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ABSTRACT

The article presents a review of modern approaches to constructing CCT diagrams and special diagrams formed on the basis
of the results of a dilatometric experiment for the analysis of structural-phase transformations in steels during cooling. The
methodology of physical modeling of thermal cycles on Gleeble installations, as well as typical heating and cooling param-
eters, is considered. Special attention is paid to the influence of the cooling rate on the formation of the microstructure in the
heat-affected zone of welded joints. Approaches using constant and variable (nonlinear) cooling modes are compared with an
emphasis on their compliance with real welding conditions. The advantages of nonlinear thermal cycles for increasing the re-
liability of modeling and correctness of constructing CCT diagrams when assessing the weldability of steels are substantiated.
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INTRODUCTION

Continuous cooling transformation (CCT) diagrams
of overcooled austenite decomposition are an import-
ant tool for analysis of the structural-phase transfor-
mations in steels during cooling. They reflect how the
austenite structure changes at different cooling rates,
i.e. how the phase (ferrite, pearlite, bainite or mar-
tensite) is formed, depending on the temperature and
time [1-3].

Using the CCT diagrams specialists can:

e Predict the structure in each HAZ — know
whether martensite (leading to brittleness) or ferrite/
pearlite (ensuring the ductility) are formed;

e Assess the risk of cold cracking, which is of-
ten associated with appearance of martensite at rapid
cooling;

e Select the welding modes (current, welding
speed, preheating/additional heating), so as to reduce
the harmful structural changes;

e Determine the need for postweld heat treatment.

Thus, CCT diagrams are extremely important in
welding critical structures — from pipelines to ar-
mour, where control of the metal structure and prop-
erties in the HAZ is required.

A dilatometric experiment is the base of experi-
mental plotting of CCT diagrams. This is a method of
studying phase transformations in materials based on
measurement of changes in the linear dimensions of
the sample during the thermal cycle (heating or cool-
ing). It is conducted using a dilatometer — a high-pre-
cision instrument, which records the material defor-
mation with micron accuracy at temperature change.
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A steel sample is heated up to austenitization tempera-
ture (above 4 ), and held for a certain time for struc-
ture stabilization. Then, the sample is cooled down at
a constant specified rate (for instance, 1 °C/s). During
cooling, the dilatometer records the change in sample
length in real time. In the phase transformation points
(austenite-ferrite, pearlite, bainite, etc.) jumplike or
characteristic changes of the deformation curve occur,
which are recorded by the instrument [4]. In Ukraine,
unfortunately, there is still no standard which specifies
the CCT diagram construction, as well as conducting
the dilatometric experiment.

ASTM A1033-18 (2023) Standard [5] entitled
“Standard Practice for Quantitative Measurement and
Reporting of Hypoeutectoid Carbon and Low-Alloy
Steel Phase Transformations”, describes a procedure
for quantitative measurement and presentation of
phase transformations in hypoeutectoid carbon and
low-alloy steels, using high-speed dylatometry. In
Section 1.3 of this Standard it is noted that the pro-
cedure is used to determine the behaviour of phase
transformations in steels, both under the isothermal
conditions and under the conditions of continuous
cooling. Although the CCT diagram term is not used
directly, the described methods allow obtaining data,
required to plot such diagrams. Thus, the Standard
does not contain any direct reference to CCT dia-
grams, but provides a methodology, which allows ob-
taining information for their construction.

In ASTM A1033-18 Standard (2023) the proce-
dure for plotting these phase transformations envis-
ages using linear (i.e. constant) cooling rates. If it is
impossible to control the constant rate, (for instance,
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in the real technological process), it is necessary to
record the instantaneous cooling rate at 700 °C and
cooling duration in the range of 800-500 °C.

THE OBJECTIVE OF THE WORK

is to analyze the modern methods of construction of
CCT diagrams of phase transformations under the
conditions of welding, with the purpose of taking into
account the complex temperature-mechanical influ-
ences and the nonlinear nature of the thermal cycle
of welding.

