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Abstract: 51CrV4 spring steel is a martensitic steel grade that is heat treated by quenching and temper-
ing. Therefore, austenitisation is an important step that influences steel properties. The main goal of
austenitisation is to obtain a single-phase austenite structure that will transform into martensite. We
studied the influence of austenitisation parameters on grain growth and martensite transformation
temperatures. The samples were quenched from different austenitisation temperatures (800–1040 ◦C)
and were held for 5, 10 and 30 min. The martensite start transformation temperatures (MS) were
determined from dilatometric curves, and the hardness was measured using the Vickers method.
The microstructure of the samples and the size of the prior austenite grains were characterised using
optical microscopy. The increase in the size of the prior austenite crystal grains increases the MS

temperature. However, this trend is visible up to 960 ◦C, where the results start to deviate. High
temperatures, 960 ◦C and above, cause both grain growth and increased carbide dissolution along
with chemical homogenization of the steel. The added influence of strong solute diffusion caused
a big deviation in the results. The stability of carbides during austenitisation were evaluated with
scanning electron microscopy (SEM) and thermodynamic calculations of equilibrium phases using
the Thermo-Calc program. MC-type vanadium carbides are stable up to 956 ◦C under equilibrium
conditions, but the SEM results show that they were present in the microstructure even after annealing
at 1040 ◦C. This means that crystal growth is slowed down, which is positive, and that the austenite
contains less carbon, so the hardness is lower.

Keywords: spring steel; martensite; grain growth; martensite start; dilatometry; austenitisation

1. Introduction

Spring steels are the most commonly used materials in springs, as they have high
fatigue resistance and high tensile strength [1–6]. Fatigue can be described as a localised
progressive crack growth that occurs under fluctuating stresses. The stresses that cause
fatigue failure are well below the yield strength. Some alloys such as most steels and Ti
alloys exhibit a fatigue or endurance limit where a certain stress can be applied indefinitely
and will not cause failure, while others like Al and Cu alloys do not have an endurance
limit. The combination of high strength and endurance limit is therefore desirable for spring
applications [7,8]. Steels used for springs range from high-carbon low-alloyed, medium-
carbon alloyed to stainless steels. They are always heat treated to achieve mechanical
properties, and the most common treatment is quenching and tempering [9,10]. Although
heat treatment is a broad topic and used in many alloys for different purposes, from
age hardening to dissolution of deleterious phases, hardening steels by quenching and
subsequent tempering is one of the most widely spread heat treatment protocols. Heat
treatment is especially important for achieving reliable results after material processing,
such as after hot forming or welding [7,8,11–14]. When quenching and tempering, it is
important to carefully plan the austenitisation process. It is necessary to determine the
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appropriate temperature and time of the austenitisation in order to achieve a homogeneous
single-phase state (single-phase austenite region and uniform distribution of alloying
elements), while it is necessary to ensure that the austenite crystal grains do not grow
excessively, which would negatively affect the mechanical properties of steels [8,15,16].
Austenite transformation and crystal grain growth are diffusion-controlled processes that
depend on temperature and time.

To predict the growth of crystal grains, a series of theoretical and semi-empirical
models have been derived, which include thermodynamic parameters of steels and describe
the migration of crystal boundaries during the austenitisation process as functions of
temperature and time [17–22]. In low-carbon low-alloyed steels, the kinetics of crystal
grain growth increases with temperature, and crystal grain migration decreases with the
addition of alloying elements. The movement of crystal grains can be slowed down due to
the segregation of alloying elements at the crystal boundaries (the solute drag effect), and
due to undissolved precipitates (carbides, nitrides), so called pinning effect is cancelled at
the moment when the particles dissolve in the matrix and the kinetics of grain growth is
accelerated [15,19,21,23–28].

The selection of appropriate austenitisation parameters is crucial for the martensitic
transformation. The homogeneity of the microstructure and the size of the crystal grains
are parameters that influence the hardenability of steels. A good distribution of alloying
elements and a homogeneous microstructure increase the activation energy for the martensitic
transformation and increase the hardenability of the steel [29,30]. As stated by Lee et al. [18]
and Lambers et al. [31], the hardenability of steel improves with crystal grain growth. The
greater number of crystal boundaries, i.e., small crystal grain size, hinders the growth of
martensite laths [32]. Additionally, Lambers et al. [31] stated that in steels with smaller
crystal grains, the density of dislocations in austenite crystal grains increases faster, thus
inhibiting the growth of martensite.

