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Abstract
During the heat treatment of springs for railway bogies, phase transformations and oxidation occur and it is important 
to know transformation temperatures and oxidation rates to optimise the process. Oxidation and decarburisation can 
adversely affect the surface properties of steel when not limited to the bare minimum. The oxidation rates and material-
specific phase transformation of the spring steels were evaluated by means of differential scanning calorimetry. Three 
spring steels with known mass were heated and cooled. The change in the corresponding heat flow was evaluated. 
The materials were also subjected to a regular spring steel heat treatment process in order to determine the relation-
ship between oxidation rate and decarburisation. This allowed for the observation of phase transition and oxidation 
rate for each steel. The results of these investigations showed that there is a nonlinear relationship between oxidation 
and decarburisation. The three materials analysed showed distinct properties; therefore, understanding of the material 
characteristics is important. Material A showed a high oxidation rate with decreased decarburisation, whereas material 
B showed less oxidation and higher decarburisation due to higher silicon contents.
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1 Introduction

Bogie springs are manufactured from high strength steels 
that have to be heat-treated properly, in order to produce 
functional springs properties [1]. During the heat-treating 
processes used with spring steel, phase transformations 
occur that change the crystalline structure and affect the 
mechanical properties of the steel [2]. It is important to 
know the exact transformation temperatures, in order to 
determine the maximum heat treatment efficiency and 
the effect thereof on the structure of the specific spring 
steel. This will assist with optimisation and increasing effi-
ciency during the heat treatment process. The heat treat-
ment process entails phase development when heated 
and cooled at determined rates [3]. In order for the heat 
treatment process to be optimised, the precise parameters 
have to be determined [4]. Generally, the heat treatment 

cycle involved in the spring manufacturing process has the 
following sequence:

• Initially, steel rods are heated in a controlled furnace to 
approximately 850 ◦C.

• This is followed by quench hardening to produce a 
martensitic structure [5].

• This is followed by a tempering heat treatment, at 
approximately 430 ± 20 ◦C for 3 h, to complete the 
heat treatment cycle.

However, the thermal characteristic of steel varies with 
compositional variation. As a result, the efficiency of heat 
treatment can be impacted. Furthermore, during the heat 
treatment process, the steel surface oxidises and forms 
scales when exposed to air [6]. In addition, the surface 
decarburises during the heat treatment process. These 
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two processes deteriorate the spring surface properties, 
which adversely affects the fatigue properties [7]. It is 
important to understand this behaviour for each grade of 
steel, because it can deteriorate the mechanical proper-
ties of the springs. This study will focus on the thermo-
gravimetric characteristics of spring steels and the surface 
properties of the steels during heat treatment, oxidation 
and decarburization. A large body of work has been done 
on thermogravimetric analysis of various metals; however, 
not much has been carried out for spring steels. The oxida-
tion and decarburisation of steels have been extensively 
investigated [8–11]. They have investigated various steel 
chemistries and conditions; however, the specific condi-
tion and chemistry of spring steels have not been inves-
tigated, and there is limited information on the oxidation 
rates of specific spring steels. Shi et al. [12] evaluated the 
sensitivity of various spring steels to decarburisation and 
oxidation, but did not show the relationship between 
them. In pursuit to understand how decarburisation of 
steel can be reduced, Zorc et al. [11] conducted a study of 
oxidation and decarburisation of non-alloyed C45 steel at 
various temperatures. In the current study, three alloyed 
spring steels were heat-treated and evaluated against 
decarburisation and oxidation. The transformation char-
acteristics of these steels were also determined in order 
to understand the behaviour of material when subjected 
to heat treatment. Generally, continuous cooling tempera-
ture (CCT) curves only provide limited information regard-
ing the heat treatment process and CCT curve of steels 
is unique. Thermal analysis techniques are generally used 
to determine how material composition changes heat 
flow. Phase transformation takes place at a specific tem-
perature and can be determined when alloyed steels are 
subjected to heating and cooling [13]. An understanding 
of phase transformation information must be developed, 
in order to ensure efficient metallurgical operation. Usu-
ally, the underlying reaction and transformation kinetics 
of steels are studied with differential scanning calorim-
etry (DSC) [14]. This thermo-analytical technique (DSC) 
was employed to investigate the behaviour of the three 
spring steels. Calorimetry is one of the most accurate and 
suitable methods for analysing materials by determin-
ing their heat flow rate as a function of temperature and 
time. Calorimetry bases its measurements on endother-
mic and exothermic processes [15]. Phase transformation 
that occurs during the heat treatment process influences 
the metallurgical and mechanical properties of the steel 
dramatically [16]. The austenite transformation plays a sig-
nificant role in terms of mechanical properties, followed 
by the chemical composition and the cooling rate [17]. 
According to the binary Fe3C phase diagram presented in 
Fig. 1, the start of austenite transformation during heating 
begins at 723 ◦C (Ac1). Complete austenite transformation 