Quite often the CCT diagrams, plotted with appli-
cation of constant cooling rates, are used to assess the
structural-phase composition of steels in the HAZ.
For instance, in [6] the microstructural transforma-
tions in the HAZ of pipeline steel X70 (C — 0.06 %;
Mn — 1.28 %; Si — 0.26 %; Nb — 0.045 %;
Ti — 0.014 %; Mo — 0.17 %.) during the thermal
cycles of welding were studied. Experiments were
conducted in Gleeble 3500 installation. To study the
phase transformations, the samples were heated at
the rate of 10 °C/s up to the maximal temperature of
1300 °C, then cooled to 900 °C in 1 s, held for 16 s
at this temperature, and then cooled to room tempera-
ture at constant cooling rates from 60 to 0.1 °C/s. It
should be noted that the diagram was plotted at the
temperature of 900 °C. The authors conclude that the
optimal cooling rate to ensure the HAZ strength and
toughness is equal to 10-20 °C/s (Figure 1).

Work [7] presents the construction of a CCT di-
agram for the HAZ of carbon steel SA106 Grade B
(C—0.3%; Mn—0.7 %; Si— 0.1 %; Cr — 0.4 %;
Cu—0.4%;Mo—0.15%; Ni—0.4 %; V—0.08 %).
The objective of the study was evaluation of the phase
transformations and the microstructure, which form in
the HAZ at different cooling rates, which reproduces
the arc welding conditions.
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Figure 1. CCT diagram of pipe steel X70. Microstructures: F —
ferrite; B — bainite; P — pearlite [6]

The dilatometric experiment was conducted in Glee-
ble 3500 installation. Samples were heated at the rate of
100 °C/s up to 1200 °C, held at this temperature for 1 s
and cooled to room temperature at the specified constant
rates from 0.1 to 100 °C/s. The general conclusions in-
dicate that the optimal cooling range to form a favorable
structure is 10-20 °C/s. The derived CCT diagram is rec-
ommended for development of technologies for welding
steel SA106 Grade B (Figure 2).

In work [8] the influence of different cooling
rates on the HAZ microstructure was studied and a
CCT-diagram was constructed for the conditions of
welding CLAM steel (China Low Activation Marten-
sitic, C — 0.093 %; Cr — 8.39 %; W — 1.499 %;
V—0.196 %; Ta— < 0.01 %; Mn — 0.44 %), which
is a ferritic-martensitic steel designed for application
in nuclear reactors.

Physical modeling was performed in Gleeble-1500
installation. The thermal cycle included heating up
to the temperature of 1623 K (~ 1350 °C) in 2 min,
holding for 1 min and cooling to room tempera-
ture at constant cooling rates in the range of
3600—1 K/min (60-0.017 °C/s). The plotted CCT di-
agram has only two regions of phase transformations:
ferritic and martensitic. The authors note that that the
diagram allows predicting the HAZ structure, and it is
a useful tool to assess the weldability of CLAM steel
(Figure 3).

Although the authors present the above-consid-
ered works on CCT diagram construction as studies
of the HAZ influence on the steel structure in weld-
ing, the cooling rate ranges used during CCT diagram
construction in these works are very similar to those
applied in the works on CCT diagram construction for
determination and optimization of the heat treatment
cycles.
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Figure 2. CCT diagram of steel SA106 Grade B. Microstructures:
A — austenite; F — ferrite; B — bainite; P —pearlite; M — mar-
tensite [7]
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In [9] the behaviour during continuous cooling of
steel similar to the ferritic-martensitic CLAM steel in
[8] was studied. The main objective is construction of
CCT diagram and studying the influence of the cool-
ing rate on phase transformation and microhardness.
In this work, however, the efforts were focused on de-
velopment of heat treatment of this steel.

Physical modeling was conducted in Glee-
ble 1500 installation. The samples were heated to
1253 K (= 980 °C) in 15 min, held for 30 min, and
then cooled to room temperature at the rates from
240 K/min (4 °C/s) to 1 K/min (0.017 °C/s). All the
thermal cooling cycles were conducted at a constant
rate. The authors note that the obtained results can be
used to develop heat treatment modes with predicted
phase composition in the critical zones of nuclear re-
actor structures (Figure 4).

The conditions of plotting the CCT diagrams dif-
fer for each case, and conducting the dilatometric
experiment essentially is physical modeling of the
technological influence on the material. If during the
technological processing of the material, the thermal
influence is accompanied by deformational impact, it
should be taken into account, when studying the ki-
netics of the phase-structural transformations.

A description of the so-called DCCT diagrams
(Deformation Continuous Cooling Transformation) is
sometimes found in publications. Such diagrams are
used for optimization of the modes of thermodeforma-
tional treatment and they appeared due to the need to al-
low for the influence of thermodeformational treatment
on the kinetics of structural-phase transformations. So,
work [10] is a study of the influence of prior plastic
deformation on the nature of CCT diagram of spring
steel 51CrV4 (C — 0.47-0.55 %; Si — < 0.40 %;
Mn — 0.70-1.10 %; P — <0.025 %; S — <0.035 %;
Cr—0.90-1.20 %; V—0.10-0.25 %).