Spring steel 51CrV4 was used in the present work, the aim of the research was to anal-
yse the influence of austenitisation temperature and time on the martensitic transformation
in 51CrV4 steel. Additionally, an analysis of the presence of carbides and the growth of
prior austenite crystal grains depending on the temperature and time of austenitisation was
also carried out in the present research. Steel 51CrV4 was developed for use in quenched
and tempered condition, where it exhibits good strength properties, and is tough and
resistant to fatigue [4,33]. According to the manufacturers’ instructions, steel is quenched
in oil from a temperature of between 820 and 860 ◦C, followed by tempering between
temperatures of 540 and 680 ◦C [34]. Later, it was found that steel in the bainite state can
exhibit even better properties and, at the same time, is cheaper to manufacture [30,35].

2. Materials and Methods

The chemical composition of the 51CrV4 steel samples is given in Table 1 and was deter-
mined by optical emission spectroscopy using ARL 3460 (ThermoFisher Scientific, Waltham,
MA, USA). The content of sulphur and carbon was determined with a LECO CS-600 com-
bustion mass spectrometer (Leco Corporation, St. Joseph, MI, USA). Figure 1 shows the
ferritic-pearlitic microstructure of the initial state sample etched with Nital (5 vol. %).

Table 1. Chemical composition of the studied 51CrV4 spring steel (wt. %).

C Si Mn P S Cr V Mo Cu Fe

0.52 0.26 0.76 0.013 0.005 1.00 0.18 0.09 0.21 bal.



Crystals 2022, 12, 1449 3 of 13Crystals 2022, 12, x FOR PEER REVIEW  3  of  13 
 

 

 

Figure 1. Ferritic–pearlitic microstructure of as received 51CrV4 steel sample, etched with 5 vol. % Nital. 

Cylindrical samples with dimensions of Ø4 mm × 10 mm were made for dilatometry 

measurements. Measurements were performed with a TA DIL805A dilatometer (TA, New 

Castle, DE, USA) under vacuum and Ar atmosphere. Firstly, the transformation temper‐

atures of the investigated steel were determined during heating and cooling in a vacuum 

up to 1000 °C. Heating and cooling rates of 0.05 and 10 K/s were used, respectively. In the 

second phase, an analysis of the influence of temperature and time of austenitisation on 

the size of  the austenite crystal grains and  the martensite start  temperatures  (MS)  took 

place. The samples were heated in a vacuum to 800, 860, 920, 960, 1000 and 1040 °C with 

a heating rate of 10 K/s, and were held at the temperature for 5, 10 and 30 min, respec‐

tively. This was  followed by rapid cooling at a rate of 40 K/s  in an Ar atmosphere. MS 

temperatures were determined  from  the dilatometric cooling curves using  the  tangent 

method. 

Dilatometry measurement samples were prepared for metallographic analysis, the 

cut samples were ground and polished, followed by etching with Nital  (5 vol. %). The 

microstructure characterization was performed by Microphot FXA (Nikon, Minato City, 

Japan) with a 3CCD video camera Hitachi HV‐C20A (Hitachi, Ltd., Tokyo, Japan). The 

prior austenite grain size was determined using the line intercept method. Scanning elec‐

tron microscopy and EDS analysis was performed with a JEOL JSM‐6500F electron micro‐

scope (Jeol, Tokyo, Japan). Vickers hardness (HV10) was measured on the metallographic 

samples using an Instron Tukon 2100B device (Wilson Instruments, Norwood, MA, USA). 

Based on the chemical composition given in Table 1, the equilibrium phase composi‐

tion as a  function of  temperature was calculated using  the Thermo‐Calc program. The 

TCFE8 Steels/Fe‐alloys database was used for thermodynamic calculations. 

3. Results and Discussion 

3.1. Thermodynamic Analysis 

Figure 2 shows the amount of thermodynamically stable phases in the temperature 

interval between 600 and 1100 °C in the investigated steel. The equilibrium transformation 

of austenite into ferrite begins at 759 °C, below 747 °C the ferrite and cementite phases 

(BCC_A1, Cementite) are formed; the transformation of austenite is completed at 724 °C. 

Below 956 °C, secondary vanadium carbides  (FCC_A1#2) are  formed, which are stable 

throughout the entire range presented in the figure. Figure 3 shows the chemical equilib‐

rium composition and the amount of vanadium carbides between 600 and 956 °C. Besides 

vanadium and carbon, the particles also contain small amounts of Fe, Cr, Mo and Mn. At 

the end of the solidification process, as a result of the segregation of manganese and sul‐

phur, MnS non‐metallic inclusions are formed. 

Figure 1. Ferritic–pearlitic microstructure of as received 51CrV4 steel sample, etched with 5 vol. % Nital.