is achieved when the Ac3 transformation line is achieved. 
The martensite structure is achieved when rapidly cooling 
the steel from the austenite range. Austenite ( ) and fer-
rite ( α ) phases have FCC and BCC crystal structures, respec-
tively, whilst martensite has a BCT structure. The aim of 
this study was to determine the exact transformation tem-
peratures of the three spring steels, as well as their high 
temperature oxidation rates. The first part of the study 
focused on DSC measurements, whilst the second part 
focused on experimental heat treatment results, so as to 
validate the high temperature oxidation rate. In the inves-
tigation described in this work, a fair amount of attention 
was given to rates of oxidation and the decarburisation of 
steel in air at atmospheric pressure.

2  Materials and experimental procedure

Three spring steel materials were selected for heat treat-
ment optimisation. This section focuses on thermal analy-
sis and heat treatment of the three different spring steels. 
The three spring steels were marked material A, B and C 
for identification purposes. The chemical composition of 
the steels was determined using an ultraviolet chemical 
spectrometer.

2.1  Differential scanning calorimetry

An SDT Q600 DSC equipped with a DSC–TGA module was 
used for experimental thermal analysis. The materials were 
ground to produce fine particles, and the samples were 
initially weighed with the instrument before the analysis 

Fig. 1  Fe–Fe3C diagram [18]
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began. The chamber temperature was increased to 860 ◦C 
at 120 ◦C/min , from room temperature, and held for 2 min 
before cooling at the same rate. All three materials expe-
rienced the same heating and cooling cycle under atmos-
pheric conditions. Furthermore, the oxidation rates were 
determined by holding the samples isothermally, after 
they were heated to 860 ◦C , whilst purging with argon 
gas. The samples were then isothermally held at 860 ◦C 
for 60 min under atmospheric conditions.

2.2  JMatPro

JMatPro software was used to predict the thermal prop-
erties of the materials. Continuous cooling temperature 
(CCT) curves were plotted using the software. The mar-
tensite start temperature was estimated using JMat-
Pro practical software and compared with the Andrews 
equation 1.

2.3  Heat treatment

The steels were subjected to the heat treatment process 
in a controlled furnace in order to evaluate decarburisa-
tion and oxidation behaviour of the material. The heat 
treatment entailed solution treating at 860 ◦C for an hour 
and subsequently quenching in oil. The samples were 
tempered at 450 ◦C for 3 h. Before heat treatment, the 
three rods were machined to a depth of 1 mm, in order to 
remove any possible decarburised surface layer. Transverse 
sections were polished to 1 μm surface finish and etched 
with picric acid for purposes of microstructural analysis.

(1)
Ms(

◦

C) = 539 − 423(%C) − 30.4(%Mn) − 17.7(%Ni)

− 12.1(%Cr) − 7.5(%Mo)

3  Results

3.1  Chemical analysis

The chemical composition results are shown in Table 1. 
The chemistries of materials A, B and C aligned with steel 
grades are 55Cr3, 54SiCr6 and 52CrMoV4, respectively. 
Material B contained a significant amount of silicon, com-
pared with 0.32 and 0.28% observed on material A and C, 
respectively. However, material C contained a significant 
percentage of chromium, vanadium and molybdenum 
compared to material A and B.

