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ABSTRACT

The presence of bainite and retained austenite in advanced high-strength steels (AHSS)
has grown a great interest in the automotive industry as simultaneously provides strength
and the transformation-induced plasticity (TRIP) effect. This type of microstructure is
present in modern trailing arms. A trailing arm is part of the air suspension system in
heavy vehicles. In spring steels, such as the ones used to produce trailing arms, this
combination of bainite and retained austenite is obtained by a heat treatment named
austempering.

In this work, the microstructural distribution of a silicon spring steel (Fe-0.6C-1.63Si-
0.97Mn-0.48Cr) was investigated after austempering for 1 hour at 300oC. Microstruc-
tural heterogeneity was investigated at different scales using optical microscopy, scan-
ning electron microscopy (SEM), electron probe micro analysis (EPMA), X-ray diffraction
(XRD), and hardness measurements. Observed heterogeneities were related to the pres-
ence of thermal gradient, chemical segregation, and carbon gradient.

The results gave insights into the effect of the processing route on the microstruc-
ture. After austempering, bainitic ferrite, martensite-austenite islands, and carbide par-
ticles were observed. The thermal gradient was confirmed by the identification of auto-
tempered M-A islands due to the slower cooling rate in the bulk of the material. More-
over, chemical segregation of Si, Mn, and Cr parallel to the rolling direction was observed
and confirmed from optical microscopy, SEM, and EPMA results. In regions with high
concentrations of substitutional elements, the Bs temperature was locally reduced and
the bainitic ferrite formation kinetics was slow. Carbon gradient in M-A islands was ob-
served as carbide precipitation occurred at the center of the island indicating that the
carbon content was lower compared to at the edges of the constituent. Furthermore, in
areas of the trailing arm with lower fractions of retained austenite (≺ 8%), bainite forma-
tion was ceased based on the To curve (austenite reached a specific carbon content over
which growth of bainite based on the diffusionless theory is not possible). These results
indicate that bainitic ferrite advances non-uniformly through the trailing arm.

Based on these indications, the carbon gradient had a more significant effect on the
bainitic ferrite formation in the spring steel during austempering compared to the ther-
mal gradient and chemical segregation.
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1
INTRODUCTION

1.1. ADVANCED HIGH-STRENGTH STEELS
One of the major aims of the automotive industry is to achieve low fuel consumption
together with high passenger safety. For these reasons, advanced high-strength steels
(AHSS) have been developed over the last decades as ideal candidates for this applica-
tion due to thin sheet production, high formability, and lightness [1].
Figure 1.1 illustrates the final elongation and tensile strength of the AHSS together with
some conventional high-strength steels. Three generations of AHSS have been devel-
oped so far[2]:

• The first generation of AHSS shows a better combination of strength and duc-
tility than conventional steels. Such materials were complex phase (CP) steels,
transformation-induced plasticity steels (TRIP steels), and dual phase (DP) steels.

• In the second generation of AHSS, steels were included with the final microstruc-
ture containing a specific fraction of retained austenite (0.10-0.20) to enhance duc-
tility. To achieve austenite thermal stability, alloying elements such as Mn and Ni
are added which increases the production cost. Some examples are twin-induced
plasticity (TWIP) steels and austenitic stainless steels.

• The third generation is based on the development of steels with high strength and
ductility but low cost by introducing new process methods such as austempering
and adding smaller amounts of alloying elements. Thus, quenching and partition-
ing (Q&P), carbide-free bainitic (CFB), and medium Mn steels were developed [3].

1.2. AIR SUSPENSION SYSTEMS
Air suspension system technologies have been developed over the years in the automo-
tive industry to reduce vibration during the motion of the vehicle.

1
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2 1. INTRODUCTION

Figure 1.1: Classification of steel families according to their combination of total elongation (%)
and tensile strength (MPa), CFB= Carbide free bainitic, TRIP= Transformation induced plasticity,

DP = Dual Phase, Q&P= Quenching and partitioning, IF= Interstitial Free, TWIP= Twinning
Induced Plasticity, HSLA= High strength low alloy [3].

In figure 1.2, an air suspension system for trucks is illustrated. One of the main parts
of the system is called trailing arm (indicated with an arrow) and is made of steel. These
steels are usually referred to as spring steels as they meet the required mechanical prop-
erties for this application: fatigue strength, and corrosion resistance [4]. In heavy ve-
hicles, spring steels are AHSS as they are multi-phase materials that could meet the re-
quirements mentioned above.

Figure 1.2: Air suspension system for heavy vehicles [5].

Many studies have been conducted to improve spring steel’s performance in terms of
fatigue properties by adding alloying elements like silicon, manganese, and chromium
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or by applying different heat treatment processes such as quenching and tempering or
austempering leading to different microstructures. In the last years, the presence of bai-
nite in AHSS has grown great interest due to martensite’s lack of ductility and the possi-
bility of increased performance through the TRIP effect. Bainite is then formed through
the application of an isothermal heat treatment named austempering. However, this mi-
crostructure production presents challenges in large-scale applications due to bainite’s
complex mechanisms of nucleation and growth that will be analysed in the literature
review.

1.3. AIM AND STRUCTURE OF THE THESIS
This thesis aims to provide insights into the microstructural distribution of silicon spring
steel after austempering.

This thesis is divided into six main chapters.

• In Chapter 2, a literature review is provided on silicon-containing spring steels
and heat treatments. Based on this information, three reasons are indicated for
the investigation of microstructural distribution.

• Chapter 3 consists of the analysis of the spring steel used in this investigation, and
the description of the experimental procedures conducted in this study.

• In Chapter 4, the results obtained from the experimental investigations are pre-
sented.

• In Chapter 5, results are discussed with respect to the research questions and re-
search from the literature.

• The conclusions and recommendations for future work are presented in Chapter
6.





2
LITERATURE REVIEW

2.1. MOTIVATION

Spring steels used in air suspension systems, have developed a plurality of mechanical
properties such as good fatigue resistance as well as high elastic and yield strength due to
spring’s high-frequency dynamic load work and need for long endurance life [6]. These
mechanical properties are significantly affected by the microstructure of the steel.

The use of spring steels containing over 1.5w t .% silicon in such applications has in-
creased over the years. This fact is attributed to the production of a carbide-free bainitic
(CFB) microstructure. Generally, austempering (isothermal transformation in the bainitic
range) is one of the processing methods implemented at spring steels that could lead to
a CFB microstructure with stabilized austenite at room temperature. However, experi-
ments conducted on this type of steel, lead to the conclusion that microstructural inho-
mogeneity was formed which influences accordingly material’s mechanical properties.

The explanation of microstructural inhomogeneity requires a deep understanding of
the following components. Firstly, the specific type of material needs to be understood,
and more specifically, the effect of chemical composition on the microstructure. These
aspects will help to comprehend the relationship between microstructure and the de-
sired mechanical properties for the optimal spring performance. Moreover, microstruc-
tural development during austempering should be reviewed for the study of inhomo-
geneity. Furthermore, the application of austempering in silicon spring steel, the effect
of different process parameters such as treatment temperature and holding time on the
microstructure, and the response of the steel to the applied loading are analysed. Finally,
a scientific basis is created on which the reasons that lead to possible microstructural in-
homogeneity of this type of steel are built.

5
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Figure 2.1: Trailing arm for air suspension system made from silicon spring steel [5].

2.2. SILICON-CONTAINING SPRING STEEL
The materials used for springs are separated into metals and nonmetallic. Such met-
als are steel, nickel alloy, and others. These materials are heat-treated during the spring
manufacturing process to obtain the desirable properties (tensile strength, hardness) or
acquire the required mechanical properties before the spring forming. Several steels
could be used for this application depending on their chemical composition and heat
treatment. Some of them that are used for hot forming are: Si, Mn, Si-Cr, Cr-Mo, Si-Ni-
Cr, Si-Cr-V, and Ni-Cr-Mo and any standards are used to express spring steel and their
chemical composition like JIS, SUP, ISO or AISI [7].

In figure 2.1, a trailing arm (leaf spring) made from silicon spring steel that is used in
an air suspension system is presented [5].

Understanding the effect of chemical composition and how the microstructure of
silicon spring steels develops during austempering, are factors that will contribute to
the comprehension of inhomogeneity’s formation. In the following sections, the effect
of the spring’s alloy elements and process parameters on the microstructure, and the
effect on the mechanical performance, are analysed.

2.2.1. ALLOYING ELEMENTS
Silicon is the major alloying element of silicon spring steels and is added also over 1.5w t .%,
to improve the strength of the matrix while remaining in solid solution, which increases
the material’s sag resistance. Its addition is essential for steel to acquire an ausferritic
microstructure during austempering. More specifically, it delays the precipitation of ce-
mentite. Generally, the presence of cementite causes fracture in high strength steels and
makes the material susceptible to void formation [8]. Furthermore, silicon is responsible
for the formation of surface defects and decarburization and its volume fraction in steel
should be controlled [9].
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Other alloy elements that influence the final microstructure of silicon spring steels
are carbon, manganese, chromium, and vanadium.

Carbon presents a strong influence on the bainite-start temperature (Bs ) as it de-
creases with a rise in carbon content. Carbon has higher solubility in austenite than
in ferrite. Thus, high carbon content stabilizes austenite, leads to lower bainitic trans-
formation temperatures, and retards the incubation period of bainite reaction [10] [11].
Also, the maximum attainable volume fraction of bainitic ferrite decreases. Besides Bs ,
martensitic start temperature (Ms ) is decreased by the increasing carbon content. There
is a wide range of carbon addition to spring steels from 0.40-0.65 w t .% [12].

Manganese and chromium are added to increase the silicon spring steel’s harden-
ability. Manganese is usually between 0.5-1.1 w t .% in silicon spring steels [12]. Chromium
is also a strong carbide former which in high silicon steels tends to prevent decarburiza-
tion [7] and is added from 0.2-1.2 w t .%[12]. However, both Mn and Cr tend to segregate
and form bands which can cause retardation of bainite kinetics in regions rich in these
elements. It was proven also, that at high isothermal treatment temperatures (close to
Bs ), Cr retards the interface mobility, and thus, bainitic ferrite growth is also, delayed [9].

Vanadium is frequently added to this type of steel (0.1-0.2w t .%) to form carbides that
lead to an increase in hardness. Moreover, vanadium carbides are stable even at high
temperatures and thus, contribute to the restriction of austenite grain growth during
austenitization [9].

2.2.2. QUENCHING & TEMPERING (Q & T) PROCESS

Usually, the processing of spring steel involves casting and rolling to obtain the shape
of the trailing arm. However, the last years forging has been applied instead of rolling in
favor of acquiring a finer microstructure [13]. After rolling or forging, different heat treat-
ment routes can be designed to obtain the required properties. One of these heat treat-
ments is the quenching & tempering (Q & T) process. Typical Q & T includes austenitiza-
tion, quenching of austenite to room temperature to form a fully martensitic microstruc-
ture, and a heat-treatment at temperatures above Ms to obtain tempered martensite.
Figure 2.2 illustrates this heat treatment including forging, austenitization and quench-
ing & tempering.

Even when Q & T results in the strength increase of spring steel, this route could lead
to quench cracking or the production of undesirable residual stresses affecting spring
performance negatively [15].

Routes alternative to the typical Q & T are being investigated to produce components
with equivalent properties while reducing energy consumption. One of the main alter-
natives is austempering, which leads to a bainitic microstructure. Austempered com-
mercial spring steels with bainitic microstructure present improved mechanical proper-
ties such as tensile strength compared to Q & T processed spring steel [16].
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Figure 2.2: Schematic overview of Quenching and Tempering applied at silicon spring steel [14].

