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The effects of the austenitizing temperature and the cooling rate upon the kinetic of athermal 
martensitic transformation in a microalloyed steel were evaluated. Considering the studied steel, 
the knowledge about these effects on the martensitic transformation has a great relevance for naval 
manufacturers and steel researchers. In this study, computational simulation was performed aiming to 
evaluate the phase’s stability. Specimens were submitted to quenching simulations in a dilatometer, 
considering four different austenitizing temperatures and four cooling rates. The results shown that the 
austenite chemical composition was not significantly affected by the austenitizing temperatures. Both 
the austenitic grain size and the cooling rate affected the martensitic transformation kinetics. The larger 
the austenitic grain size, the higher the Ms. The austenitic grain growth promoted a decrease in the 
required chemical energy to compensate the free energy increase associated with the lattice strain and 
the creation of new interfaces, leading to a lower austenite undercooling. An extrinsic effect of the 
cooling rate on the Ms was observed. For lower cooling rates, the carbide precipitation modified que 
austenite chemical composition, changing its stability and increasing Ms. A predictability equation, 
correlating the MS with the austenite grain size and the steel cooling rate, was proposed.
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1. Introduction
Athermal martensitic transformations are usually 

observed in several types of steels. In this martensitic 
transformation mode, the martensite fraction does not 
depend on the holding time in a specific temperature below 
the SM . This behavior is justified by the fact that martensite 
nucleus activated at a specific temperature T , below SM , 
has a growth rate comparable to the sound propagation 
speed in steels. New nucleation sites are triggered only 
with complementary cooling1.

The available scientific literature highlights that the 
overall martensitic transformation kinetics is strongly 
affected by the austenite chemical composition and 
by the applied cooling rate. They also present that the 
austenitic grain size has a strong effect on the martensite 
start temperature, but not on the transformation evolution. 
However, these effects are verified in different levels for 
different type of steels2,3.

The high strength low alloy steel evaluated in this 
research is often used in the naval branch. It is characterized 
as a great hardenable and weldable steel. Due to this, and 
considering the welding need in the manufacturing process 
of naval components, the thick plates of this steel are often 
heat treated (quenching and tempering) and welded4.

Considering both quenching heat treatment and welding, 
it can be stated that the characteristics of the martensitic 
transformation will have a strong influence on the final 

product quality, as far as the morphology and properties of the 
martensite, as well as the level of the developed residual stress 
fields. It is widely accepted that solid-state transformations 
can significantly affect the residual stress in martensitic 
products. The SM  decrease leads to a reduction of tensile 
stresses. For sufficient low SM  values, compressive-stress 
fields may occur, which may be followed by an increase of 
the fatigue resistance.

Besides that, during the welding process, high temperatures 
are reached in the heat affected zone (HAZ), generally 
leading to a partial or a complete steel austenitizing1. As a 
consequence of the high cooling rates that can occur in a 
welding process, in some cases around hundreds of Celsius 
degrees per second,5  the martensitic transformation may 
take place. Due to the thermal gradients imposed along the 
HAZ, chemical-composition gradients may occur as well 
as different austenitic grain sizes and cooling rates can 
be developed1. In short, the austenite to martensite phase 
decomposition kinetic may locally change.

Considering the presented context, the objective of this 
work was to contribute promoting a better fundamental 
understanding about the kinetics of martensitic transformation 
in an important naval steel. The effects of the austenite grain 
size and of the cooling rate were evaluated. It is believed 
that the presented results represent an important data base 
that may contribute to a better metallurgical understanding 
of the heat treated and welded products manufactured of the 
studied steel, being of a great relevance for steel researchers 
and naval manufacturers.*e-mail: geraldolfaria@yahoo.com.br
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2. Materials and Methods

2.1 Characterization of the studied steel
Table  1 presents the chemical composition of the 

studied steel. Three devices were used for this evaluation: 
LECO-CS844 (C and S by infrared absorption after fusion), 
LECO TC-436DR (N concentration by thermo conductivity 
after fusion) and Thermo ARL – 4460 (remaining chemical 
elements by optical emission spectrometry).

