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• Bedřich Smetana1

• Simona Zlá1
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Abstract This work deals with determining temperatures

of phase transformations in steel S34MnV in a low-tem-

perature region (below 900 �C). Although S34MnV is a

significant tool steel, in the literature, there are only a few

works dealing with the study of the thermo-physical

properties of this steel. For the study of phase transfor-

mation temperatures of steel S34MnV, a differential ther-

mal analysis and dilatometry were used in this study. Both

methods are used to determine the phase transformation

temperatures of steel. Dilatometry, however, unlike dif-

ferential thermal analysis, is commonly used to determine

the temperature of nonequilibrium phase transformations

during cooling. Temperatures of the eutectoid phase

transformation (Ac1) and temperatures of the end of the

ferrite to austenite transformation (Ac3) were obtained at

heating, and temperatures of the start of the ferrite for-

mation (Ar3), the temperature of the start of the pearlite

formation (Ar1) and the temperature of the start of the

bainite formation (BS) were obtained at cooling using these

methods. The temperatures obtained using the both meth-

ods were compared and discussed. The original thermo-

physical data on steel S34MnV were obtained under pre-

cisely defined conditions. For the complexity of the study

of the steel, a metallographic analysis of samples was also

conducted after thermal analysis, which enables deter-

mining the phases occurring in the final structure and their

quantity. The experimentally obtained data were compared

with data calculated by the software QTSteel.

Keywords S34MnV steel � QTSteel � Thermal analysis �
Critical temperatures

Introduction

Phase transformations, occurring in steel during its cooling,

are one of the crucial factors that most influence final steel

properties. In particular, the transformations of austenite, at

different cooling rates and a different degree of under-

cooling, have great practical importance for the heat

treatment of steel [1]. Individual kinds of transformations

(peritectic, bainitic, martensitic) differ in the course and

products of decomposition of the austenite. Thereby they

provide heat-treated steels with various properties. Very

often the austenite gradually passes through a series of

transformations of a different kind. Transformations

diagrams continuous cooling transformation (CCT) and

time temperature transformation (TTT) diagrams provide

a summary of mutual relationships of undercooling

austenite transformations. Diagrams are valid for only one

steel (the specific chemical composition) and the specific

conditions of austenitization. For this reason, it is difficult

to find a diagram (temperatures of phase transformation)
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in the literature for the particular steel and the required

conditions [2].

One possibility of the experimental determination of

these diagrams is the use of dilatometry. [3–5]. Dilato-

metric analysis is commonly used for the experimental

study of austenite transformation [6, 7]. An important tool

for studying the transformation of austenite is the so-called

quenching dilatometers. These dilatometers allow us to

study the disintegration of austenite at high cooling rates

that correspond to real conditions in the production and

subsequent heat/thermo-mechanical treatment of steels.

Another advantage of dilatometry is the use of relatively

large samples (of the order of grams). In such large sam-

ples, the results are not affected by any decarburization of

the steel during the experiment. The disadvantage, how-

ever, may be a nonuniform temperature field in the

samples.

Differential thermal analysis (DTA) commonly used for

study of thermo-physical properties of steel also [8–10],

e.g. the temperature of phase transformation and latent

heat. Differential thermal analysis is used for studying the

transformation of austenite during cooling only excep-

tionally unlike dilatometry. In fact, when using conven-

tional devices, it is not possible to achieve a high cooling

rate. Also, the samples used in the DTA analysis are

smaller (in the order of tenths of a gram). In such small

samples, the decarburization of the steel may occur during

analysis, which can influence the results considerably [11].

The advantage of using small samples, however, is

achieving a homogeneous temperature field in the samples.

Given the difficulty in experimentally determining the

temperatures of phase transformations, computational

software such as QTSteel [12], IDS [13], JMatPro [14] is

often used to obtain the thermo-physical properties of

steels (temperatures of phase transformations, construction

of CCT and TTT diagrams). Compared with the experi-

mental determination, using computational software rep-

resents a quick and relatively inexpensive way to get data

for a particular steel. However, computational software

uses various simplifications and the obtained results do not

necessarily reflect real values.

This paper deals with the determination of phase

transformation temperatures of steel S34MnV during its

heating and cooling in the low-temperature region (below

900 �C). Steel S34MnV is a significant tool steel used in

the manufacture of crankshafts. Nevertheless, there is not a

lot of data in the literature describing the critical temper-

atures of the steel under various conditions [15].