2.2.3. AUSTEMPERING HEAT TREATMENT
Austempering is an isothermal heat treatment that is applied to ferrous alloys such as
steel and cast irons. The main aim of this process is to obtain a microstructure that con-
sists of ferrite and carbon-rich austenite (ausferritic structure) for cast iron and bainite
for steel. The austempering process route for steel is illustrated in figure 2.3 where the
material is quenched from austenitizing temperature fast enough to avoid the forma-
tion of pearlite and is held isothermally at a temperature above Ms to avoid martensite
formation [17]. After the isothermal treatment, the material is cooled to room temper-
ature. Due to the outstanding combination of properties such as strength and ductility,
the process is used in many industries like automotive.

Bainite’s formation mechanism and kinetics in steels present great complexity [18].
Understanding this transformation together with its diversity in morphology and influ-
ence of chemical composition, are considered essential factors for the later comprehen-
sion and explanation of the spring steel’s microstructure variations.

2.2.3.1. BAINITE FORMATION

When the material is held at temperatures below pearlite formation, austenite decompo-
sition occurs leading to a microstructure consisting of plate-shaped ferrite and carbides
named bainite. The bainite formation has grown great controversy over the years about
whether it forms via a displacive or diffusion-controlled mechanism. In the literature,
both theories are supported.

The diffusionless theory considers that the bainite transformation has many simi-
larities with martensite transformation[3]. Bhadeshia introduced that ferrite in bainite
forms via nucleation and diffusionless growth and the following conditions must be ful-



2.2. SILICON-CONTAINING SPRING STEEL

2

9

Figure 2.3: Austempering treatment for steel with the final product being bainite [19].

filled: the driving force for the transformation of austenite to ferrite must exceed the
energy barrier for bainite formation (400 Jmol−1) and the maximum driving force for
nucleation must be higher than the value given by the general nucleation function[20]
[21].

In figure 2.4, bainite nucleation and growth during austempering according to the
displacive theory are schematically shown. The diffusionless theory states that ferrite
plates start to nucleate at austenite grain boundaries (stage I) and grow in clusters called
sheaves [10]. The plates inside each sheave are called sub-units and have a common
crystallographic orientation. This bainite formation, at the initial stages of transforma-
tion, leads to an increase in the number density of nucleation sites [22]. Since this nu-
cleation occurs at the austenite/austenite interface, the prior austenite grain size (PAGS)
affects the morphology and kinetics of bainite. As bainitic ferrite generates, it nucleates
at the bainitic ferrite/austenite interfaces (stage II). This nucleation is called autocat-
alytic [23][24].

At stage III, the austenite/austenite interfaces are a minority compared to austen-
ite/ bainitic ferrite and available interfaces of austenite for nucleation start to decrease.
Thus, bainite nucleates at a lower rate at the austenite/ferrite interface, and the sheaf
structure develops as this process continues. Furthermore, bainitic sheaves thicken dur-
ing this stage. Bainite, in general, seems to grow at small driving forces compared to
martensite formation due to higher transformation temperatures involved [10].

From the remaining austenite which is rich in carbon, carbides start to precipitate
between each plate in a sheaf (sub-units). Thus, bainite forms at two separate stages:
the formation of ferrite and the precipitation of carbides. The most common carbide
that forms is cementite but other carbides were also detected such as transition carbides
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Figure 2.4: Bainite nucleation and growth during austempering in a high Si, medium C steel [23].

in high silicon steels [20]. The formation of carbides depends on the transformation
temperature applied and the chemical composition of the material [25]. As the growth
of bainite occurs, the Gibbs-free energy of austenite starts to decline as carbon starts to
partition from bainitic ferrite to austenite, and at some point, it obtains the same value
as that of ferrite at the same chemical composition, as presented in figure 2.5. The tem-
perature at which the free energy of austenite is identical to that of ferrite is called To

temperature. Ferrite is allowed to form without diffusion, as long as the carbon concen-
tration in the austenite is below the To-line [26]. In figure 2.5, the To-curve is illustrated
with the T ′

o-curve that was introduced by Bhadeshia, where the energy barrier for the
growth of bainitic ferrite (which was related to the transformation strain) was consid-
ered.

Bainite formation shows an ‘incomplete reaction phenomenon’ where the carbon
concentration of the untransformed austenite on the cessation of bainite transforma-
tion remains below the level determined by the para-equilibrium condition [27]. In other
words, diffusionless transformation becomes thermodynamically impossible as the free
energy of bainitic ferrite is higher than the one of austenite [28].

Different models are available in the literature for describing the diffusional growth
of bainitic ferrite. For example, Hillert, Höglund, and Ågren proposed that the growth
mechanism of bainitic ferrite is similar to the Widmanstättern ferrite’s and the growth
rate is controlled by the diffusion of carbon in austenite (WBs theory). Furthermore,
Aaronson, Reynolds, and Purdy suggested the solute drag theory and the bainitic ferrite
formation results from eutectoid decomposition like pro-eutectoid ferrite [30].
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Figure 2.5: Schematic illustration of To and T ′
o -curve and the Gibbs free energy curves of ferrite

and austenite below A1 temperature [10] [26].

The formation of bainite depends on temperature, the chemical composition of steel,
and holding time. The temperature Bs is defined as the temperature above which no bai-
nite forms and it variates mostly according to the chemical composition of the steel. The
transformation temperature affects, for example, the morphology of bainite.

According to the morphology, bainite could be distinguished into (a) upper and (b)
lower bainite. Figure 2.6 illustrates differences between the two bainite morphologies
and formation mechanisms. The temperature transformation is higher in upper bai-
nite than in lower bainite where carbides precipitate both from the C-rich austenite and
supersaturated ferrite. While upper bainitic ferrite is free of carbides, in lower bainite
diffusion is slower and carbides precipitate at supersaturated ferrite[20].

2.2.3.2. CARBIDE-FREE BAINITIC (CFB) STEELS

Before steel, another material that has been processed with austempering was austem-
pered ductile cast iron (ADI) which has grown great interest due to the outstanding com-
bination of excellent properties such as high strength, great ductility, and good fatigue
properties. This could be attributed to the bainitic microstructure.

In recent years, studies have been focused on applying the same process of austem-
pering to steel, acquiring an ausferritic microstructure, and overcoming the limitations
of ADI.



2

12 2. LITERATURE REVIEW

Figure 2.6: Illustration of transition from upper to lower bainite [10].

To achieve an ausferritic microstructure, there are two important aspects to con-
sider austempered steels usually contain a significant amount of Si (over 1.5w t .%) and
thus, no precipitation of cementite occurs [31] [32] [33]. Cementite formation, not only
is a possible fracture initiation site but also, reduces the amount of carbon available
to enrich austenite. If the carbon content of austenite is low when the temperature
reaches the To curve during cooling at room temperature (RT), austenite will transform
to martensite due to its low stability. By adding substitutional solutes that could shift the
To curve to greater carbon concentrations and by applying low transformation temper-
ature, the carbon content of austenite will increase which will lead to an increase in the
fraction of bainite and a decrease in martensite formation [34].

The nucleation and growth of bainite during austempering in spring steel occurs as
described in section 2.2.3.1. Carbon has low solubility in bainitic ferrite and thus, the ex-
cess of carbon diffuses from bainitic ferrite’s sub-units and is available to enrich austen-
ite [35]. Based on the diffusional theory, bainite ferrite could grow also by inheriting
the carbon content of the parent austenite [9]. In any case, the final microstructure after
isothermal heat treatment includes bainitic ferrite and retained austenite enriched with
carbon.

Retained austenite (RA) at RT favors the transformation-induced plasticity (TRIP)
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effect as when mechanical loading is applied to the austenite phase, it might be trans-
formed to martensite. As a result, the material’s properties such as strength and ductility
would improve [25] [36] [37]. These types of steels that contain a significant amount of
silicon in which cementite formation is suppressed are called carbide-free bainitic (CFB)
steels or ausferritic steels. For these reasons, CFB steels present a good combination of
strength and ductility and they are used in many applications such as springs, rails, and
bearings.

2.2.3.3. EFFECT OF PROCESS PARAMETERS ON THE MICROSTRUCTURE

Similar to other processes, austempering parameters such as temperature and time in-
fluence greatly the thermodynamics and kinetics of bainite transformation and the dif-
fusion process of carbon during the transformation. Hence spring steel microstructure
and properties are affected.

High temperatures (over 400oC) and long holding times (2 h) applied at spring steels
lead to the formation of lath bainitic ferrite and the precipitation of carbides, despite
steel’s significant amount of silicon [38]. The carbide formation can be attributed to the
long holding time (2 h) as they have time to start precipitating [39] [40]. Furthermore,
it has been proven that carbon may remain in solid solution in bainitic ferrite and not
enrich the retained austenite [41].

The effect of holding time on the microstructure is indicated in figure 2.7 where the
fraction of retained austenite is plotted against holding time for silicon steel (1.7w t .%)
with akin chemical composition to spring steel at different temperatures [38]. With the
increase of holding time (10-60 minutes), the fraction of RA decreases as the bainitic fer-
rite transformation progresses and carbides start to precipitate. Lower treatment tem-
peratures affect the stability of austenite, as time for carbon partitioning is restricted.
This occurs as at low temperatures, the driving force for austenite to bainitic transfor-
mation is higher [38]. As a result, the carbon enrichment of austenite is sluggish and
austenite is not stable and its amount decreased as treatment temperature declined [17].

The work of Timokhina et al. on a steel with a very similar chemical composition
(1.6w t .% Si) to silicon spring steel shows that after austenitization and isothermal heat
treatment, apart from bainitic ferrite[41], two different morphologies of retained austen-
ite can be also, observed: film-like and blocky. Similar findings were confirmed by
other studies focusing on high silicon steels with medium carbon content (0.5−0.6w t .%
C)[23][42]. Figure 2.8 presents these two morphologies in a medium carbon high sil-
icon steel after applying austempering at 330oC and 300oC for 4 and 8 hours respec-
tively. Blocky austenite is usually located between bainite sheaves while films of austen-
ite are observed between sub-units [43]. It is clear from figure 2.8 that films of austenite
and bainitic ferrite are finer when the austempering temperature is lower [23]. Blocky
austenite at RT was found also, to contain less carbon compared to filmy austenite and
is also referred to as martensite-austenite (M-A) islands since unstable austenite trans-
forms to martensite during cooling at RT [44] [45].
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Figure 2.7: Variation in the fraction of retained austenite (VR A) withholding duration during
austempering at different temperatures in a high silicon steel [38].

Figure 2.8: Microstructure of a medium carbon high silicon steel after applying austempering at
(a) 330o C and (b) 300o C. FRA is film retained austenite, BRA is blocky retained austenite, and BF

is bainitic ferrite [23].

M-A islands are observed mostly along the prior austenite grain boundaries (PAGB).
Carbon concentration at the center of M-A islands was found to be low compared to the
enriched edges [46]. Figure 2.9 shows the microstructure of a CFB steel after an isother-
mal heat treatment at 400oC for 15 minutes where M-A islands were identified.
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Figure 2.9: SEM micrograph of a CFB silicon steel after isothermal treatment at 400o C for 1000 s.
[35].

Prior austenite grain size (PAGS) was found to influence the morphology and thick-
ness of carbide-free bainite in austempered steel with similar chemical composition to
silicon spring steel except for a carbon content of 0.25 % wt that usually in spring steel is
higher[47]. However, the dimensions of M-A islands were higher in coarse grains [42]. In
finer PAGS (20 ± 6 µm), the grain boundary area per unit volume of austenite increases
leading to the formation of finer bainitic ferrite sheaves [47]. In addition, the incubation
period for bainite’s formation was shortened in finer PAGS [48]. Thus, wide distribution
in the grain size of the material, caused by heat treatment, could explain possible differ-
ences in the microstructure.

