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Abstract: The transformation kinetics during cooling of steels is most often documented in CCT and DCCT transfor-
mation diagrams, in cases where austenite was deformed prior to cooling. In such cases, attention is paid to austenite
transformations in steel 25CrMo4. Within the research work, one CCT diagram and two DCCT diagrams with different
strain rates (1 and 20 s') were developed based on dilatometric tests and combined with metallographic analyses and
hardness measurements. The work also involved the verification of the deformation effect shifting the onset of ferritic
and pearlitic transformation to the left, i.e. towards higher cooling rates as well as the investigation of the effect of two
strain rates. It was found that, compared to the lower strain rate (1 s!), the larger austenitic grain size combined with
the higher strain rate (20 s*) delayed the transformation of ferrite and bainite. The above-named effect was explained by
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1. Introduction

The knowledge of transformation temperatures is of great
importance in terms of plastic deformation, particularly
as regards the control of structural development, but in
relation to the energy-power parameters of individual de-
vices as well as the ductility of steels [1-3].

The transformation kinetics of steel depends on many
factors, particularly on the chemical composition of the
steel. During the cooling of a particular steel grade, the
transformation kinetics of austenite is primarily a function
of the cooling rate and the initial state of austenite. The
initial state of austenite is defined by the homogeneity and
size of individual grains. The initial austenite grain can be
influenced by thermomechanical factors (temperature of
austenitisation, holding time at the austenitisation tem-
perature, the value of deformation, strain rate, etc.) [1-4].

The heating temperature and the temperature of holding
time mainly affect the grain size and, possibly, the degree
of the dissolution of precipitates and, consequently, the
stability of austenite. It is generally assumed that, due to
increasing temperature, the austenite grain size increases
and, as a result, the transformation temperatures of the
diffusion products of austenitic transformation (ferrite and
pearlite) decrease. Healing processes, in particular recrys-
tallisation, which by its nature fundamentally affects the
size of the austenitic structure, also play a major role [1, 3-7].

If the austenite transformation is preceded by plastic
deformation, the free energy and the thermodynamic
instability of austenite increase, accelerating the decom-
position of austenite into stable phases under given ther-
modynamic conditions. In other words, the transformation
of plastically deformed austenite to ferrite or pearlite is
faster than that of austenite without previous deformation,
(which is confirmed in a number of publications [2, 3, 8-10]).
According to the authors of work [11], the acceleration effect
is especially evident at the beginning of these transforma-
tions and increases along with increasing deformation. The
deformation increases the amount of lattice failures, which

insufficient time for the full dynamic recrystallization process to take place during austenite deformation.
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supports the diffusion of all atoms in the solid solution and
leads to faster nucleation and growth of new phase nuclei.
The nucleation sites of ferrite are the corner sites of grain
boundaries, deformation bands, certain dislocations and
subgrain boundaries. The nuclei usually form at the cor-
ners and deformation bands. However, the formation of
nuclei at corners and deformation bands is not sufficient
for spontaneous nucleation. Therefore, the most effective
sites for ferrite nucleation are austenitic grain boundaries
and deformation bands. At lower temperatures and larger
deformation, the rate of nucleation is significantly greater
than that of grain growth, which is a critical presumption
for the formation of fine ferritic grains [1, 11-13].

Regarding the effect of the strain rate on the transforma-
tion kinetics of subcooled austenite, it can be stated that the
strain rate affects the transformation primarily through
the austenite grain size. If austenite is deformed and dy-
namic recrystallization is initiated, the increasing strain
rate is known to push the initiation of dynamic recrystal-
lization towards higher deformation and also higher defor-
mation resistance. The resulting austenitic grain size may
be higher, particularly in relation to smaller deformation
than necessary for the full progress of dynamic recrys-
tallisation. Bigger austenite grain sizes lead to the slower
transformation of austenite into ferrite and pearlite [14-16].

However, some studies imply that the combination of
increased strain rate and higher temperatures increases
the volume fraction of ferrite in the structure, whereas the
fraction of ferrite in the structure decreases along with the
decreasing strain rate and temperature [8, 17].

At higher strain rates (above 100 s*), adiabatic heating
(heat of deformation) may influence the austenite grain size,
which again could lead to dynamic recrystallization, as has
already been predicted by Zener and Hollomon. Studies
concerning the effect of the strain rate on TRIP the transfor-
mation-induced plasticity (TRIP) of steel revealed that the
main effect of the strain rate is the adiabatic heating of the
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material, leading to dynamic recrystallization and suppress-
ing the deformation-induced transformation of martensite.
Therefore, the transformation of austenite into martensite
occurs more easily at lower strain rates. In general, the
increasing strain rate suppresses the effect of deformation
itself on the kinetics of austenite transformation [18-20].