It is observed the presence of chemical elements which 
thermodynamically favor the austenite phase, as Mn and C, 
and the presence of chemical elements which stabilize the 
ferrite phase, as Cr, Mo and Ti. Nevertheless, under continuous 
cooling, all mentioned alloying elements kinetically favor 
the austenite phase1. The presence of good carbide/nitride 
formers, as Cr, Mo, V and Ti, should also be emphasized.

Figure 1 presents the microstructure of the studied steel 
in the as manufactured state. It is possible to observe a 
completely tempered martensite microstructure, as expected 
for this steel4. For this purpose, a sample of the steel in the 
initial state was etched with Nital 2% and its microstructure 
was characterized with a LEICA DM 2700 M light optical 
microscope.

2.2 Prediction of the relative stability of phases 
considering equilibrium conditions

Carbide/nitride formers are present in the chemical 
composition of the studied microalloyed steel and they may 
react with carbon and nitrogen to form precipitates under 
specific thermodynamic conditions. The thermodynamic 
stability of these precipitates, for a specific steel chemical 
composition and considering a constant pressure (1,013x105 Pa), 
is a temperature function1.

Therefore, the chemical composition of the austenite 
phase, which strongly affects the martensitic transformation 
kinetics, is also a function of temperature, that is, if some 

precipitates dissolve with the austenitizing temperature 
increase, the solubilized elements will enrich the austenite 
phase and change the required chemical energy (driving 
force) to promote de martensitic transformation2.

In this context, the relative thermodynamic stability 
of the phases and precipitates in the equilibrium condition 
was predicted with the exclusive aim to evaluate if, for the 
evaluated austenitizing temperatures, a significant change 
on austenite chemical composition could occur, similarly 
to performed by Gao et al.2. For this purpose, the Matcalc 
software was applied. The used data base version was 
mc_fe_v2.057.tdb6.

2.3 Dilatometric tests
Cylindrical dilatometric samples were machined with 

10mm in length and 3mm in diameter from a 20mm thickness 
steel plate. The tests were performed in a LINSEIS R.I.T.A 
L78 quenching dilatometer. The vacuum pressure was 
less than . 27 10−  bar and the cooling gas was the analytical 
helium 5.0. The temperature profiles were measured and 
controlled using thermocouples spot-welded in the middle 
of the dilatometric samples.

With the aim to evaluate the austenitizing temperature 
and the prior austenite grain size effects on the martensitic 
transformation, initially, it was highly important to determine 
the steel critical cooling rate, i.e. the lowest cooling rate for 
which martensite is the main product. The critical cooling 
rate was evaluated for the lowest evaluated austenitizing 
temperature (920°C), with a heating rate of 3°C/s, a soaking 
time of 180 seconds and cooling rates of 1°C/s, 3°C/s, 5°C/s, 
10°C/s, 15°C/s, 25°C/s and 50°C/s. The critical cooling rate 
was evaluated for this austenitizing condition because the 
other studied austenitizing temperatures were higher than 
920°C and, due to that, the steel hardenability would be 
certainly higher for them1.

After determining the steel critical cooling rate, 
dilatometric tests were performed aiming to evaluate 
the martensitic transformation kinetics. At this stage, all 
dilatometric tests were performed using a heating rate of 
3°C/s. Four austenitizing temperatures were studied (920°C, 
1000°C, 1150°C and 1300°C), applying a soaking time 
of 180 seconds. For each austenitizing temperature, four 
cooling rates, higher than the critical one, were evaluated 
(25°C/s, 50°C/s, 75°C/s and 100°C/s).