To summarise this section considering austempering applied to silicon spring steel,
the stabilization of retained austenite at room temperature is one of the main goals
of this process. Carbon distribution across the material plays a significant role in the
amount of austenite that will be retained, together with the addition of silicon and man-
ganese that contribute to the stabilization of austenite. The process temperature and
time influence significantly the CFB microstructure in terms of phases, morphology, and
thickness. All these factors were reviewed to detect possible microstructural inhomo-
geneity.

2.2.4. MECHANICAL PROPERTIES
According to Kim et al., austempered spring steel presented higher tensile strength (1880
MPa) than Q & T spring steel (less than 1800 MPa) [17]. However, CFB steels with compa-
rable chemical composition to silicon spring steels that contained large M-A islands in
the structure after austempering, presented low tensile strength and impact toughness
as they acted as damaging sites. Specimens with a lower amount of martensite at RT
exhibited improved tensile properties and work hardening behavior due to the TRIP ef-
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Figure 2.10: Cyclic stress-strain curve of carbide-free bainitic steel after isothermal heat
treatment [49].

fect. The presence of carbon enriched austenite at room temperature presents low stress
concentration, and thus, crack initiation and propagation could be precluded [46].

In figure 2.10, the cyclic stress-strain curve of a carbide-free bainitic forged steel with
akin chemical composition to spring steel obtained by Wirtus et al. is shown [49]. The
steel presented cyclic hardening due to the TRIP effect as the static stress-strain curve
(obtained by tensile testing) is located lower than the cyclic (obtained by incremental
step tests)[49]. This hardening could be attributed to the presence of film austenite
which favors the TRIP effect under fatigue cyclic loading, contributing to the improve-
ment of fatigue performance [50]. Moreover, cracks were found to propagate steel when
blocky austenite (M-A islands) was present [51].

Apart from austenite, the thickness of bainitic ferrite plays an important role in fa-
tigue strength as thicker laths provide a smaller mean free path for dislocation glide in-
creasing the strength of the material [52]. Silicon spring steel austempered at low tem-
peratures (275oC) presented also, higher fatigue strength after high cycle fatigue testing
(950 MPa) than at higher temperatures (at 300oC it was 850 MPa) [50]. Fatigue strength is
one of the most important properties of spring steel which ensures long-term reliability.

It is clear that when steel presents microstructural variations, mechanical properties
such as tensile and fatigue strength will also display inhomogeneity accordingly. In the
next section, factors that influence the carbon content of austenite and bainitic ferrite’s
volume fraction and thickness which could also explain differences in microstructure
will be analysed.
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Figure 2.11: Possible reasons explaining microstructural inhomogeneity in silicon spring steel,
RA= Retained Austenite, BF=Bainitic Ferrite [46] [53].

2.3. POSSIBLE SOURCES OF INHOMOGENEITY IN SILICON SPRING

STEELS
Explaining possible reasons that prompt microstructural inhomogeneity and recom-
mending possible solutions are essential to improve the spring’s performance. Possi-
ble sources of inhomogeneity are: thermal gradient through-thickness of the material,
chemical segregation from solidification, and local carbon gradient. In figure 2.11, sources
of inhomogeneity mentioned are summarized with an indication of the length scale of
observation. In the following, inhomogeneity will be examined from different perspec-
tives reaching valuable conclusions.

2.3.1. THERMAL GRADIENT

During heat treatment, temperature distribution through thickness of the material dur-
ing heating and cooling could lead to the formation of different microstructures. Before
austempering, steel cools down from austenitization, and after austempering, it cools
down at RT. Figure 2.3 indicates the cooling curves during austempering treatment for
steel. Bulk has a slower cooling rate compared to the surface of the material. This means
that the isothermal temperature is reached at a later stage in the bulk than on the surface
of the material.

Figures 2.12 and 2.13 present the temperature distribution of a low silicon (0.4w t .%)
leaf spring steel after austenitization and right after oil quenching for 10 minutes, re-
spectively. Temperature ranges from 750oC to 890oC in figure 2.12 and from 74oC to
140oC in figure 2.13 based on the thickness of the spring. In zone 1 where the thickness
of steel is lower (14 mm), the temperature distribution was more homogeneously dis-
tributed than in zone 2 where the thickness is higher (40 mm). According to figure 2.12,
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Figure 2.12: Temperature distribution of low silicon spring steel (51CrV4) after austenitization
and before quenching [54].

Figure 2.13: Temperature distribution of low silicon spring steel (51CrV4) after oil quenching[54].

temperature variations between the surface and the bulk of the material were developed
during cooling. In figure 2.13, the two zones demonstrated significant variations in tem-
perature [54].

These results indicate that during heat treatment (austenitization, austempering),
the temperature may be different through the material and the cooling rate may variate
accordingly across the thick parts of the spring leading to the formation of different mi-
crostructures at the surface with respect to the bulk.

Studies focused on the influence of different cooling rates on the carbide-free bainitic
microstructure of silicon steel and proved that when slow cooling was applied (0.1 K/s,
0.5 K/s) after austempering, bainite sheaves had more time to nucleate and grow [24].
Bainitic ferrite during fast cooling (3 K/s) was finer and the bainitic transformation was
suppressed. As a result, there was not enough time for carbon to enrich austenite, lead-
ing to the formation of martensite. After slow cooling, specimens presented ϵ carbides
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Figure 2.14: Banded microstructure of medium carbon low silicon spring steel after austempering
at 300oC for 250 s [9].

precipitated in bainitic ferrite laths [24].

Ackermann et al. investigated the effect of cooling variations on the microstructural
heterogeneity of bainitic steel containing 1.2 % Si [55]. When the cooling rate crossed the
upper bainite region in the continuous cooling temperature (CCT) diagram (2 K/s and
then, 1 K/s), the microstructure was inhomogeneous. Grain coarsening in the upper
bainite region and different morphologies in length and shape of bainitic ferrite, com-
plicated carbon partitioning to austenite [55].

Based on the literature, in regions where the material is fast cooled, M-A islands are
expected to be present due to the instability of austenite. However, in the bulk of the ma-
terial, a higher amount of bainitic ferrite and possible carbide precipitation will be prob-
ably formed affecting the final ausferritic microstructure. This microstructural variation
is forecasted to be observed in parts of the spring with higher thicknesses.

2.3.2. CHEMICAL SEGREGATION

The basic alloying elements of silicon spring steels are manganese and chromium which
tend to segregate during solidification. Goulas et al. found differences in the bainite for-
mation kinetics in a low silicon spring steel, due to local inhomogeneity in Cr and Mn
concentration and formation of bands, resulting in retardation of the growth and vol-
ume fraction of bainite in the high Mn and Cr concentration regions [9]. This occurs
because Mn and Cr reduce the driving force for ferrite formation. Figure 2.14 illustrates
the banded structure that occurs due to the chemical segregation of Mn and Cr. It is
clear that the bainitic ferrite’s (dark-etching phase) nucleation is not homogeneous and
the white etching phase was considered martensite or austenite.

After casting and forging, different prior austenite grains sizes may form in a sub-
sequent austenitization. Basso et al. presented the PAGBS distribution after applying
austempering at high silicon (2.2 %) high carbon cast steel [56]. Close to inclusions and
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micro-shrinkage regions, grains were finer. This fact was attributed to the possible seg-
regation of Si, Mn, and Cr where the last austenite grains tend to form [56] [57]. In these
grains, bainite reaction kinetics will be slower leading to different final phases and mor-
phologies through steel.

These elements also decrease the activity of carbon and tend to attract it to Mn- and
Cr-rich regions. Consequently, carbon segregation in the same regions as segregation
of substitutional alloy elements could influence the stability of austenite. This occurs
because the available carbon content to partition to austenite will decrease. Carbon seg-
regation was identified in dislocations in bainitic ferrite by Caballero [58] and Goulas et
al.[9]. Regions rich in carbon could indicate the onset of the transition carbides observed
during tempering [59].

Consequently, chemical segregation limits both the final bainite fraction and stability
of austenite proving that alloy element segregation spring steel influence undoubtedly
the final microstructure distribution.

2.3.3. CARBON GRADIENT
A silicon spring steel could contain carbon gradient in the retained austenite islands due
to bainite’s formation. If short austempering time is applied, the C concentration at the
interface of austenite/bainitic ferrite may reach the value defined by the To curve and
the formation of bainitic ferrite may be hindered if it is considered that it forms based
on the diffusionless theory[60]. Carbon diffusion at the center of the blocks will be then,
limited and austenite will be enriched with carbon only at the interface. Thus, coarse
M-A islands may be present at RT with martensite formed at the center of the island.

Carbon gradient can be further affected by the presence of thermal gradient and
chemical segregation.

2.4. SUMMARY
The process of austempering and the effect of chemical composition, temperature treat-
ment, and time on the microstructure and mechanical properties of silicon spring steels,
were reviewed. The main conclusions are listed below based on which inhomogeneity
will be explained.

• Austempering is applied at silicon spring steels to obtain a carbide-free bainitic
microstructure (ausferritic structure).

• At low austempering temperatures and short holding times lead to less retained
austenite as time for carbon partitioning, was restricted. After a long holding time,
precipitation of carbides occurred, affecting ausferritic microstructure.

• Thickness of bainitic ferrite and fraction of RA influences fatigue strength. Thick-
ness is mainly controlled by the austempering temperature and finer sub-unit
present higher fatigue strength. Film-like RA at room temperature inhibits crack
propagation.
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• Three sources of inhomogeneity were identified: thermal gradient, chemical seg-
regation of substitutional elements, and carbon gradient which may lead to dif-
ferent morphologies and microstructures through the thickness of the material.
Carbon gradient could occur as a result of these two facts or independently.

• Carbon non-uniform distribution causes differences locally in the stability of re-
tained austenite. Austenite not enriched with carbon will transform to martensite
during cooling.

2.5. RESEARCH QUESTIONS
The objectives of this master thesis are to investigate the effect of the processing route
of a silicon spring steel on the microstructure with special attention to the presence of
inhomogeneity and possible reasons to explain it. Furthermore, the influence of the
observed inhomogeneity on the failure mechanisms of the material will be discussed.
The following sub-questions will be addressed and formulated to assist in explaining
inhomogeneity from different aspects and reach to a conclusive answer.

1. How does thermal gradient affect the final microstructure after austempering?

2. How does possible chemical segregation through the material influence the mi-
crostructural inhomogeneity of silicon spring steel?

3. What is the effect of carbon gradient in the microstructural distribution of silicon
spring steel?





3
MATERIAL AND METHODOLOGY

This chapter contains a detailed description and reasoning of the experimental proce-
dure conducted in this research. The chemical composition of investigated material is
presented along with an indication of the heat treatment applied by the manufacturing
company VDL Weweler for the spring steel. Last but not least, the sample preparation
for each experiment is explained.

3.1. INVESTIGATED SPRING STEEL AND HEAT TREATMENT

The present work focuses on the silicon spring steel 61SiCr7 which chemical composi-
tion is given in table 3.1.

Table 3.1: Chemical composition of 61SiCr7 the spring steel used in this work.

Alloy C Si Mn Cr P Fe
wt.% 0.60 1.63 0.97 0.48 0.025 max Balanced

The material is hot rolled to a round bar and then, forged to the trailing arm shape.
The material then is subjected to full austenitization at 900oC followed by austempering
at 300oC.

23
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Figure 3.1: Designed heat treatment of spring steel

The austempering treatment takes place for 1 hour and afterward, the material is wa-
ter quenched. Figure 3.1 presents the designed heat treatment of the spring steel. More
details of the heat treatment were not provided due to being private information of the
company.