To describe the transformation kinetics of austenite, TTT
(Time Temperature Transformation) and CCT (Continu-
ous Cooling Transformation) diagrams are developed for
specific steels, whereas DCCT (Deformation Continuous
Cooling Transformation) diagrams are created in cases of
previous deformation. Such diagrams are usually devel-
oped on the basis of dilatometric tests, thermal analyses
or mathematical modelling [21, 22].

There are anumber of studies concerned with the effect
of chemical composition, strain rate and austenite grain
size on the transformation kinetics of austenite. However,
there are not many scientific reference publications ad-
dressing the effect of previous deformation on the trans-
formation of steels at different strain rates [23-25].

This article discusses the effect of previous deformation
[involving two different strain rates (1 and 20 s*)] on the
transformation kinetics of steel 25CrMo4 during cooling.
To this end, CCT and DCCT-type transformation diagrams
were developed based on dilatometric tests supported by
metallographic analyses.

2. Experiment

Steel 25CrMo4 belongs to low carbon and medium alloy steels.
Atthe same time, this steel is characterised by lower harden-
ability (for medium-loaded machine parts) and is weldable
and suitable for the production of seamless tubes. After
hardening, the steel reaches a hardness of approximate-
ly 48 HRC. In the treated state, it reaches medium tensile
strengths and yield point values with relatively high tough-
ness. It is not susceptible to tempering embrittlement. The
chemical composition of the test steel is presented in Table 1.

The dilatometric experiments involved the making of
simple cylindrical specimens having a diameter of 6 mm
and a length of 86 mm (see Fig. 1). The investigated steel
was in the as-formed state (prepared from segments having
a diameter of 300 mm, cut off from rolled seamless tubes).

The dilatometric experiments were performed using
an optical dilatometer module [model 39112: Scanning
Non-Contact Optical Dilatometer and Extensometer System
with Green LED Technology (Dynamic Systems Inc.)] of the
Gleeble 3800 plastometer. The optical dilatometric module
is based on cross-sectional measurements (radial compo-
nents of strain) of specimens with a repeatability of + 0.3 um
in relation to a frequency of 2400 Hz, with a maximum
temperature of 1200 °C [21, 26]. A schematic diagram of
the device is presented in Fig. 2.

The first stage involved the identification of temperatures
A, and A, (A, - pearlite to austenite transformation tem-
perature, A ; - ferrite to austenite transformation temper-
ature), representing transformation temperatures during
heating. In the case under discussion, the heating of the
specimen was performed ata rate of 5 °C/s to a temperature
of 500 °C. Afterwards, the rate was slowed down to 10 °C/
min (0.167 °C/s) (to identify the region of transformation).
The result of the test is presented in Fig. 3.

Based on the previous experiment aimed to determine
temperatures A, (767 °C) and A.; (827 °C), the specimens
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Table 1. Chemical composition of test steel 25CrMo4 steel (wt. %)

C Mn Si No Cr Mo P S

0.31 0.52 0.29 0.08 1.04 0.221 0.016 0.008

—— | —S— R

deformation e =1

without deformation

Fig. 1. Specimens used in the dilatometric tests; undeformed
and after deformatione=1
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Fig. 2. Scanning Non-Contact Optical Dilatometer and Exten-
someter System with Green LED Technology (Dynamic Systems
Inc.) of the Gleeble 3800 plastometer [21, 26]
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Fig. 3. Recording of temperature A, and A,

used in the development of (D)CCT diagrams were subject-
ed to uniform austenitisation at a temperature of 870 °C
and holding at the temperature for 5 minutes. In cases
of the CCT diagrams, after holding at the temperature,
the specimens were continuously cooled to room tem-
perature at constant cooling rates restricted within the
range of 0.2 °C/s to 50 °C/s. During the process, changesin
the transverse expansion of the material were monitored
and recorded. The completion of the development of the
CCT diagram entailed the performance of another test
(performed under the same temperature-time conditions
as the previous tests, yet with a higher cooling rate of
100 °C/s). A specimen used in the above-named test had
aspecial design (Fig. 4), i.e. hollow head sections enabling
high-speed cooling performed using air jets. Regrettably,
the special design of the specimens precluded the perfor-
mance of deformation [27].
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During the development of both variants of DCCT dia-
grams, the specimens were deformed by being subjected
to uniaxial pressure, directly after being held at the aus-
tenitising temperature and prior to continuous cooling.
The size of actual logarithmic deformation was e =1 in
both cases. The difference was the strain rate, i.e. 1 s1in
relation to the first DCCT diagram and 20 s in relation to
the second DCCT diagram. As mentioned above, the ele-
ment restricting the development of the DCCT diagrams
was the maximum cooling rate of 50 °C/s (determined by
the design of the specimens) [27]. Thus, in both cases of the
DCCT diagrams, the cooling rates were restricted within
the range of 0.2 °C/s to 50 °C/s.