The dilatometric data were analyzed using the Origin 
Pro 9.0 software. The lever rule was applied to the relative 
length versus temperature data and it was possible to obtain, 
for each studied condition, the martensite fraction as a 
function of temperature7. The martensite transformation 
start ( SM ) and finish ( fM ) temperatures were considered 
as the ones at which the martensite fractions were equal to 
1% and 99% respectively. The martensitic transformation 
rates ( /df dT ) were obtained through the first derivation of 
the martensite fraction versus temperature curves. Curves 

Figure 1. Optical micrograph of the studied steel in the initial 
state. Nital 2%. 500x.

Table 1. Chemical composition of the studied steel (wt.%).

C Si Mn P S Cr Mo Nb Ti V N
0.1 0.3 0.9 0.02 0.003 0.7 0.5 0.005 0.02 0.04 0.005
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presenting the martensitic transformation rate as a function 
of the martensite fraction could then be built.

As previously mentioned, SM  is affected by the austenitic 
grain size, by the applied cooling rate and by the austenite 
chemical composition2. The austenite chemical composition, 
as will be discussed ahead, was considered unaffected by the 
studied austenitizing temperatures. Aiming to correlate the 
effects of the austenitic grain size and of the steel cooling 
rate on the SM  temperature, the Minitab 17 software was 
used. A multiple linear regression method was applied for 
this purpose and a statistical predictability equation was 
proposed.

2.4 Evaluation of the prior austenite grain size
Aiming to evaluate the effect of austenitizing temperatures 

on the prior austenitic grain sizes, the austenitized and 
quenched samples were etched with Teepol (2g of picric 
acid, 1ml of HCl, 100ml of distillated water and 1ml of a 
neutral tensoactive agent). A light optical microscopy LEICA 
DM 2700M was used to obtain the austenite grain images. 
The LAS 4.6 software and the automatic equivalent circle 
diameter method, which is recommended by the ASTM E 
13828 and ASTM E 1129  standards, were used to measure 
the average sizes of the austenitic grains.

3. Results and Discussion

3.1 Prediction of the relative stability of phases 
considering Equilibrium conditions

Figure 2 presents the computational simulation results 
related to the thermodynamic stability of phases and 
precipitates for the studied steel. According to the obtained 
results, the VC, Fe3C and M6C (M=Mo, Cr or V) precipitates 
are completely dissolved in temperatures below 900°C. 
Above this temperature, the microstructure will be mainly 
composed of austenite and TiN precipitates. Considering the 
standardized relatively low heating rate and the great soaking 
time used in this study, it is reasonable to suppose that, for 
the evaluated austenitizing temperatures (920°C, 1000°C, 
1150°C and 1300°C) there is not significant differences in 
the austenite chemical compositions immediately after the 
austenitizing procedure2.

According to preview studies, the austenitizing temperature 
does not directly affect the kinetics of martensitic transformation. 
However, the changes produced by it, either on the austenite 
chemical composition (precipitation/dissolution of phases) or 
in the austenite grain size, do it; and must be considered3,10,11.

3.2 Critical cooling rate
Figures  3  and  4 present the relative length versus 

temperature data obtained for the samples submitted to the 
evaluated cooling rates. For 25°C/s and 50°C/s, a linear 
behavior can be observed from Ms until 920°C, indicating 
that for these cooling rates, no transformation beyond the 
martensitic, that promotes significant volumetric changes, 
happened. On the other hand, lowering the cooling rate, it 
was possible to observe a deviance from the abovementioned 
linear behavior, which indicates the formation of diffusional 
products, as bainite1,7.

Considering these observations, it was assumed that the 
critical cooling rate is lower than 25°C/s. Aiming to confirm 
this assumption, the sample submitted to the 25°C/s cooling 
rate was metallographic prepared, etched with Nital 2% and 
characterized using a VEGA 3 Tescan scanning electron 
microscope (Figure 5). The microstructure, as expected, is 
composed of lath-like martensite12.

Figure 2. Relative thermodynamic stability of phases in equilibrium 
condition for the studied microalloyed steel.

Figure 3. Curves of relative sample length versus temperature 
for samples austenitized at 920°C and cooled with different rates.