Understanding microstructural development through heat treatment requires the
calculation of the bainite and martensite start temperature (Bs and Ms respectively). The
following equations were used for the temperatures estimation [10]:

Bs
(◦C

)= 830−270wC −90wMn −37wNi −70wCr −83wMo (3.1)

MS
(◦C

)= 539−423wC −30.4wMn −17.7wNi −12.1wCr −7.5wMo (3.2)

where wi represents the concentration in weight percent of the element. The temper-
atures reached 547oC and 250oC respectively. These temperatures may variate through
the material based on the local chemical composition of the area.

3.2. SAMPLE PREPARATION
The trailing arm was provided by VDL Weweler and was subjected to failure testing from
the company. Thus, only the head and tail parts of the arm were supplied. Samples were
extracted from two different locations corresponding to two different thickness parts of
the tail of the spring for investigation.

Figure 3.2 (a) indicates the head and tail of the trailing arm and the areas that were
cut for further investigation. Figure 3.2 (b) presents the two parts: back and front, after fi-
nal cutting which was performed using Struers Accutom-100 low-speed machine with an



3.2. SAMPLE PREPARATION

3

25

aluminium oxide cut-off wheel (with 12.7 mm diameter) and rotation speed 3000 rpm.
This method was opted for because it protects the material from heat deformation and
provides high accuracy. For this research, it is important to use a method that would
preserve the microstructure after heat treatment. Thickness in the trailing arm variates
from 10 to 20 mm. The normal direction (ND), transverse direction (TD), and rolling di-
rection (RD) were indicated in figure 3.2.

Figure 3.2: (a) Head and tail of trailing arm provided by VDL Weweler (b) Front and back part after
final cutting. (c) Arrows indicate the thickness of the samples for both the front and back parts.

To investigate the different microstructures formed during austempering, a differ-
ent region of each sample was selected for detailed characterization as presented in ta-
ble 3.2. The first area corresponds to the normal plane of the spring steel, the second
and fourth regions to transversal planes with different dimensions, and the third, to the
rolling plane. This information is summarized also, in figure 3.3. Two different transver-
sal planes were investigated to comprehend the effect of thermal gradient and chemical
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segregation during heat treatment on different parts of the trailing arm. The samples
are referred to based on which part they were extracted from: back (B) or front (F) part,
the investigated area based on figure 3.3 and table 3.2 and which location of the area is
indicated upper, middle and lower.

Table 3.2: Investigated areas of 61SiCr7 spring steel.

Number of Surface Investigated Area
1 Normal Plane
2 Transversal plane
3 Rolling Plane
4 Transversal plane

Figure 3.3: Selected regions for microstructural investigation of back (B) and front part (F) of
61SiCr7 spring steel.

The transversal plane number four has a higher thickness than that of number two.
Thickness measurements were done on transverse planes indicated by arrows in figure
3.2 (c) and presented in table 3.3.

Table 3.3: Thickness of the investigated samples of 61SiCr7 spring steel measured along the
normal direction.

Back Part (B) Thickness (in mm)
2 8.50-9.30
4 11.20-12.00

Front Part (F) Thickness (in mm)
2 13.10-13.90
4 16.50-17.30
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3.3. OPTICAL MICROSCOPY
After final cutting, the samples were embedded using a hot mounting press machine to
reduce sample damage. Figure 3.4 (a) presents the Struers LaboPress-3 mounting press
machine that was used. The heating temperature was 180oC and a conductive resin was
used in this research. Some of the mounted specimens are shown also, in figure 3.4 (b).

Figure 3.4: (a) Hot Mounting Press (b) Mounted Samples

Furthermore, the samples were subjected to grinding and polishing. The material
was removed using silicon carbide papers with water as lubrication in a n Struers LaboPol-
25. The process started using coarse grit silicon paper (p180 grit) and continued progres-
sively using finer paper, finishing with p2000 grit. The next preparation step included
polishing using Nap and Mol polishing cloths with 3µm and 1µm diamond liquid sus-
pension, respectively. Both steps were done using a rotation speed of 200-300 rpm for
approximately 5-10 minutes and finished when all scratches were removed.

After polishing, samples were etched using 2% and 5% Nital. The etchant’s compo-
sition, which is listed to ASTM standard E407, is 1–5 mL nitric acid (HNO3) and 100 mL
ethanol (95 %) or methanol (95 %) [61]. In specimens in which etching lasted longer than
5 minutes, 5% Nital was used to accelerate the process.

Figure 3.5 illustrates the Olympus BX60M microscope where optical microscopy anal-
ysis was performed. Surfaces were observed from lower to higher magnification (from
5X to 100X). Each investigated area (see figure 3.3) was divided into sub-regions to follow
the microstructure variation.

3.4. ELECTRON MICROSCOPY

3.4.1. SCANNING ELECTRON MICROSCOPY (SEM)
Scanning Electron Microscopy (SEM) was used to further analyse the phase distribution
and morphology of steel in higher magnifications after optical microscopy. A JEOL JSM-
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Figure 3.5: Optical Microscope Olympus BX60M used for initial analysis.

IT100 was used and images of the steel microstructure were taken with a magnification
range between 1000x-10000x. The probe current applied changed from 40-60 kV based
on the magnification used. For high magnifications (over 4000X), probe current of 40 kV
was applied to achieve optimal resolution.

SEM was used for the quantification of M-A island size which could contribute in ex-
plaining different microstructures of spring steel. These were conducted in well etched
micrographs using SEM tools and measuring the area of the grain. The area was con-
sidered cyclic (πr 2) and was calculated using image analysis software ImageJ. From the
calculated area, the diameter of each constituent was measured. Based on the range
of the measurements (difference between maximum and minimum value), six intervals
were created. The probability was calculated by dividing the number of M-A islands
(0.5-6 µm) in each interval with the total number of M-A islands calculated in each in-
vestigated surface (75 approximately per area). The standard deviation of M-A islands
size and then, it was added to the M-A size measurements.

Similar procedure was followed for the quantification of PAGB size in the same sam-
ples for the M-A island size measurements. In this case, 100-120 PAGS were measured
per investigated area.

Specimens were prepared in the same way as for optical microscopy. That includes
grinding, polishing and etching. The same sub-regions were analyzed as in optical mi-
croscopy to be able to combine both microscopy results.

3.4.2. ELECTRON PROBE MICROANALYSIS (EPMA)
For alloying elemental distribution, a qualitative and quantitative analysis was performed
using electron probe micro analysis (EPMA). The distribution of Si, Mn, Cr and C was
obtained by performing a compositional mapping through the samples. The specimens
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were prepared in the same way as for optical and scanning electron microscopy and
the same surfaces were investigated (figure 3.3).The length of the samples subjected to
EPMA variated from 3 to 8 mm.

The measurements were performed with a JEOL JXA 8900R microprobe using an
electron beam energy of 10 keV and beam current of 50 nA employing wavelength dis-
persive spectrometry (WDS). After background correction relative to the corresponding
intensities of reference materials, the chemical composition at each location was de-
termined using X-ray intensities of the constituent elements. The line scans were per-
formed with a step size of 2 µm. Elements C, Si, Cr, and Mn were measured, whereas Fe
was obtained by difference.

3.5. X-RAY DIFFRACTION (XRD) MEASUREMENTS
X-ray diffraction was used to investigate phase fractions and most importantly, the frac-
tion of retained austenite in different parts of the trailing arm. The same samples F1,
F4, and B4 that were subjected to electron probe microanalysis were prepared for XRD.
Specimens were grinded and polished to 1 µm diamond suspension. Retained austenite
might probably transform to martensite when a certain amount of strain is applied [62].
For that reason, slow rotation speed and light contrast pressure were used during prepa-
ration to minimize the mechanical-induced transformation of retained austenite.

The XRD measurements were performed in the X-ray facilities group of the Materi-
als Science and Engineering department at Delft University of Technology. The retained
austenite fraction was determined using a Bruker D8 Discover diffractometer, Eiger-2
500k 2D-detector, and Cu Kα radiation. The diffractometer was operated with a current
of 100 µA and an acceleration voltage of 50 kV. The scanning range of 2ϑ was 20° – 150°
with a step size of 0.040° 2ϑ counting time per step 2 s. Figure 3.6 illustrates the speci-
mens mounted in a standard sample holder in the diffractometer.

The fraction of austenite was calculated by assuming that the sample consists of two
phases: austenite and ferrite (ignoring the presence of carbides). Rietveld refinement
was used in the semi-quantification of the retained austenite.

XRD was also used to measure also, the austenite lattice parameter. The interplanar
spacing dhkl corresponding to a particular hkl peak can be determined using the well-
known Bragg equation:

nλ= 2dhkl sinθ (3.3)

where n is the order of reflection, λ is the wavelength of radiation, and dhkl is the lattice
plane spacing. θ is the reflection angle corresponding to a particular hkl peak as deter-
mined by the Bruker DIFFRAC.EVA software. For cubic crystals, the lattice spacing ahkl

can be obtained from the interplanar spacing dhkl through the following relation:

ahkl = dhkl

√
h2 +k2 + l 2 (3.4)
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Figure 3.6: Specimens with polished top surface fixed on the standard sample holder.

where ahkl is the lattice parameter and h,k and l are the Miller indices of the lattice plane.
For the estimation of carbon in retained austenite, the following empirical relationship
was used based on the determined austenite lattice parameter [63]:

a f cc = 3.556+0.0453xC +0.00095xMn +0.0056xAl (3.5)

where a f cc is the austenite lattice parameter in angstrom and xc , xMn, xAl corresponds
to the weight percent (wt.%) of carbon, manganese and aluminium in austenite.

3.6. HARDNESS TESTING
Hardness testing was applied to all samples after optical and electron microscopy. More
specifically, specimens were subjected to microhardness Vickers tests where a diamond
indenter is forced into the material’s surface with a static load. From the impression of
the indenter, the hardness value of the specimen is calculated.

In this research, a Struers Emco-Test DuraScan automatic hardness tester was used
and several pre-experimental trials were made to find the optimal static load which
could range from 0.01 to 10 kg.

The same areas were investigated as in optical and scanning electron microscopy. A
series of measurements (10-30) in a row was done under both 1 and 5 kg in each sample.
In transverse and rolling planes measurements were conducted from the bottom of the
spring to its surface. From possible variations in hardness values, different microstruc-
tures could be identified contributing to explaining possible inhomogeneity.
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RESULTS

In this section, the results of each experimental procedure described in chapter 3, are
presented. With these indications, the microstructure through the silicon-contained
spring steel will be elucidated.

4.1. THEORETICAL EVALUATION OF 61SICR7 SPRING STEEL

A thermodynamic study was performed for 61SiCr7 using ThermoCalc Software 2022a
(TCFE12 database), mostly to predict phase fractions and critical temperatures and to
determine the time-temperature-transformation (TTT) and continuous cooling trans-
formation (CCT) diagrams. The stable phases were limited to ferrite- BCC(A2, A2#),
austenite- FCC (A1, A1#), and carbides based on the chemical composition of austem-
pered silicon spring steels. In figure 4.1, the equilibrium phases as a function of the
temperature of the silicon spring steel are indicated. The significant amount of silicon
(1.63 wt.%) in steel did not delay carbide precipitation and under 760oC , cementite for-
mation is expected to occur together with the ferrite-BCC phase. Under 300oC , other
phases such as M7C3 (BCC-A2#2) and M3C2 (FCC-A1#2) start to precipitate.

The TTT of the nominal composition of spring steel (Fe-0.60C-1.63Si-0.97Mn-0.48Cr)
is illustrated in figures 4.2 and the calculated Ms and Bs from equations 3.1 and 3.2,
present insignificant differences with the results from ThermoCalc software.

