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Abstract This article examines the impact of various factors on the fatigue strength of spring steel and explores
methods to enhance it. In this regard, both basic and modern methods are investigated and compared, including
reducing the size of inclusions, decreasing the grain size, minimizing the depth of decarburization, improving the
surface quality, and achieving a desirable microstructure through heat treatment. Regarding the fatigue strength of
spring steel, the microstructures of tempered martensite or fine bainite are used in the industry. Experimental
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optimal micro-alloy microstructure for spring steel. The evaluation methods include analyzing different
microstructures resulting from heat treatment and reducing the size of non-metallic inclusions in steel. The
experimental results further demonstrate that when the steel is clean (free of inclusions), the microstructure plays

a dominant role in enhancing the fatigue life.
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1. INTRODUCTION

Despite the continuous evolution of material families
of new engineering materials, advanced high-strength
steel remains one of the most reliable, widely used, and
important  engineering  materials  with  diverse
applications and low manufacturing cost for industrial
(Khajesarvi et al., 2024 ; Panahi et al., 2011).

For many engineering structures, fatigue resistance
is a consideration during design. High-cycle fatigue of
metal components refers to their sudden elastic fracture
when subjected to alternating mechanical stress. Fatigue
results in a brittle fracture without severe deformation in
the specimen (Dieter et al., 1976 ; Stephens et al., 2000;
Schijve et al., 2003).
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Figure 1. Different stages of fatigue life and related factors
(Schijve et al., 2003).

The main design tool for predicting the fatigue
strength is the S-N curve. However, generating S-N
curves is inherently time-consuming, often requiring a
large number of samples that are expensive. One of the
most common applications of this test is predicting
fatigue life in spring steels (Motte et al., 2024). Spring
steels are a group of alloy steels that contain elements,
such as silicon, manganese, chromium, vanadium, and
molybdenum. They exhibit high yield strength, good

Ductility, and a unique ability to undergo plasticity and
heat treatment (Burgul et al., 2014).

2. BACKGROUND
One of the important discussions in spring steels is

the increase in fatigue strength due to dynamic loads
over long periods. The following factors are significant:

e  Effects of hardness, tensile strength, and

ultimate tensile strength (UTS)
e  Effects of microstructure on strength
e  Effects of non-metallic inclusions in steel

2-1- The effect of hardness and strength on fatigue
Test methods to determine the tensile strength of a
material are destructive in nature. Therefore, non-
destructive methods for estimating tensile properties,
especially yield strength and tensile strength, have been
the focus of process engineers. An equation that relates
tensile strength (TS) and hardness (H) to strain-hardness
coefficient (n) is given as formula 1 (Njoku et al., 2019):

= (%) (0.21117) )2 )

To predict the fatigue life of metals, the most suitable
method for research studies is the Murakami’s
relationship. The relationship applies when HV<400 and
when the steels are free of defects (Murakami et al.
2019):
ow = 0.50yts Or 1.6HV (2)

Therefore, the higher strength and hardness of steel,
the higher the fatigue limit.

2-2- The influence of non-metallic inclusions on
fatigue

Predicting the fatigue limit of steels in the presence
of inclusions has been a long-term need for engineers
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across various industries. When steel failure is caused
by defects or the presence of non-metallic impurities, the
following relationship is used to determine the fatigue
limit.

6y = A X (Hy + 120)/(v/area) /s 3)

In this formula, varea represents the imaged area of
the defect, perpendicular to the applied stress. The
constant A depends on the position of the inclusion and
falls into the following three states (Stephens et al.,
2000; Murakami et al., 2019):

e Surface inclusions: A = 1.43
e Subsurface inclusions: A = 1.41
e Internal inclusions: A = 1.56

2-3- Microstructure effect on fatigue

Fatigue limit (FL) is influenced not only by test
conditions and sample states_ such as the type of applied
force, average stress, test temperature, sample size and
shape, and sample surface condition_ but also by
metallurgical variables, including hardness, Strength,
grain size, and microstructure. Under the same test
conditions, the FL of a material depends more on the
strength and hardness of the microstructure. The
relationship between mechanical properties and fatigue
limit (FL) of medium-carbon steels with different
microstructures and tensile properties is as follows:

FL=154H,+ 189 4)
FL =0.55UTS + 134 )
In this regard, it can be concluded that

microstructures with higher strength (such as Martensite
and Bainite) exhibit a higher fatigue limit compared to
softer microstructures (such as Ferrite, Pearlite, and
Austenite) (Park et al., 2017).

3. RELATED WORKS

The effect of different temperatures on the
microstructure and mechanical properties during the
austempering process was investigated in 60Si2CrVNb
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spring steel by Yunchao Li et al. (Li et al., 2024). The
results indicate that after austempering heat treatment,
the microstructure of 60Si2CrVNb spring steel consists
of a multi-phase microstructure, including Martensite,
Bainite, and Retained Austenite. As the austempering
temperature increases, the volume fraction of martensite
gradually decreases, while the amount of bainite phase
increases significantly. The ratio of Retained Austenite
(RA) initially increases and then decreases slightly.
Figure 2 presents a summary of this research.