Figure 4. Separately presented curves of relative sample length as 
a function of temperature for samples austenitized at 920°C and 
cooled with different cooling rates.
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3.3 Effect of the austenite grain size on the 
martensitic transformation kinetics

Figures 6-13 are micrographs that present the austenitic 
grains and its size distribution for each studied austenitizing 
temperature. It is possible to observe that the increase of the 
austenitizing temperature led to the increase of the average 
austenitic grain size. Figure 14 summarizes the effect of 
the austenitizing temperature on the prior austenite grain 
size, highlighting that the lower average grain size was 
12μm at 920°C and the higher one was 71μm at 1300°C. 
As the austenitic grain boundaries are high energy interfaces 
(grain growth driving force), aiming to reach a minimum 
energy state, the austenitic grains spontaneously grow with 
the temperature increase. Larger grains grow consuming 
surrounding finer ones1.

Nevertheless, second phase particles lead to the creation 
of local pinning forces which effectively restrict the grain 
boundary motion and consequently the grain growth1,13. As the 
studied austenitizing temperatures were not high enough 
to promote the complete dissolution of the precipitates, 
i.e. titanium nitrides still stable, a relatively heterogeneous 
austenitic grain size distribution (local pinning forces) was 
verified. This is well characterized by the relatively high 
standard deviations13.

Table 2 and Figure 15 present the effects of the prior 
austenitic grain size (PAGS) on the martensite start ( SM ) and 
finish ( fM ) temperatures. It is noticed that the higher the 
austenite grain size, the higher the SM  and fM  temperatures.

The martensitic transformation starts only if the 
change in chemical free energy between the austenite and 
martensite phases becomes high enough to overcome the 
non-chemical free energy involved in the transformation. 
This non-chemical free energy is associated to the sum of 
the required energies to accomplish the lattice shear strain 
(due to the martensite nucleation), the remaining austenite 
strain (aiming to accommodate the higher molar volume of 
martensite crystals) and the creation of new interfaces3,14,15.

Previous studies state that if there is any increase in 
constraints to the austenitic matrix deformation, an increase 
of the required energy to plastically deform the austenite 
during the martensite nucleation will be observed. Some 
authors claim that the decrease of the austenitic grain size 
can be one of these constraints factors11,15-17. Due to theses 
constraints factors, the chemical driving force required for 
the occurrence of the martensitic transformation increases, 
promoting the decrease of SM  temperatures3,10,16,17.

Figure 5. Microstructure of the studied steel austenitized at 920°C 
and cooled at 25°C/s rate. Nital 2%. 3000x.

Figure 6. Prior austenitic grains for the austenitizing temperature 
of 920°C. Etchant: Teepol. OM. 200x.

Figure 7. Prior austenitic grains for the austenitizing temperature 
of 1000°C. Etchant: Teepol. OM. 200x.

Table 2. Martensite start and finish temperatures as a function of 
average PAGS and applied cooling rate.

Av
er

ag
e

PA
G

S(
μm

) Cooling rate (°C/s)
25°C/s 50°C/s 75°C/s 100°C/s

SM fM SM fM SM fM SM fM

12 484 333 457 311 446 304 436 293
24 488 350 474 312 461 303 441 300
33 516 364 484 314 463 312 452 306
71 528 372 502 341 471 332 458 317
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Figure 8. Prior austenitic grains for the austenitizing temperature 
of 1150°C. Etchant: Teepol. OM. 200x.

Figure 10. Grain size distribution for the austenitizing temperature 
of 920°C.

Figure 11. Grain size distribution for the austenitizing temperature 
of 1000°C.

Figure 12. Grain size distribution for the austenitizing temperature 
of 1150°C.

Figure 13. Grain size distribution for the austenitizing temperature 
of 1300°C.

Figure 14. Prior austenite grain size (PAGS) as a function of 
austenitizing temperature.