The mol fraction of carbon in all phases versus temperature and the CCT diagram of
the nominal composition are presented in the appendix.

31
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Figure 4.1: Volume fraction of phases of 61SiCr7 versus temperature using ThermoCalc software.

Figure 4.2: Time-temperature-transformation (TTT) of the nominal composition of
Fe-0.60C-1.63Si-0.97Mn-0.48Cr using Thermo-Calc software.
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4.2. MICROSTRUCTURE OF SPRING STEEL AFTER AUSTEMPER-
ING

The resulting microstructure of the two parts after austempering processing was studied
using optical microscopy (OM) and scanning electron microscopy (SEM).

4.2.1. FRONT PART

4.2.1.1. F1
Figure 4.3 (a-e) shows the micrographs after optical microscopy and SEM of the F1 sur-
face of steel specimens from lower to higher magnifications. Since etching with solutions
2% and 5% Nital proved to be difficult to get sufficient contrast between the different
phases and grain boundaries, only figures with the optimal resolution are presented.

Figure 4.3: (a) Location of investigated surface, (b),(c) optical and SEM micrographs (d),(e) of
austempered F1 sample from lower to higher magnification. Bainitic ferrite, carbides, and M-A

islands are indicated.

In figures 4.3(c), there are some variations in size and geometry of the white phase
which could be identified as blocky retained austenite or else, called M-A islands. The
bainitic reaction was incomplete within the time limit of austempering. The identifica-
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tion specifically of bainitic ferrite and martensite presented challenges due to similari-
ties in morphology. Finally, between these sheaves, austenitic films are most probably
present but, higher magnification characterization methods are needed to determine
them. Finally, carbide precipitation was observed in bainitic ferrite.

4.2.1.2. F2

The microstructure of the F2 surface after austempering is presented in 4.4. The loca-
tion of each micrograph is presented in 4.4(b). Microstructural bands were observed
parallel to the rolling direction 4.4 (b). Further experiments were planned to identify the
microstructures and alloying element segregation in these bands. In 4.4 (c), the decar-
bonized layer in the upper area of the trailing arm is presented and is indicated by a black
arrow. M-A islands and carbides were observed through the investigated surface.

Figure 4.4: (a) Location of investigated surface (b),(c) Optical and (d),(e) SEM micrographs of
austempered F2 surface of 61SiCr7 steel. The segregation bands and the decarbonized layer are

illustrated in black arrows.
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Figure 4.5: (a),(b) Optical and (c),(d) SEM micrographs of austempered F3 surface of 61SiCr7 steel
(e) location of investigated surface. The grain coarsening on the banded structure is indicated in

black arrows.

4.2.1.3. F3

From figure 4.5 which illustrates the microstructure of the F3 surface, a grain size varia-
tion is clear between the banded and non-banded structure. Furthermore, carbides were
also formed across the investigated surface.

4.2.1.4. F4

Figure 4.6 illustrates F4’s final microstructure. In the upper and lower area, a similar mi-
crostructure with the F2 sample was observed. In segregation bands (shown in black
arrows), M-A islands were mostly present. More specifically, figure 4.6 (d) illustrates a
segregation band in higher magnification, where it could be observed that the appear-
ance of M-A islands is extensive. At M-A islands, carbide precipitation was observed in
the middle area (red arrow in figure 4.6(d)), indicating the presence of martensite. Car-
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Figure 4.6: (a) Location of investigated surface, (b) optical and (c),(d) SEM micrographs of
austempered F4 surface of 61SiCr7. Bands, M-A constituents, and carbides are illustrated in black

and red arrows.

bide precipitation was also, observed in bainitic ferrite.

4.2.2. BACK PART

The microstructures in the B1 and B3 samples were similar to the respective samples in
the front part. For this reason, the optical and SEM micrographs of these samples are
presented in the appendix chapter. The microstructure of the back part is illustrated in
a similar way as in the front part.

4.2.2.1. B2
The microstructure of the B2 surface after austempering is shown in figure 4.7. Mi-
crostructural bands were formed parallel to the rolling direction and M-A constituents
were also, identified in this surface (yellow circle). Finer M-A islands were observed in
bainitic laths and are indicated by yellow arrows in figure 4.7 (d). Furthermore, carbide
precipitation was observed in the upper, middle, and lower areas.

4.2.2.2. B4
Figure 4.8 displays the microstructure of the B4 area. As indicated in figure 4.8(a), the
material showed a significant microstructural banding also, in this investigated surface.
The presence of M-A islands in segregation bands was not as significant as in the F4 sam-
ple (figure 4.8(d)).
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Figure 4.7: (a) Location of B2 surface on the back part of trailing arm, (b) optical and (c),(d),(e)
SEM micrographs of B2 surface of austempered 61SiCr7 steel. Bands and the fine M-A islands are

indicated in black and yellow arrows respectively. Coarse M-A islands are presented in a yellow
circle.
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Figure 4.8: (a),(c) Optical micrographs, (b)location of B4 surface, and (d),(e) SEM micrographs of
austempered B4 surface of 61SiCr7. Bands and M-A islands are indicated in black arrows. Carbide

precipitation in M-A islands is specified in blue arrows.

In this sample also, carbide precipitation in M-A islands was shown as indicated in
blue arrows in (figure 4.8(e)).

To conclude, in all investigation surfaces, M-A constituents and carbides were present
in different sizes. However, the banded structure was only observed in transverse planes
in both the back and front parts. The bainitic ferrite microstructure illustrated in all in-
vestigated areas could be considered as lower bainite due to the low treatment tempera-
ture and the carbide precipitation. However, further investigation should be conducted
to identify this precipitation.
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4.2.3. M-A ISLANDS SIZE

As mentioned in the previous section, during isothermal heat treatment, M-A constituents
were observed at every investigated surface of both parts. The analyse of the M-A island
distribution size in both parts could contribute to explaining the microstructural het-
erogeneity of spring steel. These were made in the B2, B4, F2 and F4 sample as were
the samples where intense presence of M-A constituents was observed. The M-A islands
size was measured in the upper, middle and lower area of the samples. The distribution
of M-A constituents for both parts in surfaces two and four are illustrated in figure 4.9
where the probability of detecting different size M-A islands is calculated.

(a) (b)

(c) (d)

Figure 4.9: Histograms of M-A Islands size distribution of (a) F2,(b) B2,(c) F4 and (d) B4 samples
of both back and front parts of austempered 61SiCr7 spring steel. The average value of M-A island

size and standard deviation for each sample are presented.

According to the results, the average size of M-A constituents in all investigated sur-
faces was between 2.0-2.5 µm. However, the distribution of islands is more wide in F2
and F4 surfaces compared to the other surfaces based on the standard deviation. Fur-
thermore, observing coarse M-A islands (over 3.5 µm) is more probable at these surface
which could be justified by the intense formation of segregation bands.
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4.3. PRIOR AUSTENITE GRAIN SIZE (PAGS) DISTRIBUTION
In figure 4.10, the grain size distribution of prior austenite of both parts are presented.
The calculations were applied in similar way as in the measurements of M-A islands in
well etched figures using SEM tools. The same samples were used and the PAGS was
measured in the upper, middle and lower area of the samples. In the back part, the dis-

(a) (b)

(c) (d)

Figure 4.10: Histograms of PAGS distribution of (a) F2,(b) B2,(c) F4 and (d) B4 samples of both
back and front parts of austempered 61SiCr7 spring steel.

perse of grains is more right-skewed compared to the front part which could be corre-
lated with the lower thickness of the back part. On the F2 surface, the probability of
forming coarse grains (over 12µm) was the highest reaching 7.8%. On the contrary, in
the F4 area, the formation of coarse grains was restricted and in B2 and B4, its value was
3.7% and 2.8% respectively.

The F4 and B4 samples presented the same average value but the F4 had a slightly
wider distribution due to a higher standard deviation. It was observed that there is no
significant difference in the average grain size.
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(a) (b)

Figure 4.11: Locations of the EPMA measurement of austempered 61SiCr7 indicating the marked
analysis area of B4, using (a) optical microscopy and (b) scanning electron microscopy. The same

procedure was followed for F4.

4.4. ELEMENTAL DISTRIBUTION
Electron probe micro analysis (EPMA) was performed to comprehend and compare how
elements are distributed in specimens from different parts of the spring and with differ-
ences in thickness. More specifically, in B4 and F4 specimens where the number of bands
was significantly higher (for both parts) compared to other specimens, two indentations
were executed using microhardness testing to mark the analysis area where the banded
structure is located in the sample. The indentation of the area was made by tripling the
distance between the bands as the near region is deformed after indentation and thus it
will influence the EPMA measurements. Figure 4.11 shows this investigation area in this
area marked by indents, optical and scanning electron microscopy were performed also.

Table 4.1 presents the elemental distribution of F1, F4, and B4 samples along a line
between indents. In specimens F4 and B4, high levels of silicon (over 1.6 wt.%) and man-
ganese (over 0.9 wt.%) were observed. Alloying elements concentration presents higher
variations in F4 than in B4 as presented in table 4.1. Silicon was found to segregate to-
gether with manganese and chromium. The higher carbon content compared to base
composition indicates that indeed carbides precipitated and austenite was not homoge-
neously carbon enriched as coarse M-A constituents were detected after austempering.

In figures 4.12, 4.13 and 4.14, the distribution of elements Si, Mn, Cr, and C along the
F1, B4, and F4 samples are presented respectively together with the Bs and Ms variations
and the SEM micrograph of the corresponding area. The temperatures were calculated
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Table 4.1: Distribution of alloying elements along F1, B4 and F4 samples of austempered spring
steel 61SiCr7

F1 (wt.%) F4 (wt.%) B4 (wt.%)
C 0.5-0.7 0.60-0.90 0.60-0.80
Si 1.60-1.70 1.30-2.20 1.40-1.90

Mn 0.90-1.10 0.90-1.75 0.90-1.30
Cr 0.45-0.55 0.30-0.80 0.40-0.70
Fe Balanced Balanced Balanced

using equations 3.1 and 3.2, considering the measured contents of Mn, Cr, Si, and C from
EPMA results. It is seen that the variations in Si, Mn, and Cr concentrations coincide with
the microstructural bands in B4 and F4 samples. For each specimen, the following was
observed:

• For the F1 sample, the elemental distribution is homogeneous except for some
peaks which correspond to the presence of M-A islands. These constituents showed
higher content of manganese and chromium compared to the whole surface. The
carbon profile is distributed very close to its nominal composition. Bs and Ms

temperatures were close to the ones of nominal composition.

• In the B4 sample, a peak of silicon, manganese, and chromium was observed (3060
µm) and carbides did not precipitate in this area as carbon is more homogeneously
distributed. Mn and Cr presented 30% and 24% higher concentrations than the
nominal while Si reached up to 17%. The average band thickness was 8.4 ±0.1 µm.
In the area rich in Mn/Cr (3560-3570 µm), bainitic ferrite starts to form at lower
temperatures compared to the F1 sample.

• In the F4 sample, the distribution of substitutional elements presented the high-
est variation. In the microstructural band (17.2 ± 0.3 µm), Cr and Mn presented
the strongest segregation also, with 75% and 64% respectively higher concentra-
tions than the nominal composition and Si 37%. However, carbon’s concentration
was only 7% higher indicating that carbon was not attracted in Mn- and Cr-rich
regions. The sensitivity of Bs in local chemical composition is evident even if its
values are above the austempering temperature.

