then to assess the
influence of the heating rate on the shift in transformation temperatures and the impact of
temperature cycles on the change in mean grain size. All experiments were carried out on a DIL 805L
quenching dilatometer (TA Instruments, New Castle, Delaware, USA), which allows to measure the
change of sample length to an accuracy of 0.01 pm. An induction coil provides sample heating with
feedback using an R-type thermocouple, which is capacitor welded to the test sample. Although the
device declares a sample heating capability of 1000 °C-sec’, the usable dilatometric curves are for
maximum heating rates of 250 °C-sec [28].

For the dilatometric analysis, circular specimens with a diameter of 4 mm and a length of 10 mm
were fabricated, as seen in Figure 2. The faces of the specimens must be parallel, and the maximum
surface roughness should be within 3.2 um.

10.00

************ - (/Do % 2

%o,

Figure 2. Drawing of samples for dilatometric test.

2.3. Determination of the Dilatometric Curve

To construct the CCT diagram of S700MC steel, 16 different temperature cycles were applied to
the samples in the quenching dilatometer. Six of them with heating rates ranging from 0.1 to 250
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°C-sec! were used to determine the effect of the heating rate on the shift of transformation
temperatures. The selected parameters of these temperature cycles are shown in Table 3. The
remaining eleven temperature cycles with different cooling rates ranging from 0.03 to 200 °C-sec™!
were used to generate the CCT diagram. Their selected parameters are shown in Table 4. The sample
with a heating and cooling rate of 10 °C-sec! was same for both experiments. The temperature delay
at austenitizing temperature was 30 seconds in all cases. A graphical representation of the
temperature cycles for the heating and cooling phases is shown in Figure 3.

Table 3. Temperature cycles for determining transformation temperatures Aa and As and for
assessing the effect of heating rate on the shift of them.

Variant Designation HO0.1_C10 H1_C10 H5_C10 H10_C10 H100_C10 H250_C10
Heating rate (°C-sec) 0.1 1 5 10 100 250
Cooling rate (°C-sec) 10 10 10 10 10 10

Table 4. Selected variations of temperature cycles for determining microstructures after austenite
transformation during cooling.

Variant Designation = H10_C0.03  H10_C0.1 H10_C0.3 H10_C1 H10_C3 H10_C10

Heating rate (°C-sec) 10 10 10 10 10 10
Cooling rate (°C-sec!) 0.03 0.1 0.3 1 3 10
Variant Designation H10_C30 H10_C55* H10_C100 H10_C142* H10_C200

Heating rate (°C-sec) 10 10 10 10 10

Cooling rate (°C-sec) 30 55 100 142 200

* Only to verify the occurrence of the phases in a specific part of the CCT diagram.
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Figure 3. Temperature cycles applied in dilatometer, heating phase (left) and cooling phase (right).

The last part of the dilatometric tests was devoted to assessing the effect of heating and cooling
rates on the intensity of grain coarsening, i.e. on the change in mean grain size. For this part of the
experiments, temperature cycles with different rates in the heating and cooling part were used.
Specifically, combinations of heating rates ranging from 0.1 to 10 °C-sec! and cooling rates ranging
from 0.03 to 200 °C-sec! were used. The parameters of these specific temperature cycles are shown in
Table 5.

Table 5. Selected variations of temperature cycles to assess the effect of heating and cooling rates on
the resulting average grain size — EBSD analysis of samples.

Variant Designation HO0.1_C0.03 H1_Co.1 H5_Co0.3 H10_C1 H10_C3
Cooling rate (°C-sec?) 0.03 0.1 0.3 1 3
Heating rate (°C-sec) 0.1 1 5 10 10
Variant Designation H10_C10 H10_C30 H10_C100 H10_C200

Cooling rate (°C-sec) 10 30 100 200

Heating rate (°C-sec) 10 10 10 10
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2.4. Methodology for Evaluation Dilatometry Curves

A correct evaluation of the dilatometric curves is essential to obtain information about the start
and end of the transformation changes and to consider any shift in the transformation temperatures.
There are several ways of determining the transformation temperatures. However, the three tangents
and the first derivative method are the most commonly used. Relevant results can be obtained from
both evaluation methods. In some cases, these two methods are combined and the resulting
transformation temperature value is given by the mean of these methods.