Figure 9. Prior austenitic grains for the austenitizing temperature 
of 1300°C. Etchant: Teepol. OM. 200x.

Considering the above presented information and the 
obtained results, (Table  2 and Figure  15), it is possible 
to assume that, for the studied steel, as the austenitizing 
temperature and the austenitic grain size increased, the 
constraints to the austenite plastic deformation decreased. 
Therefore, there is a decrease of the required driving force 
for the martensitic transformation beginning, leading to a 
decrease of the austenite undercooling, i.e to an increase of 
the SM  temperature.

From a fundamental point of view, the fM  temperature is 
not a meaningful concept because the martensitic transformation 
progresses only with the undercooling increase. As a principle, 
it never reaches the completion due to a stabilization effect14.

The effect of the austenitic grain size upon the martensitic 
transformation rate, for the cooling rate of 25°C/s, is shown if 
Figure 16. For all austenitizing temperatures, it is noticed that 
the martensitic transformation rate increases in accordance with 
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the martensite fraction increase until it reaches a maximum 
value, from which it begins to decrease. According to previous 
studies, the martensite transformation is mainly controlled by 
the nucleation stage and it strongly depends on the autocatalytic 
effect. At the beginning of the martensitic transformation, the 
martensite nucleus are preferentially formed at lattice stacking 
faults and, as the martensite molar volume is higher than the 
austenite one, when a nucleus are formed, it strains de surrounding 
austenite, increasing its dislocation density. These dislocations 
form new preferential sites for martensite nucleation, and 
initially, the transformation rate increases. However, the increase 
of dislocation density promotes the austenite work hardening, 
increasing the required energy to deform it and negatively 
affecting the transformation rate. When this effect overcomes 
the autocalysis, the transformation rate decreases3,11,14.

It is observed that the martensitic transformation rate was 
not strongly affected by the austenitic grain size. Bohemen 
and Siestma observed a similar behavior for a Fe-0.8C 
steel. They affirmed this happens because the austenitic 
grain boundaries do not represent preferential sites for 
martensite nucleation, but the dislocation do it3. According 
to Pradhan and Ansell, the martensitic transformation rate is 
a function of two parameters: a) the temperature derivative 
of the driving force ( ' /Cd G dTγ α→∆ ) which controls the 
increasing driving force available for transformation with 
falling temperature; b) the deformation energy at SM  which 
controls the introduction of autocatalytic martensite nucleus 
into the distorted regions of surrounding austenite lattice. 
Increasing either of these two factors leads to an increase 
in transformation rate11.

For the same austenite chemical composition, i.e. there is 
no significant influence on the ( ' /Cd G dTγ α→∆ ). If the austenite 
grain size do not significantly influence the autocatalytic effect, 
it is expected that there is not significant influence of the 
austenite grain size on the transformation rate. As previously 
presented, for the studied steel, there is no significant chemical 
composition differences between the obtained austenite for each 
austenitizing temperature. Therefore, there is no significant 
influence on the ( ' /Cd G dTγ α→∆ ) and probably neither on the 
autocatalytic phenomenon.

In this context, the obtained results (Figure 16) agree 
with the widely accepted statement that grain boundaries 
and grain corners are not preferential martensitic nucleation 
sites3. Regarding the effect of the strain energy, it is known 
that its contribution on the  SM  temperature increases with the 
austenite grain size decrease16. But, according to Bohemen 
and Siestma, exactly at the transformation beginning, the first 
formed martensite laths in a large austenitic grained structure 
have a greater effect to increase the plastic deformation strength 
of the remaining austenite than the first formed martensitic 
units in a refined microstructure. This is due to the fact that 
martensitic units with larger aspect ratios (i.e., width/length) 
have higher strain energies. Thus, the deformation strength 
of the remained austenite as a function of the transformed 
martensite fraction increases in the transformation beginning 
with coarsening the austenitic structure. After some amount 
of the austenite phase have transformed into martensite, 
the remaining austenite mechanical strength is not going 
to be strongly affected by the prior austenitic grain size. 
Shortly, the austenitic grain size strongly affects the start 
of the martensitic transformation, i.e. SM , but not strongly 
the evolution of the transformation. This well explain the 
studied steel behavior3.