Cylindrical samples with dimensions of Ø4 mm × 10 mm were made for dilatometry
measurements. Measurements were performed with a TA DIL805A dilatometer (TA,
New Castle, DE, USA) under vacuum and Ar atmosphere. Firstly, the transformation
temperatures of the investigated steel were determined during heating and cooling in a
vacuum up to 1000 ◦C. Heating and cooling rates of 0.05 and 10 K/s were used, respectively.
In the second phase, an analysis of the influence of temperature and time of austenitisation
on the size of the austenite crystal grains and the martensite start temperatures (MS) took
place. The samples were heated in a vacuum to 800, 860, 920, 960, 1000 and 1040 ◦C with a
heating rate of 10 K/s, and were held at the temperature for 5, 10 and 30 min, respectively.
This was followed by rapid cooling at a rate of 40 K/s in an Ar atmosphere. MS temperatures
were determined from the dilatometric cooling curves using the tangent method.

Dilatometry measurement samples were prepared for metallographic analysis, the
cut samples were ground and polished, followed by etching with Nital (5 vol. %). The
microstructure characterization was performed by Microphot FXA (Nikon, Minato City,
Japan) with a 3CCD video camera Hitachi HV-C20A (Hitachi, Ltd., Tokyo, Japan). The prior
austenite grain size was determined using the line intercept method. Scanning electron
microscopy and EDS analysis was performed with a JEOL JSM-6500F electron microscope
(Jeol, Tokyo, Japan). Vickers hardness (HV10) was measured on the metallographic samples
using an Instron Tukon 2100B device (Wilson Instruments, Norwood, MA, USA).

Based on the chemical composition given in Table 1, the equilibrium phase compo-
sition as a function of temperature was calculated using the Thermo-Calc program. The
TCFE8 Steels/Fe-alloys database was used for thermodynamic calculations.

3. Results and Discussion
3.1. Thermodynamic Analysis

Figure 2 shows the amount of thermodynamically stable phases in the temperature
interval between 600 and 1100 ◦C in the investigated steel. The equilibrium transformation
of austenite into ferrite begins at 759 ◦C, below 747 ◦C the ferrite and cementite phases
(BCC_A1, Cementite) are formed; the transformation of austenite is completed at 724 ◦C.
Below 956 ◦C, secondary vanadium carbides (FCC_A1#2) are formed, which are stable
throughout the entire range presented in the figure. Figure 3 shows the chemical equilib-
rium composition and the amount of vanadium carbides between 600 and 956 ◦C. Besides
vanadium and carbon, the particles also contain small amounts of Fe, Cr, Mo and Mn.
At the end of the solidification process, as a result of the segregation of manganese and
sulphur, MnS non-metallic inclusions are formed.
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3.2. Transformation Temperatures

Figure 4 shows the dilatometric curves of the sample heated and cooled in vacuum at
heating/cooling rate of 0.05 ◦C/s. The transformation temperatures AC1, AC3, AR1, AR3
were 742 ◦C, 765 ◦C, 662 ◦C and 680 ◦C, respectively, which deviate from the equilibrium
transformation temperatures AE1 (724 ◦C) and AE3 (759 ◦C) determined by the Thermo-Calc
program. During heating, the transformation temperatures are expected to be higher than
the equilibrium transformation temperatures, and during cooling, they are expected to be
lower compared to the equilibrium transformation temperatures.
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A heating rate of 10 ◦C/s was used in the analysis of the influence of austenitisation
temperature and time. Figure 5 shows the dilatometric curve of the heated sample at a
given heating rate. By increasing the heating rate, the transformation temperatures AC1
and AC3 increased as well (775 ◦C and 805 ◦C) [36]. The transformation into austenite is
diffusion-driven and therefore relatively slow, so the onset of the transformation is delayed
at faster heating [37].

Crystals 2022, 12, x FOR PEER REVIEW  5  of  13 
 

 

3.2. Transformation Temperatures 

Figure 4 shows the dilatometric curves of the sample heated and cooled in vacuum 

at heating/cooling rate of 0.05 °C/s. The  transformation  temperatures AC1, AC3, AR1, AR3 

were 742 °C, 765 °C, 662 °C and 680 °C, respectively, which deviate from the equilibrium 

transformation temperatures AE1 (724 °C) and AE3 (759 °C) determined by the Thermo‐

Calc program. During heating, the transformation temperatures are expected to be higher 

than the equilibrium transformation temperatures, and during cooling, they are expected 

to be lower compared to the equilibrium transformation temperatures. 

 

Figure 4. Determination of transformation temperatures at 0.05 °C/s heating and cooling rate. 