The basis of the three tangents method for the standard transformation is shown schematically
in Figure 4. Specifically, in this case, the evaluation of the heating part of the dilatometric curve of the
sample labelled as H1_C10 is used to obtain the transformation temperatures A« = 811 °C and As =
859 °C. In the case of multiple transformations, more tangents are then used, but the method of
determining the specific transformation temperature remains identical.
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Figure 4. The heating part of the dilatometry curve for heating rate 1 °C-sec’ — evaluated by the
method of three tangents.

The second way of evaluating transformation temperatures is the first derivative method. The
dependence of the length change rate on temperature is obtained by deriving the obtained
dilatometric curve, i.e., the dependence of the length change rate on temperature. The temperature
at which the change in length rate is zero is the temperature of the beginning or end of the phase
transformation accompanied by volume changes. Figure 5 shows the basis of the first derivative
method, also in this case for the sample labelled as H1_C10. The transformation temperatures were
evaluated as A« =807 °C and for A« =861 °C. The same procedure is followed to assess the cooling
part of the curves.
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Figure 5. The heating part of the dilatometry curve for 1 °C-sec’! heating rate — evaluated by the first
derivative method.
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2.5. Evaluation of Microstructure

Once the beginnings and ends of the phase transformations for a given heating and cooling rate
have been determined, a metallographic evaluation of the samples must be performed. This was done
on each of the dilatometric samples. The specimen was always cut in half on a cut-off machine for
metallographic sample preparation with a cooled diamond wheel of wide 1 mm. Both halves were
subsequently used at the point of cut - one for microstructure evaluation and hardness measurement,
the other for SEM and EBSD analysis. Samples for microstructural analysis were standardly ground
and then polished by diamond suspension with grain sizes of 3 and 1 um. Samples for SEM and
structural analysis were finally polished with OP-S suspension containing oxides with a grain size of
0.25 um. The evaluation was performed on a TESCAN Mira 3 electron microscope.

After the microstructure was done, the samples were used for hardness measurements using the
Vickers method (HV). An automatic hardness tester Qness Q30A (ATM Qness GmbH, Mammelzen,
Germany) was used for hardness measurement and the measurement was performed with a load of
98.07 N (HV10). Nine impressions were performed on each specimen, from which the mean value
and standard deviation were determined.

3. Results and Discussion
3.1. Effect of the Heating Rate on Shifts in the Transformation Temperatures Ac and Ac

For the evaluation of dilatometric curves, either in the heating region for the determination of
the Aa and A transformation temperature shift or in the cooling phase of the assessment of the phase
transformations, both methods presented in Section 2.4, i.e. the three tangent method and the first
derivative method, were used. For different combinations of heating rates (according to Table 3), the
start and end temperatures of austenite transformation were determined using both methods.

Regarding the evaluation by both methods, the maximum difference in determining the
transformation temperatures was 1.7 % (14 °C deviation) for the temperature cycle with the
designation H5_CO0.3. The obtained deviations depend on the correct application of the methods and,
therefore, on accurately evaluating the transformation temperatures. Table 6 gives the values of the
transformation temperatures obtained for both methods for all used temperature cycles. Figure 6
graphically shows the influence of heating rate on the shift of the transformation temperatures,
including the trend line.

920

900

y=12.19424In(x)+862.9745'

R*=0.69

/ \ (250; 905)
K- ] i (100; 883)

880
(0.1;860)

860

840

820

800

L= . il
e \(10; 867)

(1; 860)

(1;809)

(5; 865)

y=14.4592In(x)+807.71713
R*=0.99063

(10; 820) =Y
G jﬂa) ///
»

=1

(100; 838)

(250; 843)

/.

—o—Ac,

—e—Ac,

- - - - Logarithmic (Ac,)
- - - - Logarithmic (Ac,)

Transformation temperature Ac,, Ac, (°C)

10

T
100

Heating rate (°C-sec™)

1000

log scale

Figure 6. The influences of the heating rate on the shift of the transformation temperatures Ac and

Ac.

Table 6. Evaluation of the effect of different temperature cycles on the shift of transformation

temperatures Ac a As.