3.4 Effect of cooling rate on the kinetics of 
martensitic transformation

The cooling rate effect on the SM  and fM  temperatures, 
for each studied austenitizing temperatures, is presented 
in Figure 17. For all studied conditions, it is possible to 
observe that the cooling rate increase led to the SM  and fM  
temperatures decrease. Despite the existence of similar results 
in the literature, a fulfilling explanation of the underlying 
cause of the cooling rate effect upon SM  has not been found, 
but only some hypotheses.

Many authors highlight that if martensitic transformation 
is athermal, the steel cooling rate should no influence the 
critical temperatures neither the transformation evolution. 
However, some authors have found experimental evidences 
showing the significant effect of this variable2,15,18-24.

Some authors have verified similar results to those 
obtained in this study, i.e. the cooling rate increase promoting 
the SM  decrease. Gao et al.2 verified it studying a ferritic 
9Cr-1.7W-0.4Mo-Co steel and attributed the phenomenon 
to restraining of the martensitic transformation caused by 
the cooling rate increase. According to them, the studied 
steel is strongly susceptible to carbide precipitation from 
austenite, mainly for low cooling rates. In this context, 
for higher cooling rates, the precipitation phenomenon is 

Figure 16. Martensitic transformation rate as a function of the of 
the martensite fraction for different austenitizing temperatures.

Figure 15. Effect of the austenite grain size upon the martensite 
start and finish temperatures.
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inhibited, and the austenite becomes richer in solute atoms, 
leading to SM  decrease.

Therefore, it is possible to affirm that, for some steels, the 
cooling rate decrease can favor carbide precipitation from the 
undercooled austenite, prior to the martensitic transformation, 
changing the austenite chemical composition and, consequently, 
affecting the SM  temperature. Alvarez et al.18 and Alvarez 
and Garcia19 verified this phenomenon in four martensitic 
stainless steels. They measured the total area occupied by 
carbides in the martensitic microstructures of quenched steels. 
The obtained data indicated that the carbide fraction in the 
martensitic microstructures increased with the cooling rate 
decrease, while SM  temperatures simultaneously increased. 
Considering the precipitation phenomenon, the decrease 
of carbide former elements and also the carbon content in 
the austenite solid solution lead to higher values of SM 18,19.

According to Zhao and Notis20, the SM  temperature 
is independent of the cooling rate only if the martensite 
crystals forms directly from the original austenite, without 
the formation of diffusional constituents during the steel 
cooling. According to them, this happens, because de austenite 
chemical composition is not changed during its undercooling.

According to Tsai et al.21, the cooling rate increase can also 
promote an increase of the quenched-in vacancies amount. 
The higher the vacancies density, the higher the austenite 
strengthen. Therefore, the required chemical driving force 
for martensitic transformation would increase, leading to 
lower SM  values. These authors used this assumption to 
explain the decrease of the  SM temperature  with the cooling 
rate increase, up to 100°C/s, in a AISI 410 stainless steel.

However, for some steels, the cooling rate decrease 
leads to the SM  temperature decrease. This was verified 
is steels in which the martensitic transformation is 
preceded by the formation of bainite, ferrite or perlite. 
The formation of these constituents before the martensitic 
transformation promotes a carbon partitioning, enrichening 
the austenite in carbon and stabilizing it22,23. Zhao and 
Notis20 presented experimental data concerned to the 
0.35C-1.4Mn-0.76Si-0.19Mo-0.07Cr-0.06Ni-0.16V steel 
in which the aforementioned phenomenon was verified in a 
range of cooling rates where the martensitic transformation 
occurred after the occurrence of bainite formation. As the 
cooling rate was decreased, the fraction of diffusional 
products previously formed to the martensitic transformation 
increased; consequently, the remaining austenite became 
stabilized and therefore SM  decreased.