Temperatures of phase transformation were determined

using differential thermal analysis [16] (method excep-

tionally used for the determination of austenite transfor-

mation temperature) and dilatometry [17] subsequently.

Original experimental data for real steel and concrete

conditions were obtained.

Experimental data (phase transformations temperatures)

of steels are one of the crucial thermo-physical parameters

used for process behaviour prediction in many applications

(thermal and mechanical treatment of steels) [18]. Phase

transformations temperatures are input variables for many

thermodynamical and kinetic programmes.

Theoretical calculation

At present, several software programs exist which enable

the calculation of phase transformations temperatures of

steel. Compared to experimental determination, using

computational software represents a quick and inexpensive

way to obtain the necessary transformation temperatures of

steel. With these software programs, it is possible to cal-

culate the equilibrium phase transformations temperatures

(e.g. ThermoCalc [19]) as well as temperatures at different

conditions (nonequilibrium) of heating or cooling (e.g.

QTSteel [12], IDS [13], JMatPro [14]). In this paper, the

software QTSteel, for the calculation of phase transfor-

mation temperatures and the phase composition of steel,

was used.

QTSteel

The software QTSteel is designated for the calculations of

shares of the secondary structural components, arising from

the decomposition of the cooled austenite, and the final

mechanical properties of heat-treated carbon, alloy and tool

steels [3].

Based on entering the input data (the chemical com-

position of steel, temperature and time of austenitizing

treatment, the type of the body and its starting temper-

ature, conditions of cooling), the software QTSteel cal-

culates and creates images of cooling curves of the

selected body. Besides that, it also determines the

decomposition CCT diagrams for the given steel. Based

on the interaction between the cooling curve and the

decomposition diagram, the software determines the

resulting microstructure and mechanical properties of the

investigated steel.

The calculated model of the CCT diagram consists of

the set of lines (significant temperatures Ac3, Ac1, MS) and

curves specified by time and the temperature coordinates of

their significant points (nose, upper and lower branch). The

position of lines and curves in the CCT diagram for

specified chemistry was acquired from published diagrams

processed separately for each steel group with the use of

regression analysis [12].
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Experimental

Samples characterization

The steel S34MnV is intended for production of crankshaft

[20]. Samples for analysis were mechanically cut from the

heavy steel forging ingot. The chemical composition of the

analysed sample of steel is given in Table 1. The samples

for DTA analysis were processed into the form of cylinders

with a diameter of 3.5 mm and a height of approx. 3 mm.

The mass of the cylinders was 230 ± 5 mg. The samples

for dilatometry were processed into the form of cylinders

with a diameter of 6 mm and a height of approx. 17 mm.

The mass of the cylinders was approx. 2500 ± 10 mg.

Dimensions of samples for both methods are summarized

in Fig. 1.

The samples were polished (removal of possible oxi-

dation layer) and cleaned by ultrasonic impact in acetone

before analysis.

Experimental conditions

Setaram SETSYS 18TM (TG/DTA/DSC) laboratory system

for thermal analysis and DTA ‘‘S’’ type (thermocouple Pt/

PtRh 10 %) measuring rod were used for the obtaining of

phase transformations temperatures by the DTA method.

The samples were analysed in corundum crucibles with a

volume of 100 ll. An empty corundum crucible served as a

reference sample. A dynamic atmosphere of argon was

maintained in the furnace during analysis in order to pro-

tect the sample against oxidation. The purity of argon was

higher than 99.9999 %. Steel samples were heated up to

the temperature of 880 �C with a rate of 5 �C min-1 and

held for 15 min and then cooled down with a rate of 5 or

20 �C min-1 to ambient temperature.

Dilatometric measurement was carried out on the

dilatometer DIL 402 C. The type ‘‘B’’ (PtRh 6 %/PtRh

30 %) thermocouple was used for measuring of the sample

temperature. Dilatometry of the investigated samples was

carried out in a protective inert atmosphere of argon with

purity 99.9999 %. Steel samples were analysed according

to the same temperature programme as in differential

thermal analysis.

Results and discussion

Heating

Temperatures of phase transformations were obtained on

the basis of DTA curves (Fig. 2) evaluation. Figure 2

shows the DTA curve obtained for the analysed steel at the

heating rate of 5 �C min-1. Two overlapping thermal

effects (peaks) are observed on the DTA curve. The first

peak (bold thermal effect) corresponds to eutectoid phase

transformation (a ? Fe3C ? c). The temperature of

eutectoid phase transformation corresponds to the temper-

ature of the start of austenite formation. This temperature is

marked as Ac1 (Fig. 2).