Variant Designation H0.1_C0.03 H1_C0.1 H5_C0.3 H10_C1 H10_C3 H10_C10
Heating Rate (°C-sec) 0.1 1 5 10 100 200
Three tangents method (°C) Aa 796 811 823 826 844 844
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Ao 856 859 863 865 881 901
Aa 792 807 809 813 832 842

First derivati thod (°
irst derivation method (°C) 863 861 867 868 885 909
Differences between Aa 0.50 0.49 1.70 1.57 1.42 0.24
used methods (%) Ae 0.81 0.23 0.46 0.35 0.45 0.88

From the trends of the curves shown in Figure 8, it is clear that the values of the transformation
temperatures of the beginning and end of austenitization of Aa and A increase together with
increasing heating rate. The trend of transformation temperature of A« is linear with 99.1 % accuracy.
In contrast, the As temperature only agrees with the linear trend of 69.2 %. In fact, from heating rates
above 10 °C-sec’, the trend for A increases more sharply than for lower rates. At the same time, it is
clear that the region between A« and A« decreased slightly (from 0.1 to 100 °C-sec?) as the heating
rate increased. The change in austenitization bandwidth as a function of the heating rate is shown in
Figure 7, including the trend line.
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Figure 7. Change in austenitization bandwidth as a function of heating rate.
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Figure 8. Effect of cooling rate on the values of the beginning and end of the phase transformation —
first derivation method (left) and three tangents method (right).

For the CCT diagram, the values of the start and end transformation temperatures were
determined as the average value evaluated by the two methods used at the slowest heating rate of
0.1 °C-sec. Specifically, these values were as follows: Aa =794 °C and As =860 °C.

3.2. Transformation Changes in the Cooling Phase

A total of nine different cooling rates, uniformly spaced in log coordinates from 0.03 to 200
°C-sec, were used to describe the transformation processes during cooling. The results are shown in
Table 7. Again, both methods (three tangents method and first derivative method) were used to
determine the transformation temperatures of austenite decomposition into the individual phases.
At constructing the CCT diagram of S700MC steel, it was found necessary to specify the origin of the
transformation regions in the range of cooling rates from 30 to 200 °C-sec’. Therefore, two
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dilatometric experiments were additionally completed with cooling rates of 55 °C-sec? and 142 °C-sec
1. For most of the cooling rates, a multiphase transformation occurred.

Table 7. Evaluation of transformation temperatures for the creation of the CCT diagram.

Variant HO.1_C0.03H1_C0.1H5_C0.3H10_C1H10_C3H10_C10H10_C30H10_C100H10_C200
Designation
Cooling Rate 0.03 01 03 1 3 10 30 100 200
(°C-sec?)
T 724 725 717 700 668 624 606 557 459
Three tangents T2 697 698 689 667 586 591 570 481 411
method (°C) Ts 523 516 509 531 - 576 503 1 -
Ts - - 399 448 - 544 419 373 -
T 728 729 722 705 669 627 600 547 498
First derivation T2 682 678 675 653 566 - - - 393
method (°C) Ts - - - - - - 489 401 -
Ta - - - - - 532 - - -
Differences T 0.55 055 069 071 015 048 100  1.80 7.83
between T2; Ts;

used methods (%)  Ts 2.15 2.87 2.03 210 341 2.21 2.78 4.75 4.38

The whole transformation process, from heating to cooling, can generally be divided into several
stages. Austenitization occurs when steels are heated above the transformation temperature Aa.
Austenite grains are formed at the expense of the original phases, and the growth of these austenitic
grains occurs when they are kept at a high temperature above the transformation temperature [5,33].
This generally has an effect on the change in mechanical and brittle properties [34,35]. When steels
cool below the transformation temperature, phase transformations take place, which are manifested
by a change in the crystal structure. Depending on the cooling rate, the phase transformation can take
place in two ways, namely diffusion or non-diffusion transformation [36]. This results in different
structures and different grain sizes.

As can be seen from Figure 8, the cooling rate in S700MC steel affects the width of the
temperature interval in which the structural transformation occurs. At slow cooling rates from 0.03
to 1 °C-sec’, the width of the transformation band is approximately 30 °C, respectively 50 °C
(depending on the used evaluation method) and corresponds to the diffusive transformation of
austenite to ferrite and pearlite. As the cooling rate increases, the width of the transformation region
expands until it is more than double. In the interval of cooling rates from 3 to 100 °C-sec?, the width
of the transformation zone varies from approximately 80 °C to 140 °C, again depending on the
evaluation method used. Both diffusive and non-diffusive processes occur in this interval. At a
cooling rate of 3 °C-sec’, a ferritic-bainitic structure is obtained. By further increasing the cooling rate,
martensite is gradually added to ferrite and bainite up to a cooling rate of 30 °C-sec’!. Above this rate,
up to 100 °C-sec?, only a bainitic-martensitic structure is obtained. In this interval, the width of the
transformation region is greatest. Above a cooling rate of 100 °C-sec’, only the diffusion-free
transformation region of austenite to low-carbon martensite is present. Here, the transformation
region narrows considerably. The trends described above are also evident from the trend lines in
Figure 8 for both evaluation methods of the transformation temperatures.