The evaluation of measurement results was performed
using semi-automatic CCT software, combining the tan-
gential method and the derivative of the dilation curves to
determine transformation temperatures (see Fig. 1). The
results were then confronted with metallographic analyses
(combination of optical metallography with QuickPHOTO
INDUSTRIAL evaluation software) and hardness measure-
ments (HV 30).

3. Discussion

As mentioned above, because of its chemical composition,
steel 25CrMo4 belongs to pro-eutectoid steel grades, where
the presence of structural components such as ferrite,
pearlite, bainite and martensite is expected in transforma-
tion diagrams. All three types of transformation diagrams
were prepared based on the combination of dilatometric
tests and metallographic analyses.

Figure 5 presents the CCT diagram of the steel, revealing
the presence of all four austenite transformation products:
the individual structural components bounded by the trans-
formation rates. The transformation of austenite (A) into
martensite (M) took place at cooling rates exceeding 2 °C/s,
whereas bainite (B) formed in the steel at cooling rates
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Fig. 4. Special specimen design for the dilatometric tests
without deformation and higher cooling rates (100 °C/s) [27]
a) specimen, b) specimen with cooling nozzles
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Fig. 5. Diagram (CCT) of steel 25CrMo4
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Fig. 6. Selected examples of metallographic analyses of CCT diagram samples:
a)0,5°C/s=50% F+50% P,b) 3°C/s=35%F +10 % P +45 % B+ 10 % M, c) 20 °C/s =35 % B + 65 % M, d) 100 °C/s = 100 % M
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restricted within the range of 1 °C/s to 50 °C/s. The diffusion
products of ferrite (F) and pearlite (P) transformations are
located in the diagram at cooling rates of 6 °C/s (F) and 4 °C/s
(pearlite), respectively. The assumption that the martensitic
region was continuously narrowed and closed along with
the decreasing cooling rate was also confirmed [16].

The above-presented results were also confirmed through
optical metallography. Selected specimens along with var-
ious cooling rates and corresponding structures (including
the proportions of individual structural components) are
presented in Fig. 6.

The DCCT transformation diagram constructed in rela-
tion to the size of actual deformation e =1 and strain rate =
1s?is presented in Fig. 7. Also in the aforesaid case (as ex-
pected), all four transformation products were represented.
However, if compared to the previous CCT diagram, it was
possible to observe slight shifts of some transformation
regions. In particular, because of the previous deformation,
it was possible to notice the significant acceleration in rela-
tion to the ferritic and pearlitic regions, starting to appear
in the structure at a cooling rate of 20 °C/s (F) and that of
10 °C/s (P), respectively. The bainitic zone remained almost
unchanged. The austenite to martensite transformation
was slightly shifted towards lower temperatures. A slight
shift was also observed in terms of the lowest cooling rate
(bounded by 3 °C/s).

The results presented in the above diagram (Fig. 7) were
verified using optical metallography (Fig. 8). Figure 8 pre-
sents the structures and fractions of the structural compo-
nents of the deformed specimens (e =1; € =1 s?) cooled at
arate of 1°C/s (a), 5 °C/s (b), 20 °C/s (c) and 50 °C/s (d). The
comparison of the undeformed structure (Fig. 6) and the
structure after deformation (Fig. 8) revealed that ferritic
grains were slightly finer after deformation (which could
indicate recrystallization).

Figure 9 presents the DCCT diagram of the test steel after
deformation e=1 in relation to a strain rate of 20 s™. The
pearlitic and martensitic transformations were not affected
by the higher strain rate, with pearlite located at a rate of
10 °C/s and lower. Martensite was present in the structure
at a rate of 3 °C/s and higher. However, the higher strain
rate affected the transformation of austenite into ferrite
and bainite. The ferritic transformation was limited by
a maximum cooling rate of 14 °C/s. The area of bainite
formation was restricted within the cooling rate range of
1.7 °C/s to 30 °C/s.