Both a standard CCT diagram and a DCCT dia-
gram, which allows for the deformation before cool-
ing of 51CrV4 steel (Figure 5) were plotted in Gleeble
3800 simulator.

To construct the CCT diagrams without defor-
mation, the samples were heated to 850 °C, held for
120 s and were cooled at constant rates in the range
of 0.16-12 °C/s. In the cycles with deformation, the
samples after similar holding were uniaxially com-
pressed at 850 °C with true deformation of 0.35 at the
rate of 1 s7!, and then cooled at the same rates. The
cooling rate was constant for all the cooling cycles.

DCCT diagram showed a shift of the curve of the
start of pearlitic transformation to the left (to the re-
gion of higher cooling rates), i.e. pearlite formed fast-
er. The curve of the start of the bainitic transformation
somewhat shifted upwards (to higher temperatures),
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Figure 3. CCT diagram of CLAM steel HAZ [8]

and there appeared also the curve of the end of bain-
itic transformation. The curve of the start of marten-
sitic transformation has declined a little in the zone
of high rates. On the whole, deformation accelerates
the anisothermal decomposition of austenite for this
steel, which is particularly noticeable for the pearlitic
component.

Note that for deformed metal there is a tendency
for the transformation acceleration under the condi-
tions of continuous cooling, compared to metal with-
out deformation.

For instance, in [11] the authors studied the influ-
ence of chromium content and prior deformation of
austenite on the shape of CCT and DCCT diagrams for
low-carbon bainitic steels. The objective of the work
was to asses how the structure and hardness change,
depending on the composition, cooling temperature
and deformation. Three steels with the same content
of carbon (~ 0.033 %), manganese (~ 0.9—1 %) and
niobium (~ 0.06 %), but with different chromium con-
centration: 3.97 % (A), 2.52 % (B) and 1.02 % (C)
were studied (Figure 6). All the samples were heated
up to the temperature of 1100 °C at the rate of 10 °C/s
and were held for 3 min. In order to construct the CCT
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Figure 4. CCT diagram of CLAM steel for heat treatment [9]
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Figure 5. Influence of prior plastic deformation on the kinetics of austenite transformation for 51CrV4 steel: a — CCTdiagram of steel
without deformation; b — DCCT diagram of steel with prior deformation; ¢ — comparison of CCT and DCCT diagrams. Tempera-
tures: P_ — start of pearlitic transformation; P.— finish of pearlitic transformation; B — start of bainitic transformation; M, — start of

martensitic transformation [10]

diagrams, the samples were cooled to room tempera-
ture after holding with different cooling rates, which
varied from 2 to 80 °C/s. For plotting the DCCT di-
agrams, the samples were cooled after holding at the
rate of 2 °C/s to the temperature of 880 °C. The sam-
ples were held at this temperature for 15 s, and then
compressive deformation was applied to them with
0.6 total strain and strain rate of 1 s™'. After deforma-
tion, the samples were soaked for another 20 s, and
then cooled to room temperature at different cooling
rates in the range from 2 to 80 °C/s.

It should be noted that the deformational impact
leads to lowering of the temperatures of the start of
austenite transformation and to shifting of the ferrite
phase appearance towards higher cooling rates (Fig-
ure 6). Increase of chromium content improves the
hardenability, lowers the phase transformation tem-
peratures, increases the fraction of bainite and reduces
the structure sensitivity to deformation. Contrarily, at
alow Cr content the deformation stimulates the ferrite
formation and essentially changes the transformation
kinetics. The authors note that in order to form a com-
pletely bainitic structure it is necessary to avoid ferrite
and pearlite, which can be achieved at Cr content in

the range of 2.5-4 % and cooling rates above 20 °C/s
(Figure 6).

Allowing for deformational impact on the nature
of structural-phase transformations is of direct im-
portance in welding. Thermal deformations arising in
welding, depending on the structural features of the
product being welded, can influence the kinetics of
austenite transformation.

For instance, work [12] presents a new approach to
analysis of material proneness to developing residual
stresses in the welded joint HAZ — so-called “welding
thermal stress diagrams” (WTSD). Unlike the classi-
cal CCT diagrams, which describe the phase transfor-
mations, without taking into account the mechanical
limitations, the WTSD diagrams allow directly as-
sessing how the real welding temperature cycles in-
fluence the development of stresses in the metal.