3.3. Hardness Evaluation on the Dilatometry Samples

As already partially mentioned in Section 2.5, the hardness of HV10 was measured on each
specimen that was subjected to the temperature cycle on the dilatometer. All measured values,
including the standard deviation, are shown in Table 8. The hardness was also measured on the
S700MC material in the initial state, and a value of 272 + 1.6 HV10 was found. According to the other
measured values, this corresponds to a cooling rate of approximately 64 °C-sec’. The effect of the
cooling rate on the hardness values can be seen in Figure 9.
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Table 8. The hardness of the base material and the resulting structures after application of different
cooling rates.

Variant Base
. ) . . H0.1_C0.03H1_C0.1H5_C0.3H10_C1H10_C3H10_C10H10_C30H10_C100H10_C200
Designation Material

Cooling Rate

- 0.03 0.1 0.3 1 3 10 30 100 200

(°C-sec?)
270 141 154 165 192 211 227 254 287 319
271 138 154 166 191 214 227 253 289 328
273 139 152 165 190 216 226 255 286 324
270 139 152 167 189 216 227 255 297 326

Measured
275 141 151 165 192 214 225 255 302 318

Hardness (HV10)

273 142 154 166 190 213 225 255 292 324
272 140 152 165 193 216 225 253 287 320
271 141 152 165 191 214 227 256 286 328
273 140 154 167 192 216 224 256 299 330

Mean Hardness
(HV10)
Standard
Deviation 1.6 1.2 1.1 0.8 1.2 1.6 1.1 1.1 5.8 4.1
(HV10)

272.0 140.1 152.8 1657 1911 2144 2259 2547 291.7 324.0

350

(200; 324)~_

300 (100;292)

272 HV10 BASE MATERIAL (AS ROLLED) (30; 255)
= T30 =3 o TREEA T T
S 250 (10; 226)
E (3;214)
=
@ (1;191)
3 ) P
g 2004 (0.3; 166) \ L
2
=t (0.1;153)
©
s

0.03; 140,
150 ¢ J

- —— Hardness (HV10)
= = -Logarithmic (HV10)

0.01 0.1 1 10 100 1000
log scale
Cooling rate (°C-sec™)

Figure 9. Effect of cooling rates on material hardness values.

3.4. Design of CCT Diagram

To create a CCT diagram, in addition to determining the transformation temperatures, it is
necessary to know what final structures have been achieved for a given cooling rate. Figure 10 shows
the microstructure for the base material and for samples obtained with cooling rates from 0.03 to 200
°C-sec’l. By evaluating the microstructure of each sample, it was found that in the interval of cooling
rates from 0.03 to 1 °C-sec”, the microstructure contains a mixture of ferrite and bainite with a gradual
increase in martensite. A further increase in cooling rate results in a bainitic-martensitic structure,
and above a cooling rate of 100 °C-sec?, only a martensitic structure is achieved.
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H10_C10 H10_C30 H10_C100 H10_C200

Figure 10. Effect of cooling rate on the microstructure of S7T00MC.

The resulting CCT diagram of S700MC steel is shown in Figure 11. This diagram corresponds to
the chemical composition in Table 1 and the mechanical properties in Table 2. A change in chemical
composition may affect the final form of the diagram. However, due to the relatively strictly
monitored chemical composition of HSLA steels, such changes will only be negligible.

& Moraves, TUT
1200 . . .

17 00 e s e s i S OHavdness(H\-m) .

[Jeonimng rateg¢isect

Temperature (*C)

10° 10! 10 10° iy 10°
log scale

Time (sec)

Figure 11. The CCT diagram of S700MC steel.

3.5. The Effect of Applied Temperature Cycles on the Changes of Mean Grain Size

An assessment of the effect of the applied thermal cycle on the mean grain size, performed with
an EBSD (Electron Backscatter Diffraction) detector, for all cooling rates is shown in Figure 12. The
measured mean grain sizes after EBSD analysis for the equivalent circle diameter (ECD) are shown
in Table 9. From the values shown in Table 9, a graph (Figure 13) was constructed to show the trend
of the change in mean grain size as a function of the applied cooling rate. The graph shows that the
grain coarsening is negligible for samples heated at 10 °C-sec’ to 1100 °C with a temperature delay
time of 30 sec and cooling rates of 10 °C-sec! or more. The grain refinement at a cooling rate of 200
°C-sec! is interesting. Here, it would be reasonable to expect the same grain size as for the base
material since the sample is not plastically deformed during the dilatometer cycle, and the conditions
for intensive formation of new grain nuclei are not created. However, it is clear from the mean grain
sizes and standard deviations given in Table 9 that the result is within the tolerance range of the grain
size of the base material.