The dilatometric results were also confronted with
the optical metallography results, which, including the
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Fig. 7. Diagram (DCCT) of the 25CrMo4 steel with strain rate 1 s
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Fig. 8. Selected examples of metallographic analyses of samples
from the DCCT diagram (é=1s"):

a)1°C/s=60%F+40% P
b)5°C/s=25%F+5%P+50% B+20% M, c)20°C/s=10% F +
30% B+60% M, d)50°C/s=5%B+95%M
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Fig. 9. Diagram (DCCT) of steel 25CrMo4 steel with strain rate 20 s°
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Fig. 10. Selected examples of metallographic analyses of samples
from the DCCT diagram (é =20 s):

a)0.2°C/s=60% F+40 % P

b)3°C/s=50%F+35%P+10% B+5%M,c)14°C/s=10% F +
50 % B +40 % M, d) 50 °C/s = 100 % M (s9)

proportions of individual structural components, are
presented in Fig. 10. The analysis results confirmed the
relatively high sensitivity of the steel to the formation of
quenched structural components at relatively low cooling
rates. In cases of common forming practice, the aforemen-
tioned situation could be a complicating factor, particularly
where the structure should be bainite and martensite-free.

The ratios of individual structural components were
determined using image analysis (from optical metal-
lography) and QuickPHOTO INDUSTRIAL software. The
comparison of the ratios of the individual structural com-
ponents in relation to selected and comparable cooling
rates is presented in Fig. 11. The diagram reveals that
[particularly, at higher cooling rates (above 3 °C/s)] the
ratio of diffuse transformation products (F+P) increased
because of the previous deformation and at the expense

Materials Science and Welding Technologies 2024, 68 (4)
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Fig. 11. Comparison of the ratios of individual structural com-
ponents for selected and comparable cooling rates
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Fig. 12. Comparison of hardness measurements (HV30) in rela-
tion to cooling rates and strain rates

of quenched components (B+M). However, the influence
of higher strain rates seemed to reduce this effect rather
than enhance it.

The results of the dilatometric and metallographic analy-
ses were further supported by the results obtained in hard-
ness measurements (HV30) (see Fig. 12). It was confirmed
that hardness increased along with growing proportions
of quenched components and, consequently, cooling rates.
Regrettably, no significant differences were found as re-
gards measured hardness values (HV30) in relation to all
3variants of the diagrams.

In order to compare the effect of strain with different
strain rates, all three types of diagrams were combined
into one comparative (D)CCT diagram (see Fig. 13). This
diagram revealed the changes in the transformation re-
gions in relation to specific strain parameters. It could be
stated that, in both cases of the strain-affected diagrams,
the expected leftward shift of the ferritic and pearlitic re-
gions had taken place, i.e. towards shorter times. Therefore,
in both cases it is possible to speak of the acceleration of
diffusion transformations triggered by previous deforma-
tion. The acceleration itself was induced by an increase in
the free enthalpy of austenite triggered by the increasing
number of crystallographic lattice defects, whereas the
phase transformation of austenite into ferrite tended to
heal the lattice defects. Therefore, the decomposition of
solidified austenite took place at the higher temperature
and in shorter time. At the same time, not only austenite
grain boundaries but also deformation bands were sites
suitable for ferrite nucleation [1].
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Increasing the strain rate to 20 s* also affected the bai-
nitic transformation, where the area of this transformation
was narrowed from nearly all directions (cooling rates and
temperature).

In terms of martensite, no significant influence was ob-
served. The only effect of the two variations of strain rates
was the shifting of the region of transformation slightly
towards higher cooling rates. In terms of the higher cool-
ing rates, the temperature of the start of the martensitic
transformation (Ms) appeared to be slightly lower after
deformation, yet this could not be predicted with suffi-
cientaccuracy and confidence towards the higher cooling
rates (above 50 °C/s) based on the tests performed.

However, it was expected that the accelerating effect of
ferrite and perlite would be even more pronounced due to
the higher strain rate. This, however, was not confirmed.
In terms of the pearlitic transformation, only a slight
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Fig. 13. Comparison (D)CCT diagram of the 25CrMo4 steel
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Fig. 14. Examples of temperature control test recordings with
the Gleeble plastometer: a) é=1s?,b) é=20s"
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extension of the perlite formation area was observed. As
regards the ferritic region, the effect of the higher strain
rate translated into the narrowing of the region or the right-
ward shift of the ferritic nose towards lower cooling rates.
However, the comparison of all three diagrams revealed
that the curve bounding ferrite formation after the applica-
tion of a previous strain rate of 20 s was located between
the curves related to the CCT diagram and the DCCT variant
of é=1s?. Such a phenomenon could probably be explained
by two possible reasons. The first reason could be adiabatic
heating (deformation heat), taking place at higher strain
rates, usually in excess of 100 s*. This phenomenon could
trigger the coarsening of the austenitic grain. It is known
thatlarger austenitic grains provide fewer nucleation sites
suitable for the nucleation of new grains of the same or
different structural components. This would then natu-
rally lead to the reduction of the maximum rate at which