The difference between QT and SAT heat treatment
cycles on the fatigue strength of 54SiCr6 spring steel has
been investigated by Prochazka et al. (Prochéazka et al.
2023). High-strength steels, such as 54SiCr6 spring
steel, traditionally undergo Quench and Temper (QT)
process; however, they can be processed using the
Strain-Assisted Temper (SAT) heat treatment cycle to
achieve a steel with higher strength. The absorption of
strain energy ratio depends on the elastic limit, making
this steel a promising material for spring applications,
particularly in the automotive industry. Table 1 presents
the results of his experiments: The difference in the
microstructure obtained in two heat treatment cycles,
QT and AT, and their effect on the fatigue strength of
spring steel AISI 54SiCr6 is discussed in Min Soo et al.'s
report (Suh et al., 2022). In this study, the microstructure
of martensite and tempered martensite in the QT heat
treatment cycle was compared to the microstructure of
martensite and bainite in the AT cycle. In the QT cycle,
the main concern is hydrogen embrittlement in the
strengthening mechanism. Therefore, if the tempered
microstructure of spring steel can be replaced by a
duplex bainite microstructure, it would be highly
beneficial in developing products with high strength and
long service life. In the QT cycle, the main problem is
the discussion of hydrogen embrittlement in the
strengthening mechanism; Therefore, if the tempered
microstructure of spring steel can be replaced by the
duplex bainite microstructure, it will be very useful in
developing products with high strength and long life
(see Table 2).
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Figure 2. (a) volume fraction of each phase and (b) schematic diagram of the phase strength (Li et al., 2024).

Table 1. Tensile test results obtained in 2 different modes of heat treatment (Prochéazka et al., 2023).

RA EL uL YS YS E Temp Heat

(%) (%) (%) (MPa) (MPa) (MPa) (°C) Treatment
28+1.6 7.8+0.4 25+£0.1 2130.2+3.4 1875.2+3.5 202.4+3.1 23 QT
14+3.7 28+04 0.7+£0.1 2433.7+ 1.3 2397.7+8.4 201.5+35 23 SAT
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Table 2. Comparison of tensile test results for spring steel in heat treatment conditions (AT and QT) (Suh et al., 2022).

Yield Strength , 0.2% (MPa) Tensile Strength (MPa) Specimen
527 992 AR
1682 1824 AT
1612 1732 QT

Abareshi and his colleagues investigated the effect
of retained austenite properties on the fatigue behavior
and tensile properties of TWIP steel. The main objective
of their study was the influence of the volume of retained
austenite formed at different AT temperatures. As the
austempering temperature decreases, the retained
austenite volume fraction increases while the carbon
content of this phase decreases. As a result, increasing
the volume of retained austenite improves the tensile
strength of steel, ductility, and fatigue behavior of TRIP
steels (Abareshi et al., 2011).

Calderdn et al. (de Diego-Calderén et al., 2015)
investigated the effect of microstructure on the fatigue
behavior of high-strength advanced steels produced
through quenching and partitioning, as well as the role
of retained austenite. According to his research,
increasing the content of retained austenite improves the
fatigue limit of Q&P steels. This improvement is
attributed to to the delay of crack propagation caused by
the austenite-martensite phase transformation. In
addition, finer RA grains are more stable compared to
the larger grains, hence an increase in the fatigue life of
Q&P steels. The ability to enhance fatigue life is then
linked to strengthening of grain/interphase boundaries.

4. CONCLUSION

The purpose of this article is to present the required
theoretical knowledge and documented research history
to conduct new research on increasing the fatigue life of
spring steels.

Regarding the previous studies aimed at improving
the fatigue life of spring steels, one key factor is the
retained austenite volume fraction obtained in the steel,
which results from heat treatment cycles such as Q&P,
Q&P, and AT. Although retained austenite is the softest
phase in the microstructure of micro-alloy steel, it plays
acrucial role in the fatigue resistance. Retained austenite
increases the toughness and ductility of the steel while
causing a loss of strength. If the carbon content in the
remaining austenite increases and this phase becomes
stable, the hardness and strength decrease, while if this
phase transforms into martensite and the steel carbon
increases, the strength also increases. In short, to
enhance the fatigue strength of steel, the following two
parameters are effective:

e  Type of heat treatment cycle to achieve optimal
microstructure

e Amount and size of inclusions (steel cleaning)

The higher the hardness/strength of the steel
microstructure_ such as martensite or bainite phases_
the higher its fatigue strength compared to softer phases
like ferrite, pearlite, and austenite. Conversely, if the
inclusions are deep within the steel or partially embeded,

they have less effect than surface and subsurface
inclusions.
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