3.2  Thermal analysis

The DSC measurements shown in Fig. 2 show three curves 
with an endothermic and exothermic peak, which repre-
sent the eutectoid temperatures of the three samples. The 
heating and cooling peak information is summarised in 

Table 1  Chemical composition 
of the spring steels in wt%

*Not specified

Identity/element Test sample BS EN 10089 Specification

Material A Material B Material C 55Cr3 54SiCr6 52CrMoV4

%Carbon 0.58 0.56 0.55 0.52 0.59 0.51 0.59 0.48 0.56
%Silicon 0.32 1.33 0.28 0.40 max 1.20 1.60 0.40 max
%Manganese 0.92 0.71 0.92 0.70 1.00 0.50 0.80 0.70 1.10
%Phosphorus 0.013 0.014 0.012 0.025 max 0.025 max 0.25 max
%Sulphur 0.004 0.002 0.007 0.025 max 0.025 max 0.25 max
%Chromium 0.79 0.75 1.05 0.70 1.00 0.50 0.80 0.90 1.20
%Nickel 0.06 0.01 0.01 * * *
%Copper 0.10 0.01 0.01 * * *
%Molybdenum 0.01 0.00 0.19 * * 0.15 0.30
%Vanadium 0.01 0.06 0.11 * * 0.10 0.20

Fig. 2  Heat flow versus temperature plots for material A, B and C
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Table 2. The materials showed distinct thermal properties, 
with material A requiring lower heat flow than materials B 
and C. In addition, the eutectoid temperature of material 
A was lower compared to material B and C.

Figure 3 presents the required heat flow over time. The 
trends of the graphs show that material C requires signifi-
cantly higher heat flow to achieve the eutectoid tempera-
ture at approximately the same time as material A and B. 
Figure 4 shows the behaviour of the three materials during 
heating, whilst purging with argon, followed by isother-
mal treatment for 60 min in the atmosphere. The graph for 
material C fell between that for material A and B. Table 3 
presents the sample weight before analysis and the weight 
after heating and exposure to the atmosphere. Figure 5 
shows the weight gain due to heating and exposure to 
the atmosphere. The oxidation rate was determined by 
plotting the gradient once the graph on Fig. 6 had sta-
bilized. Material A showed a higher oxidation rate, whilst 
material B showed itself to be more resistant to oxidation. 
The oxidation rates were calculated when the graph sta-
bilised. Despite the slightly smaller weight, the oxidation 
rate of material C is less than that of A, but higher than B. 

Figure 7 shows the CCTs for the three materials that were 
determined using JmatPro software. The martensite start 
temperature established from the CCT curves and those 
determined from Andrews equation are summarised in 
Table 4. While the martensite start temperature for mate-
rial A and C (determined using JmatPro software and 
Andrews equation) was comparable, the results for mate-
rial B were inconsistent. It is worth noting that Andrews 
equation does not take into account the amount of silicon 
in the steel, which is significantly higher in material B.      

Table 2  Endothermic and 
exothermic reaction details

Sample Heating Cooling

Time (min) Eutectoid tem-
perature ( ◦C)

Heat flow 
(mW/g)

Time (min) Eutectoid tem-
perature ( ◦C)

Heat 
Flow 
(mW/g)

Material A 6.18 729.58 4246 11.98 689.23 1297
Material B 7.70 761.82 4702 12.65 713.93 3566
Material C 7.76 766.08 7201 12.81 709.67 4769

Fig. 3  Heat flow versus time plot of the three steels
Fig. 4  Oxidation in weight percentage versus time of the three 
steels

Table 3  Oxidation characteristics at 860 ◦C

Identity Initial 
weight 
( μg)

Final weight ( μg) Oxidation (%) Oxida-
tion rate 
( μg/min)

Material A 9178 10,384 11.6 131,587
Material B 9393 9794 4.1 18,054
Material C 6465 6954 7.0 28,154
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3.3  Metallographic examination

The microstructures of the heat-treated samples are shown 
in Fig. 8. The general microstructure of the three steels was 
that of tempered martensite with a degree of decarburisa-
tion at the edges. Decarburisation occurred on all three 
samples, but the most occurred with sample B. However, 
Samples A and C showed a similar microstructure, which 
is indicative of a lower extent of decarburisation.

