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The paper is focused on the polymorphic transformations of selected steel types. Generally, when creat-
ing CCT diagrams, the transformation temperature values A. and A.; are determined under at very low
heating rates (max. 0.1 °C-s-1). The only exceptions are so-called in-situ CCT diagrams, which are deter-
mined based upon the real temperature cycles. However, in the case of dynamic processes such as weld-
ing technology or heat treatment with magnetic induction heating, cannot be used information from
conventional CCT diagrams. Incorrectly selected temperatures lead either to incomplete austenitizing
during heat treatment or to a different development of phase transformations in HAZ of welds. Espe-
cially, when these processes are carried out without soaking temperature. That is why as the main aim of
this paper was to determine the heating rate influence for steels S460MC, S690QL and X23CrMoV12-1 on
the shift of their transformation temperatures Acl and Ac3. The intensity of the heating rate effect on the
transformation temperature depends on the steel structure and amount of alloying elements. Conse-
quently, steels with different structures, different type of processing and mechanical properties were de-
liberately selected to make the assessment as complex as possible.
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Consequently, steels with different structures, ma-
nufacturing and processing as well as with different
mechanical properties were intentionally selected.
Steel S460MC is thermo-mechanically processed fine-
grained ferritic-peatlitic material. Steel S690QL is also
fine-grained, but due to another production method
(refining) it has different chemical composition and its
structure also contains tempered bainite in its basic
state. They differ both in higher carbon content and
in other alloying elements such as Cr, Mo and possibly
also Ni. [5] Martensitic chromium steel X23Ct-
MoV12-1 then differs from previous materials in all
aspects, so both in structure, quantity of alloying ele-
ments and mechanical properties - especially at eleva-
ted temperatures.

In addition to all mentioned knowledge above, the
method of used heating, dimensions and shape of the
test specimen also have the influence on the transfor-
mation temperatures values and the accuracy of dila-
tometry measurements [6]. This statement concerns
both the generating CCT diagrams and the assessment
of the heating rate influence on transformation pro-
cesses. [7, 8] All experiments described in the
following chapters were carried out using the quen-
ching dilatometer DIL805L from company TA Instru-
ment. The dilatometer uses controlled heating by mag-
netic induction realized by a heating coil.

1 Introduction

Technological processes using high heating rates
are during heating phase influenced by the shift of
transformation temperatures. Such shift can cause
both an insufficient austenitizing in the desired cross-
section of heated specimen and different distribution
of structural phases in the heat affected zone (HAZ)
of weld joints. Both of these aspects result in change
of finally achieved structural and mechanical propet-
ties. [1, 2, 3]

When heating materials that allow polymorphic la-
ttice transformation (defined by a temperature inter-
val), the energy available to rearrange atoms into a new
lattice type is not high enough at the start of transfor-
mation. Therefore, phases or components requiring
the least amount of energy for lattice transformation
are preferably transformed. As the temperature incre-
ases, the amount of energy in the system increases as
well and other material phases or components also
gradually transform into the FCC. However, these
transformations need sufficient time to take place in
the whole volume. At higher heating rates, there isn’t
provide to system enough time to transform the lattice
at given temperature [1]. That is why transformation
processes are realized only when higher energy is
supplied; thus at higher temperatures. [4] How inten-
sively the heating rate affects the transformation tem- 2 Objectives of the experimental part and
peratures depends, among others, on the initial steel used materials

structure and the amount of alloying elements. . . .
One main and several partial objectives were set
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for the experimental activity. Based upon of them
there was possible to prepare the experimental plan.
The main objective was to assess the influence of
heating rate on the shift of transformation
temperatures A and Acs vales for selected steel types.
Partial objectives were to assess the possibility of
repeated measurement of  transformation
temperatures on the same specimen. As a reason there
was the unambiguous definition of the experimental
boundary conditions at multiple measurements.
Another partial objective was to assess the possibility
of using quenching dilatometer DIL 805L for
dilatometry measurements realized for heating and
cooling rates corresponding to real welding cycles.
Thus, the assessment of utilization the mentioned
dilatometer in generating in situ CCT diagrams. This
was also related to the last partial objective that
concerned about determination the critical heating
rate for the dilatometer DIL 805L. By this is meant the
maximum heating rate at which it is still possible to

Tab. 1 Chemical composition of S460MC (wt%) — ace. to CSN EN 10149 and measured by Q4 Tasman spectrometer

deduct from the dilatometry curve all required
information with sufficient accuracy.

Three types of steel marked acc. To ISO 10027-1
as S460MC, S690QL and X23CrMoV12-1 were se-
lected for the experimental part. Reasons of such se-
lection were mentioned in the introduction of this pa-
pet.

The S460MC is structural, micro-alloyed and fine-
grained steel made by the thermo-mechanical rolling.
It has minimal guaranteed yield strength of 460 MPa
and is guaranteed to be weldable. It is used for cold
formed products, most often as stampings or sheets
for structural assemblies. The steel is micro-alloyed
with Ti, Al, Nb and V and in basic state is ferritic-
pearlitic. Tab. 1 shows both the chemical composition
of steel S460MC acc. to EN 10149 and the actual com-
position determined by spectrometer Tasman Q4.
Tab. 2 shows the basic mechanical properties of steel
S460MC as determined by the static tensile test. These
are average values from five measurements.