On the basis of the characteristic form of the curve

before the start of the peak, it is possible to assume that part

of the peak was the peak, corresponding rather to the Curie

transformation (a complete overlapping of these two peaks

took place). Due to overlapping of the peaks, it is, however,

impossible to exactly determine the temperature of the

Curie transformation. For this reason, the temperature was

not evaluated.

The second peak (featureless thermal effect) corre-

sponds to the ferrite to austenite transformation. Ferrite

starts transform to austenite at the temperature of eutectoid

phase transformations (Ac1). The temperature of the second

peak top corresponds to the temperature of the end of the

ferrite to austenite transformation. The temperature of the

end of the ferrite to austenite transformation is marked as

Ac3 (Fig. 2).

Table 1 Chemical composition of analysed samples

Composition/mass%

C Mn Si P Cr V Ni

0.39 1.29 0.08 0.01 0.25 0.06 0.19

Dilatometry
6 mm

17 mm

3.5 mm

3 mm

2500 mg230 mg

ø

ø

DTA

Fig. 1 Characterization of analysed samples

600 650 700 750 800 850

Sample temperature/°C

ΔV
/µ

V

10 µV

5 °C min–1

Exo

Ac3Ac1

Fig. 2 DTA curve of the analysed steel for heating
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Temperatures Ac1 and Ac3 were also obtained on the

basis of dilatometric curves (Fig. 3) evaluation for com-

parison. The transformation temperatures were determined

with the assistance of the first derived function. The

characteristic transformation temperatures for heating are

given in the Table 2.

It is possible to consider the acquired temperatures Ac1

and Ac3 as the equilibrium due to low heating rate

(5 �C min-1) [21].

In the case of temperature Ac1, a very good agreement

between the temperatures determined by both methods was

achieved, which is evident from Table 2. The maximal

temperature difference is 2 �C.

The biggest temperature difference (17 �C) was

observed in the case of temperature Ac3. Temperature Ac3

provided by DTA is 765 �C and by dilatometry is 782 �C.

This difference can be caused by the difficult evaluation

of the temperature on DTA and dilatometric curves or the

various sizes of the analysed samples. Samples analysed by

dilatometry are ca. ten times bigger than samples analysed

by DTA. (The larger sample requires more heat for the

phase transformation, and that the phase transformation

takes place over a longer period of time, i.e. that the phase

transformation of the larger sample will be terminated at

higher temperature).

Cooling

Various phase transformations may occur in samples dur-

ing cooling depending on the cooling rate (ferrite, pearlite,

bainite and martensite formation). The different transfor-

mations that occur within similar temperatures can often

overlap in the thermoanalytical curves (DTA and dilato-

metric curves). This evaluation of thermoanalytical curves

then becomes difficult. It is difficult to assign the effect of

the appropriate phase transformation solely on the basis of

the shape of thermoanalytical curves.

Microstructural characterization on samples after ther-

mal analysis (at different cooling rates) helped to better

interpret effects on thermoanalytical curves. All samples

after analysis were prepared by metallographic techniques

and microstructures by optical microscopy were observed.

Only the ferrite–pearlite structure was observed in the

sample after DTA analysis at a cooling rate of 5 �C min-1

(Fig. 4). The presence of ferrite, pearlite and bainite was

observed in all other samples (after DTA at a cooling rate

of 20 �C min-1 and after dilatometry at a cooling rate of 5

and 20 �C min-1). This type of structure is shown in Fig. 5

(the structure of sample after DTA at a cooling rate of

20 �C min-1). The bainite morphology for the individual

specimens did not differ, and it was always the upper

5 °C min–1

600 650 700 750 800 850

Sample temperature/°C

dL
/L

0

1·10–3

Ac3

Ac1

Fig. 3 Dilatometric curve of the analysed steel for heating

Table 2 Experimentally obtained phase transformation temperatures

at heating

Method Rate/

�C min-1
Temperature/�C

Ac1 Ac3

DTA 5 727 ± 1 765 ± 2

5 726 ± 1 765 ± 1

DIL 5 727 ± 2 785 ± 3

5 728 ± 2 782 ± 2

Fig. 4 Microstructure of ferrite and pearlite

Fig. 5 Microstructure of ferrite, pearlite and bainite
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bainite. The amount of each phase was also determined

using metallographic analysis. The amount of each phase in

samples is given in Table 3 in vol%. (Due to the structure

in homogeneity, the results exhibit a higher standard of

deviation in some cases). Although the samples were

analysed using both methods at the same temperature

conditions, the presence and the amount of phases differ

significantly in the samples after analysis.