VSB TUO

X2,000 10pm

5um VSB TUO
Fig. 15. Analyses (SEM) of specimen structures following the
application of the highest cooling rates (preceded by etching
of the austenitic grain):
a) without deformation
b)e=1s!
c)é=20s!
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ferrite formation took place [28, 29]. Despite the fact that
the Gleeble system is highly rated because of its precise
temperature control, the region directly during and after
deformation was investigated in relation to both variations
of selected strain rates (Fig. 14). The results confirmed
a slight increase in temperature caused by adiabatic heat-
ing during strain (particularly in relation to a strain rate of
20s), yetan additional increase of 16 °C within a relatively
short time should not result in the noticeable change of the
austenite grain size.

The second possible reason explaining the phenome-
non of the delay of the ferritic region because of the high-
er strain rate could be the possible occurrence of grain
coarsening, yet not by adiabatic heating, but by incomplete
dynamic recrystallization [16]. Since both hypotheses rely
on the austenitic grain size, it was necessary to perform
SEM-based analyses of sample structures following the
application of the highest cooling rates, preceded by the
etching of austenitic grain. The results of these analyses
are presented in Fig. 15. The crucial point was the com-
parison of the initial austenitic structure of the samples
deformed at various strain rates.

The comparison (Fig. 15) revealed that the initial austenit-
ic grain (in both cases after deformation) was not completely
equiaxial and homogeneous in size, i.e. not fully recrystal-
lized. Furthermore, it was also revealed that, in relation to
the lower strain rate (¢ =1s7), alarger part of the structure
was recrystallized (finer) than that in relation to the higher
strain rate (€ = 20 s!). As regards the austenitic grain size,
there was also no abnormal grain coarsening as the largest
grains corresponded in size to the grains without previous
strain (about 8-14 um). It is therefore probable that the high-
er strain rate delayed the onset of dynamic recrystallisation
and, in combination with a selected heating temperature
of 870 °C and a selected strain rate of 1, did not lead to the
complete recrystallisation of the test steel.

4. Conclusions

Based on the dilatometric tests supported by the metal-
lographic analyses and hardness measurements (HV30),
three different (D)CCT transformation diagrams were con-
structed for 25CrMo4 steel. The diagrams included one CCT
diagram and two DCCT diagrams related to the same total
deformation value, yet to different strain rates of 1 s and
20 s. The experiment results justified the formulation of
several conclusions.

It was confirmed that test steel 25CrMo4 was strongly
sensitive to the formation of quenched structural compo-
nents (bainite and martensite) over a wide range of cooling
rates. Various deformation modes or strain rates did not
have a significant effect.

It was also confirmed that, in cases of proeutectoid steels,
because of previous deformation, there was the accelera-
tion of diffusion transformations and a slight decrease in
temperature limiting the onset of martensitic transfor-
mation. The bainitic transformation was only affected by
deformation at the higher rate (20 s!) and in such a way that
the entire bainitic region was narrowed, both in terms of
temperatures and times.

The comparison involving the effect of the higher (20 s?)
and the lower strain rate (1 s) revealed that a strain rate
of 20 s was responsible for a relatively slight delay at the
onset of the formation of primarily ferrite and bainite,
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whereas other transformations did not have significant
influence. The shifts were found to be triggered by the aus-
tenitic grain size, particularly by the increased proportion
of non-recrystallized coarse grain.

The original assumption of adiabatic (deformation) heat,
increasing along with the growing strain rate was refut-
ed. It was documented that this phenomenon did not take
place (in relation to relatively precise temperature control
in the Gleeble 3800 system). In addition, according to ref-
erence publications, adiabatic heat is principally present
in steels at strain rates exceeding 100 s*. As a result, the
effect of adiabatic heat was excluded. It was subsequently
verified that the phenomenon of delaying the start of fer-
ritic and bainitic transformation was caused by dynamic
recrystallization. However, the phenomenon did not take
place within the entire volume (which was confirmed by
metallographic analyses).

It was finally confirmed that the influence of deformation
parameters, i.e. not only the strain rate, could, despite
the austenite grain size, affect the kinetics of austenite
transformation during continuous cooling through, for
example, recrystallization.
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