It is clear from the plots that F4 presented greater elemental variations compared to B4
and F1 samples which could be attributed to the higher thickness chemical segregation
bands.
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Figure 4.12: Distribution of Si, Mn, Cr, and C along the F1 sample. The normal direction (ND) of
the specimens is vertical to the horizontal axis.
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(a) (b)

Figure 4.13: (a) Distribution of Si, Mn, Cr, and C along the segregation band of B4 sample (b)
Location of segregation band is marked with a dotted line and with an X, the (0,0) point is
indicated. The normal direction (ND) of the specimens is parallel to the horizontal axis.
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(a) (b)

Figure 4.14: (a) Distribution of Si, Mn, Cr, and C along the segregation band of F4 sample (b)
Location of segregation band is marked with a dotted line and with an X, the (0,0) point is
indicated. The normal direction (ND) of the specimens is parallel to the horizontal axis.
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4.5. VOLUME FRACTION AND LATTICE PARAMETER OF RETAINED

AUSTENITE BY XRD

The retained austenite fraction in specimens F1, F4, and B4 was measured using XRD.
The diffractograms for all samples are summarized in figure 4.15. The austenite peaks
are at 2Theta angles of approximately 45, 65, 85, 98, and 115 degrees and the most con-
tributing peaks were identified from the study of Jatczak Chester who investigated re-
tained austenite’s measurements by XRD in steel and from ASTM standard for the X-Ray
determination of retained austenite [62][64].

Figure 4.15: Diffractograms of F1, F4 and B4 samples of 61SiCr7 spring steel after austempering
for 1 hour where α=ferrite and γ=austenite.

In figure 4.16, the volume fraction of ferrite and austenite for both back and front
parts after austempering are shown. Since bainite and martensite have similar crystal-
lographic orientations, they can not be distinguished by XRD. Thus, the volume frac-
tion of ferrite represents both phases. The F1 sample (normal plane of the front part)
presents a lower amount of RA at room temperature compared to the other two samples.
The fraction of RA measured by XRD may be lower than reality as polishing can cause
mechanically-induced transformation of RA.

The lattice parameter and carbon content of austenite (equation 3.5) were calculated
and the results are shown in table 4.2. The lattice expansion associated with carbon en-
richment of austenite is higher at the F1 sample even though it presented a lower frac-
tion. The austenitic phase in the F4 sample presented a slightly higher carbon content
compared to sample B4 even though they contained the same amount of RA.
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Figure 4.16: Fraction of retained austenite and ferrite in F1, F4 and B4 after austempering based
on XRD measurements.

Table 4.2: Lattice parameter and the average carbon content of austenite in F1, F4 and B4
samples of 61SiCr7 after austempering based on XRD measurements.

Sample Lattice Parameter (nm) Carbon Content in Austenite (wt.%)
F1 0.3633±0.00009 1.667±0.017
F4 0.3619±0.00007 1.359±0.018
B4 0.3614±0.00006 1.262±0.018

The determination of phase fractions in different investigation areas of both back
and front parts could contribute to explaining different microstructural characteristics
present through the trailing arm and later how they could affect mechanical behavior
such as strength and elongation.

4.6. HARDNESS PROFILE
As mentioned in chapter 3, microhardness measurements were performed to obtain an
indication of microstructural variation through the spring steel. The microhardness re-
sults (HV5) are summarized in figure 4.17 where the mean hardness value for each in-
vestigated area for both back and front parts is displayed. The error bar represents the
standard deviation in each investigated surface.

After austempering both parts of the trailing arm indicated high hardness values over
450 HV. However, it is clear from the graph that the back part presented greater hard-
ness in all investigated areas except on the second surface where the front part exhibited
slightly higher hardness (1%). The greater difference between the two parts (24%) was
observed in the first area and the highest mean hardness value (614 HV) was obtained
in the third area of the back part. The presence of wider microstructural distribution in
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Figure 4.17: Micro-hardness mean values (HV5) of all investigated areas of silicon spring steel
after austempering.

the front part is reflected in the standard deviation of hardness measurements which is
higher than in the back part.

Figure 4.18(i) illustrates the hardness evolution (HV1) of B2 and F2 from the lower to
the upper region of the spring steel together with the location of the measurements in
both samples and micrographs of high (610HV for B2 sample and 590HV for F2 sample)
and low (550 HV for B2 sample and 590HV for F2 sample) testing values. The color of the
scatters corresponds to the respective lines indicating the location of measurements in
figure 4.18(ii). It is clear from the plot that the B2 sample presented more heterogene-
ity in hardness values (except in upper and lower areas) compared to the F2 sample. In
the latest one, a small scattering was detected near the upper area. When using a lower
load in hardness measurements, greater variations were observed. However, a more pre-
cise idea of microstructure variation through the samples is obtained. The error of each
hardness measurement was considered as the difference between the two diagonals of
each indentation and it fluctuated between 1-2 %.

Hardness distribution (HV1) through B4 and F4 samples are presented similarly in
figure 4.19. In these cases, measurements followed a similar trend. Moreover, in the F4
area, fluctuations were observed throughout the sample.

From the hardness distribution through the samples and SEM micrographs, it could
be concluded that the high hardness values may be attributed to the presence of M-A
islands. However, due to the fine scale of micrographs with indentations, lower load
hardness measurements are needed to determine the hardness contributions of the in-
dividual constituents.
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(a)

(b)

Figure 4.18: Micro-hardness profile (HV1) of (a)(i) B2 & (b)(i) F2 samples of 61SiCr7 with respect
to the distance from the lower to the upper area of the trailing arm. (ii) location of measurements

and with an X the (0,0) point is indicated (iii) micrographs of high and low hardness values in
both samples. The normal direction (ND) of the specimens is parallel to the horizontal axis.
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(a)

(b)

Figure 4.19: Micro-hardness profile (HV1) of (a)(i) B4 & (b)(i) F4 samples of 61SiCr7 with respect
to the distance from the lower to the upper area of the trailing arm. (ii) location of measurements
with an X at the (0,0) point is indicated (iii) micrographs of high and low hardness values in both

samples. The normal direction (ND) of the specimens is parallel to the horizontal axis.
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Figure 4.20: Summary of the results in the back and front parts.

4.7. SYNOPSIS OF THE RESULTS
In the following table, the results presented in the previous sectors are summarized in
figure 4.20 for the back and front parts to be discussed in the following chapter.

Figure 4.21 presents the scheme of the expected and final microstructure after austem-
pering applied in silicon spring steel. More specifically, the microstructural characteris-
tics developed in an austenite grain, are summarized and the inhomogeneity of the steel
is illustrated.
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(a)

(b)

Figure 4.21: Schematic representation of (a) expected carbide-free bainitic microstructure and (b)
final microstructure of 61SiCr7 after austempering with PAGB = prior austenite grain boundary,

RA = retained austenite and M-A islands= Martensite-Austenite islands.
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DISCUSSION

In this chapter, the microstructural characteristics of the two parts of the trailing arm
are compared to indicate the microstructural heterogeneity. Then, these results are cor-
related with the hardness, X-ray diffraction (XRD), and electron probe microanalysis
(EPMA) measurements to identify the reasons that lead to microstructural variations.
Finally, the effect of the microstructural heterogeneity on spring steel’s properties is dis-
cussed.

5.1. COMPARISON OF THE MICROSTRUCTURE AT THE FRONT

AND BACK PART OF THE TRAILING ARM
The microstructure of the investigated spring steel before heat treatment was pearlitic.
During austenitization, the material obtained a fully austenitic microstructure. After
austempering, bainitic ferrite, M-A islands, and carbides were observed in the different
parts based on local chemical composition and temperature.

5.1.1. MARTENSITIC-AUSTENITIC CONSTITUENTS
As explained in chapter 4, the microstructure after austempering of silicon spring steel
was studied by optical and scanning electron microscopy (SEM). In the back and front
parts, bainitic ferrite formed during austempering together with carbides. M-A islands
were observed. The different locations of M-A islands are displayed in figure 5.1. They
were located in the boundaries of bainitic ferrite laths (a) and also, next to the prior
austenite grain boundaries (b). The intragranular constituents are more elongated com-
pared to the ones next to the PAGB.

To investigate the origin of the M-A constituents and the differences in bainitic fer-
rite’s kinetics through the spring, the TTT diagrams were calculated for the B4 and F4
samples using ThermoCalc software. The TTT curves of the formation of 2% bainite of
the B4 and F4 samples are displayed in figures 5.2 and 5.3 at the specific banded region
as illustrated in figures 4.13 and 4.14 respectively. The bainite formation started at lower
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Figure 5.1: Location of M-A constituents in the F4 sample in the upper area of the spring steel (a)
in bainitic ferrite’s lath boundaries (indicated by green arrows) and (b) in PAGB (indicated by

orange arrows).

temperatures at regions with high content in substitutional (Si, Mn, and Cr) elements
(HCSER) than with the nominal composition. For both samples, bainite formation is
not expected at HCSER during austempering and the longest kinetic delay is observed in
the F4 sample which is in the range of 800-1000 seconds.

At regions with low content in substitutional elements (LCSER), bainite formation
will be faster for both the back and front parts. In the F4 sample, the chemical com-
position of substitutional elements in these regions is lower compared to the B4 sample
which results in a higher Bs temperature. The transformation kinetics predicted by Ther-
moCalc implies then that the probability for bainite formation may be greater at the F4
sample at LCSER.

Since in XRD measurements, the peaks BCC include both the bainitic ferrite and
martensite, a distinction between the two phases could be made from the hardness mea-
surements. B4 presented higher average hardness (595 HV1 ± 9) than the F4 sample
(557 HV1 ±20) which indicates that more martensite in this sample was formed during
quenching.

These results together with the SEM observations, hardness measurements, and seg-
regation profile from EPMA results indicate that in highly segregated regions in both
front and back parts, M-A islands are the dominant microstructure.

The presence of M-A constituents in every sample could be justified by the following
points:

• In the F1 sample (normal plane), the fraction of RA was lower than in the B4 and
F4 samples. This fact indicates that austempering time was insufficient for the
complete decomposition of austenite. The bainitic transformation was incom-
plete and austenite at the austempering temperature had low carbon content re-
sulting in its transformation to martensite after quenching.
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Figure 5.2: TTT curve for bainite formation (2%) in B4 sample in HCSER
(Fe-0.69C-1.90Si-1.27Mn-0.59Cr) and LCSER (Fe-0.69C-1.50Si-0.93Mn-0.47Cr).

The horizontal dotted line indicates the austempering temperature (300o C).

Figure 5.3: TTT curve for bainite formation (2%) in F4 sample in HCSER
(Fe-0.65C-2.24Si-1.59Mn-0.8Cr) and LCSER (Fe-0.69C-1.38Si-0.87Mn-0.42Cr).
The horizontal dotted line indicates the austempering temperature (300o C).
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• At the bulk of the material (middle area of transversal and rolling planes), ther-
mal gradient, chemical composition, and carbon gradient could explain the pres-
ence of M-A islands. The Bs temperature was locally reduced compared to at F1
sample which could be a result of both thermal gradient (lower cooling rate in the
middle area from the austenitization to austempering) and chemical segregation.
Bainitic ferrite formation will start in this area later than at the F1 specimen and
the isothermal holding period could be again insufficient to obtain a full ausfer-
ritic microstructure. The effect of chemical segregation in bainitic ferrite kinetics
will be analysed in the following sections. Carbon gradient can result in austenite
having different carbon contents through the material during austempering. The
austenite with low carbon content will transform into martensite during quench-
ing.

The presence of M-A islands due to insufficient isothermal holding time in carbide-
free bainitic steel was confirmed by Hofer et al. [43]. Furthermore, the incomplete bai-
nite reaction due to the presence of M-A constituents in spring steel was observed also,
by Goulas et al.[9]. These results contribute to a better understanding of the microstruc-
tural distribution through the back and front parts of spring steel.