A heating rate of 10 °C/s was used in the analysis of the influence of austenitisation 

temperature and time. Figure 5 shows the dilatometric curve of the heated sample at a 

given heating rate. By  increasing the heating rate, the transformation temperatures AC1 

and AC3 increased as well (775 °C and 805 °C) [36]. The transformation into austenite is 

diffusion‐driven and therefore relatively slow, so the onset of the transformation  is de‐

layed at faster heating [37]. 

 

Figure 5. Determination of transformation temperatures at 10 °C/s heating rate. 

3.3. Optical Microscopy 

Figure 6a–d show the microstructures of the quenched samples from 800 and 1040 

°C, after 5 and 30 min at the austenitisation temperature. The quenched samples consist 

Figure 5. Determination of transformation temperatures at 10 ◦C/s heating rate.



Crystals 2022, 12, 1449 6 of 13

3.3. Optical Microscopy

Figure 6a–d show the microstructures of the quenched samples from 800 and 1040 ◦C,
after 5 and 30 min at the austenitisation temperature. The quenched samples consist of
untempered lath martensite. As the time and temperature of austenitisation increases, the
size of the austenite crystal grains increases and consequently, also the size of the martensite
laths. The average sizes of the prior austenite crystal grains were estimated on the basis
of microstructure images. The sizes of prior austenite grains are given in the diagram in
Figure 7.
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Figure 8a,b show the microstructures of the quenched sample 1040 ◦C-30 min. Etching
of the quenched samples revealed segregations in the microstructure resulting from the
steelmaking process. The chemical segregations form during solidification, and are reduced
by high temperature annealing and hot rolling, but they are typically still visible in the
final product. Such chemical segregations are common for the continous casting and hot-
rolling production route. Furthermore, special metallurgical processes such as electroslag
remelting can almost completely eliminate segregations, but are, due to the high cost, used
in the production of expensive materials such as tool steels. The austenitisation during
dilatometry did not take place for enough time to eliminate the present segregations. In the
samples, there were areas with more and less segregation bands, the distances between the
segregation bands vary widely, indicating large chemical inhomogeneities in the material.
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Figure 8. The microstructures of quenched sample 1040 ◦C-30 min, etched with Nital. (a) Area with
less segregation bands, (b) area with more segregation bands.

3.4. Hardness

Figure 9 shows the results of the hardness measurement according to the Vickers
method. The hardness of the quenched samples varies between 706 and 739 HV. For
samples heated to 800 and 860 ◦C, a slight trend of increasing hardness with increasing
austenitisation time was observed, which may be related to longer times for austenitic
transformation, especially at 800 ◦C, and longer dissolution times of chromium and vana-
dium carbides and thus an increase in carbon concentration in the austenitic or martensitic
matrix. According to Goulas et al. [30], vanadium carbides are stable up to 910 ◦C and
chromium carbides slightly below. Samples heated above 920 ◦C were expected to dissolve
the carbides completely in the matrix and, consequently, there was no tendency for the
hardness to increase with increasing austenitisation time.
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3.5. Dilatometry and MS Temperature

Figure 10a–f show dilatometric cooling curves of rapid cooling (40 ◦C/s) from dif-
ferent austenitisation temperatures (800, 860, 920, 960, 1000 and 1040 ◦C) and different
austenitisation times (5, 10 and 30 min). A martensitic transformation occurred during
rapid cooling; MS temperatures were estimated on the basis of dilatometric curves. With
the increase of the holding time at the temperature of 800 ◦C (Figure 10a), the temperature
of MS decreases. According to the dilatometry curve from Figure 5 the partial transfor-
mation to austenite occurred at the austenitisation temperature of 800 ◦C. With a longer
austenitisation time, a greater proportion of the transformation takes place, and the dis-
tribution of alloying elements is accelerated, which affects the increase of the activation
energy for the martensitic transformation [31]. However, at 800 ◦C, the grain size is not the
dominant factor for the MS, but rather the low dissolution of carbides (even cementite) and
subsequently low carbon content. This will be presented in the SEM analysis section later
on. At austenitisation temperatures 860 and 920 ◦C (Figure 10b,c) the MS temperatures
increase with increasing austenitisation time, mainly due to crystal grain growth. The
degree of homogenisation and the concentration of alloying elements in the matrix increase
with the increase of the austenitisation time and temperature, while at the same time there
is a more intensive growth of crystal grains, which lowers the energy of shear displace-
ments during the martensitic transformation [31]. At austenitisation temperatures above
960 ◦C (Figure 10d–f) and longer holding times (10 and 30 min) the MS temperatures
deviate obviously. At higher temperatures and longer times of austenitisation, the diffu-
sion of alloying elements takes place more intensively, and due to the different degree of
segregation and subsequent homogenisation of the material, there are greater deviations in
MS temperatures. These are shown in Figure 10d–f, where the two extremes are shown. It
should be noted that austenitisation temperatures above 960 ◦C and shorter holding times
(5 min), the MS temperature are less scattered and increases mainly at the expense of the
growth of prior austenite grains.