C Si Mn P S Al Nb \ Ti
EN 10149 0.12 0.5 1.6 0.025 0.015 0.015 0.09 0.20 0.15
Q4 Tasman 0.072 0.012 1.324 0.029 0.008 0.031 0.051 0.080 0.004
Tab.2 Material S460MC — mechanical properties
Yield Strength Ultimate Strength | Uniform Ductility Total Ductility
S460MC Re [MPa] Ri [MPa] Ag [%] Aso [%0]
541 630 13.16 29.59

Steel S690QL is structural, high-strength, heat-
treated material. It has minimal guaranteed yield
strength of 690 MPa and strength value vaties be-
tween 770 - 940 MPa depending on the material thick-
ness. It reveals good weldability with sufficient form-
ability. The hardenability of the material at higher
thicknesses is given due to the higher Cr and even. also
Ni contents. It is used for the machine parts design,

where is necessary to reduce weight while maintaining
strength conditions. Its basic state is usually as tem-
pered bainite. Tab. 3 shows the chemical composition
of steel S690QL acc. to the standard EN 10149, as
well as the actual chemical composition determined by
spectrometer Tasman Q4. Tab. 4 then summarizes
the basic mechanical properties of S690QL steel.

Tab. 3 Chemical composition of S6900L. (wt%) — acc. to CSN EN 10149 and measured by Q4 Tasman spectrometer

C Si Mn P S Cr Mo Ni \
EN 10149 0.20 0.80 1.70 0.02 0.01 1.50 0.70 2.00 0.12
Q4 Tasman 0.192 0.272 0.990 0.024 0.006 0.619 0.213 0.013 0.034
Tab.4 Material S6900QL — mechanical properties
Yield Strength Ultimate Strength | Uniform Ductility Total Ductility
S460MC R. [MPa] R, [MPa] A, [%] Aso [%0]
834 881 7.12 17.93

Steel X23CrMoV12-1 is in accordance with the
standard CSN EN 10302 classified into the group 9 -
12% Cr of martensitic steels. It is high-alloy stainless
steel designed for applications at temperatures up to
650 °C. It is often used for steam turbine components
such as blades, rotors and compressors. However, it
can be used also in other different applications with

high working temperatures, such as aircraft propul-
sion. Tab. 5 shows the chemical composition of steel
X23CrMoV12-1 as determined by spectrometer Tas-
man Q4. In Tab. 6 are shown the basic mechanical
properties of steel X23CtMoV12-1 in basic tempered
state.
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Tab. 5 Chemical composition of X23CrMol/12-1 (wt%) — measured by O4Tasman spectrometer
C Si Mn P S Cr Mo Ni \4 W Cu
0.238 | 0.360 0.609 0.048 0.013 11.82 1.148 1.151 0.301 0.131 0.092

Tab.6 Material X23CrMol/12-1 — mechanical properties

Yield Strength Ultimate Strength | Uniform Ductility Total Ductility
XBCﬂ;“’VlZ' R. [MPa] R., [MPa] A, [%] Aso [%]
598 823 9.73 19.34
3 Experimental part from evaluation by both used methods.
In the first phase was tested whether the same AN EEEEERAREEEEAREREEAREE
transformation temperatures were reached by repe- 150

ated heating of the same sample by a defined tempe-

. . 125
rature cycle or whether the previous thermal influence

of the sample significantly affected the new measure- £ 100 )
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5 _
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perature cycle with maximum temperature 1000 °C
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tion temperatures are then determined at areas, where Temperature[°C]

the dilation rate equals zero [10]. The graphical deter-
mination of transformation tangents by the “1st Deri-
vative method” is shown in Fig. 2. Tab. 7 illustrates
the transformation temperatures Aciand Acs obtained

Fig. 2 Determination of transformation temperatures ,, 1%
Derivation method*

Tab. 7 Transformation temperatures Ao a As obtained from measurement the same specimen - S6900L

No. of Temperature A¢q [°C] Temperature A¢z [°C]
measure- . .
ment 3 tangents 1st derivate Average 3 tangents 1st derivate Average
1 757 754 755.5 838 834 836
2 758 757 757.5 838 834 836
3 760 758 759 842 838 840
The second part of the experiment was devoted to stage were selected heating rates as following: 0.1; 1;
the assessment of the heating rate influence on the 10; 100 and 500 °C-s. These wete firstly applied to
transformation temperatures Aci and Acs. In the first S690QL steel. At heating rate 500 °C-s™! was possible
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to determine transformation temperatures by the tan-
gents method, but not anymore by the 1st derivation
method. As a reason, there was the shape of measured
dilatometry curve - see Fig. 3.
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Fig. 3 Dilatometry curve at heating rate 500 °C.s7- steel
$6900L.