Lastly, some steels can even present both situations: 
a cooling rate interval in which SM  decreases with the cooling 
rate increase; and another in which SM  decreases with the 
cooling rate decrease24. It is clear, thus, that the cooling rate 
does not directly affect the  SM  temperature, but instead it 
affects different diffusional phase transformation mechanisms, 
which can alter the stability of the austenite phase. Therefore, 
it is possible to affirm that the steel cooling rate has not an 
intrinsic effect upon the martensitic transformation, but it 
has an extrinsic one. For the studied steel, it is clear that the 
austenite phase’s stability is enhanced with the cooling rate 
increase. However, it was not possible to experimentally 
identify which mechanism acted.

As the studied steel has great carbide formers on its 
chemical composition, it is supposed that the same causes 
raised by Alvarez and Garcia19 can be stated here. Considering 
the studied steel chemical composition and the thermodynamic 
equilibrium, it is possible to affirm that chromium and 
molybdenum carbides (M6C) start their precipitation around 
730°C in the austenitic matrix (Figure 2). As it is well known, 
the steel cooling rate affect these precipitation kinetics. 
It is expected that the higher the cooling rate, the lower the 
precipitates amount.

In this context, it is supposed that for low cooling rates, 
if chromium and molybdenum carbides precipitate (very 
hard to detect with the dilatometric device), the chromium, 
molybdenum and carbon contents in the remaining austenite 
would decrease, anticipating the martensitic transformation, 
i.e. increasing the Ms temperature19,20. For the studied steel, 
this is a great hypotheses based on the above mentioned 
previous studies and the obtained experimental evidences 
that highlights: 1) For all studied cooling rates, diffusional 
constituents as ferrite, pearlite and bainite, which could 
decrease Ms temperature, do not form in studied steel; 
2) The studied steel is highly susceptible to fine carbide 
precipitation.

The effect of the cooling rate on the martensitic transformation 
rate is presented in Figure 18 for the austenitizing temperature 
of 920°C. It was observed that the cooling rate increase 
promoted the increase of the martensitic transformation 
rate. Gao et al. verified the same phenomenon in the ferritic 
9Cr-1,7W-0,4Mo-Co steel25.

As previously discussed, the transformation rate is 
affected by the temperature derivate of the driving force for 
martensitic transformation and by the strain energy at SM . 
Regarding the curve profiles presented in Figure 18, it is 
possible to affirm that the driving force for the martensitic 
transformation at SM  may follow the same discussed trend. 
Conversely, the deformation energy at SM  increases with 

SM  decrease11.
The results presented in Figure 18 show that the steel 

cooling rate increase, in general, implies in the transformation 
rate increase. This means that in spite of the effect of the 
increasing deformation energy, which constraints the 
martensitic transformation by strengthen the austenite, the 
dominant effect is the autocatalytic3,11,14.

The increase of the martensitic transformation rate 
combined with the cooling rate increase generate two effects: 
1) the increase of the martensitic nucleation rate, due to an 
enhanced autocatalytic effect; 2) the significant decrease of the 
average volume of martensitic units due to a great austenite 
work hardening25. The combination of these factors may be 
the reason why the martensitic transformation rate peaks 

Figure 17. Effect of the cooling rate upon the martensitic start and 
finish temperatures for the austenitizing temperature of 920°C.
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occurred for lower martensite fractions for higher cooling 
rates (Figure 18). It is important to highlight that the effect 
of the cooling rate upon the martensitic transformation rate 
becomes almost inexistent for high cooling rates, as also 
observed by Gao et al.25.

3.5 Modeling of martensite start temperature
The martensite start temperature is a parameter of great 

importance on the prediction of residual stresses in welded 
joints26. Many equations which aim to evaluate SM  as a 
function of the chemical composition are available in the 
literature27. Unfortunately, these equations generally do not 
consider the effects of cooling rate and austenitic grain size 
upon SM . Hence, the obtained results can differ significantly 
from the experimental ones.