The scattering of the results for MS in samples austenitised above 960 ◦C for more than
5 min is attributed to segregations, the associated uneven carbide dissolution and the partial
homogenization process. At lower temperatures, grain size was the main difference, as
grain growth was the dominant process. The grain size and MS have a parabolic connection,
as shown by Yang and Bhadeshia [38]; in our case, the connection seems linear, due to the
small range, as shown in Figure 11. However, the connection is lost at higher temperatures
and longer times, as mentioned before.
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3.6. Scanning Electron Microscopy

Figure 12a,b show SEM microscopy images of the quenched sample 800 ◦C-5 min. The
spheroidised carbide particles indicate the remains of cementite lamellae, which is the result of
a partial transformation of pearlite microstructure at a temperature of 800 ◦C. This explains the
unusual drop in MS temperature, supporting the explanation, given before, where the grain
size is not the leading factor, but the austenite chemical composition. Figure 12c shows
the microstructure of the sample 800 ◦C-30 min; the spheroidised carbide particles were not
present in the sample; round carbides were distributed on the martensitic laths and near the
prior austenite grain boundaries. Due to the small dimensions of the carbides, it is difficult to
assess their exact chemical composition; based on thermodynamic calculations and EDS analysis,
we can confirm that the carbide particles in 800 ◦C-5 min and 800 ◦C-30 min samples contain
an elevated concentration of Cr, V, and Mo, which indicate the remains of cementite and
MC-type carbides. As the temperature of austenitisation increases, the stability of carbides
decreases, which coincides with the results of thermodynamic calculations and claims
in the literature [29–31]. At austenitisation temperatures above 860 ◦C only undissolved
secondary carbides rich in vanadium and chromium are present in the samples, they are
mainly located at the boundaries of the prior austenite grains. The concentration and size of
undissolved carbides decrease with the austenitisation temperature. At the austenitisation
temperature of 1040 ◦C (Figure 12d–f), vanadium carbides are still in the microstructure,
which is consequence of the local inhomogeneities in the microstructure.
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Figure 13a–c show a segregation band in the 1040 ◦C-30 min sample; despite the high
austenitisation temperature and the longest holding time, segregations are still present
in the microstructure. In the segregation zone, the concentration of alloying elements
is increased and, as a result, the thermodynamic equilibrium in the segregation band is
changed. In addition to oxide and sulphide non-metallic inclusions (NMI), there is also a
large concentration of carbides in the segregation bands. The undissolved carbides partially
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impair crystal growth, which is positive. However, the austenite consequently contains less
carbon, which means lower hardness and slightly higher MS.
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4. Conclusions

The influence of austenitisation temperature and times on crystal grains growth,
carbide dissolution and martensitic transformation of 51CrV4 spring steel were analysed.
Austenitisation was carried out at temperatures between 800 and 1040 ◦C; the samples
were held at the austenitisation temperature for 5, 10 and 30 min, followed by rapid cooling
to room temperature. The following conclusions can be summarised:

• Prior austenite grains grow with increasing austenitisation temperature and times,
with increasing temperature grain growth is more intense.

• The inhomogeneity of the microstructure can be observed in the quenched samples,
which is the result of segregations during solidification. Due to the production route of
the material, segregation bands with different distribution are present in the samples.

• At an austenitisation temperature of 800 ◦C, a partial transformation into austenite
takes place; with a longer holding time at the temperature, a larger proportion of
the transformation takes place, which affects the lowering of the martensite start
temperature (MS).

• In the case of complete austenitic transformation, the MS temperature increases with
the growth of crystal grains, and above 960 ◦C the MS temperature is also affected by
the distribution of alloying elements. Due to the more intensive diffusion of alloying
elements and the different degree of distribution of segregations, there are greater
deviations in the MS temperature.

• Thermodynamic calculations using the Thermo-Calc program showed that the vana-
dium carbides in the investigated steel are stable up to 956 ◦C; using SEM, the vana-
dium carbides were analysed even at austenitisation temperatures of 1040 ◦C. The
reason for the presence of carbides at such a high austenitisation temperature is local
inhomogeneities and the limited time of carbide dissolution.
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• There is an increased concentration of alloying elements in the segregation bands; the
non-metallic inclusions and a higher concentration of carbides were characterised in
the segregated areas.
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