4  Discussion

Heat treatment optimisation of various steels requires 
precise knowledge of the parameters and how they 
influence the behaviour of the material during the 

heating and cooling processes. The DSC curves of the 
materials heated to 860 ◦C showed high temperature 
endothermic peaks during heating and exothermic 
peaks during cooling in air. The achieved peaks for the 
different steels were measured at different tempera-
tures. The graphs show that material A required 4606 
mW/g heat flow to reach the eutectoid temperature, 
compared to 5679 mW/g and 7200 mW/g of materials 
B and C, respectively. Therefore, the heat treatment pro-
cess of the three materials had to be varied according to 
their specific heat capacity. This will also influence the 
amount of time the materials spend within the furnace. 
With the cooling segment at 120 ◦C∕min , the eutectoid 
temperature of each steel was found to be lower than 
the heating eutectoid temperature. The low tempera-
ture phase transformation peaks were predicted using 
the CCT diagrams and Andrews equation. The mar-
tensite start temperatures (generated from JmatPro 
and Andrews equation) were comparable to each other, 
with the exception of material B, which contained a sig-
nificant silicon content. This behaviour of material B is 
attributed to the fact that Andrews equation does not 
take into account the amount of silicon. It is well known 
that the amount of carbon influences the mechanical 
properties significantly; however, silicon can substan-
tially influence hardenability. Carbon reduces iron oxide 
to form carbon monoxide and iron, thus causing decar-
burisation [19]. A stable oxide scale that forms on the 
surface hinders the progression of decarburisation [6]. 
The addition of aluminium and silicon in steel retards 
oxidation by forming aluminium and silicon-rich scales 
that prevent the diffusion of iron ions. Silicon readily 
oxidises to form silicon oxides at a high temperature 
[20]. Due to the inadequate cooling capability of the 
DSC instrument used, rapid quenching could not be car-
ried out; however, phase transformation from austenite 
to martensite was predicted using JmatPro and Andrews 
equation. The established martensite start temperature 
will aid in determining the critical cooling rate, and 
consequently in selecting an appropriate quenching 
media. Another significant observation made when 
conducting thermal analysis was the determination of 
the oxidation rate for each type of steel. Calorimetry 
analysis indicated a higher oxidation rate for material 
A, followed by C, then B. The microstructure of sample 
B displayed severe decarburisation in comparison with 
sample A and sample C. This was found after exposing 
the samples to 860 ◦C for an hour, followed by temper-
ing at 450 ◦C for 3 h. Material B had a significantly higher 

Fig. 5  Oxidation exposure at 860 ◦C of the three steels

Fig. 6  Oxidation rate at 860 ◦C of the three materials
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silicon level compared to materials A and C. Material C 
and A showed less decarburisation, which is attributed 
to protection offered by the thick oxidation scale. The 
observed behaviour is similar to that reported by Liu 
et al. [8].

Fig. 7  Continuous cooling curves

Table 4  Martensite start temperature predictions

Martensite start 
temperature pre-
diction

Material A ( ◦C) Material B ( ◦C) Material C(◦C)

Andrews equation 254.9 271.3 264.1
JmatPro estimation 253.3 260.1 265.6



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1548 | https://doi.org/10.1007/s42452-019-1546-5 Research Article

5  Conclusion

Thermogravimetric can assist in effectively formulating 
the heat treatment process by establishing the actual 
transition temperature and the time required to achieve 
an interstitial solid solution. This is particularly impor-
tant because of the heat treatment efficiency and opti-
misation elements. The calorimetry results showed that 
the three materials have distinct phase transformation 
properties. On the other hand, oxidation and decarburi-
zation is undesirable because it can degrade the surface 
properties. Spring steel selection must be accompanied 
by an understanding of the oxidation/ carburisation rate. 
Although oxidation may hinder decarburisation, the heat 
treatment and calorimetry revealed that the relationship 
between the oxidation rate and decarburisation is not lin-
ear. Decreased decarburisation on material A is attributed 
to high oxidation scale. Material B showed less oxidation 
and high decarburisation due to significant of silicon con-
tent. As a result, it can be concluded that oxidation and 
decarburisation counteract one another.
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