5.1.2. CARBIDE PRECIPITATION

Carbide precipitation in bainitic ferrite was confirmed in every investigated surface in
both parts by SEM. In the upper and lower region of the trailing arm, the addition of Si
did not suppress significantly carbide formation in bainitic ferrite even though the com-
position of silicon was higher than 1.5 wt.%. According to the EPMA results, carbides
precipitated mainly in regions where carbon concentration was high such as the inter-
face of bainitic ferrite and austenite.

Based on the chemical composition of the steel and the results from ThermoCalc
software, the carbides that precipitated, are most probably cementite and/or ϵ and/or
manganese and chromium carbides. However, the formation of the latest could not be
identified with the present experimental work. Furthermore, there are no clear indica-
tions of whether carbide precipitation was more intense in one of the parts.

The formation of carbides could also, explain the low amount (8-14%) of retained
austenite. Due to carbide precipitation, less carbon was available to enrich austenite.
Consequently, austenite obtains insufficient carbon content to be stabilised resulting in
its transformation into martensite during quenching.

Carbide precipitation in high silicon carbide-free bainitic steels was observed also,
in the study of Hofer et al. and Timokhina et al. [65] [66].
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5.2. ASSESSMENT OF INHOMOGENEITY
The aim of austempering when applied to a silicon spring steel is to obtain a carbide-free
bainitic microstructure. The origin of heterogeneity and how thermal gradient, chemical
segregation, and carbon gradient cause the formation of a different microstructure are
going to be analysed in the following subsections.

5.2.1. THERMAL GRADIENT
The presence of thermal gradient during heat treatment was confirmed by several points.
Firstly, three different types of M-A islands were observed through the spring steel and
are illustrated in figure 5.4. More specifically:

• Auto-tempered M-A islands are constituents where fine carbide precipitation was
observed in both parts and could be attributed to the lower cooling rate of the mid-
dle area compared to the upper/lower region. Figure 5.5 displays how the cooling
rate (C.R.) could variate in different investigation areas after austempering. For
the martensite which forms at high Ms temperatures and has a low carbon con-
tent, there is time to be tempered during quenching.

• Less-tempered M-A islands were observed in F2, F3, F4 and B2, B3, B4 samples
between the middle and upper/lower region. Carbide precipitation is not as clear
as in the auto-tempered M-A islands due to a higher cooling rate.

• Carbide-free M-A islands: observed mostly in the F1 and B1 samples and the
HCSER of the front part due to high concentration of Mn and Cr.

Hardness distribution could also indicate the presence of a thermal gradient. Gener-
ally, the measurements in the upper and lower area of B2, B4 and F2 were akin, except in
the F4 sample. This fact indicates that in these regions, similar microstructural charac-
teristics were present. Through the B4 and F4 samples, more tempered M-A constituents
were identified which present lower hardness due to lower carbon content compared to
carbide-free constituents. However, since segregation bands were observed, hardness
distribution could be attributed also, to chemical segregation.

The heterogeneity in PAGB size could be attributed also, to the thermal gradient. In
the bulk of the material, a longer time is needed to reach the isothermal heat treatment
temperature and spring steel remains longer at high temperatures where grain growth
occurs.

Thermal gradient induces the formation of different microstructural features through
the material in the following ways. More specifically, in refined grains (≺ 5µm) where
the grain boundary area is increased, the nucleation sites for bainitic transformation
would be augmented. Furthermore, the incubation period for the bainitic transforma-
tion depends both on the grain size and the treatment temperature [48]. That leads to
the conclusion that in coarse grains where the austempering temperature is lower due
to thermal gradient, the incubation period for bainitic transformation will be greater.
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Figure 5.4: SEM micrographs of (a) auto-tempered (b)less-tempered and (c) carbide-free M-A
islands in B2, B4, and F2 samples respectively. Auto-tempered and less-tempered M-A

constituents are presented with orange and blue arrows respectively.

Figure 5.5: Cooling rate (C.R.) variations of different investigation regions after austempering of
spring steel.
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Thermal gradient effects on hardness measurements were confirmed also, by Tian
et al. by both simulation (using fine element model) and experimental validation in a
Si-Mn-Cr steel[67]. Similar results were obtained by Matsula et al. that investigated the
effects of auto-tempered martensite on the mechanical properties of a Fe-C-Si-Mn-Cr
steel [68]. Thermal gradient in steel was confirmed by hardness distribution caused by
auto-tempered martensite.

5.2.2. CHEMICAL SEGREGATION

Chemical segregation in banded structures was confirmed using electron probe micro-
analysis (EPMA) and could be attributed to the fact that the middle area of spring steel is
the last to solidify zone based on figure 2.12 and substitutional elements tend to diffuse
in this area causing segregation.

The sensitivity of Bs temperature in local differences in chemical composition is pre-
sented together with the segregation profile of the B4 and F4 samples. In the HCSER, the
Bs temperature was lower than in the LCSER and closer to the austempering treatment
temperature. This results in a lower undercooling in HCSER and consequently, is a lower
driving force for bainitic ferrite formation[69].

To understand more in-depth the differences in bainitic ferrite formation, the To

temperatures were calculated using ThermoCalc software in figure 5.6 for the nominal
composition and the HCSE of B4 and F4 samples with the same compositions as in fig-
ures 5.2 and 5.3. In dotted lines, the carbon content of austenite in F1, F4, and B4 sam-
ples are illustrated. It is clear from the plot, that chemical segregation had, as a result,
moving To curve to lesser carbon concentrations. The bainitic ferrite formation may be
greater in areas with the nominal composition as in HCSER it will cease in lower carbon
content if it is considered that the bainitic ferrite forms based on the diffusionless theory.

Based on XRD results, however, in F4 and B4 samples, the same fraction of retained
austenite was calculated. This fact indicates that the more intense chemical segregation
in the F4 sample did not affect strongly the fraction of RA.

In the F1 sample which has almost the nominal composition, during isothermal heat
treatment, carbon content reached values over the To curve (thick black dotted line). If
it is considered that the bainitic ferrite forms based on the diffusionless theory, in the
F1 sample, the bainitic transformation had ceased earlier than in the other two samples.
However, in this research, there are no clear indications of whether bainitic ferrite forms
based on the displacive or diffusion-controlled theory.
These results could explain the lower fraction of retained austenite in the F1 sample con-
firmed by XRD measurements.

Caballero calculated also, the To curve for carbide-free bainitic steel with higher car-
bon (0.8 wt.%) compared to 61SiCr7. The curve was sifted to lower carbon contents but
the amount of carbon in austenite was similar to this work [58]. Tenaglia et al. inves-
tigated also, the amount and carbon content of RA at room temperature after austem-
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Figure 5.6: The To curves of base composition, F4 and B4 samples of 61SiCr7. The dotted lines
correspond to the carbon content of retained austenite in every sample.

pering at 300oC for 20-80 min in silicon steel with a lower amount of carbon (0.4-0.45
wt.%) compared to this study. Even though a similar amount of retained austenite was
present at room temperature (10-17% and 8-14% at present study), carbon content was
less (0.95-1 wt.%) [70]. These results signify that the average carbon content in steel
influence significantly, the bainitic formation and the carbon content in austenite and
consequently its stability during final cooling.

The slow kinetics of bainitic ferrite in high Mn/Cr regions was also confirmed by the
same study [70]. Akin results were obtained by Moralea-Rivals et al. that investigated the
complex banding of continuously cooled carbide-free bainitic steel containing a how-
ever lower amount of silicon (1 wt.%) and carbon (0.23wt.%) compared to 61SiCr7 [71].
In segregation bands after isothermal heat treatment, high content of chromium and sil-
icon was observed compared to the non-banded structure but manganese’s content was
lower than the base composition.

These results indicate that Si, Mn, and Cr segregation has a significant effect on the
homogeneity of the final microstructure of austempered spring steel.

5.2.3. CARBON GRADIENT

The carbon gradient has a more local effect compared to the thermal gradient (mm) and
chemical segregation (µm).

Carbon gradient was confirmed based on SEM results. Figure 5.7 illustrates an M-
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Figure 5.7: M-A island in B4 sample of 61SiCr7 after austempering. High carbon edges and the
less carbon-containing of M-A constituent are illustrated with black and yellow arrow

respectively.

A constituent at the B4 sample where carbides have started to precipitate towards the
center of the island. This fact indicates that in the center of the island, carbon content
was lower compared to the edges of the constituent otherwise carbides would not have
been formed. In the black arrow, the high carbon edges are presented and in yellow, the
less carbon area of the constituent.

The fine M-A islands in the bainitic ferrite’s lath boundaries could also, indicate the
carbon segregation through the material.

During the austempering treatment and bainitic ferrite formation, there is untrans-
formed austenite in blocky form. At the interface of bainitic ferrite/austenite, austenite
at the edge of the block could obtain the carbon content indicated by the To curve, hin-
dering bainitic transformation locally. At this point, however, the carbon concentration
in the center of the block is relatively low, leading to its transformation to martensite (M-
A island).

The carbon segregation could be explained by the limited carbon diffusion in austen-
ite during austempering. For a binary Fe-C system, the distance for carbon diffusion in
austenite could be estimated by the equation x =p

DC t with Dc in m2 s−1 being the dif-
fusivity of carbon in austenite and expressed by Ågren in the following equation and t is
the holding time in seconds [72]:

DC = 4.53 ·10−7
(
1+ yC

(
1− yC

) 8339.9

T

)
exp

{
−

(
1

T
−2.221 ·10−4

)(
17767− yC 26436

)}
(5.1)

where yC = xC /(1−xC ), xc being the mole fraction of carbon, and T the temperature in
Kelvin. During austempering at 300oC which is considered the treatment temperature
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(300oC) for the material with base composition, for 1 hour, carbon can diffuse a distance
of 0.11 µm. In microstructural bands the treatment temperature was lower due to the
thermal gradient, and the diffusion distance is even smaller. Moreover, in finer grains,
the carbon distribution will be more homogeneous as there will be enough time for car-
bon partitioning in the whole grain.

All these results indicate that the bainite transformation advances non-uniformly
along the different areas of the trailing arm, leading to a heterogeneous microstructure
that can be detrimental to the mechanical properties.

5.3. EFFECT OF INHOMOGENEITY IN SPRING STEEL’S PERFOR-
MANCE

The variation of microstructure through the material influences significantly the me-
chanical behavior of the spring steel. In this section, the impact of microstructural char-
acteristics on the performance of the steel during mechanical loading will be discussed.

This type of steel could present both high strength and ductility. High strength (over
1500 MPa) could be achieved due to the fine bainitic laths and martensite. The fine laths
formed during low austempering temperatures which lead to high dislocation strength-
ening. Ductility is controlled by the amount of softer phase, in this case, retained austen-
ite. Its presence at room temperature could contribute to a pronounced TRIP effect dur-
ing mechanical loading. Austenite with a high level of carbon (>1.8wt.%C) even at high
levels of strain will not transform to martensite [73]. In this study, based on the average
carbon measurements in austenite, it is considered that the TRIP effect will occur during
mechanical loading of 61SiCr7 after austempering for 1 hour. This fact could contribute
to the development of enhanced fatigue properties, important for spring steel.

Stress concentration may be introduced, however, during loading due to the higher
hardness of the M-A island, especially in the front part, where the probability that the mi-
crostructure consists of coarse M-A constituents is higher. This fact concerns mainly the
M-A islands devoid of carbides as they exhibit higher hardness than the auto-tempered
martensitic constituents. To confirm this probability, hardness measurements with 0.2
kg load, as shown in figure 5.8 were applied in B4 and F4 samples through the segrega-
tion band and bainite ferrite. The results are presented in table 5.1.