https://doi.org/10.20944/preprints202411.2002.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 November 2024 d0i:10.20944/preprints202411.2002.v1

11

iz e l 7 B p 30, G
BASE MATERIAL HO0.1_C0.03 _Co0. 5_CO.. | C

Figure 12. EBSD analysis of grain size at different variants of the heating and cooling rates.
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Figure 13. The resulting grain size values for different combinations of heating and cooling rates.

Table 9. Effect of cooling rates on average grain size.

Grain Size ECD (um)
Variant Designation Cooling Rate (°C/s) Area 500 x 500 um, Step Size 0.2 um
Average Value/Standard Deviation
H0.1_C0.03 0.03 10.17/9.09
H1_Co.1 0.1 8.44/6.05
H5_C0.3 0.3 6.14/3.44
H10_C1 1 5.75/3.17
H10_C3 3 5.11/2.65
H10_C10 10 4.69/2.36
H10_C30 30 4.49/2.42
H10_C100 100 4.19/2.11
H10_C200 200 3.78/1.69
Base Material (As Rolled) - 4.29/2.03

4. Conclusions

The study presented in this paper aimed to show in detail the processes and material changes
that occur in S700MC steel when temperature cycles with different heating and cooling rates are
applied. The findings are based on the dilatometric experiments complemented by structural
analyses, hardness measurements and evaluation of the change in mean grain size. Thus, the
dependences of the transformation temperature shift and the width of the transformation bands
based on the heating and cooling rates were obtained, as well as a complete CCT diagram of the
S700MC steel. A comprehensive study of this type has not yet been published for S700MC steel. The
main conclusions of the above research are as follows:

e  The study has shown that both evaluation methods, i.e. the three tangents method and first
derivation method, can be used with sufficient accuracy to determine the transformation
temperatures in the heating phase. The maximum deviation between the two methods was 1.7
%. Interestingly, the more significant deviations were at the beginning of the transformation for
the A« temperature. For the As temperature, the maximum deviation was less than 0.9 %.
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e Increasing the heating rate has a negligible effect on the bandwidth of the austenitic
transformation, as seen from the trend lines in Figure 6.

e For the CCT diagram, the values of the start and end transformation temperatures were
determined as the average of the temperatures evaluated by the two methods used at the slowest
heating rate of 0.1 °C-sec’’. Specifically, these temperatures were A« =794 °C and A« =860 °C,
resp.

e The evaluation of the transformation changes during cooling already showed significant
differences between the different methods used. For cooling rates in the interval 0.03 to 30 °C-sec
1, the maximum deviation was 3.41 %, which is still acceptable. However, a further increase in
cooling rate to 100 °C-sec increased the deviation to almost 5 % and even to nearly 8 % for 200
°C-sec. For high cooling rates, more relevant results were obtained with the three tangents
method.

e  In contrast, the effect of the cooling rate on the bandwidth of the transformation temperatures is
significant compared to the heating rate. For slow cooling rates in the interval 0.03 to 1 °C-sec’,
the transformation bandwidth is constant (ferritic-perlitic transformation). Thereafter, the
transformation temperature bandwidth more than doubles up to a cooling rate of 100 °C-sec’.
Above this rate, only the non-diffusion martensitic transformation is present in S7T00MC steel,
and the transformation bandwidth returns to the value corresponding to the slow cooling rates.

e  The hardness measurements of the samples showed a steady increase in hardness with the
increasing percentage of phases containing carbon in the form of carbides or supersaturated
solid solution. The dependence was tested using a linear regression model with a logarithmic
function. The correlation coefficient R? was higher than 0.98, approximating the measured
hardness values at a given cooling rate with the regression line. The hardness value HV10
increased from 140 HV10 to 324 HV10 over the cooling rate range of 0.03 to 200 °C-sec’. The
hardness of the base material 272 HV10 thus corresponds to cooling rates of 64 °C-sec.

e  The generated CCT diagram (Figure 11) correlates with the chemical composition in Table 1. A
change in the chemical composition may affect the final form of the diagram. However, given
the relatively strictly monitored chemical composition of HSLA steels, it can be assumed that
such changes will only be elementary.
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