Table  3 presents the martensite start temperature 
calculated for the studied steel by some equations available 
in the technical literature, considering only its chemical 
composition. It can be seen that the obtained values, which 
vary from 451°C to 490°C, are in a much narrower range 
than the experimental values presented in Table 2, that vary 
from 436°C to 528°C.

It was realized the possibility of describing the martensite 
start temperature as a function of the average prior austenitic 
grain size and of the applied cooling rate (Equation 1) for the 
studied steel. This equation was statistically obtained using 
the multiple linear regression method, as already described 
in Materials and Methods.

( ) 0.55* 0.76*  500.80sM C TGAP Cooling Rate° = − + 	
( )2 0.90R fitting = 	 (1)

It can be seen that the coefficients of the average prior 
austenite grain size (PAGS) and of the cooling rate are 
related with the physical phenomena that influence SM . 
Thus, an increase in austenitic grain size leads to an increase 
in SM . Conversely, an increase in the cooling rate leads to 
a decrease in SM .

Figure 19 compares the values experimentally obtained 
by dilatometry (points) with the ones calculated with the use 
of the Equation 1 (dashed line). As expected, a great linear 
relationship was observed.

Figure 18. Martensitic transformaion rate as a function of the 
cooling rate. Austenitizing temperature of 920°C.

Figure 19. Calculated (Equation 1) versus experimental values of SM .

Table 3. Martensite start temperature calculated for the studied steel applying empirical equations available in the literature27.

Equations ( )SM C°

. . . .499 308%C 32 4%Mn 27%Cr 16 2%Ni 10 8%Si 10 8%W= − − − − − −SM 473

. . . . .499 324%C 32 4%Mn 27%Cr 16 2%Ni 10 8%Si 10 8%Mo 10 8%W= − − − − − − −SM 471

. . .538 350%C 37 7Mn 37 7Cr 18 9Ni 27Mo= − − − − −SM 451

. . . .499 292%C 32 4%Mn 22%Cr 16 2%Ni 10 8%Si 10 8%Mo= − − − − − −SM 490

561 474%C 33%Mn 17%Cr 17%Ni 21%Mo= − − − − −SM 459

. . . .539 423%C 30 4%Mn 12 1%Cr 17 7%Ni 7 5%Mo= − − − − −SM 478

550 361%C 39%Mn 20%Cr 17%Ni 5%Mo 5%W 35%V 10%Cu 30%Al= − − − − − − − − −SM 472

538 317%C 33%Mn 28%Cr 17%Ni 11%Si 11Mo 11%W= − − − − − − −SM 470
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4. Conclusions
The kinetics of martensitic transformation was studied 

in a high strength low alloy steel applying the dilatometry 
technique. The following conclusions are drawn:

For the studied steel, the increase of the average austenitic 
grain size led to the increase of the SM  temperatures. For a 
specific austenitizing temperature and for the studied cooling 
rate range,  SM  decreased with increasing cooling rate.

The prior austenite grain size did not affect the martensite 
transformation rate significantly. However, the martensitic 
transformation rate increased in accordance with the cooling 
rate increase.

For a given austenitizing temperature, the highest 
martensitic transformation rates presented a tendency of 
occurring for lower martensite fractions. This may be due 
to an enhanced austenite deformation energy because of the 
cooling rate increase.

The kinetics reasoning indicates that the martensitic 
transformation kinetics in the studied steel is not directly 
affected by the cooling rate (there is not an intrinsic effect), 
but instead by its effect upon the austenite phase’s stability 
(there is an extrinsic effect).

For the studied steel, an equation correlating the average 
prior austenitic grain size and the cooling rate to SM  was 
obtained using the multiple linear regression method. This 
result may be of great interest in the prediction of the Ms 
temperature considering situations in which the studied steel 
may be hot processed.
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