DTA curves obtained at cooling and their evaluation are

shown in Fig. 6. Figure 7 shows dilatometric curves for

cooling. The following phase transformations temperatures

were evaluated on the basis of the thermoanalytical curves

shape and on the basis of metallographic analysis: the start

of ferrite formation Ar3, the start of pearlite formation Ar1

and the start of bainite formation BS. Although the

microstructure of the sample after dilatometry at a cooling

rate of 5 �C min-1 appears bainite, bainitic transformation

on the dilatometric curve was not detected. The resulting

temperatures are given in Table 4.

The temperature Ar3 determined by the DTA method at a

cooling rate of 5 �C min-1 is lower by 3 �C than the

temperature determined by dilatometry at the same cooling

rate. On the contrary, the temperature Ar3 determined at a

cooling rate of 20 �C min-1 is 5� C higher than the tem-

perature determined by dilatometry.

The temperature Ar1 determined by the DTA method at a

cooling rate of 5 �C min-1 is 6 �C lower and at a cooling

rate of 20 �C min-1 is 7 �C higher than the temperature

determined by dilatometry.

The biggest difference (18 �C) was observed in the case

of the bainite start temperature. This difference may be

caused by the complicated determining of the bainite start

temperature (BS) on thermoanalytical curves.

Comparison with accessible data

As mentioned above, there are not many works in the lit-

erature dealing with the critical temperatures of S34MnV

steel. In [15], the authors present an experimentally

determined CCT diagram of steel S34MnV. In the work,

the authors do not specify the experimental conditions

(method, sample size), under which the results were

obtained. They only state the austenitizing temperature of

950 �C and a holding time of 15 min.

It was determined that the Ac1 temperature was 735 �C
and the Ac3 temperature 825 �C. The Ac1 temperature is

close to the experimentally determined temperatures. The

difference is less than 10 �C. However, the given Ac3

temperature is significantly different from the experimen-

tally determined temperature. The minimum difference is

40 �C and the maximum 60 �C.

The temperature readings from the CCT diagram shown

in [15] are summarized in Table 5. The temperatures stated

by the authors in [15] are higher than the experimentally

determined temperatures. It varies in the tens of �C.

Significant differences between the temperatures speci-

fied in [15] and determined by differential thermal analysis

Table 3 Amount of phases after thermal analysis

Method Rate/

�C min-1
Amount of phases/vol%

Ferrite Pearlite Bainite

DTA 5 92 ± 3 8 ± 3 0

20 64 ± 10 21 ± 2 15 ± 8

DIL 5 35 ± 6 56 ± 11 9 ± 7

20 33 ± 4 48 ± 8 19 ± 9

300 400 500 600 700 800

Sample temperature/°C

ΔV
/µ

V

10 µV

5 °C min–1

20 °C min–1

Exo

Ar3

Ar3

Ar1

Ar1

Bs

Fig. 6 DTA curves of the analysed steel for cooling

300 400 500 600 700 800

Sample temperature/°C

5 °C min–1

20 °C min–1

Ar3

Ar3

Ar1

Ar1

Bs

2·10–3

dL
/L

0

Fig. 7 Dilatometric curves of the analysed steel for cooling

Table 4 Experimentally obtained phase transformation temperatures

at cooling

Method Rate/

�C min-1
Temperature/�C

Ar3 Ar1 Bs

DTA 5 687 ± 1 642 ± 3 –

20 665 ± 2 622 ± 2 517 ± 7

DIL 5 690 ± 2 648 ± 3 –

20 660 ± 2 615 ± 3 499 ± 6
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and dilatometry may be caused by differing austenitizing

conditions, different chemical composition (even small

changes in chemical composition can significantly affect

the results) or the difficult reading of the critical temper-

atures from the diagram. These large differences illustrate

how difficult it is to find the thermodynamical data for the

specific chemical composition and the required conditions.

Experimentally obtained temperatures of phase trans-

formations and the amount of phases were compared with

the data calculated by the software QTSteel also.

For the calculation, the same conditions as in the

experiments were entered. Chemical composition, isother-

mal holding at temperature 880 �C for 15 min and cooling

rates 5 and 20 �C min-1 were entered.

The calculated temperatures Ac1 and Ac3 are given in

Table 6. The software does not state for which heating rate

the temperatures Ac1 and Ac3 were calculated. The software

QTSteel calculated the temperature Ac1 as 717 �C. This

temperature is about 9–11 �C lower than the temperature

determined experimentally by DTA and dilatometry. The

calculated temperature Ac3 was 784 �C. This temperature

corresponds to the temperature obtained by dilatometry and

is 19 �C higher than the temperature obtained by DTA.