Table 5.1: Hardness results through segregation bands and bainitic ferrite

Sample Segregation Bands
(HV0.2)

Bainitic Ferrite
(HV0.2)

B4 640±10 520±6
F4 620±8 540±6
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Figure 5.8: Hardness measurements (HV0.2) in segregation bands and bainitic ferrite in F4
sample.

Based on hardness measurements, the trailing arm under cyclic load could poten-
tially fail with a crack initiating from an M-A constituent due to high hardness differences
between microstructures. Carbides could be also, a cracking initiation site as they could
crack or debond from the bainitic matrix. Similar hardness values in bainitic ferrite were
observed by Caballero et al.[34].

Decohesion occurred in the bainitic ferrite/ M-A islands interface of carbide-free bai-
nite during tensile testing [74].

These results indicate that this spring steel could be part of the air suspension sys-
tem as it presents optimal mechanical properties but the microstructural distribution
through the material could affect its final performance.

5.4. SIGNIFICANCE OF THE RESULTS
In every experimental work, final results are affected by a plurality of factors. In this
work, results were influenced in the following ways:

• Cutting affected the material as deformation occurred in the near areas causing
lower hardness measurements in this area.

• After grinding with silicon carbide papers, some fine carbides remained in the ma-
terial due to the difficulty to obtain a completely flat surface. Thus, this event af-
fected not only SEM results but also, EPMA as the carbon content may be lower
than the one measured.

• Etching 61SiCr7 steel presented a great challenge and consequently, samples were
overetched and needed to be prepared again. Grinding multiple times may have
caused a reduction in thickness in the banded area as the new investigation sur-
face was closer to the edge of the trailing arm. Hence, in reality, the chemical com-
position of substitutional elements of the segregation bands might be higher com-
pared to the measurements by EPMA.
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• Last but not least, sample preparation and more specifically, polishing may have
affected the final amount of RA due to its transformation to martensite when strain
is applied.



6
CONCLUSION AND

RECOMMENDATIONS

6.1. CONCLUSIONS
This thesis aimed to identify microstructural heterogeneity in a forged trailing arm made
of silicon-containing spring steel after austempering and explain possible reasons that
lead to this microstructural distribution. Bainite’s formation was investigated in a con-
ventional, industrially produced high silicon medium carbon spring steel alloy after austem-
pering for 1 hour. Based on in-depth characterization, thermodynamic analysis, and
elemental distribution using optical microscopy, SEM, EPMA, XRD, and hardness mea-
surements, an explanation for the formation of different microstructural characteristics
in different scales was provided. Experiments were conducted in two different parts of
the trailing arm: back (8-12 mm) and front (13-17 mm). Three sources of heterogene-
ity were indicated for investigating the microstructural distribution: thermal gradient
(mm), chemical segregation (µm), and carbon gradient (local effect).

The main conclusions of the study are as follows:

• Bainitic ferrite, M-A constituents, and carbides were the main microstructural fea-
tures in all investigated surfaces after austempering for 1 hour.

• Thermal gradient, chemical segregation, and carbon gradient affected the microstruc-
tural development as follows:

– Thermal gradient was confirmed by the presence of auto-tempered M-A is-
lands and hardness distribution in both back and front parts. The hetero-
geneity in PAGS that is caused by thermal gradient may lead to non-uniform
bainitic ferrite nucleation. Thermal gradient influenced more the microstruc-
ture of the front part based on the standard deviation of hardness measure-
ments due to its higher thickness.
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– Chemical segregation bands were observed in the middle area of B2,B4,F2
and F4 samples of the trailing arm. In high concentration of substitutional
elements regions (HCSER), the bainitic ferrite kinetics was slower in both
parts compared to low concentration regions (LCSER) due to lower under-
cooling which leads to a lower driving force for the transformation. The F4
sample presented more intense chemical segregation than the B4 sample due
to HCSER.

– Carbon gradient was confirmed by the presence of auto-tempered M-A is-
lands where the edges of the constituent were more enriched in carbon com-
pared to the center of the island. Carbon diffusion in austenite was limited
during austempering (0.11 µm).

• Based on the To temperatures, the average carbon of steel and its distribution
through the material influences the bainitic ferrite formation and the carbon con-
tent of austenite.

• The same fraction of RA (14%) in the B4 and F4 samples and the higher hardness
of the back part indicate that the more intense thermal gradient and chemical seg-
regation of the front part did not influence the microstructure as significantly as
the carbon gradient.

Nonetheless, fine bainitic laths, martensite, and retained austenite could provide
high strength and ductility respectively during mechanical loading making it a promis-
ing candidate for a trailing arm.

These results could be used to identify possible challenges for the development of
this microstructure in large-scale applications and are briefly analysed in the appendix
chapter.

6.2. RECOMMENDATIONS
The recommendations for this study concern both the experimental procedures for the
deeper analysis of this work and the new proposals for future work. Further analysis of
this work could include:

• Electron Backscatter Diffraction (EBSD) could be used in austempered samples
for precise phase identification and distinguishing bainitic ferrite and martensite.
Also, EBSD could be used for the quantification of M-A islands and PAGS and com-
pared with this study.

• Characterization techniques such as saturation magnetization could be consid-
ered for more precise determination of the retained austenite in austempered sam-
ples at room temperature. Another technique could be EBSD but sample prepara-
tion could affect also these results.

• Dilatometry measurements could be conducted in not austempered samples to
investigate the effect of different cooling rates in microstructure by monitoring



6.2. RECOMMENDATIONS

6

67

Figure 6.1: Volume Fraction of all phases of proposed silicon spring steel to minimize carbide
precipitation.

dimensional changes of the material as a function of temperature. Furthermore,
the precise incubation period for bainitic transformation could also be measured.

• Transmission Electron Microscopy (TEM) could be used to determine filmy austen-
ite, the thickness of bainitic ferrite’s laths, and possible chromium and manganese
carbide precipitation.

• Hardness measurements with a low load (≺ 1 kg) could be conducted to obtain a
precise relation between hardness and microstructure.

As future work for this specific material, the following could be added:

• Low-cycle fatigue tests could be conducted to obtain a more accurate idea of the
material’s performance.

• Fractography in fatigue or tensile tests using SEM could also be applied to investi-
gate the microstructure that leads to crack initiation and propagation.

• Different heat treatment parameters could be used such as holding time and com-
pare them with this work results. Longer holding time at austempering tempera-
ture could contribute to austenite’s enrichment by carbon.

• Figure 6.1 illustrates the volume fraction of all phases for a material proposed (Fe-
0.6C-2.5Si-0.97Mn-0.48Cr-1.5Al). The addition of aluminium (1.5 wt.%) and the
increase in silicon content could contribute to the further delay of carbide precip-
itation.
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Figure A.1 displays the distribution of carbon in each phase. At low temperatures (under
340oC ), M7C3 carbides present high carbon content and carbon is distributed also, in
M3C2 carbides. These two phases are rich in manganese and chromium respectively. At
higher temperatures, cementite and austenite contain most of the carbon.

Figure A.1: Mol fraction of carbon in all phases versus temperature for 61SiCr7 using
Thermo-Calc software.

In figure A.2, the CCT diagram of the nominal composition is presented.
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Figure A.2: Continuous cooling transformation (CCT) of base composition of
Fe-0.60C-1.63Si-0.97Mn-0.48Cr using Thermo-Calc software.

Bainite is expected to be formed during austempering for slow cooling rates (≤2.5
K/s) as the martensitic transformation will be suppressed as the bainitic transformation
progresses.

A.1. MICROSTRUCTURE OF THE BACK PART
Figure A.3 (a-e) shows the micrographs after optical microscopy and SEM of the B1 sur-
face of steel specimens from lower to higher magnifications. Bainitic ferrite, M-A islands
and carbides were indicated.

The B3 surface of spring steel is presented in figure A.4. Microstructural bands were
observed close to the surface of the sample perpendicular to the rolling direction. Figure
A.4 (b) displays the decarburized layer which is usually present in industrially produced
components. M-A islands were also identified. Moreover, a grain size variation was ob-
served between the banded and non-banded structures. More specifically, the banded
area indicated by black arrows,in figure A.4 (a) demonstrated coarser grain size.
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Figure A.3: (a) Location of B1 surface on the back part of trailing arm, (b),(c) optical and (d),(e)
SEM micrographs of B1 surface of 61SiCr7 steel after austempering for 1 hour from lower to

higher magnification. Bainitic ferrite, carbides, and M-A islands are indicated.
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Figure A.4: (a)Location of the investigated surface (b),(c),(d) Optical and (e),(f) SEM micrographs
of austempered 61SiCr7 of B3 area. Coarser grains in banded structure and M-A islands are

indicated in black arrows.
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This section indicates how the results could be used in the investigation and analysis of
microstructural inhomogeneity in different scales in silicon steels used in engineering
applications such as pipe and bearing steels. In these steels, the production of this mi-
crostructure presents challenges also, due to also thermal gradient, chemical segregation
and carbon gradient. In that way, a scientific basis and a design could be created to ex-
plain microstructural inhomogeneity in different scales to obtain a carbide-free bainitic
microstructure in steels in large-scale applications.

B.1. INVESTIGATION OF MICROSTRUCTURAL HETEROGENEITY

IN DIFFERENT SCALES IN SILICON STEELS

B.1.1. INTRODUCTION

Bainite’s formation in the automotive industry has grown great interest over the last years
as simultaneously features such as high strength and the transformation- induced plas-
ticity (TRIP) effect could be combined. More specifically, studies have been conducted
that carbide-free bainite (austenitic microstructure) which consists of bainitic ferrite
and enriched austenite with carbon at room temperature could achieve high tensile and
fatigue properties. This microstructure is achieved by the addition of silicon (over 1.5
wt.%) and the application of austempering (isothermal heat treatment). However, pro-
cessing routes (rolling, forging, cooling rate) and austempering temperature and time
could affect this microstructure and influence accordingly material’s mechanical prop-
erties. In this work, microstructural inhomogeneity could be explained in different scales

B.1.2. EXPERIMENTAL METHODS

Microstructural distribution was investigated of silicon steel (Fe-0.6C-1.63Si-0.97Mn-
0.48Cr) after austempering for 1 hour at Ms +50oC. Three reasons: thermal gradient,
chemical segregation, and carbon gradient were indicated to explain possible microstruc-
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tural heterogeneity in different scales using optical microscopy, scanning electron mi-
croscopy (SEM), electron probe micro analysis (EPMA), X-ray diffraction (XRD), and hard-
ness measurements. These reasons were opted for based on the heat treatment applied
and the chemical composition of the steel.

B.1.3. RESULTS-DISCUSSION
The results gave insights into the effect of the processing route on the microstructure.
Bainitic ferrite together with martensitic-austenitic islands, and carbide particles were
the main microstructural features instead of an ausferritic microstructure.

Segregation bands formed parallel to the rolling direction rich in Si, Mn, and Cr and
were confirmed from optical microscopy, SEM, and EPMA. In regions with high concen-
trations of substitutional elements, the bainitic transformation was delayed. Further-
more, on the surface of the steel which had a low amount of retained austenite (8%), the
bainitic transformation was ceased based on the To curve (austenite reached a specific
carbon content over which bainitic transformation based on the diffusionless theory is
not possible). The identification also, of auto-tempered martensitic-austenitic islands
(carbides precipitating in M-A islands) lead to the conclusion that both thermal and car-
bon gradients were present. These three reasons result in non-uniform bainitic nucle-
ation and growth.

B.1.4. CONCLUSION
The design of processing route heat treatment in this type of steel plays a significant role
in the final microstructure as all three reasons were confirmed. Furthermore, austem-
pering parameters and chemical composition should be selected cautiously to achieve
the desired microstructure.
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