The obtained curve is no longer smoothly conti-
nuous due to insufficiently fast compensation of the
induction coil power that was used for specimen hea-
ting. From derivations is then obtained quite a lot of
minima and it is necessary to manually select the ap-
propriate transformation temperature. Therefore,

another measurement was performed with a heating
rate of 250 °C-s!, which provided better results.
However, the dilatometry curve wasn't still smoothly
continuous. The same was valid for the heating rate of
150 °C-s!, see Fig. 4. As a critical magnitude was fi-
nally determined heating rate of 100 °C-s, when
achieved dilatation curve was already smoothly conti-
nuous. Tab. 9 shows values of evaluated transforma-
tion temperatures for all applied heating rates.
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Fig. 4 Dilatometry curve at heating curve 150 °C.s- steel
S$6900L

Tab. 8 Transformation temperatures Av and Acs measured at different heating rates - S6900L

Measure- II_{I:?(: Temperatture .Ac1 [°C] Temperatture .Ac3 [°C]
ment [°C.s1] | 3 tangents 15‘;12.1_ Average | 3 tangents 15‘;:2:1- Average
1 0.1 750 748 749 839 835 837
2 1 754 744 749 830 830 830
3 10 770 767 768.5 841 840 840.5
4 100 802 800 802.5 857 860 858.5
5 150 811 804* 807.5 868 868* 868
6 250 819 810* 814.5 879 883* 881
7 500 832 829* 830.5 900 898* 899

curve

* Values chosen manually from comparison of minima determined from derivation and shape of not derivated

Tab. 9 Transformation temperatures Ao and A measured at different heating rates - S460MC

Heat Temperature Acq [°C] Temperature Az [°C]
Measure- Rate 1 deri- 1 deri-
ment [°C.s1] 3 tangents vate Average 3 tangents vate Average
1 0.1 736 732 734 870 872 871
2 1 732 732 732 861 863 862
3 10 750 748 749 879 882 880.5
4 100 784 793 788.5 896 899 897.5
220 indexced on: http:/ | www.scopus.com



July 2020, 1/0l. 20, No. 2

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

Tab. 10 Transformation temperatures A. and A measured at different heating rates - X23CrMol12-1

Measure- Heat Temperature A¢q [°C] Temperature Az [°C]
ment Rate 3¢ o | Prderi- |, 3¢ o | Prderi- |,
[OC.S'I] angen S vate Verage angen S vate verage
1 0.1 809 804 806.5 854 853 853.5
2 1 840 836 838 887 889 888
3 10 878 874 876 925 923 924
4 100 913 918 915.5 978 970 974

Due to the determination critical heating rate at
magnitude 100 °C-s’!, for the two remaining steels
(S460MC and X23CrMoV12-1) were used heating ra-
tes as following: 0.1; 1; 10 and 100 °C-s'. Measured
results for material S460MC are shown in Tab. 9 and
for creep-resistance steel X23CrMoV12-1 in Tab. 10

4 Conclusion

The paper dealers with the assessment of heating
rate influence on the transformation temperatures
change at selected types of steel. Results from the

performed experimental measurements can be
summarized as following:
e Performing repeated dilatometry

measurements on one specimen can be carry
out with sufficient accuracy. The maximum
difference between individual measurements
did not exceed 4 °C for both evaluation
methods. However, from the successive
measurements is obvious trend of slight
increase in transformation temperature.
Therefore, always new sample was used for
each measurement.

e Dilatometry measurements can be performed
on quenching dilatometer DIL 805L with
heating rates exceeding 500 °C-s1. So it can
be also used for measuring in situ CCT
diagrams. Nevertheless, it is important to
note that at heating rates exceeding 100 °C-s-
I is not possible to achieve a smoothly
continuous  dilatometry  curve.  This
considerably complicates the evaluation of
transformation temperatures by the 1st
deformation method. Therefore, heating rate
at 100 C-s! was evaluated as the so-called
critical heating rate.

e Transformation temperatures Ac and A are
determined under very slow heating rates
when generating CCT diagrams, generally not
exceeding heating rate of °C-s. It has been
found that increasing heating rate has an
effect on the shift of transformation
temperatures A and Ae towards higher

values. This effect increases with the higher
amount of alloying elements. For material
S460MC was temperature A shifted by more
than 50 °C and 34 °C in the case of Ac; when
the sample was heated at 100 °C-s1. It was
similar for S690QL steel. In addition to that,
for steel S690QL was found that at heating
rate 500 ©°C-s!  was transformation
temperature A shifted by 82 °C and A by
42 °C. The greatest shifts of transformation
temperatures occurred in the case of
martensitic steel X23CrMoV12-1. There was
shift by 109 °C for Aci and by 120 °C for Ae.

It has been experimentally confirmed that the
heating rate significantly affects the transformation
temperatures Ac and Ae, especially in high-alloy
steels. Therefore, in dynamic processes such as
welding technology or heat treatments, it is not
possible to rely only on information from classical
CCT diagrams [2]. Incorrectly selected temperatures
lead either to incomplete austenitizing during heat
treatment or to other evolution of phase
transformations in HAZ of welds. Especially, when
these processes take place without the soaking
temperature.
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