Using the software QTSteel, a CCT diagram (continuous

cooling transformation) was also constructed, phase trans-

formations temperatures for cooling were calculated and

amount of the secondary structural components arising

from decomposition of the cooled austenite was calculated

as well. The calculated CCT diagram is shown in Fig. 8.

The calculated phase transformations temperatures for

cooling are given in Table 7. The calculated amount of the

individual phases is listed in Table 8.

Neither of the calculated cooling curves pass through the

bainitic region (Fig. 8). However, it can be observed in the

CCT diagram that the curve calculated for the cooling rate

20 �C min-1 is very close to the bainite region. (The

lowest calculated cooling rate at which bainite will arise is

22 �C min-1). For this reason, the bainite is not in the

calculated resulting structures (Table 8) and the tempera-

ture of the bainite formation (BS) is not calculated.

Temperatures Ar3 and Ar1 calculated by the software

QTSteel for cooling rate 5 �C min-1 are lower than

experimentally obtained temperatures (comparison of

Tables 4, 7). The difference between the calculated and

experimentally obtained Ar3 temperature is 13 �C (DTA)

resp. 16 �C (dilatometry). The calculated temperature Ar1 is

lower by 15 �C (DTA) resp. 21 �C (dilatometry). In addi-

tion, the temperatures calculated by the software for the

cooling rate 20 �C min-1 are lower than the experimen-

tally obtained temperatures. The calculated temperature Ar3

is lower by 10 �C (DTA) resp. 5 �C (dilatometry), and

temperature Ar1 is lower by 15 �C (DTA) resp. 8 �C
(dilatometry). Generally the calculated temperatures Ar3

and Ar1 are in relatively good agreement with the experi-

mentally determined temperature.

The calculated amount of phases in the resulting struc-

ture differs significantly from the amount of phases deter-

mined by the metallographic analysis (comparison of

Tables 3, 8).

Table 5 Phase transformations temperatures given in [15]

Rate/

�C min-1
Temperature/�C

Ar3 Ar1 Bs

5 705 ± 5 680 ± 5 –

20 690 ± 10 660 ± 10 580 ± 10

Table 6 Calculated phase transformation temperatures for heating

Method Temperature/�C

Ac1 Ac3

QT Steel 717 784

1
0
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200
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700

800
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Time/S
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m
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/°
C
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20 5

100 1000 10000

A
c3

A
c1

=784 °C
=717 °C

Cooling rate/°C min–1

M

B

F
P

Fig. 8 Calculated CCT diagram of analysed steel

Table 7 Calculated phase transformation temperatures for cooling

Software Rate/

�C min-1
Temperature/�C

Ar3 Ar1 Bs

QT Steel 5 674 627 –

20 655 607 –

Table 8 Calculated amounts of phases

Software Rate/

�C min-1
Amount of phases/vol%

Ferrite Pearlite Bainite

QT Steel 5 43 57 –

20 28 72 –
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Conclusions

The steel S34MnV was investigated by the DTA method

and dilatometry. The temperatures of the eutectoid phase

transformation (Ac1) and the temperatures of the end of the

ferrite to austenite transformation (Ac3) were obtained at

heating, and the temperatures of start of the ferrite for-

mation (Ar3), the temperature of the start of the pearlite

formation (Ar1) and the temperature of the start of the

bainite formation (BS) were obtained at cooling. Differen-

tial thermal analysis is not commonly used for determina-

tion of temperatures of nonequilibrium phase

transformations during cooling unlike dilatometry. Never-

theless, temperatures determined by both methods are in

good agreement.

The experiments were supported by theoretical calcu-

lations using the QTSteel software. The temperature of

bainite start was not calculated. The other calculated tem-

peratures are lower than experimentally obtained. These

results demonstrate that due to their simplicity, the calcu-

lations are an effective tool for obtaining the required data,

but they can be considered as indicative only. The calcu-

lated results should always be verified by the experimental

determination.

The phase transformations temperatures of steels are one

of the crucial thermo-physical parameters used for process

behaviour prediction in many applications (thermal treat-

ment of steels). Phase transformations temperatures are

input variables for many thermodynamical and kinetic

programmes. Experimental data of phase transformations

temperatures can be found in the literature, but it is difficult

to find data for concrete steel (with exact chemical

composition).
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