Selected for analysis was a high-strength low-al-
loy steel of ferritic-bainitic class (C — 0.12 %;
Si — 0.07 %; Mn — 1.73 %; P — 0.023 %;
S — 0.003 %; Al — 0.042 %). The samples were
fixed in rigid grips of thermomechanical simulator
Gleeble 3550-GTC, which allowed completely block-
ing the sample elongation during heating and cooling.
This ensured development of internal stresses, similar
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Figure 6. Influence of chromium content and prior plastic deformation on the kinetics of austenite transformation in low-carbon bainit-
ic steels with different chromium content 0of 3.97 % (A), 2.52 % (B) and 1.02 % (C): a, ¢, e — CCT diagrams; b, d, f— DCCT diagrams
of steels. Microstructures: BF — bainitic ferrite; GB — granular bainite; F — ferrite [11]

to those formed in the real welded joints. In the work
modeling of various HAZ subzones was conducted,
which differed by the maximal heating temperature:
1350 °C for coarse-grained HAZ (CGHAZ), 1100 °C
for fine-grained HAZ (FGHAZ), 900 °C for intercrit-
ical HAZ (ICHAZ) and 700 °C for subcritical HAZ
(SCHAZ). After the maximal heating temperature
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has been reached, cooling was performed at different
cooling rates, equal from 10 to 100 °C/s (in the range
of 800-500 °C). It should be noted that for model-
ing the cooling the authors of the work used not only
the constant cooling rates, but temperature cycles
based on modified Rozenthal equations [13] — an-
alytical solutions for temperature fields during weld-
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Figure 7. WTSD diagram for high-strength low-alloy steel [12]

ing, allowing for the speed of heat source movement,
material thermal conductivity and other parameters.
During the experiment, the reactive forces, i.e. the
force generated in response to the thermal expansion
and compression of the sample, were recorded. These
characteristics were used to determine the magnitudes
of mechanical stresses (thermal and residual), plotted
as the function of temperature. This allowed obtaining
diagrams of 6—T type (stress — temperature) for each
mode (Figure 7).

Result analysis revealed (Figure 7) that the maxi-
mal residual stresses do not always arise at the high-
est or lowest cooling rates, as is commonly believed.
For examples, maximal stresses were recorded in the
CGHAZ zone at a medium cooling rate of 50 °C/s.
The reason for this is a complex interaction between
the phase transformations (particularly, formation of
martensite) and limitation of thermal expansion.

In the conclusions the authors state that WTSD is
an efficient tool for assessment and simulation of re-
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Figure 8. CCT diagram for 700MC steel. Microstructures: F —
ferrite; B — bainite; P — pearlite; M — martensite; M_ — start of
martensitic transformation [14]

sidual stresses in welded joints, particularly, when us-
ing modern steels sensitive to cracking. This method
can be also used for calibration of numerical models
of stresses and mechanical properties of the metal af-
ter welding.

Under the real conditions of the welding process,
metal cooling occurs at a changing rate, which de-
pends on the heat removal, joint geometry, welding
mode and other factors. Linear modes do not reflect
these peculiarities, so they do not allow adequate
modeling of the structural transformations in the
HAZ. Use of nonlinear cycles close to the real ones
ensures higher reliability of the results, and allows a
more accurate reproduction of the conditions of mi-
crostructure formation in the welded joint.

In [14] application of nonlinear thermal cycles for
CCT diagram construction is substantiated by the in-
consistencies and errors in the diagrams, plotted using
constant cooling rates, and the desire to bring physical
modeling closer to the real welding conditions. The
work presents the results of physical modeling of the
structure and phase transformations in the CGHAZ of
structural steel 700MC (C — 0.065 %; Mn — 1.82 %;
Al — 0.025 %; Cu — 0.0115 %; Cr — 0.025 %j;
Ni — 0.037 %; V — 0.014 %; Nb — 0.053 %;
Ti— 0.102 %) (Figure 8).

Modeling was performed in Gleeble 3800 instal-
lation. Peak temperature of 1300 °C was selected for
CGHAZ modeling, which corresponds to the tem-
perature field near the weld. Heating rate was equal
to 100 °C/s with soaking for 1 s at maximal tempera-
ture. 13 variants of cooling at the rate from 1.25 up to
100 °C/s were realized. The cooling cycles were non-
linear with application of Rykalin model [15]. This
model also is an analytical scheme of heat transfer,
which allows for temperature distribution in massive
welded parts, taking into account the material geom-
etry, heat conductivity and density. Its application is
due to the need to accurately model the heterogeneous
thermal conditions in thick-walled welded structures,
where the linear models give significant errors. The
authors came to the conclusion that accurate physi-
cal modeling of CGHAZ with application of nonlin-
ear thermal cycles allows reliably plotting the CCT
diagrams, specific exactly for welding. In particular,
during optimization of the welding modes for 700MC
steel the cooling rates above 25 °C/s should be avoid-
ed, so as to prevent excess martensite formation,
which is accompanied by an increase in hardness and
lowering of metal toughness in the HAZ.

The main objective [16] was to study the influence
of the cooling mode on the structural-phase composi-
tion of the HAZ metal of 15Kh2NMFA steel, used in
the bodies of WWER-1000 reactors in arc surfacing.
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The authors tried to compare the theoretical concepts
based on standard thermokinetic diagrams, with the
real conditions of structure formation during welding/
surfacing. As the real surfacing process is character-
ized by nonlinear cooling, which is considerably dif-
ferent from the linear cycles, both physical modeling
maximum close to the welding/surfacing conditions,
and a number of experiments using the linear cooling
cycles were conducted. The authors sought to verify
how the real conditions will influence the formation of
the final microstructure. In order to plot the classical
thermokinetic diagrams the samples of 15Kh2NMFA
steel were heated to1000 °C, held at this temperature
for 170 min, and then cooled at different constant
rates (1, 3, 5 and 7 °C/s).

When modeling cycles close to the real welding
conditions, two series of experiments were conduct-
ed in which the samples were heated to 1000 or to
1350 °C. Then the samples were cooled at the rates
of 3,4 and 5 °C in the range of 800500 °C for both
the series. All the experimental work was conducted
in Gleeble 3800.

A key difference of the real surfacing cycles from
the linear ones (for plotting the CCT diagrams) is an
extremely short time of the metal staying at the aus-
tenitization temperature (~ 1 s). During short holding
and further cooling under the conditions close to the
surfacing ones, the metal can form a totally marten-
sitic structure, whereas during linear cooling at sim-
ilar cooling rates a bainitic-martensitic structure is
formed.

A change in the maximal heating temperature
(1000 against 1350 °C) practically did not influence
the kinetics of the martensite phase formation, and
only slightly affected the temperatures of the start/
finish of phase formation. However, this change influ-
enced the maximal fraction of the phases in the final
microstructure, which points to the importance of al-
lowing for the peak cycle temperature.

The authors of the work convincingly showed that
the cooling mode, in particular the nonlinearilty and
the extremely short time of staying at the austeniti-
zation temperature, is of a decisive importance for
formation of the structural-phase composition in the
HAZ of 15Kh2NMFA steel. Application of standard
CCT diagrams constructed on the base of linear cool-
ing cycles with a long holding time does not allow
adequately predicting the microstructure under the
conditions of the real welding process. For accurate
prediction it is necessary to use experimentally plot-
ted CCT diagrams, derived under the conditions max-
imum close to the actual thermal cycles of surfacing,
allowing for the specifics of their nonlinearity and the
short time of austenitization.
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CONCLUSIONS

1. Continuous cooling transformation diagrams (CCT)
are an important tool to predict the structure in the
heat-affected zone of welded joints. Their construction
is based on dilatometric experiments with a constant
cooling rate. Such an approach, however, only partially
corresponds to the real welding conditions.

2. The deformation continuous cooling transfor-
mation diagrams (DCCT) allow for the influence of
plastic deformation, which can significantly change
the phase transformation kinetics, in particular, accel-
erate formation of pearlite and bainite and lower the
temperature of martensitic transformation.

3. Allowing for the complex temperature-mechan-
ical effects (residual stresses, real temperature gra-
dients, etc.) enables more accurately predicting the
possible level of residual stresses, depending on the
material cooling rate.

4. Nonlinear thermal cycles, which model the real
cooling during welding, provide more accurate cor-
respondence of the phase transformations with the
actual welding conditions. Their application allows
construction of more relevant diagrams, and avoiding
the errors inherent in linear models.

5. Physical modeling in Gleeble installations re-
mains the key method to investigate the thermal be-
haviour of steels in welding under the condition of
correct setting up of the experiment, allowing for both
the temperature and deformation parameters.
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